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1 Motivation

In order to understand the significance and purpose of the field ohsei¢hat | have been
working onl would like to provide you with a short overview over the history of nuclear
magnetic resonances and of the develogmh of their optical detectionAfterwards, | will
proceed to presenting the importance and need of nanostructumgbich is a technology
that is includedin our everyday lifeThe last part will give examples where reseairchhe
field of quantum mechanics leads to usable devices which are currently marketed.

1.1 A short history of nuclear magnetic resonances atteir optical detection

A Nobe Prize is not only the result of a long journey through experimental and theoretical
work. It's more like a beginning (of r work) for other scientistd'm referring to the
Nobel Prizein physis in 1902, when Hendrik Antoobhorentz and Pieter Zeemaneve
honored "in recognition of the extraordinary service they rendered by their researches into
the influence of magetism upon radiation phenomena[l]. Pieter Zeemarstudied the
spectral lines of a gaseous substance underittileence of an external magnetic fiel@].
Thereby he found a splitting of one spectral line into three spectral lines under the influence
of an external magnetic fieldNowadays this effect is callethe "Zeeman effect". Liar,
Hendrik Lorentz took an interest in these measurements. Consequently, in 1896, he
proposed a model of an atom containing charged vibrating particles, bounddenter.
Nowadays these vibrating charged particles are called "electron”. At that tim@6)18
however, the idea of an atom consisting of different particles was new. The proposed theory
of H. Lorentz could even be used to calcultie charge to- mass relation(e/m) of the
observed particleBut the experimental results showed more than cobédexplained by this
theory. The spectralines of some elements splitp not only three times but even more
often. And as more and more elements were studied, the experiments showed that the
spectrallines of most elements splitp in more than tihee spetral lines.Therefore, there

had to be a fundamentarror in the existing theoryit took about thirty years to formulate

the new theory, thetheory of guantummechanics, whicleould explain the Zeemaeffect.

So physicists stagtlto work on a new theoy. In 1913 Niels Bohr could explain the spectrum
of the hydrogen atom with a theory where only a discrete set of energy levels are allowed
for the electrons[3]. He introduced the principal quantum number "n" which counts the
orbits that an electron is allowed to occupy. His idea that an electron which is bound to a
nucleus can only have a discrete energy distribution/ occupy a discrete ersugjywas a
completely new ideaAlthough the later development of quantum mechangi®wed that

one guantum number is not enough to describe the inner structure of an atom the quantum
theory by Bohr is still regarded as a pioneering work for quantum mechanics. Arnold
Sommerfeldintroduced two more quantum numberghe azimuthal quantum amber "I"



and the magnetic quantum number "nf4] [5]. Later in 1921 the Stererlach experiment
demonstrated the so called "spin" as artrinsic propertyof the electron[6]. Thereby the
fourth andlast quantum number was foundA set of four quantum numbers is sufficient to
describea system, like bound electrons of an atom, by quantum mechanical equdtipns

Having identified te basics talescribe matter ora nanoscale scientistsestablished new
methodsin spectroscopyand further developedthe theory. The results of these researches
in this field of physics were honored by many Nobel Prizes.

In 1939 Isidor I. Rabi discovered the moleclleam magnetigesonance detection
method [8]. For the first time an oscillating magnetic field was used to study the magnetic
propertiesof atomic nuclei, nowadayis conceptis a standard techniqudn 1944his work
was haored with the Nobel Rze [9]. In 1952 Felix Bloch and Edward Mills Purcell where
honored with theNobel Prizefor the development of the magnetic resonance method fo
the application on solidsand liquids[10]. Following these discoveries, the method of
magnetic resonance detection was introduced alsother fields of science like chemistry,
where it became one of the most important methods doalysethe structure of chemical
compounds[11]. Another example for the wide application of the method of magnetic
resonance detection is its use in medicine, where Magnetic Resonance Imaging has become
one of the most precise methods to image the human bdd}. Alfred Kastler was honored
in 1966 for studying the spatial orientaticand manipulation of the nucleapin. What was
striking about his experiments was that Alfred Kastler used optical methmdeach a
precisionthat was orders ofmagnitude higher than the results that could be obtained
without the useof an optical irradiatiorj13].

A method called "optical pumping" was developed to reach a high precision. Optical
pumping is a process in which the atey momentum of polarized light is transferred $pin
oriented particles that are splitn energy due to a magnetic field. This transfeus®s an
inversion of population for the Zeeman spiiates. This means that the spin orientation of
the chargedparticles becomes polarized in space in relation to the orientation of the
incominglight and the magnetic fieldThe manipulathn of the nuclear spin systefwy this
process is called dynamic nuclear polarization (D[4#) In Table1-1 some of the most
important achievements that are correlated with optical pumping and NMR are listed.



1968 Dynamic nucleapolarization in semiconductors | G.LampelPhys.Rev.LetR0, 491
(1968)
1972 . . , A.l.LEkimov, V.l.Safarov, Sov. Phy
First optically detected NMR @& 7Ab 3As crystals JETP Lett5, 179(1972)
1982 Optically detected NMR signal in bulk GaAs D. Paget Phys. Re\2B, 4444
(1982)
1986 G1-2UIGA Ot €& bawbukGdAS NJ v.K. KalevigiSov. Phys. Solid Sta
28, 1947(1986)
1990 First optically detected NMR signal in GaAs G. P. Flinn etl. JOL45, 218220
quantum-well (1990)
1997 First optically detected NMR signal in single D.Gammon et al. Scien@7, 85
GaAs/AlGaAs quantum dot (1997)
2010 First optically detected NMR signal in K. Flisinski et al. Phys. R

(InGa)As/GaAs quantudot ensemble

081308(2010)

Tablel-1 Publications that give a trace about the development of optically detected and/or indN bR

Nowadays optical pumping is still used to attain the highest sensitiityNMR
measurements, like this thesis and other latest results of research can[4Bph6] .

Having presented a short summary of the history of the discovery of nuclear magnetic
resonances and of the development of their optical detection, | would like tocged now
by outlining the importance of nanostructures for the sciéntand technological progress.

