Hyperfine interaction and spin decoherence

in quantum dots

INAUGURALDISSERTATION
zur
Erlangung der Wiirde eines Doktors der Philosophie
vorgelegt der
Philosophisch-Naturwissenschaftlichen Fakultat
der Universitat Basel

vo1

Daniel Joseph Klauser

aus Romerswil (LU)

Basel, 2008






Genehmigt von der Philosophisch-Naturwissenschaftlichen Fakultat auf Antrag
von

Prof. Dr. Daniel Loss
Prof. Dr. Atac Imamoglu

Basel, den 20. Mai 2008

Prof. Dr. phil. Hans-Peter Hauri
Dekan






Acknowledgements

First of all, I would like to thank Prof. Daniel Loss for being an excellent su-
pervisor of my thesis. Both his guidance and his deep physical understanding
have been very valuable. Many ideas presented in this thesis are due to his cre-
ative mind. During a large part of my PhD I also profited a lot from the very
fruitful collaboration with Bill Coish. He always had an open ear for my ever
so frequent questions. His knowledge of the topics discussed in this thesis still
vastly exceeds my own. Furthermore I'm grateful to have had the chance to
collaborate with the Delft spin-qubit team, namely, Leo Kouwenhoven, Tristan
Meunier, Katja Nowack, Ivo Vink and in particular Frank Koppens and Lieven
Vandersypen. I guess it is one of the best things that can happen to a theorist,
that his results are actually checked in an experiment and — even better as in
my case — also confirmed. During my time in the Condensed Matter Theory
Group at the University of Basel I experienced not only a stimulating scien-
tific environment but also an active social life. My thanks go to Dan Bohr,
Massoud Borhani, Bernd Braunecker, Denis Bulaev, Stefano Chesi, Charles
Doiron, Mathias Duckheim, Carlos Egues, Jan Fischer, Oliver Gywat, Sarah
Heizmann, Verena Korting, Joerg Lehmann, Beat Rothlisberger, Oleg Shalaev,
Pascal Simon, Bjorn Trauzettel, Mihajlo Vanevic, Robert Zak and in particu-
lar my room-mates Mircea Trif and Dimitrije Stepanenko who taught me many
things about myself and Swiss people in general. Beyond that I also profited
from enlightening discussions with Prof. Guido Burkard, Hans-Andreas Engel,
Patrick Maletinsky, Prof. Charles Marcus, and Amir Yacoby.

Last but not least I would like to thank Prof. Atac Imamoglu for many
fruitful discussions and for co-refereeing this thesis.

iii






Summary

Hyperfine interaction is a typical example of a topic in physics, that, due to
technological advances, experiences a revival. Originally, hyperfine interaction
was studied in atomic physics. In atoms, the interaction between the magnetic
moments of the electrons and the nucleus leads to the hyperfine structure. The
name hyperfine is historically due to the fact that the energy level splittings
in atoms due to spin-orbit interaction were discovered first, and referred to
as the atomic fine structure. The further splitting of these levels was then
named hyperfine structure and the interaction that gives rise to it hyperfine
interaction.

In recent years, with the rise of nanotechnology, new structures have been
created, one of them being so-called quantum dots. Quantum dots are also
called artificial atoms, since, like atoms, they confine electrons to tiny (nanome-
ter-size) regions. As for atoms, there is also hyperfine interaction in quantum
dots: the spin of an electron confined to a quantum dot interacts with the
lattice nuclei. In contrast to atoms, which have properties that are “given”
by nature, the properties of quantum dots can be designed and thus allow to
not only study new phenomena, but also open the way for new applications.
Quantum computing is one of these applications where quantum dots could
play an important role. The basic building block for a quantum computer
is a quantum bit (qubit). Like a classical bit a qubit is an ideal two-level
system. However, a qubit is a quantum mechanical two-level system instead
of a classical one. There are several requirements a quantum-mechanical two-
level system has to fulfill to be a good qubit. The requirement central in this
thesis is that the two states of the qubit and their superpositions should be
long lived. More precisely it is crucial that coherent superpositions of the two
states remain coherent for a long time compared to the manipulation time,
i.e., that decoherence (the loss of coherence) is sufficiently slow.

One promising candidate for the physical implementation of a qubit is the
spin of an electron confined in a quantum dot. In an applied magnetic field
the spin component along the field direction forms a natural two-level system.
Research in the last few years, parts of which are being presented in this thesis,
has shown that the main source of decoherence for spins in quantum dots is the
hyperfine interaction with the surrounding nuclei in the host material. Since
the wave function of an electron confined to a quantum dot extends over many



vi Summary

sites of the underlying cristal lattice, the electron spin also interacts with many
nuclei, in sharp contrast to an electron spin in an atom, which only interacts
with a single nucleus.

In this thesis we address several aspects of hyperfine interaction and deco-
herence in quantum dots. First, we analyze some aspects of the decoherence
that arises from the hyperfine interaction. In the case of driven single-spin
oscillations we show that hyperfine interaction leads to a universal phase shift
and a power-law decay. Both of these effects have been confirmed experimen-
tally. We also find a universal phase shift and a power-law decay for the case
of two electron spins in a double quantum dot in the subspace with total spin
zero along the quantization axis. The appearance of the these effects both
in single and in double quantum dots is a consequence of the non-Markovian
nature of the nuclear spin bath.

Since the main effect of hyperfine-induced decoherence can be attributed to
the uncertainty in the Overhauser field, the effective magnetic field generated
by the nuclei at the position of the electron, one strategy to reduce decoherence
is to prepare the nuclei in a state with a narrow Overhauser field distribution,
i.e., to narrow the nuclear spin state. We propose a method to measure the
Overhauser field using the dynamics of the electron spins as a probe. More
specifically, we propose to narrow the nuclear spin state by monitoring Rabi
oscillations in a double quantum dot.

Hyperfine interaction not only leads to decoherence of the electron spin
state, it also provides a mechanism for interaction between the nuclei in the
quantum dot. We study the dynamics of the Overhauser field under the mutual
interaction between nuclear spins that is mediated by the electron via the
hyperfine interaction. At high magnetic fields we find an incomplete decay of
the Overhauser field. We further show that the decay of the Overhauser field
can be suppressed by measuring the Overhauser field, a clear manifestation of
the quantum Zeno effect.
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Chapter 1

Hyperfine interaction and spin
decoherence in quantum dots
reviewed

1.1 Introduction

In this chapter we review some of the important aspects of hyperfine interaction
for spins in quantum dots. Quantum dots are nanostructures that confine
electrons in all spatial directions, leading to quantized energy levels like in
an atom. The spin of the confined electrons plays a crucial role in many
possible technological applications in the fields of quantum computation |1, 2]
and spintronics [3,4]. The successful implementation of a quantum computer
demands that some basic requirements be fulfilled. These are known as the five
DiVincenzo criteria [5]. One of these criteria is to have sufficient isolation of
the qubit from the environment to reduce the effects of decoherence. A qubit
(quantum bit) is quantum mechanical two-level system that serves as the basic
building block of a quantum computer, like the bit in a classical computer.
When using the spin of an electron confined to quantum dot as a qubit [1], the
two spin states along the quantization axis, spin-up and spin-down, form the
qubit. The state of the qubit can be destroyed by the environment in two ways:
First, the environment can lead to relaxation of the qubit on a timescale T,
which is the timescale for spin-flip processes. Secondly, the environment can
limit the lifetime of a coherent superposition of spin-up and spin-down states,
and the corresponding lifetime T is referred to as the decoherence time.

In the context of spin qubits in quantum dots, the environment is the
host material in which the dot is created. The two main mechanisms for
decoherence and relaxation in quantum dots are hyperfine interaction and
spin-orbit interaction. For the relaxation of spins in quantum dots, hyperfine
interaction is not an efficient mechanism since a spin-flip process between the
electron spin and a nuclear spin requires the emission of a phonon due to
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the difference in magnetic moments of electron and nuclei [6,7]. The main
mechanism responsible for relaxation is spin-orbit interaction. Theoretical
calculations show that in GaAs T; varies little for B-fields larger than ~ 5T
and is on the order of 10 — 100us [8]. At lower fields the spin-orbit-induced
relaxation rate is suppressed by ~ 1/B% [8,9] and vanishes at B = 0 due to the
Kramers degeneracy. The phonon-assisted electron-nuclear spin-flip processes
lead to a relaxation rate that varies as 1/B? at low fields. Thus, below a certain
crossover field, relaxation is dominated by hyperfine-induced relaxation. The
crossover was estimated to occur at B ~ 0.3T and the corresponding T} varies
between 102 —10%s for B < 0.3T [7]. The predicted long T} has been confirmed
in experiments with the longest 77 time measured so far being longer than 1s
at B = 1T [10].

For the decoherence time T5 the situation is very different and hyperfine in-
teraction does play an important role. It was shown in Ref. [8] that, to leading
order in spin-orbit interaction, 7, = 27} and thus that the decoherence time
due to spin-orbit coupling is also very long. Hyperfine interaction, however,
leads to much faster decoherence and it is this hyperfine-induced decoherence
which is the focus of this chapter. We start introducing the basics of hyperfine
interaction in quantum dots in Sec. 1.2 and discuss material issues in Sec. 1.3.
In Sec. 1.4 we discuss decoherence for a single spin in a single dot and in Sec.
1.5 for a double dot with one electron in each dot. Suppression of hyperfine-
induced decoherence plays an important role in this thesis and is reviewed in
Sec. 1.6.

1.2 Basics of hyperfine interaction

Hyperfine interaction is well known in atomic physics: the magnetic moments
of the electrons bound to a nucleus interact with the magnetic moment of that
nucleus. This leads to the so-called hyperfine structure, i.e., a small shift of
the electron energy levels. Quantum dots, referred to as artificial atoms [11],
also confine single electrons. In contrast to atoms, where the nucleus provides
the confinement for the electrons, for quantum dots, materials are artificially
structured to confine the electrons. This is done by using heterostructures
and/or electrostatic gates (see Sec. 1.3 for details). Since the host material for
the quantum dots contains many nuclei, the electron confined in a quantum
dot interacts with all these nuclei via the hyperfine interaction. The hyperfine
interaction is a relativistic correction to the non-relativistic Pauli equation. To
derive the relevant hyperfine Hamiltonian we start from the Dirac equation for
a relativistic electron in a potential V(7)

-7 4 Bmc® — eV (7). (1.1)

Ll

H:
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Here, m is the electron rest mass, —e the electron charge, 7 = ¢(p + eA) and

Q1
I
=
I

(1.2)

are the standard 4 x 4 Dirac matrices (¢ is the vector of Pauli matrices and 1
is the 2 x 2 identity matrix). The Dirac Hamiltonian acts on a 4-component
spinor v, which we write as being composed of two two-component (Pauli)
spinors x; and yo: ¥ = (x1, x2)?. The Dirac equation H1) = Et, with energy
E = mc? + € may now be written as a pair of coupled linear equations for the
Pauli spinors y; and yo:

e+ eV(M)x1—ad-mx2 = 0, (1.3)
—G X1+ 2mE 4+ eV (P) +exe =
From these equations one finds immediately ys in terms of x;

1
S 2me2+eV(F) +e

X2 g TX1, (1.5)

and for y; the eigenvalue equation is

n S 1
7 T ome ¢ eV (r) +e€

g-m—eV(r)| x1 =ex1- (1.6)

In the non-relativistic regime y; is much larger than y, and they are thus
referred to as large and small components, respectively. In the limit (e +
eV (7)) /mc* — 0 the small component can be neglected (i.e., x; and y» decou-
ple) and by replacing 2mc? + eV (7) + € ~ 2mc? one obtains the Pauli equation
Hpawix1 = €x1, with

i = % (5+ed) + % (¥ x 4) -5 - V(). (1.7)
In general, yy is nonzero and couples with y;. It is, however, possible to
systematically decouple y; and o order by order in 1/mc? by successive uni-
tary transformations and thus to derive a Pauli equation that takes into ac-
count relativistic corrections. The corresponding method, is known as Foldy-
Wouthuysen-transformation [12,13]. This leads to Hgwx1 = €x1, with

eh?

eh — _ —, N — —
HFW:HPauli“‘W E x (P+€A)] ©0+ 8m202V'E' (1.8)
Here, we have introduced the electric fild E = —VV(7). The Hamilto-

nian Hpw contains the standard kinetic term plus three spin dependent terms
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Hspin = Hinf + Hahf + Hso:

ehc® - .

Hye = 2 (B x A)-a, (1.9)
he o

Hae = %(VX ) 7, (1.10)
ehc® - .

Hso = W(E Xﬁj -0, (111)

with D = 2mc?. These three terms describe isotropic hyperfine interaction,
anisotropic hyperfine interaction and spin-orbit interaction, respectively. The
last term in Hyw is the well known Darwin term [14].

For an electron bound to a nucleus the electrostatic potential is of the form

kZ
V(i) = 25, (1.12)
r
with k = 1/4mey, where ¢y &~ 8.85-1072CV~'m~" is the dielectric constant. For
distances shorter than the dimension of the nucleus the electrostatic potential
deviates from Eq.(1.12), which will play an important role later on. The vector
potential due to the nuclear magnetic moment /i is

o 0X7r
FRNTVAL;
A7 3

(1.13)

with po = 47 - 1077VsA~'m~!. There could, of course, also be an additional
term to A due to an externally applied magnetic field, which we neglect for
the moment.

A more direct but less rigorous way to derive Hgyy, is to solve Eq. (1.6)
directly, using the identity (7-A)(7-B) = A- B+i(Ax B)-#. This immediately
vields Hgpi, with the only difference that D = 2mc? +e+ eV (7) = 2mc?, where
we have again assumed (e + eV (7)) /mc? < 1. There is one problem, though,
with this direct derivation: Although it leads to the correct spin-dependent
terms, it also yields a non-hermitian term. This term arises because y; and x»
have not been decoupled and thus |1 |? is not fully conserved. In the following
we want to look at the two terms describing hyperfine interaction in a bit
more detail. We start with the isotropic term which leads to the Fermi contact
hyperfine interaction that describes the hyperfine interaction for electrons in
an s-type conduction band.

1.2.1 Isotropic hyperfine interaction

To obtain an explicit form for the isotropic hyperfine term we insert the expres-
sions V(r) and A, and use the vector identity 7 x (@i x 7) = ji(r-7) — 7(fi - 7).
For D we use the form obtained in the direct derivation of Hgpp, ie., D =
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2mc? +e+kZe?/r. By introducing the nuclear length scale ry = kZe? /2mc?* ~
1.5-107*Zm we may write for € < mc?

fopts T L e s
Hine = 4(7)Tr§ (1 +0T_O)2 [7”2/1 - —(0-7)(f- f’)} ; (1.14)

with the Bohr magneton up = eh/2m. Evaluating the matrix elements for
Hiy,e with respect to the electron wave functions ¢;() and ¢;(7) gives

(Oulo) = B2 [ ar iy (115)

fr) = /dﬂcb?(?)[&-ﬁ—(5-F)(ﬁ-f7/r2¢j(ﬂ- (1.16)

Under the assumption that the wave functions ¢;(7) vary slowly on the nuclear
length scale, we may write

dr—— R =0 dr—————= = f(0). 1.17
| oo se =0 [~ 0. )
The angular integrals in Eq. (1.16) give 47 and 47d - ji/3, respectively, for
s-type orbitals ¢;, leading to

2008
3

Thus, for s-type orbitals we may rewrite Hiy¢ in a simplified form that leads
to the same matrix elements and is referred to as the Fermi contact hyperfine
interaction [15]:

(@il Hint|d5) =~ - i (1.18)

2 o
HFhf = %g[ﬂNﬂB(S('FjU - 1. (119)

Here, we have used i = gl,uNf, with the nuclear g-factor g; and the nuclear
magneton py = eh/2m, = 5.05x 1072 /T. We note that for p-orbitals f(0) =
0 and thus (¢;|Hie|d;) = 0. For the derivation of Hpj,; we used D = 2mc? +
€ + kZe?/r, as obtained in the direct derivation of Hgy,. In this way the
divergence of the Coulomb potential at small r is automatically regularized. If
one works from H gy this has to be done by hand by adjusting the electrostatic
potential to V(7) = kZe/(r + ry).

1.2.2 Fermi contact hyperfine interaction in quantum
dots

In contrast to an atom, an electron confined to a quantum dot interacts with
many lattice nuclei. Thus, the Hamiltonian describing the Fermi contact hy-

—

perfine interaction with all these nuclei is of the form (S = 7/2)

Ayt N
Hyne = 3 Y1kNiB ;5(7’1)5 . (1.20)
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The most relevant case on which we will focus in this thesis, is an electron in
the orbital ground state ¢o(7) of a quantum dot with an orbital level spacing
that is much larger than the typical hyperfine energy scale. In this case, it is
appropriate to derive an effective hyperfine spin Hamiltonian for the subspace
of the orbital ground state

4 IR
HQth = <¢O‘Hihf‘¢0> = %QINNNB Z |¢0(7”z)\25 I (1-21)
l

The electron ground-state wave function ¢o(7) may now be written as the
product of the k = 0 Bloch function amplitude ug and a slowly varying envelope
part F(7): ¢o(7]) = uoF(77), where the envelope wave function satisfies the
normalization condition [ d*r|F(7)|*> = 1. With this the effective hyperfine
spin Hamiltonian may be written as

HQth = § Fl; ?l = ZAlfl; A= AUO‘F(FI)P’ (1-22)
!

where vy is the volume of a primitive crystal unit cell and the hyperfine coupling
strength A is given by

4
A= %glﬂNﬂBWOF' (1.23)

The hyperfine interaction in a quantum dot with s-type conduction band elec-
trons is thus of a Heisenberg form S - h, where the effective magnetic field h
induced by the nuclei is referred to as the Overhauser field.

1.2.3 Anisotropic hyperfine interaction

For s-type conduction band electrons the anisotropic term H ¢ is small relative
to the isotropic term Hjy,e. The studies of electron spin decoherence in quantum
dots have thus been focused on the effect of the Fermi contact interaction as
given in Hqpye. The situation is different for hole spins confined in quantum
dots, since the p-type valence band both reduces the contact term and enhances
the anisotropic interaction.

1.3 Structures and materials

In the last fifteen years many different types of quantum dots in various mate-
rials have been developed [16-37]. A review on quantum dots can be found in
Ref. [22] and a more recent review focussing on spins in few-electron quantum
dot in Ref. [37]. In the context of hyperfine interaction two properties of a
quantum dot play an important role. One is the host material, which, through
the nuclear magnetic moment p; = g;I and the type of Bloch functions, deter-
mines the strength of the hyperfine coupling A. The other one is the spatial
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Figure 1.1: A double quantum dot. Top-gates are set to a voltage configura-
tion that confines the electrons in the two-dimensional electron gas (green) to
quantum dots (yellow). The blue line indicates the envelope wave function of
the electron (blue arrow). The hyperfine interaction with a particular nuclear
spins (red arrows) is proportional to the envelope wave function squared at the
position of the nuclei. Thus the nuclear spins in the center are drawn bigger
since they couple stronger to the electron spin.

dependence of the hyperfine coupling constants A;. The spatial dependence of
the A; is determined by the envelope wave function of the confined electron.

Let us first dwell on the properties of the host material. In Table 1.1 we
give the important properties for spin-carrying stable nuclei that are relevant
to semiconductor materials [38]. Both the total nuclear spin quantum number
I and the nuclear magnetic moment p; vary considerably. The materials most
frequently used for quantum dots are GaAs and InAs. For these isotopes there
are estimates [39,40] of the hyperfine coupling constant A, also given in Table
1.1.