1.2 The importance of nanostructures

Based on the findingmentioned above the understandingf matter has developed from
research on a macroscopic scalewtioto research on a nanscale.But not only the
knowledge but also the possibility of manipulation of matter on a nanoscale has become an
everyday business. The development of the transistor gives a good example of how a
process ofminiaturizationcan entance not only the functionality of devices and lower the
cost of production and disposition. It can also enhance the quality of life for the common run
of mankind.One justneedsto think abouta cell phone or a mpBlayer. The first idea of a
semiconducto transistor was published by Julius Edgdienfeld in1927[17]. At that time,
however, the industrial production of su@hdevice was not yet possible 1948 Walter H.
Brattain and John Bardeen published a study onftret working semiconductor transistor
that was also e biggest transistor ever bui[tl8]. But the capacities of research and
manufacturing developed very fasso that in 1954 (two yearbefore W Brattain, J.



Bardeen and Wiam Bradford Shockley were awarddlde Nobel prie [19]) every citizen
could buy the first transistor radio whiatonsisted of four transistorf20] and in 1955 the

Bell Labs announced the first cpoter based on transistorf21]. As time went by, the
transidors became smaller and smalléfhereby a prediction of Gordon Moore became a
law [22]. Sinceabout40 years the amount of tramgtors onan ntegrated circuithasdoubled
every two yearsThis development is illustrated by the fact that the processor of a personal
computer consists of approximately 592 million transist@3]. For these purposes the size

of a ransistor needs to be very small. The size is aboutm$4]. However, by the time the
process ominiaturizationwill probably cease. This supposition is based on the fact that the
smallest structure of stable matter that is $ar known, the atom, was used to build a
transistor[25, 26]. Two research groups have shown that a single atom is enough to build a
transistor. Therefore, enhancing the capability of computer technology is not "only" done by
miniaturization of the used devices. Instead, thdevelopmentshould proceed in many
directions: both the furtherdevelopmentof already existing technologies and thesearch

of new technologiesin the search of new technologies one particuidea, which | will
outline in the followinggave rise to avholly new branch of research.

Up to now, only one of the characteristics of the electron has been usedahsport
information: the electric charge. But the electron also owns the ssran intrinsic property
[6]. Moreover, up to now the semiconducting materials used for logical operation were
macroscopicso that the effects of the spioould be ignoredin the range of several tens of
nanometers, however, quantum mechanical effects staot dominate the physical
conditions of the systerf27]. Therefore itis possibleto use not only the electric charge but
also the spin of the electron for signal processing and logical operations in semiconducting
electronic device$28]. Theresearch fial occupied with this idea is called spintronic. The
first commercial useful discoveifghe giant magnetoresistance) was honored with a Nobel
Prize in 2007[29]. An outlook on the development and practical use of spintronic devices
will be given in thefollowing chapter. Now | would like to focus merely on tidea of
spintronic and present apuristic wayfor observation of spin related phenomenahe
interest of scientists operating in the field gpintronicsisto trace the way of a spin oriented
cariier, like the electron, that was inducedto the material of interes{30]. The variety of
materials is enormouge.g. semiconducting, ferromagnetic, or paramagnetic materials ...)
just like the amount ofpossiblespatial confinemens for the spin orienéd particles.The
puristic idea is to choose a nanostructure thatlaals the observationof quantum
mechanial effects without the influence of the shape of the structure. Thienplest
geometric object with these attributes is a dot. The dot, as a geometric object, has no
elongation inspace.lt is a zero dimensional object. Such objecamnotbe constructed in
reality. Howeveran approximationof acR2 & & Kl LISR ¢ & (0 NipSuvateNIB > 0 K | {
reality is the so called "quantum dbf{QD) Quantum dots have no spatial preferences.
Therefore it is equally elongated in all spatial dimensions. A tyQibdlas a diameter ofen
to several tens of nanometerslanostructuresvith a dotshape are the primary geometrical
objects in which elementarparticles like electrons, occupy discesenergy levels and obey
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| dzy’ R Q aas tN&ista®siare fillefB1, 32]. This illustrates that although the electrons in
nanostructures are not bound t@ne particular atom but interact with all given atoms
within the nanostructure they behave just likelectrons bound to an atomWhile electrons
bound to an abm interact with a single nucleuyglectrons within a quanim dot interact
typically withx p 1t nuclei [33]. Under special conditions, as specifiedcimapter 3.2.2 a
guantum dot can beoccupied by one electror one hole. This allowsbserving and
manipulating quantumproperties even for singleparticles A single spin in a solid
confinement can be sn as aealizationof a quantum memory and is therefore one of the
most promising candidates for the realization of spintronic and quantum information
processing device4, 35. However, some limitations for the use of the spin in quantum
memory devicehave been identified. One limitation is the coherence time of the electron,
which has a typicdly time of 20 ns[36]. Due b the strong localization of a chargarrier in

a quantum dot the interactiomf the chargecarrierwith the nucleicannotbe neglected37,

36]. One possibility to enhance the coherence time is to manipulate the nuclear spin system
by the use of dynamic nuclear polarization (DNP) to assume certafigeations[38, 39,

40].

Important questions that arise in this conteate: How long can the polarized nuclstay
polarized? What determines and influences the relaxation time ofdégolarization ofthe
previously polarized nucfeiHow canlie DNP process be manipulated?

Semiconductor materials like gallium arsenide arftero used for electronic devices
because of the possibility to create nanostructures that are very pure. Moreover a large
variety can be obtained by tuning the electron energy by doping these semiconductor
nanostructures with different atoms. Because oétliscrete energy levels of the electrons
and the energy of théandgapthese nanostructures provide means of optiaatialization
and detection of charge carriers occupying the quantum dot. In addition, polarization optics
can be used to induce and detethe spin orientatiorof polarized charged carriers.

Having explained the idea of spintronics, | would like to proceed now to the presentation of
some practical pplications of the findingbased on the research spintronics.