As mentioned above there are many different types of quantum dots. An
often used structure are so called lateral quantum dots (see Fig. 1.1). A
heterostructure such as GaAs/AlGaAs creates a 2-dimensional electron gas
(2DEG) at the interface. Engineering electrostatic gates on the surface creates
an electrostatic potential that pushes away the electrons underneath the gates
and by this allows to confine single electrons. These lateral quantum dots
are disk-shaped with the thickness of the disk being on the order of 10nm,
while the diameter is typically on the order of 100nm. The harmonic elec-
trostatic potential leads to a Gaussian envelope wavefunction in the plane of
the 2DEG. Another often used structure are self-assembled InAs dots. These
self-assembled dots are in general less symmetric and their size is a few tens
of nanometers in all directions. Recently, single electron quantum dots have
also been achieved in 1-dimensional structures such as nanotubes or nanowires.
In nanowires the dots can either be disk-shaped or rather have the form of a
cylinder. Another quantum-dot related structure are defect centers where the
confinement in all three dimensions is provided by the electrostatic potential
of the center.
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isotope || natural abundance (%) | I | pr/un | AlpeV]
13C 1.11 1/2| 0.7024

UN 99.63 1 0.4038

15N 0.37 1/2 ] -0.2832

277 100 5/2 | 3.6415

2Si 4.70 1/2 1 -0.5553 0.1
3P 100 1/2 | 1.1316

33 0.76 3/2 | 0.6433

577n 411 5/2 | 0.8754

“Ga 60.4 3/2 | 2.0166 74
1Ga 39.6 3/2 | 2.5623 96
BGe 7.76 9/2 | -0.8795

As 100 3/2 | 1.4395 86
Se 7.58 1/2 | 0.5350

Hod 12.75 1/2 | -0.5949
"3Cd 12.26 1/2 1 -0.6223

H3Tn 4.28 9/2 | 5.5289 170
HU5Tp 95.72 9/2 | 5.5408 170
12181 D7.25 5/2 | 3.3634

123}, 42.75 7/2 | 2.5498

123e 0.87 1/2 ] -0.7369

125 6.99 1/2 ] -0.8885

19Hg 16.84 1/2 | 0.5059

WiHg 13.22 3/2 | -0.5602

Table 1.1: This table gives the properties for spin-carrying stable nuclei that
are relevant to semiconductor materials [38]. The materials most frequently
used for quantum dots are GaAs, InAs and Si. For these isotopes there are
estimates [39-41] of the hyperfine coupling constant A. For the other materials
we give the nuclear spin quantum number / and the nuclear magnetic moment
(7, which both vary considerably.

Despite the vast variety of structures quantum dots may still be grouped
according to their dimension d: lateral dots are strongly confined in one di-
rection while the movement of the electron in the plane of the 2DEG is less
restricted. These dots are often referred to as 2-dimensional (d = 2). For
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defect centers in contrast we have d = 3. For an isotropic electron envelope
function of the form

wti) = worew -3 (2)]. (1:24)

where ry is the effective Bohr radius, we define N as the number of nuclear
spins within rg and refer to N as number of nuclear spins within the dot. If [
is the number of nuclear spins enclosed by r; we have in d dimensions:

volume of [ spins _ vol _ (ﬂ)d (1.25)
volume of N spins vV To
The hyperfine coupling constants are thus of the form
1\ /4
A= Agexp (_N) : (1.26)

where A is determined by the normalization condition ), A; = A. For a large

number of nuclear spins N > 1 one may turn the sum into an integral and
finds [42]

A
Ag= ————.
NdD (4)
q q
The simplest case for the coupling constants is are uniform coupling constants
A =A/N.

(1.27)

1.4 Electron spin decoherence in single quan-
tum dots

To discuss electron spin dynamics under the influence of hyperfine interaction
we first rewrite Hqpne (see Eq.(1.21)) as

1
HQth =5, 'hz+§(5_h++5+h_), (1.28)

where the raising and lowering operators are defined as Sy = 5, £ 145, and
similarly for h.. The first analysis of electron spin dynamics in quantum dots
under Hqgpne showed that the long-time longitudinal spin-flip probability is
~ 1/p*N [43], i.e., this probability is suppressed in the limit of large nuclear
spin polarization p and large number N of nuclear spins in the dot. An exact
solution for the case of full polarization (p = 1) gives, for both transverse and
longitudinal electron spin components, a long-time power-law decay ~ 1/t3/2
by a fraction ~ 1/N on a timescale of 7 ~ AN/A ~ 1us (for a GaAs dot with
N ~ 10°) [44]. The fact that this exact solution shows a non-exponential decay
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demonstrates the non-Markovian behavior of the nuclear spin bath. For non-
fully polarized systems p < 1 and in the limit of large magnetic fields (or high
polarization p > 1/4/N), the transverse electron spin coherence undergoes a
Gaussian decay [44-46] on a timescale

T, ~ WNJAVT = p? (1.29)

This corresponds to 7, ~ 10ns for GaAs with p < 1 and N ~ 10°) [46]. This
fast initial decoherence can be seen as the major effect of hyperfine interaction
and it has been confirmed in a number of experiments [28,30,47,48]. The origin
of this Gaussian decay is the uncertainty in z-component h, of the Overhauser
field. The effective Zeeman splitting w = €, + h,, where €, = gupB., depends
on the value of h,. Since h, is an operator, one must take into account that the
nuclear spin system generally is in a mixture or superposition of h, eigenstates.
Due to the large number of nuclear spins that contribute to the Overhauser
field the eigenvalues of h, are essentially Gaussian distributed [46] for N > 1
width a variance of 0? = (1/7,)?, leading to the Gaussian decay. There are
three main strategies to overcome this fast Gaussian decay: 1. Polarizing the
nuclear spins, 2. Performing a spin echo on the electron spin, 3. Narrowing the
distribution of h, eigenvalues. We discuss these three strategies in Sec. 1.6.
Assuming that one of these methods was successful the question arises what
further limits the hyperfine interaction imposes to electron spin coherence.
It was only shown very recently [42] that even for an initial eigenstate of
h. and effective Zeeman splitting w > A the transverse electron spin decays
exponentially with a rate

r e (5 ) & =
=) Cree e o

with the coefficients cx = I(/41)—({(m(m £ 1))) and the double angle bracket
indicates an average over I} eigenvalues m [42,46]. For GaAs and an external
field of a few Tesla, T5 is ~ 1 — 10us. In the same article [42] it was shown
that for a heteronuclear system (such as GaAs or InAs) the total decay rate is
the sum of decay rates per species, weighted with the square of their isotopic
concentration. Thus, e.g. for GaAs with has two naturally occurring Ga
isotopes, spin decay will predominantly be due to flip-flops with As spins.
Let us now look in more detail at some aspects of hyperfine-induced de-
coherence for a single spin in a quantum dot in the regime of large effective
Zeeman splitting w. If w is much larger than o = [Tr{p;(h. — ho)?}]"/?, with
ho = Tr{prh.} (where p; is the density matrix of the nuclear spin system),
we may neglect the transverse term S| - h; and find that the Hamiltonian is
simply
fIQth7Z = (EZ + hz)Sz (1.32)
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This Hamiltonian induces precession around the z-axis with a frequency that
is determined by the eigenvalue h? of h,, where h.|n) = h”|n) and |n) are the
eigenstates of h.. For a large but finite number of nuclear spins (N ~ 10° for
lateral GaAs dots) the eigenvalues h? are Gaussian distributed (due to the cen-
tral limit theorem) with mean hg and standard deviation o ~ hAy/1 — p?//N
[46]. Calculating the dynamics under H, (which is valid up to a timescale of
~ €,/0% ~ 1us, where the transverse terms become relevant) leads to a Gaus-
sian decay of the transverse electron spin state |[+) = (| 1) + | 1))/v/2 [46]:

QDA 2 1 < (——Q—(h%;h())2) (—iHot) 2
CHR) = = dhe [(n] @ (+le +) @ [n)]|
11 (2 1 N h
- §+§€< 72) cos (e -+ ho)t]: =L\ T A
(1.33)

Here again, p denotes the polarization, and for an unpolarized GaAs quantum
dot with N ~ 10° we find 7, ~ 10ns. Applying an additional ac driving field
with amplitude b along the z-direction leads to electron spin resonance (ESR).
Assuming again that €, > o, we have the Hamiltonian

HESR = HQth,z + bcos(wt)Sw. (134)

In a rotating-wave approximation (which is valid for (b/e.)? < 1) the decay of
the driven Rabi oscillations is given by [49]

b b s 1
CER(t) ~1—C+ \/@ cos (515 + Z) + O (m) , (1.35)

for t > max (1/0,1/b,b/20?) and €, + hg —w = 0. Here, C’%SR(t) is defined
in the same way as C®" () in Eq. (1.33). The time-independent constant
is given by C' = exp(b?/8c2)erfc(b/\/80)\/2mb/8c, with erfc(z) = 1 — erf(x)
where erf(x) is the error function. The two interesting features of the decay
are the slow (~ 1/4/t) power law and the universal phase shift of 7/4. The
fact that the power law already becomes valid after a short time 7 ~ 15ns
(for b ~ o) preserves the coherence over a long time, which makes the Rabi
oscillations visible even when the Rabi period is much longer than the timescale
T ~ 15ns for transverse spin decay. Both the universal phase shift and the
non-exponential decay have been recently confirmed in experiment [49]. More
details on the phase shift and the power-law decay can be found in Chapter 3,
where also the experimental results are also given.
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1.5 Singlet-triplet decoherence in double quan-
tum dots

We now move on to discuss hyperfine-induced decoherence in a double quantum
dot. The effective Hamiltonian in the subspace of one electron on each dot
is most conveniently written in terms of the sum and difference of electron

spin and collective nuclear spin operators: S = S; + S5,0S = S; — S, and
h = %(hl + h2),(5h = %(hl — hg)Z

Hua(t) = €.S. + h-S + 6h-0S + %S-S— J. (1.36)

Here, J is the Heisenberg exchange coupling between the two electron spins.
Similar to the single-dot case, we assume that the Zeeman splitting is much
larger than both (6h), s and (h;) s, where (O) s = [Tr{p;(O — (0))?}]V/? is
the root-mean-square expectation value of the operator O with respect to the
nuclear spin state p;. Under these conditions, the relevant spin Hamiltonian
becomes block diagonal with blocks labeled by the total electron spin projec-
tion along the magnetic field S,. In the subspace of S, = 0 (singlet |S), and
triplet |Tp)) the Hamiltonian can be written as [50,51]

Hao(t) = %s .S+ (5h. + 6b.)3S. (1.37)

Here, 6b, is the inhomogeneity of the externally applied classical static mag-
netic field with db, < €., while the nuclear difference field dh, is Gaussian
distributed, as was h. in the single dot case. A full account of the rich pseudo-
spin dynamics under Hg,(t) can be found in Refs. [51], [50] and in Chapter
2 of this thesis. Here we only discuss the most prominent features of the SS-
correlator C¥8(t) (defined analogously to C, 4 in Eq. (1.33)), which gives the
probability to find the singlet |S), if the system was initialized to |S) at t = 0.
The parameters that determine the dynamics are the exchange coupling J, the
expectation value of the total difference field zy = 0b,+dhg and the width of the
difference field o5 (with dhg = (1|0h.|1;) and o5 = (¢1|(0h. — Sho)?|wr)/?).
For the asymptotics one finds that the singlet probability does not decay to
zero, but goes to a finite, parameter-dependent value [50]. In the case of
strong exchange coupling, |J| > max(|xo|,0s), the singlet only decays by a
small fraction quadratic in os5/J or xg/J:

1-2(2), |J] > 05> |z0],

fory
J 1.38
1—2(””70)2, || > |xo| > 0. (1.38)

CE(t — o) ~ {

For short times, ¢ < |J|/402, the correlator C¥2(t) undergoes a Gaussian
decay on a timescale /J? + 4x3 /4|xo|os, while at long times, ¢ > |J|/402, we
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have a power-law decay

12 s
~ s cos(|J]t + 2r)

CszOtN Szot—>OO+€
SS( ) SS( ) 40_5 ‘J|t%

(1.39)

As in the case of single-spin ESR, we again have a power-law decay, now with
1/t*? and a universal phase shift, in this case: 37/4. Measurements [52] of
the correlator C¥2(t) confirmed the parameter dependence of the saturation
value and were consistent with the theoretical predictions concerning the decay.
Using the same methods, one may also look at transverse correlators in the
S, = 0 subspace and find again power-law decays and a universal phase shift,
albeit, with different decay power and different value of the universal phase
shift [51]. Looking at the short-time behavior of the transverse correlators also

allows one to analyze the fidelity of the vV SWAP gate [51].

1.6 Suppression of hyperfine induced decoher-
ence

As discussed in Sec. 1.4, the decoherence time for the transverse electron spin

is given by
7, ~ TN /A1 = p2, (1.40)

which for p < 1 amounts to 7, ~ 10ns in GaAs. This exceeds gating times of
two-qubit gates of 180ps [28] by roughly two orders of magnitude. Standard
estimates for error thresholds for quantum error correction demand a ratio of
10~* [53] for gating time versus decoherence time. For non-Markovian baths
it may even be 107% [54-56]. To use electron spins in quantum dots as qubits
in a quantum computer thus requires to reduce hyperfine-induced decoherence
in some way. As mentioned before, the three main strategies to reduce deco-
herence are [43,46]: 1. Polarizing the nuclear spins, 2. Performing a spin echo
on the electron spin. 3. Narrowing the distribution of h, eigenvalues.

1.6.1 Polarization

The first strategy is the most straightforward one: since the decoherence time
7, scales with 1/4/1 — p?, where p is the degree of polarization, we see immedi-
ately that for p — 1 7, goes to infinity. The degree of polarization required to
achieve an increase of 7, by a factor 100 is p ~ 0.99995. To induce a high degree
of nuclear spin polarization in quantum dots has turned out to be experimen-
tally challenging. In GaAs quantum dots a polarization of ~ 60% [57,58] has
been achieved by optical pumping [59] and ~ 40% by transport [60]. In self-
assembled InAs dots up to 50% [61-63] have been achieved by optical pumping.
There is still a long way to go to reach the required 99.995%. An alternative
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method is to use a ferromagnetic phase transition at low temperatures [64,65].
Very recently it was experimentally verified in NV-Centers that indeed polar-
izing the spin bath leads to an extension of the decoherence time [66]. Since
the spin bath considered in this experiment consist of electrons bound to im-
purities, it was possible to achieve a thermal spin polarization of 99.4% below
2K. For nuclear spins in GaAs this ordering occurs only at a temperature of
~1mK at a magnetic fields of 10T or higher [67].

1.6.2 Spin echo

Spin echoes were first introduced in NMR [68] to refocus precessing nuclear
spin magnetization by a m-pulse of resonant radiofrequency. In the case of a
spin in a quantum dot the m-pulse is applied to the electron spin. Applying
a spin-echo pulse does not alter the free-induction decay, but it allows to re-
cover a superposition of states for a longer time than the free-induction decay
time. Since the value of the nuclear field determines the precession frequency
of transverse electron spin states, it is clear that by applying a m-pulse to
the electron spin, which changes the sign of S., leads to refocussing. This,
however, only applies to the fast decoherence due to the inhomogeneity in the
Overhauser field. Decoherence beyond that is in general not recovered by a
spin echo. Therefore, spin-echo measurements allow to investigate decoher-
ence mechanisms beyond the initial Gaussian decay, which is what would be
left if state narrowing could be successfully implemented. The first spin-echo
measurements for spins in quantum dots were performed in the S, = 0 sub-
space of two electrons in a double dot [28]. This singlet-triplet spin echo gave
a spin-echo envelope decay of ~ 1us compared to the ~ 10ns initial Gaussian
decay. Theoretically it was claimed [69,70] that also the decoherence effect
of electron-mediated coupling between nuclear spins can be removed with a
spin-echo. Since the only decoherence mechanism left would then be direct
dipolar interaction between nuclear spins, one would expect a spin-echo en-
velope decay that is independent of the externally applied magnetic field (for
fields larger than ~ 0.1mT). A recent spin-echo experiment for a single spin in
a single dot [71], however, showed a clear B-field dependence and the spin-echo
envelope decay time found was 0.5us at 7T0mT.

1.6.3 Nuclear spin state narrowing

The idea to prepare the nuclear spin system in order to prolong the electron
spin coherence was put forward in Ref. [50]. Specific methods for nuclear spin
state narrowing have been described in Ref. [51] in the context of a double
dot with oscillating exchange interaction, in Ref. [72] for phase-estimation of
a single (undriven) spin in a single dot, and in an optical setup in Ref. [73].
Here, we discuss narrowing for the case of a driven single spin in a single dot,
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for which the details are very similar to the treatment in Ref. [51]. The general
idea behind state narrowing is that the evolution of the electron spin system
depends on the value of the nuclear field since the effective Zeeman splitting is
given by e, + hZ. This leads to a nuclear-field-dependent resonance condition
€, +h? —w =0 for ESR and thus measuring the evolution of the electron spin
system determines h? and thus the nuclear spin state.

We start from the Hamiltonian for single-spin ESR as given in Eq. (1.34).
The electron spin is initialized to the | T) state at time ¢ = 0 and evolves under
He up to a measurement performed at time t¢,,. The probability to find | |)
for a given eigenvalue h” of the nuclear field operator (h.|n) = h”|n)) is then

given by
v t
niy — = _ 22 2
Pl(t) ICEwT] [ cos <2\/b —1—45”)] (1.41)

where 0,, = €,+h? —w and b is the amplitude of the driving field. As mentioned
above, in equilibrium we have a Gaussian distribution for the eigenvalues h”,
i.e., for the diagonal elements of the nuclear spin density matrix p;(hZ,0) =
(n|prin) = exp (—(h? — ho)?/20?) /v/2mo. Thus, averaged over the nuclear
distribution we have the probability P|(t) to find the state ||), i.e., P/(t) =
JdhZpr(hZ,0)P(t). After one measurement with outcome ||), we thus find
for the dlagonal of the nuclear spin density matrix [74]

n M} (L) r3n n Pn( )
pu2,0) L 9 02 ) = pr12,0) 7

Assuming now that the measurement is performed in such a way that it gives
the time-averaged value (i.e., with a time resolution less than 1/b) we have for
the probability P” of measurement result | |) as a function of the nuclear field

(1.42)

eigenvalue P" = Thus, by performing a measurement on the electron

2 b2-|—452
spin (with outcome | l>) the nuclear-spin density matrix is multiplied by a
Lorentzian with width b centered around the A7 that satisfies the resonance
condition €, 4+ A7 —w = 0. This results in a narrowed nuclear spin distribution,
and thus an extension of the electron spin coherence, if b < ¢. In the case of

measurement outcome | T) we find

L= Pltm)
1—P(ty)’
i.e., the Gaussian nuclear spin distribution is multiplied by one minus a Lorentz-
ian, thus reducing the probability for the nuclear field to have a value matching
the resonance condition €, + h7 —w = 0. Due to the slow dynamics of the
nuclear spin system many such measurements of the electron spin are possible
(with re-initialization of the electron spin between measurements). Under the
assumption of a static nuclear field during M such initialization and measure-
ment cycles, we find

n T ) n n
pr(hn,0) 15 gD 4y = pr (A2, 0) (1.43)

n e n 1 n n\o n —Q
pr(h2,0) — () = o (T 0P (1= P, (1.44)
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where «; is the number of times the measurement outcome was | |). The
simplest way to narrow is to perform single measurements with b < o. If
the outcome is | |), narrowing has been achieved. Otherwise, the nuclear
system should be allowed to re-equilibrate before the next measurement [75]. In
order to achieve a systematic narrowing, one can envision adapting the driving
frequency (and thus the resonance condition) depending on the outcome of

the previous measurements. Such an adaptive scheme is described in detail in
Refs. [73] and [51].

1.7 Perspectives

While many aspects of electron spin decoherence in quantum dots are now
well understood, there still remain many open questions. An important issue
is the interplay between the electron spin and the nuclear spin system and the
dynamics of the nuclear spin system. On the one hand, the electron spin is
important for the decay of the Overhauser field due to the electron-mediated
coupling between the nuclear spins [76,77]. Chapter 4 of this thesis studies the
effect of this electron-mediated coupling on the dynamics of the Overhauser
field. On the other hand the complex interplay between the nuclear spin
system and the electron spin leads to hysteretic and bistable behavior, as has
been observed in experiments [48,62, 78-82]. This has triggered theoretical
studies [83-86] in this direction, a detailed microscopic understanding of the
processes behind these bistabilities is, however, still lacking.