1.3 Practical applicationsn Spintronics

In 1988, Albert Fert and Peter Grinberg independently discovered the Giant
Magnetoresistancg4l, 42]. This effect can be used to create highlynsive magnetic field
sensorg43, 44]. Since 1998uchsensorsare commerciallyused for common hard drives to
reach the highest data capdiby [45]. Other results in spintronics are also used nowadays in
commercial applications, but are of a smaller economic importance than the hard drives
mentioned above.The key wordfor this chater is Magnetoresistive Random Access
Memory (MRAM]J46].
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MRAM is a 64Mbit non-volatile media that uses magnetic polarization rather than
electric charge for infinite reading and writing operatiof®®nsequentlyjt is possible to
store data for tens offearswithout electricpower consumption. Thidevice that is working
at room temperaturepromises fast random writing and access speeds with low power
consumption. A read out of these magnetic bits is possible by using magnetic tunnel
junctions MTJ) [47]. Superlattice structures of ferromagnetic and nroonducting oxides
build a tunneling barrier for the electron. The tunneling which conserves the spin of the
electron is only possible, if the spin orientation of the ferromagnetic material and the
tunneling electron is the same. Depending on the structures built and materials used the
superlattice structures can be used as detection heads for magnetic {é8l<or strain
detection[49] with a high sensitivity and spatial resolution in the nanometer ramgkthese
devices deal with hidia spin polarized electrons. To build integrated circuits based on spin
polarization is theoretically possib[80], but there is a need t@ontrol and manipulate the
spin current. Integrated circuits based on electricrent use transistors to attain this end.
For spin current based integrated circuits it is necessary to usetrgisistors. Several
research groups have succeeded in building -$@insistors that operate at room
temperature by using sandwich structuresferromagnetic andnsuating material§51] or
even traditional semiconductor materials like silid®2]. A spintransistoris a spin sensitive
device that can contl and switch electric currenDifferent research groups hold different
opinions on howa spin transistor should be constructed, whether silifg®] or a sandwich
structure of MgO/FeCo shalilbe used for its constructiofb3] or whether modified MOS
transistors wih added magnetic layers out &f | & Al 8 E on the source and drain
Compaed to an ordinary MO&ansistorthe modified MOStransistoris even smaller in size
(several tens of nanometersyjith lower power consumptiorj54]. Publications about silicon
guantum dots working as spin transistors rabm temperatureshow [52] that traditional
semiconductor materials are still interesting for spintronic devices.
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2 Theoretical Background

2.1 Nuclear interactions

The main aspect of this thesis is the manipulation of the nuclear spin system in quantum
dots and the interactio of this manipulated systemwith the resident electron of a quantum

dot. For an analysis and interpretation of the observed effects it is sufficient to determine a
Hamiltonian'Othat contains three partsnamely the ZeemaimteractionO, the quadrupole
interactionO , the hyperfine interactior§

O 0 O O 2.1)

Each part represents an interaction that influesdbe energy levels of the nuclear spin
system. The influence of each interaction is discussed in subchaateasately.

2.1.1 Zeeman interaction

The first partO appears for nuclei in a static homogenous external magriieid 6 . O is
due to an interaction of the nuclear spin and the static external magnetic field. Neglecting
nuclearnuclear and other interactions this term is expressed as

O ué o (2.2)

where is the gyromagnetic ratio of the protoand U is the Planck constantThisis the
ratio of the magnetic dipolenomentt to the nuclearspin‘@whichexist for every nucleus
with a nonzeronuclear spin.

f i O (2.3)

Some values of for different nuclei are exemplarilghown inTable2-1. According to the
usual convention the-direction is defined in the laboratory frame by the direction of the
static homogenous external magnetic field. ‘& the nuclear spin operator, where the
three spatial components are denote®, 'O and 'O and have thecyclic commutation
relations

p

‘Oh0  EO (2.4)
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\ul Natura}I . j o 0
) e T |61 o A
A 60.4 3/2 | 1.022 +0.17
'A 39.6 3/2 1.298 +0.10
1 O 100 32 | 0.729 +0.31
)1 4.3 9/2 0.931 +0.8
) 1 95.7 9/2 0.933 +0.8
-1 100 5/2 1.050 +0.33
L] 100 5/2 1.109 +0.14

Table2-1 Examples of the gyromagnetic ratio and the quadrupole moment Q with the corresponding nuclear
isotopes[55]. Ddailed information about the quadrupole moment Q is given in chagtér2

Under the influence ob the degeneratenuclear sjn statesxx asplit in different energy
levels This effectis known as the Zeemasplitting. In respect to the direction ai the
nuclear spin stategx Gare split in equidistanénergy levelswhich are given by

0 & Ul (2.5)
T 0 (2.6)

Herel isthe Larmor frequency of a nucleus with the spin quantum numb&hé&operator
"‘Ohas 2+1 eigenstated G(resulting in 2+1 energy levels separated in energy®y). As a
convention the lower energy states correspond to higher (positive) m val{&§]. The
expectation values of the components pendicular to thez-axis('O, '0O) show an oscillating
behaviorin time with a frequency given I®g. (2.5). As shown inable2-1 every nucleus can
be assignedts own gyromagnetic ratio . Therefore it is possibleo identify the nucleiby
knowing ther Larmor frequency

In contrastto the values of'O and O the expectation values folO are stationay. The
classical interpretations a precession of a magnetic dipole around thaxis. In a static
homogenous external magnetic field the population of the energy leleelan ensemble of
identical nuclei is given by ¢hBoltzmann distributiomfter reading the thermal equilibrium.



14

For a two level system which is given by a nuclear sif2, for the populationd  and

0 » of the eigenstates pZ¢ andda px¢ results
0 o
T AU 2.7)
UV 7

where T is the absolute temperature of the ensemble &dds the Boltzmann constarf7].
For ( nuclei (protons) in a magnetic field of %I p 1 A 6 At room temperature
QY ¢®p n A 6Equation(2.7) shows a difference in glation in this case of about
one part inp 1. This example shows the intrinsically low sensitivity whichvgliknown
problem for experiments involving magneficoperties of nuclear populations (such as in
common NMR). There are two possibilities to enhance the differences in population. The
first possibility involves the increase 6f which inturn increasedinearly the distance in
energy ofthe ZeemaHdevels As shown irq. (2.7), a larger]  causes darger difference in
population. The second possibility to enhance the differences in populationnsrease the
quantity of the nuclei that are under the influence 6f. Even such amall difference in
population is sufficientto create a nulear magnetization parallel td . The thermal

equilibrium magnetization for an ensemble of nuclei Witi/2 is given by
€ uo 28)
TQY '

¢ is the number of nuclei per unit volume.