Chapter 2

Nuclear spin state narrowing via
gate-controlled Rabi oscillations
in a double quantum dot

[D. Klauser, W.A. Coish, D. Loss, Phys. Rev. B 73, 205302 (2006)]

In this chapter we study spin dynamics for two electrons confined to a double
quantum dot under the influence of an oscillating exchange interaction. This
leads to driven Rabi oscillations between the |T])-state and the ||T)-state of
the two-electron system. The width of the Rabi resonance is proportional to
the amplitude of the oscillating exchange. A measurement of the Rabi reso-
nance allows one to narrow the distribution of nuclear spin states and thereby
to prolong the spin decoherence time. Further, we study decoherence of the
two-electron states due to the hyperfine interaction and give requirements on
the parameters of the system in order to initialize in the |]|)-state and to
perform a v/SWAP operation with unit fidelity.

2.1 Introduction

One of the important proposals for quantum information processing in solid-
state systems is the spin-qubit proposal for quantum computing with electron
spins in quantum dots [1]. Much effort has been put into the realization of this
proposal leading to exciting theoretical [87] and experimental achievements
[28,47,48,78,88-90]. Still many challenges remain such as decoherence and
the implementation of single-qubit gates.

A major obstacle to quantum computation with the quantum-dot spin
qubit is decoherence due to the coupling of the qubit to its environment. The
hyperfine interaction between the electron spin and the nuclear spins present
in all III-V semiconductors [41] leads to the strongest decoherence effect [6,7,
28,43-46,50,91]. Experiments [28,48,58,92] have yielded values for the free-
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induction spin dephasing time T that are consistent with 7 ~ /N /A ~ 10ns
[44,45,91] for N = 10° and A = 90ueV in GaAs, where N is the number of
nuclei within one quantum dot Bohr radius and A characterizes the hyperfine
coupling strength [39]. This is to be contrasted to potential spin-echo envelope
decay, which may be much larger [70,93,94]. With a two-qubit switching time
of 74 ~ 50ps [43] this only allows ~ 102 gate operations within T, which falls
short (by a factor of 10 to 10%) of current requirements for efficient quantum
error correction [53].

There are several ways to overcome the problem of hyperfine-induced de-
coherence, of which measurement and thus projection of the nuclear spin state
seems to be the most promising one [46]. Other methods include polariza-
tion [43,46,59,91] of the nuclear spins and spin echo techniques [28, 46, 69].
However, in order to extend the decay time by an order of magnitude through
polarization of the nuclear spins, a polarization of above 99% is required [46],
but the best result so far reached is only ~60% in quantum dots [58, 88].
With spin-echo techniques, gate operations still must be performed within the
single-spin free-induction decay time, which requires faster gate operations. A
projective measurement of the nuclear spin state leads to an extension of the
free-induction decay time for the spin. This extension is only limited by the
ability to do a strong measurement since the longitudinal nuclear spin in a
quantum dot is expected to survive up to the spin diffusion time, which is on
the order of seconds for nuclear spins surrounding donors in GaAs [95].

The implementation of quantum computation schemes requires coherent
control of the qubits. Rabi oscillations between the two qubit states are an
important signature of coherence and thus observation of controlled Rabi os-
cillations is an important intermediate step in the experimental implementa-
tion of quantum information processors. Despite recent experimental achieve-
ments [28,88], there has still been no experimental observation of driven Rabi
oscillations for a system of two quantum-dot spin qubits. What has been
observed is electron spin resonance via g-tensor modulation in a bulk semicon-
ductor [96].

In the quantum-dot spin qubit proposal, two-qubit gates are realized through
tuning of the exchange coupling J between the two spins [1,43]. The split-
ting between singlet and triplet states of the two-electron system is given by
the exchange coupling J and in devices such as those in Refs. [28] and [48],
J can be controlled through gate voltages. Petta et al. [28] have recently
managed to implement the v/ SWAP-gate in their setup. However, in order to
implement single-qubit gates, control over local magnetic fields or g-factors is
required [43].

As we will show in Sec.2.2, an oscillating exchange J(t) induces Rabi os-
cillations between the states |T]) and ||T) of two electron spins (one electron
in each dot). The amplitude of these oscillations is resonant on the splitting
between |T]) and || 1) and the width of this resonance is proportional to the
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amplitude j of the oscillating component of J(t) = Jy + jcos(wt), where w
is the driving frequency. Since the splitting depends on the state of the nu-
clear system, a measurement of the resonance is also a measurement of the
state of the nuclear spins and thus provides a way to narrow the quantum
distribution of the nuclear spin states. This narrowing of the spin state is one
possible solution to suppress hyperfine-induced decoherence in quantum-dot
spin qubits [46]. It has been proposed to measure the nuclear spin polariza-
tion using a phase estimation method [72]. In the ideal case, phase estimation
yields one bit of information about the nuclear-spin system for each perfectly
measured electron. Optical methods have also been proposed [73]. The all-
electrical method we present here can be applied with current technology.

The rest of this chapter is organized as follows. In Sec. 2.2 we show
that an oscillating exchange leads to driven Rabi oscillations and calculate
the resonance linewidth. In Sec. 2.3 we propose a method to narrow the
distribution of the nuclear spin states. in Sec. 2.4 we consider decoherence
induced through the hyperfine interaction for a static exchange coupling J. We
use these results in Sec.2.5 to analyze under which conditions we reach unit
fidelity for the initialization to the state |T|) and a vV SWAP operation [1]. Sec.
2.6 contains a summary of our results.

2.2 Oscillating exchange and ESR

In this section we show that under suitable conditions an oscillating exchange
interaction may be used to induce Rabi oscillations in a system of two electrons
confined to a double quantum dot like those in Refs. [28,47,48,90].

We denote by h; = (h¥,hY, h?), i = 1,2, the collective quantum nuclear
spin operator, the “Overhauser operator”, in dot one and two, respectively,
and write 6h* = 1(hf — hj). The collective quantum nuclear spin operator
h; is defined as h; = >, AiI), where I is the nuclear spin operator for a
nucleus of total spin I at lattice site k, and the hyperfine coupling constants
are given by Al = v A} (ry)|?, where v is the volume of a unit cell containing
one nuclear spin, A characterizes the hyperfine coupling strength, and ¥ (ry)
is the single-particle envelope wavefunction of the electron evaluated at site k.
Further, (O)ms = (07| O2 |1h;)'/? is the root-mean-square expectation value of
the operator @ with respect to the nuclear spin state |¢);). We assume that
the Zeeman splitting €, = gupB induced by a uniform applied magnetic field
B = (0,0,B), B > 0, is much larger than (dh),,s and (h;);ms. Under these
conditions the relevant spin Hamiltonian becomes block diagonal with blocks
labeled by the total electron spin projection along the magnetic field S*. In
the subspace of S* = 0 the Hamiltonian can be written as (A = 1) [50]

Hy=—(14+7%) +dh°1" + 6b°7". (2.1)

Do



20 Nuclear spin state narrowing

Here, J is the Heisenberg exchange coupling between electron spins on the
two dots and 0b* the inhomogeneity of an externally applied classical static
magnetic field which we add in addition to the treatment in Ref. [50]. Further,
T = (7%, 7Y,77) is the vector of Pauli matrices in the basis of S* = 0 singlet |5)
and triplet |To) (|S) — |7* = —1),|Ty) — |7 = +1)). It has been proposed
to use two pseudo-spin states such as |S) and |Tj) as a logical qubit [97].

We assume a time-dependent exchange of the form

J = J(t) = Jo+ jcos(wt). (2.2)

The operator dh* commutes with the Hamiltonian at all times. Thus, if the
nuclear-spin system is in an eigenstate |n) of Jh* with 0h*|n) = 0hZ |n), we
have H |¢) = H,, |¢.) ® |n), where in H,, the operator dh* has been replaced
by dhZ and |t.) is the electron spin part of the wave function. In order to
bring H, to a form that is very similar to the standard ESR (electron spin
resonance) Hamiltonian [98] (Hgsgp = —3€.0. — 54, cos(wt)o,) we perform a
unitary transformation U; = exp(—i§7¥) which is just a rotation about the
y-axis in a Bloch-sphere picture. Also introducing 2, = 2(6hZ + §b%), the
above Hamiltonian becomes

H, =U,H, U = %Tx + % cos(wt)T" — %Qm’z. (2.3)
The Pauli matrices are now given in the new basis of || 1) = |77 = 1) = |+) and
|T]) =|7% = —1) = |—-). For Jy = 0 this is just the standard ESR Hamiltonian.
We have evaluated pseudo-spin dynamics under this Hamiltonian in a rotating
wave approximation close to resonance for j < €2,,. When we treat the Jy-term
as a perturbation and calculate the transition probability between unperturbed
eigenstates of the Hamiltonian we find that it is proportional to JZ/Q? and
we may thus neglect this term close to resonance and if Jy < €2,,. Hence, we
are left with the standard ESR Hamiltonian which leads to Rabi oscillations.
Initializing the two-electron system in the state ||T) = [4+) (which can be done
as proposed in Sec. 2.5) we obtain for the expectation value of 7%(t):

(€20 — w)? + (j/2)? cos (w't)

(T5(®))n = (0| @ (+]7°(1) [+) ® |n) = (OESEENETCIER.

(2.4)

where

w' = \/(Qn — w2+ (j/2)% < Uy Jo < Dy [ —w| < Qe (25)

For w = (2, the system undergoes coherent Rabi oscillations between the states
|[+) and |—) with a frequency of j. Averaged over time, the expectation value
of 7% is

Ay g 1 T B (2, —w)?
() = Jim 7 [0t = gt (20)
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In order to measure the time-averaged value ((7%),) the measurement time
must be much larger than the period of Rabi oscillations (~ 1/j on resonance).
1 — ((7#),) has a Lorentzian lineshape with a full width at half maximum
(FWHM) of j. Most importantly, the resonance frequency depends on the
nuclear-spin eigenstate through €, = 2(dhZ + 0b*) and thus a measurement of
the resonance will determine dh7.

2.2.1 Superposition of nuclear-spin eigenstates

Before a measurement on the nuclear-spin system is performed, there is no
reason for the nuclear-spin system to be in an eigenstate of dh*, but it is
most likely in some generic superposition of these eigenstates. Thus, we now
investigate how the resonance changes if we consider the nuclear-spin system
to be in a superposition of eigenstates of the collective nuclear spin operator
oh*.

At t = 0 we fix the electron system in the state ||T) = |+) while the
nuclear-spin system is in an arbitrary state: p(0) = p.(0) ® p;(0) with

pe(0) = |+) (+], (2.7)

pr(0) = sz}¢1> Wil [v5) Za n), (2.8)

where the a!, satisfy the normalization condition Y |a4[* =1 and Y, p; = 1.
Here, pr(n) = >, pi|a|?* are the diagonal elements of the nuclear-spin density
operator. The Hamiltonian Hy commutes with dh* and thus we find

=Y ()T (B, (2.9)

which defines the overbar.
We assume that for a large number of nuclear spins N > 1 which are in
a superposition of dh*-eigenstates |n), ps(n) describes a continuous Gaussian

distribution of 0h? values, with mean §h* and variance o2 = (5hz — W)z. In
the limit of large N the approach to a Gaussian distribution for a sufficiently
randomized nuclear system is guaranteed by the central limit theorem [46].
We perform the continuum limit according to

S o) f(n) — / drprso(2) f(2), (2:10)

praa(t) = exp ( ﬂ) , (2.11)

2ro

where x = 6h?, T = 6h* and 0? = 22 — T2, The only effect of b7 is to shift the
mean value of the Overhauser field 1nhomogenelty to xg = T + 0b*, whereas
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the width is left unchanged: oy = 0. According to this description we obtain

(r=(1)) = /OO dxprag.o (€) (f(2) + 9(,1)), (2.12)

(22 —w)?
(22 —w)*+ (j/2)*
(7/2)? cos (2\/(23: —w)2+ (j/2)2t)
g(x,t) = . : (2.14)
(2 —w)? +(j/2)?
The second term (Eq.(2.14)) vanishes when it is averaged over time and we
find

1= ({7) = 20035 /_OO dz exp (—(x _858%) ) G _uf‘;z/i) g 2D

This integral (a convolution of a Lorentzian and Gaussian) is the well-known
Voigt function, [99] and the resulting lineshape is the so-called “Voigt profile”.
The Voigt function may be expressed as (v = j + 4izg — 2iw)

) - 1l () ()
(2.16)

where erfc(z) is the complementary error function. In the regime where oy < j
we may approximate the Lorentzian in the convolution (Eq.(2.15))by its value
at x = 2z and obtain

2\ o (2z0 —w)* .
<<7’ >>~ B0 — )2t G/2F 09 < J. (2.17)

In this case the resulting resonance has the same FWHM as the Lorentzian,
viz. 7. On the other hand, if oy > 7, we may approximate the Gaussian with
its value at * = w and thus obtain

() ~1- 4%0\/§exp <—%) L oe> ) (218)

In this regime the width is twice the width oy of the Gaussian distribution of
the nuclear spin states. In order to make a statement about the width of the
Voigt profile in general we look at the peak-to-peak separation Ay of the first
derivative of the Voigt profile. For a Gaussian with a standard deviation of
200 we find Ag = 40q for the peak-to-peak separation of the derivative and
for a Lorentzian with FWHM of j we have Ay = j/v/3. A Padé approximant
for Ay in terms of Ay and Ag yields [100]

A%; + alAgAL + agA%
Ag + aAg
where a; = 0.9085, ay = 0.4621. This approximation is accurate to better than

0.01Ay for all values of Az, Ag [100]. A similar formula may also be given for
the half width at half maximum (HWHM) of the Voigt profile [101].

f(z) (2.13)

Ay = (2.19)
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2.3 State narrowing

The general idea behind state narrowing is that the evolution of the two-
electron system is dependent on the nuclear spin state and thus knowing the
evolution of the two-electron system determines the nuclear spin state. Thus,
in this section we describe how the Gaussian superposition pr.q, 4, (z) of col-
lective nuclear spin eigenstates |n) can be narrowed through a sequence of
measurements performed on a double quantum dot on a time scale much less
than the timescale of variation of dh* and for j < gp. We first give a general
description of how a complete measurement of the lineshape of the Rabi reso-
nance narrows the Gaussian superposition. Such a complete measurement of
the lineshape consists of many single measurements of the operator 7%. In Sec.
2.3.1 we present a detailed analysis of such a complete measurement and in
Sec. 2.3.2 we discuss different measurement schemes.

The operator 0h* was defined in Sec. 2.2 and it describes the difference in
the z-components of total nuclear field in each of the two dots. The total nu-
clear field is the result of N ~ 10° single nuclear spins and thus the eigenvalues
of 0h* will be highly degenerate. In the limit of large N the spectrum of dh*
is quasi-continuous and the probability density of eigenvalues of §h* is given
by a Gaussian distribution, as described in Sec. 2.2.1. For such a Gaussian
superposition of nuclear spin eigenstates, the lineshape of the Rabi resonance
is given by a Voigt profile, as described in Sec. 2.2.1. This Voigt profile can be
seen as a superposition of Lorentzian lineshapes, where each Lorentzian results
from a nuclear spin eigenvalue dh? and is centered around €2, = 2(0hZ + 0b*).
In the Voigt profile, these Lorentzian lineshapes are weighted according to the
amplitude of the corresponding eigenvalue dh7 in the Gaussian-distributed su-
perposition. Through a perfect complete measurement of the Rabi-resonance
lineshape, the superposition of Lorentzian lineshapes collapses and we are left
with one single Lorentzian (see figure 2.1).

This Lorentzian corresponds to one single eigenvalue of k% and thus the
Gaussian distribution has been narrowed to zero width; the nuclear-spin system
is in a state with fixed eigenvalue 0h7.

In principle, we would need to do infinitely many single measurements in
order to completely measure the lineshape of the Rabi resonance with perfect
accuracy, since each point on this resonance curve is a (time-averaged) expec-
tation value of the quantum mechanical operator 7%. Still, we may perform
a finite number M of single measurements (see Sec. 2.3.1) for each of a set
of driving frequencies w and thus obtain the series of expectation values for
different w up to some error. This error depends on M. There will then in
general be more than one Lorentzian which can be fit (within error) to these
expectation values and thus we would not narrow to zero width. We would
still have a distribution of nuclear spin eigenstates, but one with smaller width
than before the measurements.
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Figure 2.1: a) This figure illustrates the projection obtained through an ideal
complete measurement of the Rabi-resonance lineshape. All the different
Lorentzian resonances corresponding to different nuclear spin eigenstates add
up to a Gaussian lineshape. b) Through a perfect complete measurement of
the lineshape of the Rabi resonance, which involves many single measurements
of 7%, the superposition collapses and we are left with one single Lorentzian
centered around 2zx{, = €2, which in general is different from 2x,.

For such a narrowing through measurement to be successful, the amplitude
j of the oscillating exchange J(t) which determines the width of the Lorentzian
lineshapes should be smaller than the width oy of the Gaussian distribution.
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Otherwise, the Rabi resonance would be dominated by the Lorentzian (see
Eq.(2.17)) and the method would not result in narrowing of the nuclear-spin
distribution. The general requirements on the system parameters to narrow
the distribution of nuclear spin eigenvalues are

J, Jo, 00 < 03§ S 0o. (2.20)

We note that, unlike in standard ESR, power absorption is not measured
here, but instead the expectation value of the pseudo-spin 77, for instance
via a quantum point contact (QPC) nearby one quantum dot (for a detailed
description of the measurement process via such a QPC we refer the interested
reader to Ref. [102]). To determine the expectation value of the pseudo-spin
7% many single measurements of the pseudo-spin are necessary and we thus
proceed to give a detailed description of the state narrowing by considering
the effect of these single measurements on the nuclear spin state.

2.3.1 Description of state narrowing by consecutive
pseudo-spin measurements

In this subsection we describe in detail how a single measurement of the pseudo-
spin 7% of the two-electron system affects the nuclear-spin system. Further,
we give a general formula for the diagonal elements of the nuclear-spin-system
density operator in the continuum limit after M measurements. The sequence
of M measurements is referred to as a “complete measurement”.