2.1.2 Quadrupole interaction

For nuclei with spih> 1/2asymmetric charge distributiom&ds to a quadrupole moment Q.
Nuclei with a quadrupole moment become sensitive to an electric field gradient.(EFG)

Up to now the electric charge of the nuclei, which leads to an interaction with electric
fields, has been neglected. The interaction eneWyof the nucleus in this electrostatic
potential %0 » is given by the integral over the volume.

W " % Q> (2.9

i is the nuclear charge density distribution. Expandng> at the center position of
the nuclear charge distribution in a Taylor series gives

T %o x

%ol  %oTU PO %aT oo (2.10)

W W

NI
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The sources of the electric field lie outside the nucleus. Therefébe 1tin the region of
the nucleus. According to the Taylor series the interaction energy can be expressed as

. 1o .

W N%t nOTm 0 o E (2.11)

=R

qis the total charge of the nucleug,s the nuclear electric dipole (EDM) moment andis

the nuclear electric quadrupole moment tensor. The first term gives the total electric charge
of the nucleus. It describes the electrostatic interaction of a point shape nucleus and the
electric pdential %o ». For a point charge this would be the only term. The quantum
mechanical expression of the EDM is

>8-S QP E8Q e (2.12)

is the normalized wave functioof a stationary state of the nucleus with the atomic
number Z and mass number AThe nuclear charge is carried by protons each having a
chargeQ

(2.13)

» is, denoting the ceordinates of the protons by, the charge densityfahe protors.
Since the parity of a stationary state is defined by +1-lorit can be shown that the
transformation» © » givesp =-p or p equal to zero. So the first non zetleym in the
multipole expansion is the third ternof the expansioncorresponding to the electric
guadrupole moment Q. With the quantum mechanical expresg@h

oww 1 T $ »8» sQ»8Q» (219

The quadrupole moment tensasy is symmetric§ 0 ) and the trace o) is zero

© 0 0 ). All theelements of0  (i,j = 1,2,3 ) can be expressed in terms of the
element0d . This alue is called the nuclear electric quadrupole moment and is denoted by
Q. Moreover it can be shown tha) can be expressed in terms of the spiector | of the
nuclear state as

0 6%"0:"0 D (2.15)
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It is important to note thaiQis onlynon-zerofor nuclear spin§O0 p, as shown in eq(2.15).

Eq. (2.11) shows that the quadrupole interaction term vanishes without a quadrupole
moment of the nucleus. This means that nuclear transition$=efl./2> tol=-1/2> are not
affected in first orderln solids with cubicsymmetry, like GaAs, the quadrupole interaction
also vanishes. In this case, however, the vanishing of the quadrupole interaction takes place
due to the vanishing of the electric field gradient tengor

- (@)
0 % 0 ;—w (2.16)
Py 1%
0 T w
E 0 r']
()

In general the electric field gradient is a 3x3 tensor which has a diagonal form in a properly
chosen ceordinate system. These thrediagonal components ff ] hj ) must obey
Laplace's equation, so that the sumtbése components becomes zer

T %0 T “%o T “%eo
: 2.1
TS TG TE (217

In the special case of a crystal with a cubic unit cell symmetry adiagbnal elements dfl

are zero and the three diagonal elements are equal. Withnet¢@eq(2.17) no quadrupolar
interaction can occur in a cubic crystdlonethelessdue to strain in nanostructures, like
guantum dots, the cubic symmetry of the unit cell is broken. The consequahadoroken
symmetryis a change of the EFG. The EFG tensor is now dominated by the direction and
intensity of the strain in the lattice sicture. According to the Voigt notation the EFG tensor

is defined byj59]

) YT h @Q p8 ¢h (2.18)
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The"Y tensor can be extracted from nuclear acoustic resonarj6€k It relates the EFG
tensorfy to the strain tensolX of the lattice. Shulman et al. have shown that tBénsor

only has twoindependentelements,”Y and”Y [61]. In the special casef @aAs quantum

dots it is possible to use a cylindrically symmetric QD model and the transversal isotropic
approximation in the continuum elasticity theory. Withese approximationghe strain
within a quantum dot is oriented only in the growing directi@axis) of the quantum dot,

so that the EFG tensor can be written as

n YT (2.19)

Nuclei with spinl=1 or higher can havereon-zeroquadrupok moment. The classical picture

is that the charge distribution of nuclei with a spi#+1 is no longer spherical, like in nuclei
with spinl=1/2. With spinl>=1 the charge distribution becomepheroid like(cigarshape).

The elongation of the charge distribution leads to an electriadgupole momentQ which
interacts with an electric field gradient (EFG). The energy of the electric quadrupole
interactions depends on the orientation of the quadrupole moment relative to the EFG. A
charge distribution whose symmetry axis is parallel e tirection of the EFG will give a
positive 0  (prolate shape), while a charge distribution whose symmetry axis is
perpendicular to the direction of the EFG (oblate shape) will give rise to a negativEhe
influence of the quadrupole interactis on the Zeeman splittingeads to a splitting of the
nuclear spirstates that is no longezquidistantin energy, like shown in

3
3 A +'§
N +_2_ ,l
AE ;| AE
—_— +_1_ i-%
C T 2 |—i / N 4 1
=5 = L +=
2 2 W 5
—</ AE — ,
— 21 A . AE;
/] —
2 =72 ¥ _é%
N
AE . 4 AE3 _%
N 4 __3_
2
Figure 2-1 (left) Zeeman splitting without qudtupole interaction fornuclei with spin £ -. Red arrows

indicate the possible transitions which are equidistant in energy. (right) Zeeman splitting with quadrupole
interactionfor nuclei with spink -. Each transition indicatewith a red arrow got its own distance in energy

¥r Yr oY)
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2.1.3 Hyperfine interaction

The third termO  of eq.(2.1) is derived from the mutual interactionfdhe nuclear spin
and the electron spiis The general form of this Hamiltonian is

(O N ¢))% (2.20)

0 has two contributions® 0 0 . Electrons with a -§/pe wave function
contribute to 6 and electrons with Rype wave function contributéo 6 . Although the
influence of the Rype electrons is very weak, some research groups have shown that it may
not be neglected completelj62]. Other research groups have even shown that holes with
P-type wavefunction interact with nuclei via the hyperfine interactiof63]. Because of the
overlap of their 8ype wavefunctionand the nuclear spin, in this thesis only contributions of
Stype electrons are taken into account. Due to this overlap the influencetgfé&electrons

on the nuclei is much larger than the influence of electrons withtgpe wavefunction. 6

can becalculated as

5 0 U Ug TS (2.21)

is the gyromagnetic ratio of the electron, is a proportionaty coefficient$ S is the
probability of presence of an electron which is located at theitpws of a nucleusFor some
applications later in the text it is more suitable to use ladder operators

0 B g"o JY 0JY OJY (2.22)

The typical timescale of the hyperfine interactiorpist  O[64] and the two major effects of
the hyperfine interaction are (i) inelastic relaxationtloé electron spin via the so called "f#ip
flop" process (ii) the Overhauser shift of theeeron spin resonance frequendg5]. The
mathematical formulatiorof these two effects can be seam eq.(2.22). The first part of the
mathematical formulation including the laddesperators (O O EOand 'O 'O EO
describes a dynamic process of addingwbtractingan angular momentm of the electron

to the nuclear spin system. The total angular momentum is conserved in this process. This
process leads to the so called "dynamicclear polarization” (the DNB alsoknown as the
Overhauser effecf66]). The initialization of an angulamomentum to the electron can be
achieved optically ¥ excitation with circulaty polarized light. The second part of the
mathematical formulationOJY is called the Zeeman interaction between nuclear and
electron spin, because polarized nuclei act oe #lectron as an effective magnetic field,
which is called the Overhauser fidigl7, 68, 69]. A spin polarized electromlsoacts on the
nuclei as an effective magnetic field, which is called the Knight [i&€l] The Overhaser
field can be expressed by
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0 da@

(2.23)

where 0@is the average nuclear spin aifdl is theeffective gfactor of conductiorelectrons.

In caseof an Overhauser field that consists of different species of nuclei, the total
Overhauser field is a suover allspecies. In a singkgelfassemblednGaAs/GaA®Dit can
reach about 3T71].

The Knight field can be expressed by

5 0 YT o» (2.24)

whereB is thesum overall contributing electrons.Y is the electron spin of each electron |

and[ » isthe probability of the presence of each electron j at the locamomhe closer

a spin polarized electron is located to a nucleus, the stronger the interaction of the Knight
field on this nucleus will be. Conduction band electrons havayp&wave function. In the
center of a quantum dot their probability of presencehg highest. For nuclei at the center

of a quantum dot this interaction suffices to suppress the dighjmle interaction of
neighboringnuclei, which is the main source for nuclear depolarization. Under the influence
of the Knight field a nuclear polagtion is possible even without an external magnetic field
[66]. Furthermore the Knight field gives a contribution to the total magnetic field, which
leads to a Knight shift of the resonances for nuclei in NMR measurefreh){a3].

2.1.4 Interaction with nuclear fluctuation field

As mentioned above, the polarized nuclei can be summarized to an effective nuclear field
known as the Overhauser field. In experiments a nuclear polarization of 100% was not
observed up to now.

But polarizations close to 100% could be achievedhich is sufficient to observe a
weakenng of effects that depolarize theOverhauserfield (even in the absence ofa
continuouselectron spin polarization in the quantum ddi74]. The spin direction of the
unpolarized nuclei changes randomly. For timescales much longer than the nuclear spin
correlationtime, which is in the order g 1 Q the unpolarized nuclei give no contribution
to the Overhausefield. At such time scales treimof the spinvectorscanbe averaged to
zero. But the electron spin lifetime is orders of magnitude smaller than the nuclear spin
correlation time. At time scakeof the electron spin lifetiméhe sum of unpolarized nuclear
spin vectordgs non zero and pointingn a constant diretion. The result is an interaction of
the electron and areffective magnetic field which is called the frozéinctuation field] 6
[37]. Several theoretical studies show that the dominant mechanism of electron spin
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polarization decay in quantum dotg bbw temperatures is due to the interaction with the
frozen fluctuation field 6 if external magnetic fields do not exceed [75]. It is possible
to estimate the magnitude 6f6 for a quantum dot made of N identical nuclear splinghe
average amplitude of the nuclear fluctuation field is given by

10 —_— = (0]0) 2.25
O p (2.29)

The maximum Overhauser field is reached when all nuclear spins are polarized

" P ..
o] ol CO (2.26)

For InAs and GaAs quantum ddt® maximum Overhauser field in the range of several
Tesla. As aresultdé x 6 70, which corresponds to an effectivield of typically several
tens of mT [76]. The radiative lifetime of charge carriers in quantum dots is orders of
magnitude shorter than the time that is needto change the direction gf6 ¢ 100t Q

[77]. During this time charge carriers can coherently precaéssind| 6 . Due to fast
precession only the projection of electron spin onto the field is conserved. The magnitude
and the direction of the fluctuating field are randomly distributed in the QD ensemble.
Therefore in the absence of other fields, such as the external magnetic field and the field of
nuclear polarization, the depolarization of the electron spin by the fluctuating field reduces
the observablez component of spin polarization to/3 of its initial vale [37, 78]. In a
guantum dot ensembleéhe amplitude and the direction of 6 in every quantum dofre
different. Therefore the total magnetic field is different for every quantum dot. The total
magnetic field for the residual electron is a sum of thezé&wo fluctuating field, the
Overhauser field and the external magnetic field. The result is a decay of the average
electron spin 6“ 6 Oin a quantum dot ensemble. In measurements acquired under
experimental conditions the signal is typically collected over several seconds. The
consequence ian integrationover many different constellations of the frozen fluctuation
field which gives a coheree time"Y of the order ofol OThe effect of averaging can be
eliminated by using sptacho techniques. Under such experimental condisi@oherence
times of the order op t Oat & p Tt it 4 can be found79]. Theoryand experiments can
show that the lyperfine interaction with 6 isthe main source for electron decoherence in
guantum dot structureg$76].