At t = 0 the two-electron system is initialized to the state |[+) = ||1) and
we assume that the electron and the nuclear system are initially factorized.
Thus, the total system at ¢t = 0 is described generally by the following density
operator

p(0) = pe(0) ® pr(0) = [+) (+] @ D wi[vp) (wi] (2.21)
with nuclear-spin state [¢)}) = > a! |n). The diagonal elements of the nuclear-
spin density operator at ¢t = 0 are given by p;(n) = p;(n,0) = Y, pilas|?
and in the continuum limit we obtain the probability density pr.z.(x) for the
eigenvalues 6h? = x as given in Eq.(2.11). At time ¢, a measurement of the
two-electron system (at driving frequency w, where w is defined in Eq.(2.2))
is performed with two possible outcomes |+) and |—). The diagonal elements
of the nuclear-spin density operator after the measurement are given by (see
Appendix B)

PrI (n7 0) 1 z
= —(1+ t)n) s 2.22

S (L (1)) (222)
where (77(t)), is given by Eq.(2.4) and the probabilities P*(t,,) to measure
|£) are

,+
P ()

PE(t) = Y037 5 (1% (7)) il (2:23)
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In the case where a measurement is performed with a low time resolution!
At, i.e., if At > 1/j, the density operator after the measurement is the time
average over the time interval At and the cosine term in (77(t,,)), averages
out (note that in the case of a measurement with low time resolution, t,, is
arbitrary, as long as At is chosen to be large enough). For the rest of this
subsection we thus assume? that measurements are performed with low time
resolution At > 1/j. Further, we perform the continuum limit and obtain
for the probability density of eigenvalues, i.e., the diagonal part of the density
operator in the continuum limit (with = = 0h7 + 0b% and pr() = pr.ug.00 (),
see Eq.(2.11)):

@) = i) = L) 2:21)
@) = prla)Lafa) 5, (2:25)
where the probabilities for measuring |+) or \—)ware given by
N G X)) (2.26)
Py = /OO dzxpr(z)L, (), (2.27)
with -
Lo(r)= L UM (2.28)

2(x— 5P+ 0/4)*

After the first measurement, the two-electron system is reinitialized to the
state |[4) if necessary and a second measurement is performed. Since the initial
density matrix factors out in the above results, it is clear how to generalize
Eqgs.(2.24) and (2.25) to the case where M consecutive measurements (with-
out randomization of the nuclear-spin system in between measurements) are
performed: every time |+) is measured, the diagonal elements p;(x) of the
nuclear density matrix is multiplied by 1 — L, (z) and every time |—) is mea-
sured, pr(z) is multiplied by L, (x). Thus, we obtain the diagonal elements

P79 (1) of the nuclear density matrix after M measurements, of which o~
times the measurement outcome was |—) (and (M — a~)-times |+)):

oty = PIE) py o 2.29

P w) = W (0 a), (2.20)

1By ”low time resolution”, we mean that the measurement is performed at an unknown
time t,, (giving rise to state p(t,,)) in the interval At = ¢, — t,, with a uniform probability
density 1/At. The state after the measurement is then < [, tib Aty p(tm)-

2This assumption is not necessary for our narrowing scheme. However, it does allow
for the derivation of the analytical formulas in this section, which give insight into the
mechanism of narrowing. In the case of perfect time resolution, one would have an additional
factor of (1 — cos(w'ty,)) in Eq. (2.28) (' is given in Eq.(2.5)) and would also have to take
into account the time t,, at which each measurement was performed.
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Here, W, (M, a~;x) and the normalization factor Q, (M, a~) are given by

Wo(M,a ;2) = Ly(z)* (1 — Ly,(z))M™>, (2.30)
Qu(M,a™) = /_ dxpr(z)W,(M,a™; x). (2.31)

The normalization factor Q,, (M, a~) is related to PE through P, = Q,(1,1),
PT =Q,(1,0). In the case where measurements are performed at m different
frequencies, Eq.(2.29) generalizes to

(M) o Hed) (M, o 5 x)
Py . 9.32
H @%(Mz,a j (2:32)

({Mi},{a;},{wi})(x>

The probability density p; after M measurements performed at

my different driving frequencies depends on the frequencies {w;} = {w1, ..., W, |,
the number of measurements at each frequency {M;} = {M,,..., My, }, and
the number of times |—) was measured at each frequency {o; } = {ay,..., ay, }.

Eq.(2.32) gives the distribution of nuclear spin eigenvalues for any sequence
of M measurements, i.e., without randomization of the nuclear-spin system in
between measurements.

2.3.2 Measurement schemes

In this subsection we describe different measurement schemes. One main char-
acteristic of the schemes is whether we have unconditional evolution of the
nuclear-spin density matrix between measurements (one waits for the nuclear-
spin system to rerandomize between subsequent measurements), or whether
we have conditional evolution, i.e., the nuclear-spin system is assumed to be
static between measurements.

Unconditional scheme

The simplest scheme is to measure only once at one single driving frequency
w. If the outcome is |—), the nuclear-spin distribution after the measurement
is given by Eq.(2.25); the FWHM (20¢v21n2 & 20y) of the initial distribution
will have been narrowed by a factor &~ j /40 (the nuclear-spin distribution will
approximately be a Lorentzian with FWHM of j/2). For j < 0¢ and w = 2x,
the probability P to measure |—) in the first measurement is P,_,, ~ j/60
(the exact formula is given in Eq.(2.27)). If the measurement outcome is
|—), we stop measuring. Otherwise, we wait for the system to rerandomize
(in contrast to the conditional schemes) and perform another measurement.
This is repeated until |—) is measured for the first time. On average one
needs to perform M’ ~ 60y/j measurements in order to narrow by a factor
of &~ j/40¢ (we write M’ because this number of measurements should not
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be confused with the number of measurements M used above in the case of
measurements performed without rerandomization in between). If the driving
frequency w is far from the center z( of the initial Gaussian distribution, the
number of required measurements increases by a factor of exp((zo—w/2)?/202).
This always leads to a narrowed distribution which is centered around w/2.
Thus, with this scheme it is possible to choose the center of the nuclear-spin
distribution after the measurement. This unconditional measurement scheme
is the one which should be easiest to implement in an experiment since one
only needs to measure once at one single frequency. However, if measurements
at several different frequencies can be performed, a systematic narrowing of
the distribution can be implemented as we show next.

Adaptive conditional scheme

The probability of measuring |—) in a measurement is determined by the

overlap of the Lorentzian L,(z) and the probability density of eigenvalues

(M,a™ w)

Py (x) (for the first measurement this probability is P, which is given

in Eq.(2.27)). Then, if we have the outcome |—) for a measurement at driving
frequency w, ng’af’w) (x) as a function of z becomes peaked around w/2 (since
L,(z) is centered around = = w/2), the overlap of the Lorentzian L, (x) and
ng’ai’w) (x) increases and therefore the probability to measure |—) in a subse-
quent measurement also grows. If, on the other hand, we have outcome |+),

the term 1 — Ly, (z) causes a dip in p\""* ) (2) at & = w/2, the overlap of the

Lorentzian L, (z) and ng’Of’w) (x) decreases and thus the probability to mea-
sure |—) in a subsequent measurement with the same driving frequency w also
decreases. Since it is the measurement outcome |—) that primarily leads to
narrowing, the measurement scheme should maximize the probability to mea-
sure |—). This can be achieved by changing the driving frequency w always in

such a way that before each measurement L, (x) and the nuclear-spin distri-

bution pi""* *)(z) have their maximum at the same z, i.e., set W/2 = Ty,
where . is the z for which ng’ai’w) () has a maximum. Thanks to the

adaptive driving frequency w, the probability P to measure |—) is & j/60¢ in
each measurement until |—) is measured for the first time. Without adapting,
i.e., when measuring always at the same driving frequency w, P decreases,
as explained above (as long as we do not measure |—)). After measuring |—)
for the first time, the probability P, to measure |—) increases. Every time
the measurement outcome is |—), the distribution pﬁ(,M’af’w)(x) is multiplied by

L, (x) and becomes narrower (since L, (x)* hasa FWHM of (j/2)v2V/e™ —1).

However, the measurement outcome |+), for which p{*"* *)(z) is multiplied by

1 — L, (x), is still more likely and leads to a small widening of the distribution.
Our simulations of this measurement scheme do, however, show that after |—)
has been measured several times, the nuclear spin distribution is narrowed by
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more than a factor j/40y.

This adaptive scheme was first proposed in an optical setup by Stepanenko
et al. in Ref. [73]. This scheme requires that x,.. can be calculated (or
read from a table) between subsequent measurements and that the driving
frequency w can be tuned with a precision that is better than the width of the
nuclear-spin distribution before each measurement. For this adaptive scheme
(and other conditional schemes) to work, it is important that the nuclear-spin
system does not randomize during the course of the complete measurement,
i.e., the complete measurement must be carried out within a time that is
shorter than the time scale for nuclear spin dynamics. We thus assume that
the nuclear-spin system (viz. 0h?) has no internal dynamics between the single
measurements of 77(¢), but only changes due to the measurements performed
on the two-electron system, i.e., due to single measurements of 77(¢t). We
expect 0h* to vary on the time scale of nuclear spin diffusion out of the dot,
which is on the order of seconds for nuclear spins surrounding donor impurities
in GaAs [95]. However, there may be other sources of nuclear spin dynamics
(see also Appendix A).

In Fig. 2.2 we show a typical® sequence of nuclear spin distributions for
the adaptive scheme with total number of measurements M = 100 and j /oy =
1/10. We see (Fig. 2.2 (a)) that up to M = 50 the measurement outcome
is never |—) and thus each measurement “burns a hole” into the distribution
where it previously had its maximum. In the 515 measurement (Fig. 2.2(b))
the outcome is |—), which narrows the distribution by a factor of ~ j/40y.
Adapting the driving frequency w to this peak, i.e., setting w/2 = Zyay in
subsequent measurements, leads to further narrowing, i.e., to a total narrowing
by more than a factor j/40y (Fig. 2.2(c)). In this example we have o~ = 22
after M = 100 measurements and the final FWHM is ~ 0(/100, i.e., the
distribution has been narrowed by a factor ~ j/100p. In figure 2.2(d) the
probability P~ to measure |—) before each measurement is shown. After the
first time |—) is measured, P~ jumps up and after several more times |—) was
measured, it saturates close to 1/2. P~ is a good signature of the distribution’s
width. As the width of the distribution goes to zero, P~ approaches 1/2. This
adaptive conditional scheme is more intricate than the unconditional scheme,
but allows one to narrow by more than a factor j/4oy.

Other conditional schemes

Other possible measurement schemes involve measurements at several frequen-
cies, as in the adaptive scheme. One may either choose a fixed number of
frequencies within one or two oy and measure several times at each frequency

3We have performed more than 60 runs of the simulation, varying M and j/oq
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Figure 2.2: In this figure we show a typical sequence of the rescaled probability
density of eigenvalues 7(z) = pg{Mi}’{a"’ M) () /max (,og{Mi}’{ai Lwi})(x}) for

the adaptive conditional scheme. Here, pﬁ{Mi}’{“f}’{““}’(x) is given in Eq.(2.32).

We have x = 0hZ +db%, j/oy = 1/10 and in a)—c) the initial Gaussian distribu-
tion (with FWHM 20¢v/21n 2 ~ 20y) is plotted for reference. a) Up to M = 50
measurements the outcome is never |—) and thus each measurement “burns a
hole” into the distribution where it previously had its maximum. b) In the
51" measurement the outcome is |—) which leads to a narrowed distribution
of nuclear spin eigenvalues (peak centered at ~ 0.5) with a FWHM that is
reduced by a factor &~ j/40¢. c¢) Adapting the driving frequency w to this
peak, i.e., setting w/2 = ., in subsequent measurements, leads to further
narrowing every time |—) is measured. In this example the final FWHM is
~ 00/100, i.e., the distribution has been narrowed by a factor ~ j/100y. d)
The probability P~ to measure |—) jumps up after the 515" measurement and
after |—) is measured several more times, this probability saturates close to
1/2.

(without randomization between the measurements) or sweep the frequency,
i.e., measure only once at each frequency but vary the frequency only in small
steps. Based on numerical simulations of these schemes, we find that the typ-
ical number of measurements to narrow by a factor of j/og is greater than in
the adaptive or the unconditional (single-frequency) schemes.
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Time-domain measurement scheme

We note that when a complete measurement of one of the correlators discussed
in Sec. 2.4 is performed with perfect resolution in time and perfect accuracy,
this would also determine the state of the nuclear spin system and thus nar-
row the distribution of nuclear spin states. This is because the frequency of
the oscillating correlators is given by +/J2 + 4(0hz)? and thus measuring the
frequency of the correlator determines the eigenvalue dh; of the nuclear-spin
system. However, it may be possible to perform a weak measurement of the
decay of the correlators and thus also to see the prolongation of the decay
after applying a narrowing scheme. To understand in detail the effect of mea-
surements in the time domain, further study is required. Narrowing through
measurement of the correlators is a time-domain measurement. In contrast,
the narrowing schemes we have proposed above are frequency-domain mea-
surements. If the frequency resolution is better than the time resolution, our
method would most likely be more suitable.

2.4 Correlation functions in the S* = 0 sub-
space

In this section we investigate the Hamiltonian H, of Eq. (2.1) with static
exchange coupling J. Using this Hamiltonian we wish to calculate correlation
functions for several observables in the subspace of zero total spin in the z-
direction. In our previous work [50] we calculated the time evolution of a
particular correlator involving the states |S) and |7j). However, there are
four additional independent correlators involving the x and y components of
pseudo-spin which require a separate calculation. Quite surprisingly, it will
turn out that these correlators have different decay behavior in time. The
correlators we calculate here show the decoherence properties of the pseudo-
spin states under the influence of the hyperfine interaction. There may be
additional sources of decoherence which we do not consider here, such as orbital
dephasing, corrections to the effective Hamiltonian [50], the coupling of the
QPC to the dot spins [103], etc. The results of this section will help to give
requirements on the parameters of the system in order to initialize in the state
|T]) and to assess the fidelity of a v/ SWAP operation with static J (see Sec.
2.5).
Diagonalizing H gives the following eigenvalues and eigenvectors

J 1

Ef = 5t5 J?+Q2, (2.33)

VES? + (.2
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where again |n) is an eigenstate of the operator dh* with dh* [n) = dh? |n). At
t = 0 we fix the electron system in an arbitrary superposition of |Ty) and |.S)

0 : 0
[e(t =0)) =|A); |A) = cos ?A |S) + "4 sin 7’4 |To) - (2.35)
The nuclear-spin system is again in a general state (see Sec. 2.2.1). As will be
shown in Sec. 2.5, it is possible, in principle, to initialize to an arbitrary state
in the subspace spanned by |Tp) and |S). The probability to find the electron
spins in a state |B) at ¢ > 0 is given by the correlation function:

Coalt) = X pu(m [l (B A @ m” (2.36)

where p;(n) = Y, pilal,|>. The correlation function has the following symme-
try: Cpa(t) = Cap(—t), and if |B) and |D) are orthogonal states we have
Cpa(t) = 1 — Cpa(t). Further, we may decompose Cpa(t) into the sum of a
time-independent term C% , and an interference term CPY, (¢):

Cpa(t) = C, + CB4L (1), (2.37)

where the overbar is defined in Eq. (2.9).
We have further C%, = Cpa(0hZ) = Cpa(x). Performing the continuum
limit as described in Eq. (2.10) we obtain for the correlation function

Cpalt) = / " dprimy o (x) (Coale) + OB (2,1))

[e.e]

= Oy, + OB (1). (2.39)

Here, C%, is the assymptotic value of the correlator C'p4(t) for t — oo.

We have calculated correlation functions for the following states: |S) —
7 =-1), ITo) [ =+1), [X) = " =+1) = Z(To) +19)), [Y) —
|7V = +1) = 7 (|To) +]S)). The frequency in the interference term is always

given by s(z) = v/J? + 422, In Table 2.1 we list the integrands according to
the notation in Eq. (2.38). From the Heisenberg equation of motion we find
d;tz = —J7Y, which leads to relations for the correlators. In the notation used
in Table 2.1 we obtain dc;ft( X =—J (Cy x — ) which is satisfied by the results
shown in Table 2.1. Similar relations can be derived for the other correlators
and used to check the results in Table 2.1. We see that Cxx(t) is a linear
combination of other correlators: Cxx(t) = Cyy(t) + Cr,s(t). For Cpx and
Cr,y the interference term is an odd function in x. Thus, the time dependence
vanishes for g = 0 and we have Cp, x = Cpy = 1/2 for all t. In general, the
integral in Eq. (2.38) is difficult to solve exactly. Thus, we concentrate on
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Cpa(t) | Cpalz) B, 1)
Crs(t) | 22 2oy cos(s(x)1)
Crx(t) || 2+ Sél)‘g 36{52 cos(s(x)t)
Cry (1) : o sin(s(x)t)
Cyx(t) 3 25‘(;) sin(s(x)t)
Cyy(t) : 1 cos(s(z)t)
Oxx(t) || 3+ 25 | 55z cos(s(@)t)

Table 2.1: Functions Cpa(z) and CY(x,t) according to the notation of Eq.
(2.38) for different correlators (with s(z) = vJ? 4+ 42?). Cxx(t) is a linear
combination of other correlators.

several interesting limits. We illustrate this for the case of Cyx(t) and give
results for the other correlators. We have

1 ~.
Cyx(t) = §+Im[ %(], (2.40)
~in > J is(xz
o= [ prenle)gime (241)

In the regime of |zy| > 0( the main contribution to the integral comes from a
J

narrow region around xy and we may approximate =) ~ 5 where wy = s(xg)

and in the frequency term s(z) ~ wy+ %(x —xp)+... . For this to be a good
approximation, we require %Q(x —10)%t < 1. We use (z —x9)? ~ 02 and thus
obtain for the correlator and the range of validity in this limit

2
_ 1t
CYx(t) = Q—ioe 2<t3) sin(wot), (2.42)

£ = ﬁ, wo = \/J2 + da2, (2.43)
01¢0

(J? + 4a)®

2ot (2.44)

‘SL’Q| > 0y, <
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The results for the other correlators are (with the same range of validity)

o) = —%e‘5<%)2cos(wot), (2.45)
cime(t) = —Jj?e‘%(%) cos(wot), (2.46)
cin (1) = Z—Z ‘%(%):m(wot), (2.47)
cim (1) = %e_é(ttol)Qcos(wot). (2.48)

In this limit we obtain a Gaussian decay for all correlators on a time scale
ty = Ta5o Which grows with the absolute value of the exchange coupling |J]|
and with 1/0y. The long-time saturation value is 1/2 for Cyx. For some of the
other correlators we find non-trivial parameter-dependent saturation values. In
the limit of |xg| > 0y we obtain these correlators by the same approximation

as for the interference term, i.e. we set Cpa(2) = Cpa(x) and obtain

- 222
Cys = yEan Z 7 20| >> 00, (2.49)
1 J:c
C%:))X = + J2 4 T2 A2 |Zl§'0| > 0, (250)
9] ) 00 1

For large J the saturation value is quadratic in x¢/J for Cr,¢ and linear for
Cr,x. The saturation value for Cr,g goes to zero for |J| > |zo| and for Cr, x
approaches 1/2. Cf°y reaches extrema equal to 5 -+ 3sign(Jzg) for |J| = 2||.

Next we consider Eq. (2.38) for |J| > max(|zo|, 09) and find

2 2
s(@) =V a? ~ |J]+2 (2.52)

/]
J J 1 22
= ~ sign(J)| = ——= |- 2.53
2s(x) 24/ J% + 4a2 sign(J) (2 J2) ( )
For Eq. (2.52) we have the additional requirement that ¢ < ¢ Under

2max(zd,05
these approximations we find the following result:

2
1 on

Ci() = sien() (€0 - 5

B -0 e (01— 5% (1-€0) ),
(2.54)
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with
1/2 3
ot J| |J|
g(t): <1—Z%) s té]:r‘g, |J| >>max(|x0|,00), t<<m
(2.55)
2
At short times we expand £2(t) ~ 1 + z% — (%) . Keeping only lowest order

in t/t; in the prefactor and second order in the frequency term we obtain

Sy~

coe) = sien() e ) o), (2.56)

2

J| 2(z3 + o3)

o b= |J]+ =2 2.57

0 4|$0|UO’ “o | |+ |J| ) ( )
J

t<ty = ‘—|2, |J| > max(|xol, 09). (2.58)
do;

The |zg| > o0¢ limit of this result agrees with the |J| > |zo| limit of Eq.
(2.42). Again, we have a Gaussian decay on the same time scale ¢ as in Eq.
(2.42) (wo = \/J? + 4a ~ |J]| for |J| > |xo]). One interesting feature of this
correlator is the fact that there is a change of phase by m when the sign of the
exchange coupling .J changes. This feature offers the possibility of measuring
J even for small values of J through a measurement of this correlator. We also
list the other correlators in this regime:

cin(t) = —Me‘%(%)zcos(wgt), (2.59)
cime(t) = —x—;e_é<tg)2(jos(w6t), (2.60)
CRy(t) = %e_%(%):in(wgt), (2.61)
C¥(t) = %e_%(tt?):os(wét). (2.62)

Finally, we are also interested in the behavior for large t. Thus, we expand
Eq. (2.54) for large times £(t > t)) ~ ¢™/*\/t /t and obtain

12 . T
-2 /Hlsin(J]t+5)

C%?}((t) ~ sign(J)e T
40’0t2

, (2.63)
J|

t>t) = o2 |.J| > max(|xo], 09). (2.64)
0



36 Nuclear spin state narrowing

For the other correlators we find

_ng cos(|J|t + ?ﬂf)

Clnt ~ 20 e O 2.65
ToS( ) e 0 40_0 |J|t% ( )
. . ~ 28 o /[ ] cos(|J]t + 22)

Ciclt) ~ —sign()e VBT )

0
2
0 — 250 xg4/| ] sin(|J|t + 2F)
CTotY() ~ e %0 80'3% . ) (267)
0
cin (1) |J| cos(|J|t + ) (2.68)
400t2
(2.69)

Thus, the transverse components of the pseudo-spin have a slower decay (~
t=1/2) than the longitudinal component (~ t=3/2). This results from the fact
that the Hamiltonian only has fluctuations along only one direction.