2.1.5 Spin temperature

As mentioned above, in the presence of a constant external magnetic [fieltie nuclear
spinstates are no longer degeneratl order to describe the nuclear spin system under the
influence of| as a thermodynamic system with a certain temperature, the nuclei need to
interact with each other so that a thermal equilibrium is achieved. The model of a spin
temperature is validfor isolated systems where the number phrticles and energy is
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conserved[80, 81]. The interaction that can establish a thermal equilibrium in the nuclear
spin system is the dipeldipole interaction[82]. It is given by

) ‘ Q. o>  O»
o — 00 o (2.27)
C > >

where » is the translation vector between the nuclegi and ¢ . The influence of this
interaction on the nuclear spin system can be separatetivim parts [83]. One part of the
interaction is spin conserving and leads to a spin diffusion that tends to make the nuclear
polarization uniform in spaceThe total energy of the nuclear spin system does not change
by the dipoé-dipole interaction, but diferences in population of the Zeeman levelse
reduced Problems with the application of this model appear in systems where the Zeeman
levels are not equidistant since then the energy absorbed by one nucleus in a transition
between the Zeeman levels idférent from that released by the other. If the differences of
the Zeeman levels are not too large, the energy conservation can be still fulfiled by the
Heisenberguncertainty principle But the probability of transitions decreases with an
increasing of he energy mismatchl'heother part of the interactions spin norconserving

and leads to a depolarization of dear spins in magnetic fields || , where || is the
"local field" which is createth the position of a nucleus by the neighbouring nudkar bulk
GaAs,|| is on the order of 0.InT[84] and leads to a precession period of a nuclear spin on
the order ofp m Q This is an intrinsic time scale for the nuclear spin system in which a
thermal equilibrium isestablished. For a system withon-equilibrium nuclear spin
polarization that is not influenced by any other interactions, this time is needed to
depolarizeall components ofthe nuclear spin system. It is called th¥ dipole-dipole
relaxation time For | | the time "Y is the transvese relaxation time, because it
determines the decoherence of the spin component perpendicular &o [77]. It was
experimentally shown that in sefssembledquantum dots the strain induced nuclear
guadrupole interaction can increase thH& time [85]. The nuclear spin temperature is
conserved during the spilattice relaxation time’Y. This time denotes the isolation of the
nuclear spin system to the crystal lattice. The relation betw&éand™Y is important for the
legitimation to describe the ndear spin system as a thermodynamic system. Therefgre
needs to be larger thariY. In this case the nuclear spin system can achieve thermal
equilibrium andbe described by one spin temperature so thia¢ relaxation process to the
lattice can be treatd as a small perturbation of the system.theoryis“Y “Y [86, 87].
Experiments could prove that in bulk GaAsis on the order of minute$d8, 89. In bulk
slicon Y is even on the order of day®0]. The situation changes for nuclei indoped
guantum dots (or at a donor centgr In this situation the quantum dot is permanently
occupied by an electron and the coupling to the lattice is effectively atedi by the
electron spin. Th&Y time is much shortem this caseand becomes comparable withe ™Y

time [91, 40]. However, if a changing of the nuclear spin temperature occurs, it has an
influence on the population of the Zeeman levélgereby the magnetic quantum number |

of a nucleus relative t@ is increased, while the magnetic quantumimber of another
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nucleus is decreased. No additional energy needs to be added, as it is also in the case of
collisions between molecules im&ealgas. In other words, the dipoldipole interaction is
responsible fomuclear spin diffusionThe populaion of the Zeeman levels is givey the
Boltzmann distributiorfor each spin temperature

2.2 Negative circular polarization

As mentioned in the previous section, all quantum dot samples used in this thesis are n
doped. The quantum dots of the samplead havea diameter of about 1@ 30 nm and a
height of several nm. Since in an IABaAs system thexciton Bohr radius is 1020 nm, the

size of the quantum dots is small enough for the thrdenensional quantum confinement
effect [92]. Under a threedimensional quantum confinement the allowed energy levels
become discrete values for particles occupying the quantum dot. Electrons trapped in a
guantum dot create shell structures that are occupied in accordance to the generalized
| dzy’ R Qe%, siMiir to electrons bound to an atorf®3, 94, 95, 96]. Therefore
nanostructures like quantum dots are also called "artificial ator§®’, 98]. The band
structure of a certain material is given by the periodic repetition of the unit cell. In bulk
material the assumption of an infinite repetition, resulting in symmetry operations, gives a
correct description of the band structure. Quantum dots have a sspatial extentand
consist of a finite and countable repetition of the unit cell, which leads tedaction of
symmetry operations. As a result, the band structure of the bulk material differs from the
band structure of the quantum dot. Many research groups investigate theoretically and
experimentally the electronic structure and spin effects of el@es in quantum dots. A
powerful tool for theoretical studies is the density functional theory (DFT) and the
(extended) Hartredock theory[99, 100]. Experimetalists often use spectroscopmethods

like the far infrared spectroscopy. For pyramidal saffsembled InA&aAs quantum dot
structures a model is constructed to calculate exchange and correlation terms of the many
body Hamiltonian by the use of the local spin density approximation (LEIDA). In
comparison with the results achieved experimeitalising fafinfrared spectroscopy, this
theoretical model shows good agreemeft02]. Besides, a Monte Carlo simulation
quantifying the error introduced by LSDA justifies the use of LSDA calculations to test models
of selfassembled dots against currentgerimental measurementgl03]. Experimental and
theoretical investigations have shown that the shape and deformation of quantum dots have
a dramatic influence on the energy levels of holes and electfb®4 105. A more detailed
analysisof selfassembdd In(Ga)As/(AGaAs quantum dots shows a correlation of the
guantum dot symmetries and the possibility of an exciton state mixing. Quantum dots with a
high symmetry belong to theés group with an implane rotational symmetry. This
symmetry can be brokedown to# ;;, or# by an uniaxial deformation, for example induced
by strain. In the simple case of tf symmetry excitonswith total spin|{ g | =1 and
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|{ 5 |=2 do not mix with each other. In the case of a fully broken symmetry it is no longer
meaningfulto distinguish between excitons with!|z | =1 and [{ g |=2 due tothe strong
mixing of the eigenstates. A more detailed analysis is provid¢tiO@. This thesis handles
nuclear spin phenomena where effects of exciton state mixing are not cenesid The
following description of optical selection rulésgiven for quantum dots with a rotational
symmetry$ andis sufficient forthe studied quantum dot this thesis.