2.5 Analysis of vVSWAP

In this section we analyze the VSWAP gate using the correlation functions
derived in the previous section, i.e., we analyze the vVSWAP gate taking into
account the hyperfine-induced decoherence. The vVSWAP gate and single-
qubit operations can be used to perform the quantum XOR gate (CNOT)
which, in combination with single-qubit operations, is sufficient for universal
quantum computation [1,104]. In Ref. [28] implementation of v/SWAP has
been demonstrated. However, in these experiments there was a contrast re-
duction of ~ 40%. Here we show that taking into account hyperfine induced
decoherence, still near-unit fidelity can be obtained for this operation.

The Hamiltonian of Eq. (2.1) induces unitary time evolution on the states
of the system: [¢(t)) = U(t) [¢(0)) with U(t) = T exp( zfo H(t)dt"). We
assume that .J and zy can be switched adiabatically [105] on a time scale that
is much shorter than the time required for the gate operation and thus the
time evolution operator at time 7, has the form

Us = exp (—itsH) . (2.70)

In a Bloch-sphere picture this operator induces a rotation about an axis in
the plane spanned by eigenstates of 7% and 77, |X) = |T]) and |S) = (|T]) —
I1T))/V/2 [97]. The axis of rotation is determined by the parameters J and
xo. Through such an operation any state may be rotated into any other state
on the Bloch sphere. Thus, it is possible to rotate from |S) to any initial
state in the subspace of S* = 0 by a single operation. This is important
since initialization to the singlet is feasible by preparing a ground-state singlet
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with both electrons on the same dot and then changing the bias [28]. We now
investigate initialization to the state | X) taking into account hyperfine-induced
decoherence.

The scheme we propose here is different from the one used in Ref. [28],
where adiabatic passage from the singlet to the |T])-state is used. Our scheme
requires control of xy. We assume the system to be in the singlet state |S)
at t = 0 and then switch J and xy such that J = —2xy and |zg| > 0¢. In a
Bloch-sphere picture, this corresponds to a rotation about an axis that halves
the angle between |S) and |X). Since Cxg(t) = Csx(—t) =1 — Cpx(—t) we
have, for the above choice of parameters, according to Egs. (2.46) and (2.50):

2
Cxs(t) = %—Fi (1 — COS(\/§‘J|t)€_;<%’) ) : (2.71)

J = —=2xq, |xo| > 0y, (2.72)

ty = \/%Uo’ t < % (2.73)

This correlator reaches its maximum for v2[J|t = 7, ie., at 7, = \/%TIJ\’ The
time scale for the Gaussian decay is t” = \/—2#00 To approach unit fidelity

we therefore require |.J| > o0y, which is the case in the range of validity of
the above correlator since |rg| > o0y and J and xzy are of the same order.
At t = 7, we switch J to zero and since |X) ® |n) is an eigenstate of the
remaining Hamiltonian, the system remains in this product state, untouched
by decoherence induced via the nuclear spins. This scheme thus provides a way
to initialize the double quantum dot system to the state | X) = %(|To> +|9)) =
|T]), where arrows denote the z-component of the electron spin in each dot. In
the same way, it is also possible to initialize in the state |[-X) = |77 = —1) =
%(|Tg) —|S)) = [11) by switching to J = 2.

It was already proposed in Ref. [1] to implement the vSWAP gate by
pulsing the exchange interaction J between the two dots. Here we give a
detailed analysis of the v/SWAP gate taking into account hyperfine-induced
decoherence.

The SWAP operation acts on the basis of the two-electron system as:
11 = L1 1UT) = 11, 171) = [11),111) — [11). The SWAP is an op-
eration that acts only on the subspace of S* = 0 and leaves the states |171)
and |]|) unchanged. In the system we consider this is naturally implemented
through the large Zeeman splitting that separates |11) and || ]) from the singlet
and the 5% = 0 triplet. In order to analyze the SWAP in the 5% = 0 subspace
we consider the regime of |J| > max(xg,00). The correlator C_x x(t) gives
the probability of being in the state |-X) = ||1) for a system initialized in
|X) = |T]). Due to the symmetry relations for the correlation functions we
have C_y x(t) =1—Cxx(t) =1 —Cyy(t) — Cp,5(t) and thus find (using Egs.
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(2.59) and (2.62) and neglecting terms of order (o2 + 22)/J?),

2
1 1 -3(%
C—X,X(t) =1- Cxx(t) =~ 5 — 56 2(t0) COS(|J|t),
(2.74)
vl ;|
= J t<th = 2.
0= Toglgp |71 (Il o). 8 <t =55
(2.75)
We obtain the maximum value for this correlator when 7, = ﬁ The Gaussian

has a decay time of ¢ = 40[)‘]‘9‘60‘, so for xyp — 0 the Gaussian decay is negligible
and we obtain unit fidelity for this SWAP operation |T]) — || T) up to a global
phase factor (which is not visible in the correlator).

From the SWAP operation it is only a small step towards the vSWAP
which we obtain when we let the system evolve with the same parameter
values but for only half the time. Starting in the state |X') we obtain |Y) after
applying a vVSWAP. For large |J| we find for the correlator Cy yx in the limit
zog— 0

(_) sin(]J]t), (2.76)
J|

, || > max(|zo], 00), t € 1) = —-
40§

D=

. 1
Cyx(t) = 3 + 81gn(J)§e

g1
0 40’0|£L’0|

(2.77)

Here again the time scale of the Gaussian decay is 40‘(){;0‘ and approaches

infinity for xg — 0. The time during which we have to operate with these
values of the parameters J and z( is now 7, = 2%]‘ Our calculations show
that for the time during which J is pulsed high there is a regime in which unit
fidelity may be approached. The reduced visibility in the experiment [28] may
be due to several reasons such as reduced visibility in the readout of ||T) or
the initialization of |T]).

2.6 Conclusion

We have developed a method that uses the measurement of a Rabi resonance
in the quantum-dot spin qubit to narrow the distribution of the nuclear spin
states. This method relies on Rabi oscillations induced via an oscillation of the
singlet-triplet splitting J in the subspace S* = 0 of two electrons in a double
quantum dot forming a two-qubit system. Further, we have calculated several
correlators in the S* = 0 subspace for static J and found that the transverse
components of pseudo-spin have a slower decay than the longitudinal one. We
have also discussed the implementation and fidelity of the v/ SWAP-gate in this
system and the initialization to the |T]), ||T) states.



Chapter 3

Universal phase shift and
non-exponential decay of driven
single-spin oscillations

[F.H.L. Koppens, D.Klauser, W.A. Coish, K.C. Nowack, L.P. Kouwenhoven,
D. Loss and L.M.K. Vandersypen, Phys. Rev. Lett. 99, 106803 (2007)]

In this chapter we study, both theoretically and experimentally, driven Rabi
oscillations of a single electron spin coupled to a nuclear spin bath. Due to
the long correlation time of the bath, two unusual features are observed in the
oscillations. The decay follows a power law, and the oscillations are shifted
in phase by a universal value of ~ /4. These properties are well understood
from a theoretical expression that we derive here in the static limit for the
nuclear bath. This improved understanding of the coupled electron-nuclear
system is important for future experiments using the electron spin as a qubit.

3.1 Introduction

A quantum bit is engineered such that its coupling to the disturbing environ-
ment is minimized. Understanding and controlling this coupling is therefore a
major subject in the field of quantum information processing. It is not solely
the coupling strength but also the dynamics of the environment that governs
the quantum coherence. In particular, the limit where these dynamics are
slow compared to the evolution of the quantum system is interesting. The
well-known Markovian Bloch equations that describe the dynamics of a driven
system, including the exponential decay of the longitudinal and transverse
magnetization [106], then lose their validity. Such deviations from the expo-
nential behavior have been studied theoretically [107,108] and experimentally,
for instance in superconducting qubit systems [109].

An electron spin confined in the solid state is affected predominantly by

39
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phonons via the spin-orbit interaction [8,110-113], and by nuclear spins in
the host material via the hyperfine interaction. At low temperature, coupling
to the nuclear spins is the dominant decoherence source [28,44-48, 50, 52].
Although this strong coupling leads to an apparent decoherence time 73 of the
order of 20 ns when time-averaged over experimental runs, the decoherence
time 75 strongly depends on the dynamics in the nuclear spin bath. This
typical nuclear spin dynamics is very slow, because the nuclear spins are only
weakly coupled with each other and the bath itself is coupled very weakly to its
dissipative environment (like phonons). This implies that here, the Markovian
Bloch equations are not valid.

Here we study the dynamics and decoherence of an electron spin in a quan-
tum dot that is coherently driven via pulsed magnetic resonance, and is coupled
to a nuclear spin bath with a long correlation time. We find experimentally
that, remarkably, the electron spin oscillates coherently, even when the Rabi
period is much longer than 73 = 10 — 20 ns. In addition, the characteristics
of the driven electron spin dynamics are unusual. The decay of the Rabi oscil-
lations is not exponential but follows a power law and a universal (parameter
independent) phase shift emerges.

A power-law decay is generally difficult to observe because it usually ap-
pears at long timescales. Here, the power-law decay is already valid after a
short time (see below), allowing it to be observed experimentally. In this work,
we present the observation of a power-law decay as well as a universal phase
shift. We compare the experimental results with a theoretical expression, de-
rived in the limit of a static nuclear spin bath.

3.2 Single-spin ESR — theory

We consider a double quantum dot with one electron in each dot and a static
external magnetic field in the z-direction, resulting in a Zeeman splitting
€. = gugB.. The spin transitions are driven by a burst of a transverse oscil-
lating field along the z-direction with amplitude B,. and frequency w, which
is generated by a current I through a microfabricated wire close to the double
dot [30]. The interaction between the electron spin and the nuclear bath is
described by the Fermi contact hyperfine interaction S. fz, where £ is the field
generated by the nuclear spins at the position of the electron. For a large but
finite number of nuclear spins (N ~ 10° for lateral GaAs dots) h, is Gaus-
sian distributed (due to the central-limit theorem) with mean hy = h. and
variance 02 = (h, — hg)? [44-46]. For a sufficiently large external magnetic
field (e, > o), we may neglect the transverse terms S, - h; of the hyperfine
interaction that give rise to electron-nuclear-spin flip-flops (see below). Fur-
thermore, if the singlet-triplet energy splitting J is much smaller than both
€, and gupBa., we may treat the spin dynamics of the electrons in each dot
independently (valid for times less than 1/.J). For each dot we thus have the
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following spin Hamiltonian (A = 1):
1 b
H(t) = 5(62 + h,)o, + 5 cos(wt)o,, (3.1)

where o; (with ¢ = x, z) are the Pauli matrices and b = gupB,. (taken to be
equal in both dots).

We note two important points about this Hamiltonian. First, it contains
only one decoherence source: the uncertainty of the longitudinal nuclear field
h.. Second, h. is considered as completely static during the electron spin
time evolution. This is justified because the correlation time of the fluctua-
tions in the nuclear-spin system due to dipole-dipole and hyperfine-mediated
interaction between the nuclear spins, which is predicted to be 2 10 — 100 us
[44-46,51,70,93,114], is much larger than the timescale for electron spin dy-
namics considered here (up to 1us).

In the experiment, the electron spin state is detected in a regime where
electron transport through the double quantum dot occurs via transitions
from spin states with one electron in each dot (denoted as (1,1)) to the sin-
glet state |S(0,2)) with two electrons in the right dot. These transitions,
governed via the tunnel coupling ¢. by the tunneling Hamiltonian H; =
t.|S(1,1)) (S(0,2)| + H.c., are only possible for anti-parallel spins, because
(T H,, [5(0,2)) = (L[ H. [S(0,2)) = 0, while (|| Hy, [S(0,2)) # 0 and
(111 Hy,1S(0,2)) # 0. Therefore, the states with even spin parity (parallel
spins) block transport, while the states with odd spin parity (antiparallel spins)
allow for transport. If the system is initialized to an even spin-parity state, the
oscillating transverse magnetic field (if on resonance) rotates one (or both) of
the two spins and thus lifts the blockade [30]. Initializing to |T) in both dots
(the case with |]) gives the same result), we calculate the probability for an
odd spin parity P,4q under time evolution for each of the two spins governed
by the Hamiltonian in Eq.(3.1).

Introducing the detuning from resonance d, = €, + h, — w, the probability
to find spin up for a single value of h, in the rotating wave approximation
(which is valid for (b/e,)? < 1) is given by

1 452 b? t
PT,CL(t) = 5 |:1 + b2 +452 + b2 +452 COS (5\/132 +453):| . (32)

Assuming that w = hg +¢,, i.e., &, = h, — hg, we find when averaging over the
Gaussian distribution of h, values (see Appendix D)

1 | b b, 1

for t > max(Z,1/b,b/20?), with C = 1 — V21 oxp (%) erfc (L) We

2 8o 2v/20
can now calculate the probability of finding an odd spin-parity state taking
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w = hg + €, for both dots and drawing the value of h, independently from a
distribution with width ¢ in each dot:

Poaa(t) = P o)1 — Prr(t)+ (1= Py o(t) Py r(t)
1 s ~LJ)  g(t) 1
5~ 20 —CW—TJrO(W), (3.4)

where

) = \/gcos (%+%) (3.5)

g(t) = 8%2 [1 + cos (bt + g)} . (3.6)
This result is valid for times ¢ 2 max(1/0,1/b,b/20?) ~ 20ns for a 1.4 mT
nuclear field (see below) and b < 20 (accessible experimental regime). The
1/t-term oscillates with the double Rabi frequency which is the result of both
spins being rotated simultaneously (see also [30]). This term only becomes
important for b > o, because in that case for both spins most of the nuclear-
spin distribution is within the Lorentzian lineshape of the Rabi resonance. The
1/+/t-term oscillates with the Rabi frequency and originates from only one of
the two spins being rotated [30]. This term is important when b < o, i.e., when
only a small fraction of the nuclear-spin distribution is within the lineshape of
the Rabi resonance.

We also give the expression for P,u4(t) for the case where only one of the
two spins is on resonance (e, + hy —w = 0), while the other is far off-resonance
(lex + ho —w| > o). In this case the spin in one dot always remains up while
the spin in the other dot rotates. This leads to

1 t 1
PNt =1- Pi(t) = 5 C- %% +0 (W) : (3.7)
with the same range of validity as in Eq.(3.4). We see that the 1/t-term, which
oscillates with frequency b, is not present in this case.

The expressions for P,q(t) (Eqgs. (3.4) and (3.7)) reveal two interesting
features: the power-law decay and a universal phase shift of w/4 (see Eq. (3.5))
in the oscillations which is independent of all parameters. These features can
both only appear if the nuclear field h, is static during a time much longer than
the Rabi period. This is crucial because only then the driven spin coherence
for one fixed value of h, is fully preserved. Because different values of h,
give different oscillation frequencies, the decay is due to averaging over the
distribution in h,.

The phase shift is closely related to the power-law decay because it also
finds its origin in the off-resonant contributions. These contributions have a
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higher Rabi frequency and shift the average oscillation in phase. This universal
phase shift therefore also characterizes the spin decay, together with the power
law. Interestingly, the specific shape of the distribution in h, (as long as it
is peaked around the resonance) is not crucial for the appearance of both the
power-law decay and the phase shift (see Appendix D. The values of the decay
power and the phase shift are determined by the dependence of the oscillation
frequency on h, (in this case /b% + 492).

A power-law decay has previously been found theoretically in [44, 46,115,
116] and both a power-law decay (1/t*/?) and a universal phase shift also
appear in double dot correlation functions [50,51]. In [52] a singlet-triplet
correlation function was measured, but the amplitude of the oscillations was
too small for the phase shift and the power-law decay to be determined. Here,
we consider driven Rabi oscillations of a single electron spin with a power-law
decay of 1/+/t that is already valid after a short time 1/ ~ 20 ns. Therefore,
the amplitude of the driven spin oscillations is still high when the power-law
behavior sets in, even for small driving fields (b < 20) which are experimentally
easier to achieve. The power-law decay and the phase shift thus should be
observable in the experiment.

3.3 Power-law decay

We now discuss the observation of the power-law decay in the experimental
data of which a selection is shown in Fig. 3.1. The data are obtained with
the same device and under the same experimental conditions as in [30]. A
fit is carried out to the observed oscillations for four different driving fields
B.. (Fig. 3.1), with three different fit functions: the theoretical expressions
(Egs. (3.4) and (3.7) with b and a constant scaling factor as fit parameters)
and an exponentially decaying cosine. The width of the nuclear distribution
o = gup(1.4 mT) is obtained from a fit of the steady state value & — 2C? of
P,q4q(t) to a dataset obtained at ¢t = 950 ns (Fig. 3.2a).

For the range B,. > 1.9 mT, we find good agreement with the model that
predicts a power-lay decay of 1/v/t (Eq. (3.4); hy equal for both dots), while
the fit with an exponentially decaying cosine is poor (blue lines in Fig. 3.1).
The power of the decay is independently verified by means of a fit to the data
with a; + ag cos(2mt /az + 7 /4) /t? where, besides a; 53, the power d of the time
t is a fit parameter as well. We find values of d ~ 0.6 (Fig. 3.2b), close to the
predicted 1/ V/t-dependence.

We see much better correspondence of the data with Eq. (3.4) than with
Eq. (3.7), from which we can conclude that the mean of the Gaussian distri-
bution hg is comparable for both dots (in equilibrium, we expect hy ~ 0 in
both dots). There might however still be a small difference in hg between the
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B,=1.9 mT
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Figure 3.1: (Color online) Rabi oscillations for four different driving fields
B, (B, =55 mT, ¢g=0.355 and 0 = gup(1.4 mT)). The gray circles represent
the experimentally measured dot current (averaged over 15 s for each value
of t), which reflects the probability to find an odd spin-parity state after the
RF burst that generates B,.. The dotted, solid and dashed lines represent
the best fit to the data of an exponentially decaying cosine function and the
derived analytical expressions for P,y,(t) and Po(cllc)l(t) (Egs. (3.4) and (3.7))
respectively. For clarity, the dashed line is shown only for the top two panels.
The fit was carried out for the range 60 to 900 ns and the displayed values
for B,. were obtained from the fit with Poq(t) (Eq. (3.4)). We fit the data
with an exponentially decaying cosine with a tunable phase shift that is zero
at t = 0: are”"*2[cos(¢) — cos(2mt /az + @)] + as(1 — e7/*2). The last term was
added such that the saturation value is a fit parameter as well. We note that
the fit is best for ¢ = 7/4, as discussed in the text.

two dots, which we cannot determine quantitatively because the two models
describe only two limiting cases. If present, such a difference in hy could help
explain the small deviation between data and model at the first oscillation for
B.. = 2.5 mT. It could originate from asymmetric feedback of the electron
spins on the respective nuclear spin baths, e.g. due to unequal dot sizes,
leading to different hyperfine coupling constants. Another observation is that
for small driving fields, B.. < 1.9 mT, we see that the damping is faster
than predicted. Possible explanations for this effect are corrections due to
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Figure 3.2: a) Dot current after an RF burst of 950 ns as a function of B,,
approximately representing the steady-state value. The solid curve is the best
fit with a;(5 — 2C?): the steady state expression of Eq. (3.4) with a; and o
as fit parameters. We find, for the 95%-confidence interval, o = gup(1.0 — 1.7
mT). b) Decay power obtained from the best fit of the data (partially shown
in Fig. 3.1) with the expression a; + ay cos(27t/az + 7/4)/t¢, where a; 53 and
d are fit parameters.

electron-nuclear flip-flops (transverse terms in the hyperfine Hamiltonian) or
electric field fluctuations. Electron-nuclear flip-flops may become relevant on
a timescale ~ €,/0% ~ 1 us in this experiment. Electric field fluctuations can
couple to spin states via the spin-orbit interaction [103] or a finite electric-field
dependent exchange coupling.

3.4 Phase shift

We continue the discussion with the experimental observation of the second
theoretically predicted prominent feature of the Rabi oscillations, i.e., a phase
shift of 7/4 in the oscillations, which is independent of all parameters. In
principle, the experimental value of this phase shift ¢ can be extracted from
single traces like those in Fig. 3.1. However, the precision is poor because
a small uncertainty in the Rabi frequency can lead to a large uncertainty in
¢. A much more precise value of ¢ can be extracted from the oscillations
measured for a wide range and small steps of B,., like the data shown in Fig.
3.3a. That is because the Rabi period Tray; = 27/ g5 (3 Bac) = 27 /gup( K I5)
contains only one unknown parameter K (current to oscillating field amplitude
B, conversion factor, in units of T/A) which is independent of the current
through the wire I that generates B,. [30]. The presence of a phase shift is
visible in Fig. 3.3a, where the green and blue lines correspond respectively to
the maxima of a cosine with and without a phase shift of 7/4. The green lines
match very well the yellow bands representing high data values. In contrast,
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the blue lines are located on the right side of the yellow bands for small burst
times and more and more on the left side of the bands for increasing burst
times. Thus, a cosine without a phase shift does not match with the observed
Rabi oscillations.

Phase shift/n
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Figure 3.3: a) The dot current (represented in colorscale) is displayed over a
wide range of B,. (the sweep axis) and burst durations. The green and blue
lines correspond respectively to the maxima of a cosine with and without a
phase shift of 7/4. In contrast to the green lines, the blue lines are located
in advance of the maxima of the observed oscillations for small burst times,
and behind the maxima for longer burst times. The current-to-field conversion
factor K is fitted for both cases separately (K=0.568 mT/mA and K=0.60
mT/mA for respectively with and without phase shift; the fit range is t =
60 — 500 ns and Iy = 3.6 — 6.3 mA). b) Phase shift for a wide range of B,,
displayed as a function of stripline current ;. Values obtained from a fit of each
trace of the data in a) (varying burst time, constant B,.) to a damped cosine
a; — as cos(%KIsg,uBHagw)/\/f, where a4 9 3 are fit parameters and K = 0.568
mT/mA. I is a known value in the experiment, extracted from the applied
RF power. The gray dashed lines represent the 95% confidence-interval.

In order to determine ¢ quantitatively, we perform a single two-dimensional
fit of the complete dataset in Fig.3.3a with P,4(t) (Eq. (3.4)), excluding the
1/t-term (see Appendix C). The fit range is ¢ = 100 — 900 ns, such that the
contribution from the 1/t-term of Eq. (3.4) can be neglected. For the 95%
confidence interval we find ¢ = (0.23 + 0.01)m, close to the theoretical value.
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The relation between ¢ and B, is visible in Fig. 3.3b, where we find no signifi-
cant dependence of ¢ as a function of B,., although the accuracy decreases for
smaller B,. (values obtained from fits to single traces, see caption). We have
not compensated for the effects of the finite rise time (<2 ns) of the bursts,

which leads to a small negative phase shift, on top of the expected positive
7 /4 shift.

3.5 Conclusion

To conclude, we have experimentally observed a power-law decay and univer-
sal phase shift of driven single electron spin oscillations. These features are
theoretically understood by taking into account the coupling of the spin to the
nuclear spin bath, which is static on the timescale of the electron spin evolu-
tion time. These reported results affect the prospect of making electron-spin
based qubits in GaAs quantum dots. Namely, the slow power-law decay allows
spin manipulation with smaller driving fields, and knowledge of the phase-shift
is relevant for determination of the correct pulse lengths. Furthermore, non-
exponential coherence decay will affect error-correction schemes which usually
account for exponential decays. For future investigation, it remains interesting
to obtain more information about the non-static contributions of the nuclear
bath or other possible decoherence mechanisms. This requires measuring the
driven oscillations at larger external fields, with larger driving powers and
longer evolution times than accessible in this work.






Chapter 4

Nuclear spin dynamics and
Zeno effect in quantum dots and
defect centers

[D. Klauser, W.A. Coish, D. Loss, arXiv:0802.2463]

In this chapter we analyze nuclear spin dynamics in quantum dots and de-
fect centers with a bound electron under electron-mediated coupling between
nuclear spins due to the hyperfine interaction (“J-coupling” in NMR). Our
analysis shows that the Overhauser field generated by the nuclei at the posi-
tion of the electron has short-time dynamics quadratic in time for an initial
nuclear spin state without transverse coherence. The quadratic short-time
behavior allows for an extension of the Overhauser field lifetime through a
sequence of projective measurements (quantum Zeno effect). We analyze the
requirements on the repetition rate of measurements and the measurement ac-
curacy to achieve such an effect. Further, we calculate the long-time behavior
of the Overhauser field for effective electron Zeeman splittings larger than the
hyperfine coupling strength and find, both in a Dyson series expansion and a
generalized master equation approach, that for a nuclear spin system with a
sufficiently smooth polarization the electron-mediated interaction alone leads
only to a partial decay of the Overhauser field by an amount on the order of
the inverse number of nuclear spins interacting with the electron.

4.1 Introduction

Technological advancements have made it possible to confine very few elec-
trons in a variety of nanostructures such as nanowires, quantum dots, donor
impurities, or defect centers [18-20,22-37,117-119]. One driving force behind
these achievements is a series of proposals for using the spin of an electron as
a qubit for quantum computing [1,2,120]. This spin interacts with the nuclear

49
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spins in the host material via the hyperfine interaction. While this interaction
leads to decoherence of the electron spin state on one hand, it also provides the
opportunity to create a local effective magnetic field (Overhauser field) for the
electron by inducing polarization in the nuclear spin system, which could be
used, e.g., for rapid single-spin rotations [121]. Polarizing the nuclear spin sys-
tem is also one possible way to suppress hyperfine-induced decoherence [43,46]
or it can be used as a source of spin polarization to generate a spin-polarized
current. In any case, controlling the dynamics of the Overhauser field and, in
particular, to prevent its decay, is thus of vital importance in the context of
spintronics and quantum computation [3].

In GaAs quantum dots the Overhauser field can become as large as 5T.
The build-up, decay, and correlation time of the Overhauser field have been
studied in a number of systems [48,58,60,61,77,84-86,95,122-128], suggesting
timescales for the decay on the order of seconds, minutes, or in one case, even
hours [76].

In this article we address the question: How can a large Overhauser field be
preserved? That is, how can the Overhauser-field decay be suppressed or even
prevented. The dynamics of the Overhauser field are governed by the mutual
interaction between the nuclear spins. There is on one hand the direct dipolar
coupling between the nuclear spins. On the other hand, due to the presence
of a confined electron, there is also an indirect interaction: The coupling of
the nuclear spins to the electron via the hyperfine interaction leads to an
effective interaction between the nuclear spins that is known as the electron-
mediated interaction. While the effect of this electron-mediated interaction
on the decoherence of the electron has been studied previously [70,114,121],
theoretical studies of the decay of the Overhauser field have so far studied
direct dipole-dipole interaction and the effect of the hyperfine interaction was
taken into account through the Knight shift that the electron induces via
the hyperfine interaction [129]. In this article we investigate the effect of the
electron-mediated interaction between nuclear spins on the dynamics of the
Overhauser field. While the direct dipolar coupling is always present, it can
be weaker than the electron-mediated interaction for magnetic fields that are
not too large and may be further reduced via NMR pulse sequences or by
diluting the concentration of nuclear spins.! We find in our calculation that,
for effective electron Zeeman splittings w (sum of Zeeman splittings due to the
external magnetic field and Overhauser field) larger than the hyperfine coupling
strength A, the decay of the Overhauser field due to the electron-mediated
interaction is incomplete, i.e., that only a small fraction of the Overhauser
field decays. In a short-time expansion that is valid for w larger than A/v/N,

IDiluting reduces the dipolar coupling strongly, as it decreases with the third power of
the distance between the nuclei. In contrast, the hyperfine coupling is proportional to the
density of nuclei and thus for a one-dimensional (two-dimensional) system only decreases
with the first (second) power of the distance between the nuclei.
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where N is the number of nuclear spins with which the electron interacts,
we find a quadratic initial decay on a timescale 7, = N32w/A%. We show
that, by performing repeated projective measurements on the Overhauser field,
a quantum Zeno effect occurs, which allows one to preserve the Overhauser
field even for relatively small effective electron Zeeman splittings larger than
A/v/N. Overall, we thus obtain the following picture: The Overhauser field
can be preserved either by applying a large external magnetic field (it only
decays by a small fraction for w > A) or by performing repeated projective
measurements on the Overhauser field (with our calculation for the short-time
dynamics being valid for w > A/V/N).

In Sec. 4.2 we briefly review the quantum Zeno effect and give the corre-
sponding main results for the case of the Overhauser field. We start our de-
tailed discussion in Sec. 4.3 by writing down the Hamiltonian for the hyperfine
interaction and by deriving an effective Hamiltonian for the electron-mediated
interaction. In Sec. 4.4 we derive an expression for the short-time behavior of
the Overhauser field mean value. In Secs. 4.5 and 4.6 we address the long-time
decay of the Overhauser field due to the electron-mediated interaction. Some
technical details are deferred to Appendices E and F.

4.2 Zeno effect

The suppression of the decay of a quantum state due to frequently repeated
measurements is known as the quantum Zeno effect. The concept of the quan-
tum Zeno effect [130] is almost as old as quantum mechanics [74, 131] and it
remains one of the most intriguing quantum effects. It has been studied inten-
sively from the theoretical side [132-134] and also experimental evidence has
been found in recent years [135].

Let us consider a two-level system initialized to the excited state and
assume that a small additional perturbation (e.g. due to interaction with
the environment) leads to decay from the excited state to the ground state.
The survival probability Ps in the excited state as a function of the elapsed
time ¢ is initially given by Py(t) = 1 — ¢,t?/72, with the constant ¢, and the
timescale 7, being system dependent. A projective measurement at time 7,
resets the system to the excited state with probability P(7,,). Repeating
the measurement m times at intervals 7,, < 75, the survival probability is
Py meas(mTm) = (1 — 72 /7™ &~ 1 — csmT /(T2 /7)), for csmt2 /72 < 1. The
survival probability at time ¢ = m7, is thus increased due to the frequently
repeated measurements: instead of a quadratic decay on a timescale 7, without
measurements, we have a linear decay on a timescale 72/7,),.

A more complex observable such as the mean of the Overhauser-field z-
component (h,(t)) = Tr{h,p(t)}, may also show a Zeno effect. That (h,(t))
shows an initial quadratic decay is, however, not obvious and actually depends
on the initial state of the nuclear spin system p;(0) (see the first paragraph of
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Sec. 4.4 below for details). For the short-time behavior of (h,(t)), we expand
in a Taylor series
t2

(ho(£)) = (ha(0)) + t{h)r + 5 (heda + .. (4.1)
with (h.), = d"(h.(t))/dt"|=o. If (h,)1 = 0, the ¢-linear term vanishes and
the initial decay is quadratic in time. In Sec. 4.4 we find that (h,); = 0
under the condition that the initial nuclear spin state is diagonal in a basis of
h.-eigenstates. In this case the initial decay is of the form

=1—c—. (42)

The timescale 7, and the constant ¢ are given below in Eq. (4.18) and Eq.
(4.19) respectively.

Let us now consider a sequence of repeated measurements of the Overhauser
field h.(t). In the context of quantum dots, several proposals [51,72,73] to im-
plement such measurements have been put forward. A measurement of A, shall
be performed after a time 7,,,. If this measurement is projective, i.e., if it sets
all the off-diagonal elements of the density matrix in a basis of h_-eigenstates to
zero (we discuss requirements on the accuracy of the measurement in Appendix
F), the dynamics after 7, again follow Eq. (4.2). Repeating the measurement

at times 27,,,37,,, ..., leads to a change of the decay of the Overhauser field
in the same way as we described it for the two-level system above:

=1 ———, Tieno = —. 4.3

(h-(0) s T (43)

Instead of a quadratic decay o< t2/72 we have a linear decay o< t/T.cn, with
Toeno = T2/Tm. We note that the expression for (h.(t)).eno in Eq. (4.3) is
only strictly valid at times mr,, with m being a positive integer. Between
these times (h.(t)) changes according to Eq.(4.2). The derivation of Eq. (4.3)
requires cm72 /72 = ct/Toeno < 1. Fig. 4.1 shows the Zeno effect, i.e., the
difference between (h.(t))/(h.(0)) and (h.(t)).eno/(h=(0)).

In addition to requirements on the measurement accuracy (see Appendix
F), the results in this section rest on the following separation of timescales:

Tom <K T, K Tey Tay (4.4)

where 7,,, is the time required to perform a single measurement and 7, the
timescale up to which the short-time expansion for (h.(t)) is valid. In general,
7, can be shorter than 7,. A specific case (fully polarized nuclear state), where
the short-time expansion has only a very limited range of validity, is discussed
in Sec. 4.4.1. For the systems studied in experiment, we expect 7, to be
comparable to or longer than 7., since the experiments performed so far show
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Figure 4.1: Effect of projective measurements at time intervals 7, = 7./10 on
the time evolution of the Overhauser field expectation value (h.(t)). Due to the
Zeno effect, the decay with measurements is 1 — ct/7,ep, rather than 1 — ct? /72
without measurements, where T.eno = 72/7m. The formula 1 — ¢t /7.y, for
the decay with measurement is only strictly valid at times t = mr,, with m
being a positive integer. After the measurement at t = mr, the decay is again
quadratic with time dependence (h,(mm,,))/(h.(0)) — c(t — m7,,)*/72 (broken
lines).
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timescales for the decay of (h.(t)) on the order of seconds, minutes, or in one
case, even hours [76]. We note that it may be a demanding task to perform the
fast and precise measurements required to obtain a Zeno effect in the present
context. Still, experimental progress in the control of the nuclear field, such as
that shown in Ref. [76], suggests that such measurements may be within reach
in the near future.

We continue our discussion by deriving the effective Hamiltonian we use
both for calculating short-time dynamics and the long-time behavior of (h,(%)).

4.3 Hamiltonian

We aim to describe the dynamics of many nuclear spins surrounding a central
confined electron spin in a material with an s-type conduction band (e.g. GaAs,
Si, etc.), where the dominant type of hyperfine interaction is the Fermi contact
hyperfine interaction. The electron may be confined in many nanostructures
such as nanowires, quantum dots or defect centers. Under the assumption that
other possible sources of nuclear spin dynamics, such as nuclear quadrupolar
splitting, are suppressed,? the two strongest interactions between nuclear spins
in these nanostructures are the electron-mediated interaction (“J-coupling” in
NMR [98,137]) and the direct dipole-dipole interaction. It turns out that, for a
large number of nuclei N and up to magnetic fields of a few Tesla (for GaAs),
the contribution of the electron-mediated interaction to the initial decay of
the Overhauser field is dominant (see Appendix E). The Hamiltonian contains
three parts: The electron and nuclear Zeeman energies and the Fermi contact
hyperfine interaction:

- =

H=H,+Hy+ Hp = €S +n.» I;+5-h (4.5)
k

Here, the operator

h=> Ay (4.6)
k

is the Overhauser field. Further, S is the electron spin and I, the nuclear spin
at lattice site k that couples with strength Ay = Awg|t(ry)|? to the electron
spin, where A =", Ay, is the total hyperfine coupling constant, v, the volume
occupied by a single-nucleus unit cell and ¢ (ry) the electron envelope wave
function. We define the number of nuclear spins N interacting with the elec-
tron as the number of nuclear spins within an envelope-function Bohr radius
of the confined electron [46]. The Bohr radius ap for an isotropic electron
envelope is defined through [46] (1) = 1(0)e~*/28)"/2 svhere ¢ = 1 gives a
hydrogen-like wave function and ¢ = 2 a Gaussian. Finally, €, and 7, are the

2In high symmetry lattices, the quadrupolar splitting is often negligible [136], and is
identically zero for nuclear spin I = 1/2.
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electron and nuclear Zeeman splittings, respectively (we consider a homonu-
clear system). We derive an effective Hamiltonian for the electron-mediated
interaction between nuclear spins, which is valid in a sufficiently large magnetic
field. Using a standard Schrieffer-Wolff transformation [138] H.g = ¢S He ™,
in lowest order in H,,,, with the transformation matrix

1
§=3 A [(es+ e —ma 4 Ap/2) 7 S T — (e + he — . — A/2) TSI
K

(4.7)
which eliminates the off-diagonal terms between electron and nuclear spins, we
find the effective Hamiltonian Heg ~ Hy + V (similar to Refs. [69, 70, 121]),
where:

Hy=e.S.+n. Y Ii + S.h., (4.8)
k
1 1
V=2 > A4 [(5 + Sz) (Bf L I+ 17 IFBY)
kl

— (% — SZ) (By LTI + I 1. By ) | - (4.9)
Here, Bf = 1/(e. — 1. + h. £ A;/2) and the raising and lowering operators
are defined as Sy = S, £S5, and similarly for hy and [ ,;t We note that H.g
neglects the transfer of spin polarization from the electron to the nuclei. The
electron transfers an amount of angular momentum to the nuclear system on
the order (4/vNw)? <« 1 for w > A/v/N. For w ~ A these contributions
are suppressed by a factor of O(1/N) compared to the decay of (h.(t)) under
H.s. For very special initial states, where H.g leads to no dynamics, e.g., for
uniform polarization, the transfer of spin from the electron to the nuclei is
the only source of nontrivial nuclear spin dynamics and therefore should be
taken into account. We discuss one such initial state, namely, a fully polarized
nuclear system, in Sec. 4.4.1.

In the following we assume I = 1/23 and neglect A;, in Bff which is valid
up to corrections suppressed by Ay/(e, —n, + h,). We further replace h, in
the denominator of of Bjf by its initial expectation value (h.) = Tr{h.p(0)}
and introduce the effective electron Zeeman splitting

w=¢€,—n,+(h,) =€, + (h,). (4.10)

This replacement assumes that the initial state does not change significantly
and is valid up to corrections suppressed by ¢/w, compared to the dynamics
under H.s¢. Here 0 = /(h2) — (h,)? is the initial width of h,. For an unpolar-
ized equilibrium (infinite temperature) nuclear spin state we have o oc A/v/N,

3A rough estimate suggests that for I > 1/2 the timescales given need to be multiplied
by a factor 1/(2I)2.
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limiting the range of validity to w > A/vV/N.

~ 2 z
Ve o (s S CAAIL + ZA Ik)> : (4.11)

k£l

where in the sum over k and [ the terms k£ = [ are excluded. In the next sections
we will discuss the dynamics of the Overhauser field both at short and at long
times in the regimes where a perturbative treatment in V' is appropriate.

4.4 Short-time expansion

With respect to the Zeno effect as discussed in Sec. 4.2, our main interest lies
in the short-time behavior of the Overhauser field z-component (h,(t)), where
h is defined in Eq. (4.6). To calculate (h.); and (h.)y (see Bq. (4.1)), we
expand

(h.(t))y = Tr{h,exp (—iHt)p(0) exp (iHt)} (4.12)

at short times. The first term (h,(0)) = Tr{h.p(0)} gives the expectation value
at time zero, while the t-linear term is proportional to (h,), = —iTr{h.[H, p(0)]}.
Using the cyclicity of the trace we find that Tr{h,[H, p(0)]} = Tr{[p(0), h.]H}.
Writing p(0) = p.(0) ® pr(0) we have, for an initial nuclear spin state p(0)
without transverse coherence, [p;(0),h.] = 0 and thus the ¢-linear term van-
ishes. It might be possible to extend this result to more general randomly
correlated initial nuclear spin states, where terms involving transverse coher-
ence or correlations are negligibly small due to a random phase [41,139].