In n-doped quantum dots the absorption of a photon leads to the creationtoia state
consisting of two electrons in the conduction band and a hole in the valence band, also
called a negativg charged trion4 . In this case three charged particles can interact with
each other The two electronsof the trion interact by the spi-spin interaction which leads
to a finestructure of the trion Besides there ithe electrorthole interaction[107, 108, 109,
11Q. In analogy to an exciton there are also different constellations of a trion. The
constellations of the trion are characterized by the population of different energy levels of a
guantum dot with different spin orientations. When both electrons of the trmecupy the
ground-state of the conduction band and the hole occupies the grestade of the valence
band, it is called a "cold" trion. Due to the Pauli exclusion principle, the spin oriergation
the electrons areopposite to each other, so that the tal spin is zero. Therefore electron
hole spin interactions can be neglected. The emission of a "cold" trion constellation, due to
an electronhole recombination, is called the growsthite emission. The resident electron,
resulting from the deltadoping,always occupies the grourstate of the conduction band.
However, the photoexcited electron can also occupy the first excited state of the conduction
band. The exchange interaction between these electrons leads to an energy splitting of the
trion states. h comparison the electrohole exchange interaction is one order of magnitude
smaller[108]. In this constellation, the energy of the trion is larger tharthia "cold" trion
constellation Therefore it is called an excited trion or a "hot" trion. An ow@mw of the
RAFFSNBYU aK2(G¢é¢ GNARA2Yy O2yadStfl GA Figwe23 yR
andFigure2-2.
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Figire 2-2 Energy levels oS a K2 G ¢ { NR 2 ¥, A (1K, The erfer@yf dfferenddly Vof the
groundstate | and the excited state|" is typically several tens of meV. The electaactron exchange
interaction splits the excited state of the trion into a single st#iezvith total spind 5 and a tripletstate,

which is shown irFigure2-3. The energy spting )7. o IS typically several meV. The electrbale interaction
Y is typically several hundred peV.

Additionally, one can also control éhspin orientation of the photoexcited electron by the
use of circuldy polarized light. Depending on the total spdg of the recombining
electronthole pair a "dark" or "bright" trion can be formed. The total spin is conserved
during a recombination. It can have the valueb g  $psSorOg S Photons, however,
can only have a spin angular momentumvdi. As a consequence gnthe recombination
with a total spin ofUg  ¢pSis radiative and releases a circiijapolarized photon. The
recombination with abg  $¢Sis nonradiative, because as a boson it is only possible to

have an angular momentum ofti. Examples of "dark” and "bhg' trions are given ifFigure
2-3.

T,, (dark) T, T, (bright)
4 l l
I 4 v 4 v I
1 1 v
0 A /
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spind 52 F (KS aK2( (aNdrkergtémbinatidepdsabled |y R
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The radiative decay time of the trion state is up tmdg, which is comparable to that of an
exciton.During this time, an optical spin manipulatifiiLl] and an optical spin readout are
possible[112, 113]. In an undoped quantum dot the possibilities of coherent electron spin
manipulation are limited by the radiative lifetime of the exciton. hdeped quantum dots
the resident electrons show a possibility of coéet spin manipulation fox 10 ns. In this
case, the limiting factor is given by the hyperfine interaction of the elecwvith the nuclear
spin fluctuation. This time is surprisingly short, besauhe nuclear spin fluctuatiorietd
changes on a timescale séveral hundreds of nanosecondd 4, 115|.

2.2.1 Effect of negative circular polarization (NCP)

The effect of negative circular polarization (NCP) is observed after excitation of a sample
with circulady polarized light of one helicity, if the resulting photoluminescence that can be
detected has a stronger intensity of the opposite helicity. In other words, if the sample is
excited with , polarized light, then the photoluminescence of the samiias ,
polarization light. Different models have beemealized to describe the NGEffect.
Admittedly, there are differences between the models describing the-&ftelet. However,

the existing models consent with regard to two aspects.

The first common spect describes the fact that the N@Rect has only been observed
on ndoped nanostructure$109, 110, 116. Nowadays, the observation of this effect is seen
as a proof that the sample isdoped with one electron per nanostructure. For highly n
doped nanostructures a disappearance of the Né&ffect was observedl17]. The second
aspect desribes the appearance of a spirpfiihat is followed by an electron relaxation to
the groundstate of the valence band.
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Figure 2-4 Step 1.1 shows the relaxation of an electfoole pair that was excited into the wetting layer. The
relaxationof the photoexcited electrorio the groundstate of the conduction bands not possible due to the
samespinoBy (I GA2Yy 2F GKS NBaARSyid StSOGUNRY IyR (KS LK2G2
step 1.2 a spin flip processshown, which allows the photoexcited electron to relax into the grostate. The
NBO2YoAyldAzy 27F (KSleadsQ® & RegaiivelBirduar poldrigatiod B®BA2.1 shows a
relaxation of the photoexcited electrehole pair to the grounestate of the quantum dot, which leads to a
F2NXIFGA2Y 2F | aO02tR GNRA2YEé D ¢KS NBpolariyadiony | GA2y Ay aidS

In the following chapters three models of the N€firect for ndoped quantum dots will be
outlined to show the different basic approaches.

Model A

This model mainly fits for resonant excitation to the grotstdte of the conduction band of
the quantum dot besides for structures having a shallow potential well like quantum wells
with slight fluctuations of thicknesd 18]. At points of thickness fluctuations the potential
slightly differs from the surrounding matetf [64]. It only considers the resonant excitation
of an electron to the groundtate of the conduction band. Due to the resident electron in



27

the groundstate only electrons with an opposite spin direction can be excited byotoph

One of the three possible recombinations comprises a spin flip which is followed by the NCP
effect, as it is shown irFigure 2-5. All possible ecombinations occur with the same
probability.