To determine the frequency of projective measurements required to induce
a Zeno effect, we are interested in (h,)y = —Tr{h.[H, [H, p(0)]]}. We calculate
(h.)s below using the effective Hamiltonian H.g as derived in Sec. 4.3. The
range of validity is limited by higher-order terms in the effective Hamiltonian
which are proportional to (hyh_)"/w®™ n = 2,4,... These higher-order
terms give corrections to (h.)s which are suppressed by a factor (A/v/Nw)™.
Thus the results for (h,(t)) up to O(t?) given below are valid in the regime
w > A/v/N. Using that [h,, Hy] = 0, we may simplify (h.,), considerably and
we find for an arbitrary electron spin state:

1
(ha)e = — o= Trr{halp1(0), hih-hih-}. (4.13)
To further simplify, we assume a product initial state of the form
p(0) = pe(0) ® pr(0) = pe(0) ®x pr,. (4.14)
o = 12+ K fi= fil0) = 21F0)). (4.15)

With this initial state we find

Z FrAZA2Tr {h, @ + £ (I — I} (4.16)

Ik
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Evaluating the commutators and the trace, we find for the decay of the Over-
hauser field mean value (h.(t)), up to corrections of O(t%),

(ha(8)) = (ha(0)) — (;T SOAA(Av— A)(f— f). (417)

We note that both for uniform coupling constants Ay, = A/N and for uniform
polarization f, = p, Vk, the t>-term vanishes. This is, in fact, what one would
expect, since Hqg only leads to a redistribution of polarization and both for
uniform polarization and uniform coupling constants, such a redistribution
does not affect h,. Rewriting the sum in Eq. (4.17) we obtain (again up to
corrections of O(t?))

(ha(t)) t2 N3y
(0) 1-— 07—62, Te= (4.18)

with the numerical factor ¢ only depending on the distribution of coupling
constants through o, = NAj/A and the initial polarization distribution fj
through

c= 32]1\,00 Zkl: ajai(ar —a)(fe — fi), (4.19)

where ¢g = >, fray,. We note that, up to the factor ¢ (see Fig. 4.2), the
timescale 7. agrees with a previous rough estimate [51] for the timescale of
nuclear-spin dynamics under the electron-mediated nuclear spin interaction.
In Table 4.1 we give 7, for a variety of values of the number of nuclear spins
N and of w=¢€, —n, + (h.).

T, at 7. at T.at | 7. at | 7. at
N | A/gupVN || w=A/VN | 100mT | 1T | 2mT | 5T
103 49mT 3ns 6ns 60ns | 119ns | 297ns
104 16mT 29ns 188ns | 2us | 4us s
10° 4.9mT 292ns 6us | 60us | 119us | 297us
106 1.6mT 3us 188us | 2ms | 4ms | 9ms

Table 4.1: This Table gives explicit values for the timescale 7. of the t* term
in the short-time expansion of (h.(t)) (see Eq.(4.18)). We give 7. for various
values of the number of nuclear spins N and of w =€, —n, + (h,) for I = 1/2.
When w = A/v/N we are at the lower boundary of w-values for which the
result for 7, is valid. The parameters used are relevant for a lateral GaAs
quantum dot: A = 90ueV, g = —0.4.
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The coupling constants A, have a different dependence on k, depending
on the dimension d and the exponent ¢ in the electron envelope wave func-
tion through [46] Aj = Age~*/N )"* For a donor impurity with a hydrogen-
like exponential wave function we have d = 3,q = 1,d/q = 3, whereas for
a 2-dimensional quantum dot with a Gaussian envelope function we have
d=2q=2/d/q =1. In Fig. 4.2 we show the constant ¢ for the case
d/q = 1 and a particular choice of the polarization distribution. We give the
dependence on d/q in the inset of Fig. 4.2. While ¢ is independent of N for
N 2 100, it changes considerably depending on the initial nuclear spin state,
which is parameterized by the fix. Since there are neither experimental data
nor theoretical calculations on the shape of the polarization distribution, we
assume for the curves in Fig. 4.2 that it has the same shape as the distribution
of coupling constants Ay, but with a different width, reflected in the number
of nuclear spins N, that are appreciably polarized. The motivation for this
choice is that if polarization is introduced into the nuclear spin system via
electron-nuclear spin flip-flops, the probability for these flip-flops is expected
to be proportional to some power of Ay/Ag. The degree of polarization at the
center we denote by p € [—1,1]. We may thus write f, = pe_(k/Np)Q/d. We
see in Fig. 4.2 that ¢ grows monotonically with N/N,, i.e., a localized polar-
ization distribution (N/N, > 1) decays more quickly than a wide spread one
(N/N, < 1).

In the context of state narrowing, [51,72,73] the short-time behavior of the
width of the Overhauser field o(t) = /(h2(t)) — (h.(t))? is also of interest.
Nuclear spin state narrowing, i.e., the reduction of o, extends the electron
spin decoherence time. Repeating the above calculation for (h?(f)) and using
the result for (h.(t)) we find ( up to corrections of O(t*)) for the variance of
the Overhauser field

a?(t) = a*(0) <1 + c(,i—;) , (4.20)

with the range of validity w > A/v/N, limited by higher-order corrections to
the effective Hamiltonian as in the case of (h.(t)). Here, the dimensionless
constant ¢, is given by

1
16NCUO

Co —

> aai(ar — an)(fi — ) (fron + frew), (4.21)
kl

where ¢,0 = >, @i (1 — f2). Taking the square-root of o?(¢) and expanding it
for ¢,t?/72 < 1 we find for the width (up to corrections of O(t*))
t2
t)y=0(0)(1 c—= | - 4.22
o(t) = a10) (1+ crs (4.22)

Thus, also for the width of the Overhauser field the initial dynamics are
quadratic in time, with the same dependence on A, N and w as the mean.
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Figure 4.2: Numerical prefactor ¢ (given in Eq. (4.19)) of the t*-term in the
decay of the Overhauser field mean value (h.(¢)). While ¢ turns out to be
independent (for N 2 100 in the case shown according to numerical summa-
tion) of the number N of nuclear spins within a Bohr radius of the electron
envelope wave function, it does depend on the type of structure and the ini-
tial polarization. We show the case of a 2-d quantum dot with a Gaussian
electron envelope (d/q = 1). The dependence on the initial polarization is
parameterized by N/N,, where N, is the number of nuclear spins that are
polarized substantially (see text). Inset: dependence of ¢ on the ratio d/q for
N/N, = 1. We see that, e.g., for a donor impurity with a hydrogen-like wave
function (d/q = 3) the prefactor ¢ is more than three orders of magnitude
smaller compared to the 2-d lateral quantum dot with d/q = 1.
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4.4.1 Special case: full polarization

In this section we analyze the special case of a fully polarized nuclear spin
system, where the effective Hamiltonian derived in Sec. 4.3 gives no dynamics
and thus the corrections due to the transfer of polarization from the electron
to the nuclei become relevant. We thus must return to the full Hamiltonian in
Eq. (4.5). Using the fact that the total spin J, = S, + >, I7 is a conserved
quantity, we transform into a rotating frame where the Hamiltonian takes the

form [46]

1
H = (e, + h,)S. + 3 (heS_+h_Sy), (4.23)

with € = e —n,. To have any dynamics for a fully polarized nuclear spin system
(all spins |T)), the initial state of the electron must be sy [{}) + s4 |f}), with
sy # 0. Since the |f}) part gives no dynamics we consider [¢(0)) = [{J; 11 ... T).
At any later time we may thus write

(1)) = +Zbk YIS TT . Tl ), (4.24)

with a(0) = 1 and b, (0) = 0,Vk. The same case was studied in Refs. [44,91].
However, this study was performed from the point of view of electron spin
decoherence. For the expectation value of (h,(t)), we find, in terms of a(t) and

br(t),
(ha()) = (V)] hs |0 (2) =——Z|bk )2 Ay, (4.25)

where we have used the normalization condition |a(t)[*+Y", |bx(t)|* = 1. Using

the time-dependent Schroedinger equation i0; [1(t)) = H' |1 (t)), we obtain the
differential equations for a(t) and by(t):

a(t) = 5 (262 + A)a(t) — = Z be(t) Ay, (4.26)

Inserting a power-series Ansatz a(t) = >, aDt! and by (t) = Y, b,(cl)tl into these
equations and comparing coefficients yields recursion relations of the form

(1+1) 2
a 4(l+1)(62+a)
(4.28)
A i
DA 1) B Y P ' A0
k ar D" I et e) b

(4.29)
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Iterating these recursion relations using that a(0) = 1 and b,(0) = 0,VEk, we
find, neglecting corrections of O(t?),

(h(1)) 1 3.2
=1——) Ajt" 4.30
(h=(0) 2A2; ‘ (4:30)
For the case of a 2-d quantum dot with Gaussian envelope wave function,
where we have A, = Ae™*N /N we find, evaluating >, A} by turning it into
an integral in the continuum limit N > 1, (again up to corrections of O(t*))

(h.(t)) 1/t\
wxm::1‘6<é)’ b

where 7. = N/A. To obtain the range of validity for this result we go to higher
order in ¢t. Again for the case of a 2-d quantum dot with Gaussian envelope

wave function we find up to O(t*), neglecting terms that are suppressed by
O(1/N) in the t*-term,

2 4
o) _ 1 (i) + L (i) . (4.32)
(h.(0) 6 \ 7. 18 \ 74
Here, 74 = 2¢/N /+/A(2¢, + A). This shows that in some cases the higher order
terms in the short-time expansion can have a considerably shorter timescale.
Comparing the short-time expansion with a calculation for (S,) in the case
of uniform coupling constants [91] suggests that the full dynamics contain
oscillations with a frequency o €, + A/2, thus limiting the range of validity of
the short-time expansion to t < (e, + A/2)71.

To finish our discussion of the short-time dynamics and of the Zeno effect,
we point out that the main result of this section, namely the timescale 7, and
the constant ¢ (Eqgs.(4.18) and (4.19)) for the quadratic term in the short-
time expansion of (h,(t)), is what sets the condition on the repetition rate
Tm as discussed in Sec. 4.2 (see Eq. (4.4)). With this we move on to the
study of the long-time behavior. We first show the results of a Dyson-series
expansion in Sec. 4.5 and in Sec. 4.6 we treat the problem using the generalized
master equation, showing that the Dyson-series expansion gives the leading-
order contribution in A/w.

4.5 Dyson-series expansion

In this section we calculate the expectation value of the Overhauser field (h.(t))
in a Dyson-series expansion up to second order in the interaction V. This
allows us to obtain the full time dynamics of (h,(t)). Since the Dyson-series
expansion is not a controlled expansion (it leads to secular divergences in
time at higher order), we will only see from the generalized master equation
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calculation in Sec. 4.6 that the Dyson series result gives the correct leading
order contribution in A/w. Thus, the results in this section are expected to be
valid in the regime w > A. The results in this section can also be obtained
from the generalized master equation approach presented in Sec. 4.6. However,
the Dyson-series calculation is more accessible.

We transform all operators into the interaction picture by O = ¢tHotQe—iHot,
In the interaction picture we have (h.(t)) = Tr{h.p(t)}, with h. = h. since
[Hy, h,] = 0. Expanding p(t) in a Dyson series we find [140]

) = pl0)—i / a7 (¢), p(0)]

_/0 dt,/o dt,/[f/(t/>7[v(t”)ap(O)H—|—O(‘~/3)7
(4.33)

where

By . ‘ S, .

V(t) = ettvertit = 225 eSO A (4.34)
kel

We assume again the same initial state as in Sec. 4.4 and thus the term linear

in V will drop out under the trace as it only contains off-diagonal terms. From

the remaining two terms we find

(a0) = 00 + oy S I (o - g | 1) )
k£l

We first verify that this result is consistent with the short-time expansion in
Sec. 4.4. For this we use that Ay < Ay x A/N and thus for times t < 7. =
N/A we may expand the cosine in the above expression, recovering, to second
order in ¢, the result in Eq. (4.17). For the full time dynamics we note that
the sum over cosines leads to a decay on a timescale of 7. = N/A, since for
t > 7, the different cosines interfere destructively. We illustrate this with an
example: for a particular choice of the initial polarization distribution (d/q = 1
and N, = N) we may evaluate the sum in Eq. (4.35) in the continuum limit

and find (1) 2
<h: o= S%Eg(t/n). (4.36)
The function g(t) is explicitly given by
L 2 (1t Lo 1
g(t) = i t* — 16t" + 64t sin (5) — 256 sin (Z)} , (4.37)

with ¢(0) = 0 and ¢g(t — oo0) = 1. We thus find a power-law decay on a
timescale 7, by an amount of O(1/N). Since the sum of cosines in Eq. (4.35)
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Figure 4.3: In this figure we show the N-dependence of 1 — (h.)stat/(h-(0))
(see Eq.4.38), i.e., the part by which (h,) decays in units of pA%/Nw?, in the
regime w > A. This plot is for a 3-d defect center with a hydrogen-like electron
envelope (d/q = 3) and the initial polarization is parameterized by N/N, = 0.5
as described in Sec. 4.4. For this choice of polarization distribution the decay
is of O(1/N). The inset shows the full time dynamics of (h.(t))/(h.(0)) as
given in Eq.(4.36) for d/¢ = 1,N > 1,N/N, = 1. We see that the decay
occurs on a timescale of 7. = N/A.

decays, the remaining time-independent sum gives the stationary value (up to
the Poincaré recurrence time [141])

(he)star _ 1 (é)z 1 Z g (fi = fl), (4.38)

(h.(0)) w /) 4NZ2cqy e Y

For a system with a large number of nuclear spins N > 1 and a sufficiently
smooth polarization distribution, this stationary value differs only by a term
of O(1/N) from the initial value, i.e., (h,)stat/(h-(0)) =1 —O(1/N). This can
be seen in Fig. 4.3, where we show the N dependence of 1 — (h,)sat/(h-(0)),
i.e., the part by which (h.) decays. The parameters in Fig. 4.3 are taken
for a 3-d defect center with a hydrogen-like electron envelope (d/q = 3) and
the initial polarization N/N, = 0.5 as described in Sec. 4.4. For this choice
of polarization distribution the decay is of O(1/N). We also find a O(1/N)
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behavior for other values of the parameters d/q and N/N,, and thus expect this
to be generally true for a smoothly varying initial polarization distribution.
The inset of Fig. 4.3 shows the full time dynamics of (h.(t)) as given in
Eq.(4.36) for d/¢g=1,N > 1,N/N, = 1.

We note that the 4th order of a Dyson series expansion gives secular terms
(diverging in t). We thus move on to treat the long-time behavior using a
master equation approach which avoids these secular terms and shows that
the Dyson series result gives the correct leading-order term in A/w.

4.6 Generalized master equation

In this section we study the decay of the Overhauser field mean value (h.(t))
using the Nakajima-Zwanzig generalized master equation (GME) in a Born
approximation. The results in this section are valid in the regime w > A,
since higher-order corrections to the Born approximation are suppressed by a
factor (A/w)?.

We start from the GME, [141] which for Pyp(0) = p(0) reads

t
Pup(t) = —iP,LPyp(t) — / dt' P, Le "= QL P p(t), (4.39)
0

where L = Ly + Ly is the Liouville superoperator defined as (Lo + Ly)O =
[Hy + V,O]. The projection superoperator P, must preserve (/7(t)) and we
choose it to have the form P, = p.(0)Tr, ® Py ®l¢k p1,(0)Tr;, where Py
projects onto the diagonal in the subspace of nuclear spin k£ and is defined as
PO =31 Isk) (s] (sk| O |sy). Further, Q =1 — Fj. In a standard Born
approximation and using the same initial conditions as above, i.e., a product
state and no transverse coherence in the nuclear spin system, we obtain the
following integro-differential equation for (I (t))

(i) = —% dTZA%os[ (Ax = A)] (T2t = 7)) = (T (0)). (4.40)

112k

The Born approximation goes to order L in the expansion of the self-energy.
Higher-order corrections in Ly are estimated to give contributions to the right-
hand side of Eq. (4.40) that are suppressed by a factor (A/w)?. We expect
the results of this section to be valid at least for w > A, although it could in
principle happen that (as in the case of the decay of (S,(t)) [46]) the result
for the stationary value has a larger regime of validity. On the other hand, it
can not be generally excluded that higher-order contributions could dominate
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at sufficiently long times. Integrating Eq. (4.40) we find the formal solution

; B Azak , .
) = (150 / dt / d >

x cos [ (Ax = A (R = 7)) = ().
(4.41)

This shows that (I7(t)) = (If(0)) + O((A/w)?) and we may thus iterate this
equation and replace (/f(t' — 7)) in the integral by (/7(0)). This implies, up
to corrections of O((A/w)?),

2
16w byt

2 t t
(7)) = (1F0) - 13 3 48— 1) [ v [ dreos [Fa - 0],
(4.42)
Performing the integrals and summing over the (I7(t)) weighted by their cou-
pling constants Ay, we recover the Dyson series result in Eq. (4.35). This
shows that the Dyson series expansion gives the leading-order contribution in
Alw.
For the analytical solution of Eq. (4.40) in the stationary limit we perform
a Laplace transformation, solve the resulting equation in Laplace space, and
calculate the residue of the pole at s = 0 which yields (up to the recurrence

time)

(s = Jim 7 [z =ty s(75()

T—oo T’

= Zpk YWIF(t = 0)), (4.43)

with Z, = >, Pu(l). We see that (I7)sa is determined by weighting the
neighboring (I7(t = 0)) with the probability distribution Py (l)/Z, which is
explicitly given by
AZJ(Ap — A)? 0 14k
2w? A2 : L=k

We point out that (I7)sas can be either smaller or larger than (/7(t = 0)) and
that >, (If)stae = ([ (t = 0)) since the total spin is a conserved quantity.
Again expanding the result in Eq.(4.43) to leading order in A/w and summing
over the nuclear spins weighted by their coupling constants Ay, we recover the
same result found in the Dyson series calculation in Eq. (4.38). Intuitively
one would expect a decay even at high fields (although a very slow one) to
a state with uniform polarization. The fact that our calculation shows no
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such decay suggests that the Knight-field gradient, i.e., the gradient in the
additional effective magnetic field seen by the nuclei, due to the presence of
the electron, is strong enough to suppress such a decay if the flip-flop terms
are sufficiently suppressed. Applying a large magnetic field thus seems to be
an efficient strategy to prevent the Overhauser field from decaying.

As a side remark, we would like to point out that in this regime of only
partial decay, repeated measurements on the Overhauser field can actually en-
hance the decay of (h.(t)). This occurs when the measurements are performed
at intervals longer than the decay time to the stationary value (7. = N/A,
as discussed in Sec. 4.5). Performing a projective measurement at a time
t > 7. resets the initial condition and thus again a small decay occurs. Re-
peating these measurements at intervals longer than 7, thus allows for a decay

of (h,(t)) to zero.

4.7 Conclusion

We have studied the dynamics of the Overhauser field generated by the nuclear
spins surrounding a bound electron. We focused our analysis on the effect of
the electron-mediated interaction between nuclei due to the hyperfine inter-
action. At short times we find a quadratic initial decay of the Overhauser
field mean value (h.(t)) on a timescale 7, = N%2w/A%. Performing repeated
strong measurements on h, leads to a Zeno effect with the decay changing from
quadratic to linear, with a timescale that is prolonged by a factor 7./7,,, where
Tm 18 the time between consecutive measurements. In Secs. 4.5 and 4.6 we have
addressed the long-time decay of (h,(t)) using a Dyson series expansion and
a generalized master equation approach. Both show that (h.(t)) only decays
by a fraction of O(1/N) for a sufficiently smooth polarization distribution and
large magnetic field.

Overall, the strategy to preserve the Overhauser field contains two tools.
The first is to apply a strong external magnetic field (w > A) which limits
the decay to a fraction of O(1/N). In case such a strong magnetic field is not
desirable or achievable, the second tool is to make use of the Zeno effect and
perform repeated projective measurements on the Overhauser field leading to
a slow-down of the decay.

It remains a subject of further study beyond the scope of this work whether,
and on what timescale, the combination of electron-mediated interaction and
direct dipole-dipole interaction may lead to a full decay of the Overhauser field.
Another interesting question concerns the distribution of nuclear polarization
within a quantum dot or defect center and its dependence on the method that
is used to polarize the system.



Appendix A
Drift in 0h~°

In addition to spin diffusion, driven by the nuclear dipole-dipole interaction,
there may also be a change in dh* due to corrections to the projected effective
Hamiltonian considered here (see Ref. [50], Appendix B for details). After
tracing out the electron pseudo-spin in state pg, these correction terms give
rise to an electron-mediated nuclear spin-spin interaction which, in general,
takes the form of an anisotropic (XYZ) Heisenberg interaction

H,, = TTS{pSH} = Z JZO;IZC!I]O! (A1>
iija:{wﬂvz}

Here, the indices ¢+ and j run over all nuclear spin sites.

We use the corrections to leading order in the inverse Zeeman splitting 1 /e,
(e, = gupB) given in Ref. [50]. This gives the typical value of the exchange
constants ‘Jl‘ﬂ ~ A? /N?¢,. Assuming an unpolarized nuclear spin state, each
nuclear spin will therefore precess in an effective mean field generated by all
other spins in the dot of typical magnitude

hett ~ VN |J2| ~ A2/N:e.. (A.2)

This effective field will result in precession of the nuclear spins about an arbi-
trary angle (and hence, may change the value of dh*) on a time scale

Ty ~ N%EZ/A2 ~ 10775, (A.3)

where we have assumed N = 10° nuclear spins within the quantum dot, and
€./gup = A/gup ~ 3.5T for the time estimate. This is only a worst—case
estimate, which neglects the effects, e.g., of a Knight-shift gradient (due to
strong confinement of the electron), which may further weaken the dynamical
effect discussed here. We expect the dipolar nuclear spin diffusion time to be
the limiting time scale for nuclear spin dynamics, in light of experiments on
diffusion near donor impurities in GaAs [95]. If the effect giving rise to 7, in
Eq. (A.3) were significant, it could be further suppressed by choosing a larger
quantum dot size or stronger magnetic field, thus allowing many electron spin
measurements on the time scale of variation of dh*.
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Appendix B

Measurement

In this appendix we describe how a single measurement of the two—electron

system affects the nuclear spin state. We give the analytical expression for the

diagonal elements of the nuclear spin density operator after a measurement.
At t=0 the system is described by the following density operator

p(0) = p(0) @ pr(0) = |+ (+| @ Zpi i) (v

: (B.1)

with nuclear spin state [¢}) = > a!|n). The Hamiltonian H, of Eq.(2.1)
acts on the the nuclear—spin system as Hy|n) = H, |n), where in H, the
operator 0h® has been replaced by 0hZ (because 0h*|n) = dhZ|n)). Since
[Hy, 0h*] = 0, only the diagonal elements of the nuclear density operator p; (in
the basis of §h?) enter in matrix elements for operators acting only on the two—
electron system. As described in Section 2.2.1, these diagonal elements p;(n) =
pr(n,0) = (n|Tr.{p(0)} |n) describe a continuous Gaussian distribution in the
continuum limit. The trace over the electron system is defined as Tr.p(t) =
(+]p@) |+) + (=] p(t) |-) and for p;(n,0) we have

pi(n,0) = ZP@\@ZP- (B2)

The time evolution operators U(t) and U,(t) are defined through iU(t) =
Hy(t)U(t) and iU, (t) = H,(t)U,(t) and thus the density operator p(0) evolves
under the Hamiltonian Hy as

p(t) = UM)p(0)U'(t)

= U (pem) &3 i |n) <Z|> Ut(t)

i on,l

-y <Un(t)pe(0)Uf(t) ® sz-af;ai* n) <l|> :

n,l
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70 Measurement

At time t,, a measurement in the basis of |[4+) and |—) is performed on one
single two-electron system coupled to nuclear spins. Since the outcome of this
measurement is known, the state of the system after the measurement is' (the
result depends on whether [+) or |—) was measured)

P () = £) <ilpﬂi?zi)\i> (|

= 3 (B Unltn) O] (8 1) (]

n,l

L 1
®Zpia;a; ‘n> <l|) Pi(t )7

with
P(tn) = TriTrod) (£ pltn))
SID 3 DA ENEHISPATAR
Z (B.5)

where Tr;A =" (n|Aln) and (77(t)), is given in Eq.(2.4). Here, P%(t,,) is
the probability to measure |+) at time t,,. We are mainly interested in the
diagonal elements of the nuclear density operator p; after the measurement.

pgl i)(n,tm) = (n|Tr, p(l,j:)(tm) |n)

pl(? 0; +| U, (t )pe(O)Ui(thj:)
pi(n,0)
P (tm)

(
1 zZ

L (k). (B
Using Eq.(2.4) we find

y P01 (20w G/ coswt)
) = 5555 ! )

Pt 2 (O 0§ /28 (O — @) ()2
(B.7)
and
(1) () pr(n,0)1(j/2)*(1 — cos(w'tn))
pr ) = B S (@ — )P G2 (B8)

!The measurement performed at t,, is not sufficient to distinguish the different states
‘w}> This is because it is a measurement in the two—electron system and it only has an
effect on the nuclear spin system in a way that some eigenstates |n) gain weight and some
loose. This happens for all states |1/1}> in the same way and thus from such a measurement
we cannot tell into which of the states |1/1}> the system has collapsed.
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where w' is given in Eq.(2.5) and depends on the eigenvalue 0hZ of the nuclear
spin eigenstate through €2,,.

Parenthetically, we note that in the case (not described in this article)
where the measurement is performed on an ensemble of many different double
quantum dots, the state of the ensemble after the measurement is [74]

Po(tn) = Z(IH (H Un(tn) pe(O) U] (6 | ) (+]

n,l

+ =) (=1 Un(tm) pe (0)U] (tn) |+) <+|)

© Y piayai |n) (], (B.9)
and the nuclear—spin distribution has not changed. If a complete measurement

of the Rabi-resonance lineshape would be performed on an ensemble of double
dots, the result would be the Voigt profile described in Sec. 2.2.1.






Appendix C

Fit procedures

Here, we describe the exact procedure of the two-dimensional fit from which the
phase shift ¢ = (0.234+0.01) was obtained. The fit function is a simplification
of Poaa(t) (Eq. (4)). The first simplification is the exclusion of the 1/t-term
because its contribution is negligible within the fit range of t = 100 — 900
ns. Second, both expressions for C' and 0.5 — 2C? are approximated as being
linear in b, which is justified for the regime we consider (I; = 3.6 —6.3 mA), as
can be seen in Fig. C.1. With these simplifications, we obtain the expression
Ymodel = a1 + Isas + (az + Isa4)cos(%KlsguBt/h + ¢m)/\/t, where arasa, K
and ¢ are fit parameters. The Rabi frequency wray; is given by %K Igugp/h,
with I the current through the stripline which is known in the experiment.
The constant factor K = B,./I is not known in the experiment but can be
obtained from the fit. The behavior of ¥,,0d4e1 — Ydata around the optimal values
for the fit parameters is seen in Fig. C.2. As a cross-check, we carried out a
fit for each trace of the data in Fig.3a of the main text (varying burst time,
constant B,.) with a damped cosine a; — ay cos(%K[sg,uBt/h—l— ¢)/\/t, where
a1 2 and ¢ are fit parameters, and K is kept at a constant value. This fit is
carried out for a wide range of values for K and I,. The best-fit values for ¢
obtained for different I are averaged and plotted as a function of K in Fig.
C.3. (blue curve), together with the spread in ¢ (gray dotted lines) and the
fit quality (green curve). The figure shows that the best fit is obtained for
¢ = 0.237, the same value we found from the two-dimensional fit.
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Figure C.1: C' and 0.5 — 2C? as a function of I, with ¢ = gup(1.4 mT) and
b= gupKI,., K = 0.56 mT/mA for the curves shown here, but the curves
remain linear as well for K=0.5-0.6 mT/mA.
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Figure C.2: Phase shift and fit quality for a range of current-to-field conversion
factors K. Values obtained from a fit with a damped cosine to the single
traces (constant [;) of the data set shown in Fig. 3a of the main text, and
subsequently averaged over all traces for the range ¢ = 100 — 900 ns and
I, =3.6-6.3 mA. The fit-quality R? is a measure of the correlation between
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the observed values y; and the predicted values g;: R* = > | %, with
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and the model Ymoqer: (Z (g5 — ylff}‘zddf) /N;Ny., for a wide range of K
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and ¢. We sum over the range ¢t = 100 — 900 ns and I, =3.6-6.3 mA.



Appendix D

Asymptotic expansion

Here we give steps and additional justification leading to the asymptotic ex-
pansion given in Eq. (3) of the main text. We consider averaging Eq. (2)
from the main text over a quasicontinuous distribution of h, values for the
case where 0, = h, — hy (with the replacement §, — x):

Pi(t) = / " 4D ()P (D). (D.1)

— 0o
As a consequence of the central-limit theorem, for a large number of nuclear
spins in a random unpolarized state, the distribution function D(z) is well-
approximated by a Gaussian with standard deviation o centered at x = 0:

1 2
Nl (D.2)

Inserting Eq. (D.2) into Eq. (D.1) gives the sum of a time-independent part,
which can be evaluated exactly, and a time-dependent interference term I(t):

D(x) =

Pi(t) = % 4O+ I(1). (D.3)

Here, C is given following Eq. (3) of the main text. With the change of
variables u = (v/b? + 422 — b) /20, and using the fact that the integrand is an
even function of z, the interference term becomes I(t) = Rel(t), where

b4/2 exp —ﬁ — 5 + zatu)

e’ du . D.4
- Vo / Vi \/W (1 +5) o
When ot > 1, the time dependence of I(t) is controlled by the region u < 1/ot.

The integrand simplifies considerably for ou/b < 1, which coincides with
ot > 1 for

1 b 1
S =< = t>—. (D.5)
ot o o

7
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Equivalently, for
11
t> -, — D.6
max ( 5 U) , (D.6)

we expand the integrand for v < min(1,b/0):

I(t) = \/&rzaeibm /000 dueXp(_M\L/g o) (1 +0 <U—bu)> , A= % —(Iz)a;f)

Neglecting corrections of order u? in the exponential and order ou/b in the
integrand prefactor, the remaining integral can be evaluated easily, giving

cos [bt/2 + arctan(t/T) /2]

21+ (t/r)?]""
t > max(1/b1/0). (D.9)

I(t) ~ T =b/207, (D.8)

Eq. (D.8) is valid for the time scale indicated for an arbitrary ratio of b/2c.
Due to the exponential cutoff at u < 20/b in Eq. (D.7), Eq. (D.8) is actually
valid for all times in the limit /20 > 1. Expanding Eq. (D.8) to leading
order for t/7 > 1 gives the result in Eq. (3) of the main text. Higher-order
contributions to the long-time expansion of Eq. (D.8) and contributions due
to corrections of order ou/b in Eq. (D.7) both lead to more rapidly decaying
behavior of order ~ 1/t3/2. The reason for the different phase shift here (7/4)
relative to that found in Ref. [50] (37/4) is that here the fluctuations are lon-
gitudinal, while in Ref. [50] the fluctuations are along the transverse direction.
This leads to a different integrand in Eq. (S4) and thus to a different value for
the phase shift and decay power.

Since the long-time behavior of I(t) is dominated by the form of the inte-
grand near z = 0, the same result can be found after replacing the Gaussian
distribution function by any other distribution function D(x) which is analytic
and has a single peak at x = 0. Specifically,

2

Dm::meg%ﬁowm (D.10)
1 D)
T a (D.11)

Thus, the universal form of the long-time power-law decay and phase shift are
relatively insensitive to the specific shape of the distribution function.



Appendix E

Estimation of dipole-dipole
contribution

In this appendix we estimate the timescale arising from the direct secular
(terms conserving I, = Y, I7) dipole-dipole interaction in the short-time
expansion of the Overhauser field mean value (h.(t)). This gives us the range
of validity of our calculation in the main text that only took into account
the electron-mediated interaction between nuclei. Let us thus consider the
situation where the external magnetic field is very high, such that the electron-
mediated flip-flop terms are fully suppressed. In this case the Hamiltonian has
the form Hdd = HO,dd + ‘/dda with

Hoas = €S.+m. Y Ii+Sh.—2Y bulilf,
k k£l

Vae = > bul{I. (E.2)
k#l

Here, by = 7?(3 cos?(0y) — 1) /473, with 0); being the angle between a vector
from nucleus k to nucleus [ and the z-axis and 7y, being the distance between
the two nuclei [98]. Further, 7; is the nuclear gyromagnetic ratio. For the
short-time expansion, only the off-diagonal terms are relevant, since [h,, Hy| =
[p(0), Hy] = 0. These off-diagonal terms in the case of the electron-mediated
interaction are S, >, AR ALN T J2w (see Eq. (4.11)). Replacing Ay A; /2w by
br; in the result for the short-time expansion in Eq.(4.17) and also taking into
account the factor of 1/4 that comes from S? in the electron-mediated case we
find

(h(t)) dip—dip = Zb (Ax — A)(fe — fi)- (E.3)

To estimate, we restrict the sum to nearest neighbors as the by, fall off with
the third power of the distance between the two nuclei. Assuming f, =
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(A1) Ag)NNr we find up to corrections of O(t*)

<h2(t)>dip—dip ~1 t? o NpN

— o 2l Tu= ;

(h-(0)) Ta b

with b being the nearest-neighbor dipole-dipole coupling. For GaAs we have

b ~ 103s7! (with v7/27 ~ 10 MHz/T [142]). For NN, > 1 we have 74 >

1073s! In the magnetic field range shown in Table 4.1 we thus have 74 > 7.//c,

which justifies neglecting the direct dipole-dipole coupling in the short-time
expansion.

(E4)

LA rough estimate suggests that for I > 1/2 the timescales given need to be multiplied
by a factor 1/(2I)2.



Appendix F

Measurement accuracy

The description of the Zeno effect in Sec. 4.2 relied on the assumption that the
measurements on h, set all off-diagonal elements of the density matrix to zero.
This assumption requires on one hand a perfect measurement accuracy for h,
(we discuss deviations from that below), but on the other hand it also requires
the h,-eigenstates to be non-degenerate. For non-degenerate h. eigenstates
a measurement of h, fully determines the polarization distribution f; and
we may thus write p; after the measurement again as a direct product with
pr,(Tm) = 1/2 + fe(rm)If. After the measurement, we thus again have the
same time evolution for (h,(t)) as given in Eq. (4.17), but with f; replaced
by fi(7m). Iterating Eq. (4.17) for the case of m consecutive measurements at
intervals 7,,, one obtains Eq. (4.3).

Instead of the idealized assumption of a projective measurement we now
allow for imperfect measurements. To describe these measurements we use a
so-called POVM (positive operator valued measure) [74]. In a general POVM
measurement the density matrix changes according to [74]

b = / VEo/Fydy, (F.1)

when averaging over all possible measurement outcomes y. The probability to
measure outcome y is given by P(y) = Tr{pF,} and the condition [ dyF, =1
ensures that the probabilities sum to unity. We consider the nuclear density
matrix p; in a basis of h, eigenstates |n) with h, |n) = h” |n). We denote the
matrix elements of p;r by pr(n,m) = (n|pr|m). For the following description
we assume that the diagonal of the nuclear spin density matrix before the
measurement is Gaussian distributed around its mean value (h.) with a width

1 (hg — <hz>>2:| ) (FQ)

2ro

Pr (TL, TL) =

P [_ 202

For an unpolarized equilibrium (infinite temperature) state, the width is o o
A/v/N. Here, o can take any value. Let us now consider a measurement that
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determines the value of h, up to an accuracy n with a Gaussian lineshape. We
refer to 77 as the measurement accuracy. If the outcome of the measurement is
(h.) + vy, the diagonal of the nuclear spin density matrix after a measurement
has the form

1 (h% — (he) —y)?
"(n,ny) = ex {— z z
pr(n,n;y) Vo p o
Since we aim to describe measurements that at least partially project the nu-

clear spin state, we have n < 0. The POVM that describes such a measurement
is given by

(F.3)

Ey=Y f(ny)n) (nl, (F.4)

with
n _ g exn | — (h'? — <h’z> - y>2
flny) /27 (0% — n?) P { 27 }
(hz — (h))? Y
X exp {— 52 — 27 = 772)} : (F.5)

We note that for n < o we have f(n,y) ~ exp(—(h" — (h.) —y)?/2n*)//27.
With f(n,y), the operators F), are fully determined and it is straightforward
to calculate the probability for obtaining the measurement result (h.) +y

I S R
P(y) = G e p { 207 = 772)} : (F.6)

Clearly, the probabilities add up to one ([ P(y)dy = 1) as they should. Also,
when weighting the p}(n,n;y) with their probabilities for occurring, we find
[ pi(n,n;y)P(y)dy = pr(n,n). Using Eq. (F.1) we thus find for the matrix
elements after a measurement, when averaging over all possible measurement
outcomes

pr(n,m) — gy(n, m) = pr(n,m) / Vi fmdy,  (F.7)

with (for n < o)

1 (hn - h’zO - y)2
~ —Z ) F.
f(n7 y) \/%77 exp |: 27]2 ( 8)
Again, for n < o, we thus have
h? — hm)?
prlnm) = pam)exp |- PESEE . (.9
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To reduce the off-diagonal elements, the measurement accuracy must be better
than the difference in eigenvalues. In the limit » — 0 a projective measure-
ment is recovered, which sets all off-diagonal elements to zero. Up to t? in
the short-time expansion, only off-diagonal elements between states that dif-
fer at most by two flip-flops can become non-zero. Thus, to have at least a
partial Zeno effect, [132] resulting from the off-diagonal elements being par-
tially reduced, the requirement on the measurement accuracy is n < |hZ — A7
with |n) = LI IF I |m). For coupling constants A = Ae F/N /N | we have
typically h” — h™ o A/N and the minimally h” — h™ > A/N? . Besides
suppressing the off-diagonal elements of p; through a measurement, there are
also “natural” decoherence mechanisms, such as inhomogeneous quadrupolar
splittings, electron-phonon coupling, or spin-lattice relaxation, that can lead
to a reduction of the off-diagonal elements of p;.

As mentioned earlier, there are several proposals [51,72,73] to implement
a projective measurement of h,. All of these proposed techniques rely on
the fact that the dynamics of the electron spins confined in the dots depend
on the Overhauser field. Thus, a measurement of the electron-spin dynamics
allows one to indirectly measure h,. The proposal in Ref. [73] is designed for
optically active self-assembled quantum dots and makes use of an h_.-dependent
frequency shift in an exciton transition. Numerical calculations for this method
[73] show that an increase of the electron spin coherence time by a factor
100 is achievable with a preparation time of 10us, which corresponds to a
measurement accuracy of n = 0y/100 = A/100v/N. The proposal in Ref. [51]
considers gate-defined double quantum dots, like the ones in Refs. [28, 47,
48,90]. The measurements of electron-spin dynamics are achieved through
spin-to-charge conversion and detection of the charge by a nearby QPC. An
experimental recipe in the context of the setup in Ref. [28] is presented in
Ref. [75]. The narrowing (measurement accuracy) achievable with this method
essentially relies on a good time-resolution of the QPC charge detection which
by now has reached a few hundred nanoseconds [143].

An alternative read-out scheme is to use a double dot in the spin-blockade
regime [30], where one spin, say the one in the left dot, is manipulated, while
the one in the right dot is only needed for the readout. The system is initialized
to the triplet |TT) which is spin-blocked since the triplet 7°(0,2) with two elec-
trons on the right dot is energetically not accessible. The || T)-state, however,
may tunnel to the S(0,2) singlet and from there one electron can tunnel to the
right lead if energetically allowed, leaving the two-electron system in a (0, 1)-
state. To describe these measurements we again use a set of POVM operators.
There are two possible measurement outcomes which we denote ¢ (tunneling)
and n (no tunneling). The operators corresponding to these measurement re-
sults are By = ¢ 1) (1| + (1 — ) 1) (1] and B, = (1 —e)[1) (1| + & 1) {11
Here, €| is the probability to have measurement result ¢ for the ||)-state, while
€1 is the probability to have result n for the |T)-state. The efficiency of this
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read-out scheme generally depends on a large separation of the tunneling rates
for the |T) state and the |]) state. If such a large separation, i.e., a good
spin-blockade, can be achieved, this read-out method offers the potential for
rapid consecutive electron-spin measurements and thus also for accurate mea-
surements of the Overhauser field. A detailed analysis of this read-out scheme
has, to our knowledge, not been undertaken yet and is beyond the scope of
this work.
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