Model (a) (b) (c) (d) (e) (f)
] ‘ 1l
L 4 v I : [} [ S v 1 L4
v v ' Ty V v
A 4} il n 0 1
! ! vV v i v
A 1/3 0 0 1/3 0 1/3(-)
B 1/4 1/4(-) 0 0 1/4 1/4
C (1-q)ny Np(-) 0 0 0 qna

Figure 2-5 Constellations of a trion in an-agoped quantum dot. Constellation (&J) gives a bright
recombination, in contrast (e) and (Badto a dark recombination. The probability of each constellation is
listed for every model separately. A minus sigrir(dicates a negative circular recombination.

Selfassembled quantum dots with an excited electidoole pair in the wetting layer cannot
be described by this model, because other formations of the trion are not consitet6H

Model B

This model is suitable fordoped selfassembled quantum dots where a trion is formed due
to an excitation in the wetting layer. It is assumed that aftex relaxation of the electron to

the groundstate the electron spin is still oriented while the hole spin has been randomized
during the relaxation to the grounstate. As illustrated irFigure 2-5 four different trion
constellations occur with equal probability. The states (a), (b) and (f) lead to radiative
excitation, whereas (e) leads to a dark recombination. (a) and (b) will restitte same
circular polarization as the excitation light. The state (f) shows the-&iéet. It was
experimentally shown that within the first 26s after the excitation the photoluminescence
has the same circular polarization as the excitation lighterA20 ps the intensity drops
rapidly and for times up to 1 ns a rising of NCP is detected after which it de¢a99]. The

fast recombination was identified as state (b). It is an electiole spin flip process which
allows for the excited electron toeftax very quickly into the grourstate. The slower
recombination of about 1 ns was identified as state (e). For the dark state (e) the
asymmetric exchange interaction is much smaller, so that the-fipiprocess is due to the
spinorbit coupling. Thisrecombination will resulin NCP, so that the overall net circular
polarization will be 50% and the majority of the remaining electrons will becpin.
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Model C

This model is also suitable fordoped seHassembled quantum dots. It is assumed that a
photo-excited electron keeps its spin orientation during the relaxation from the wetting
layer to the grounestate of the quantum dot, just like in model B. The main difference to
the model B concerns the dark trion state (f). In the case of two electrathstiaé same spin
orientation, with one electron occupying the grousthte and the other electron occupying
the first excited state, the exchange interaction of the hole with the two electrons
completely suppresses the independent hole spin relaxation. Buehe suppressed
relaxation the probability of the generation of a dark trion equals Z&&%9). In the case of
two electrons that both occupy the grourstate and are coupled so that the total spin is
zero, the exchange interaction is almost negligiblaen the hole spin can relax with a
probability g.

As shown inFigure 2-5 the only constellation in which NCP occurs is state £b).
representsall quantum dots where the resident electron has the same spin orientation as
the photoexcited electron. Quantum dots with an opposite orientation of the resident
electron do not contribute to the NGé&ffect and are represented by . The amplitude of
the detected negative circular polarizatiom® is proportional to¢ z € , because a
positive circulaly polarized emission will mix with a negative circlygrolarized emission.
During a detection such mixing of circijapolarized emission leads ta decrease of
negative circuldy polarized light. One should keep in mind that not all quantum dots of one
sample have one resident electron, but that through the detection of the-Blii&et only
those quantum dots who have a resident electron are stddie

2.2.2 Influence of thetransversemagnetic field on the NCleffect (Hanleeffect)

In the considerations presented so far, the optical axis was the quantizatisnand only

two orientations of the spin were possible. The presence of a magnetic field teaals
interaction with the magnetic moment of the particles and induces the Larmor precession.
The magnetic field s the total magnetic field that acts on the electron andaisum of

the Overhauser]| , the nuclear fluctuation field| and the exernally applied magnetic
field ||

18ioll. I.a ln (2.28)

and determines the quantizatiomxis for the Larmor precession. Interactions based on the
electron spin are absent for a system of coupled electrons with the total spin equal to zero,
as given in a constellation of a cold trion. After an electnofe recombnation has taka
placethe only remaining electron in the grourstateis the resident electronThe total spin
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is given now by the resident electron which hasam-zerospin so thatan interactionwith
| occursand the resident electroprecesses wh the Larmor frequency .

1Tt 0| ju (2.29)

The Larmor precession of the resident electron is interrupted when a second eldstron
injected intothe groundstate, e. g. a photo excited electro.he duration of the Larmor
precession is given BY . The amplitude of the negative circular polarization is
proportional to 6|| Q' the time-average omponent of theresident electron that precess
with the Larmorfrequency It is also possible to determine the time dependent vaj|ueb

in a static magnetic fieltﬂ 6 B M that has three components in spafE21].

| o —”L 5 5 6 An® (2.30)

The values of 0 depend on the absolute value dff and the angle', between || and

the zaxis. For a better understanding of this formula one can consider the following
example: given the simplified condition thﬁlt only consists of one componerﬂt , SO that

the magnetic field| is perpendicular to the initialized electmospin and given that the
sample is excited with ~ polarized light, then the possible values &f 6 are Y

Y O Y. Forl in the range oft J | w Ttthe valuey 6 1tcan be reached, for

h Ay (K®TNI yarthe Value of Y 6 1 Fa h= 90° the value ofY 0
mAnincreaseof € SFRa G2 'y AyONBlIrasS 2F dKBnoty3ItsS |
influenced by the magnetic field, while the precession frequency increases. As a
consequence of the increased magnetic figld , the value of Y 0 is reduced, therefore

the measured amplitude is also reduced. For the first time this dependencé of on

the magnetic field under these simplified conditions was described by W. Hanle. Therefore it
is called the Hanleffect. Measurements which detect the degree of polarization under the
influence of amagnetic field perpendicular to the initialized spin are called Hanle
measurements and the resulting curves are called Hauntees[122]. The shape o0d in

the dependence o || is a Lorentzian curve, which is given by the following equation
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Figure 2-6 Precession of an electron spin due to the magnetic f|§[ﬂ.n,The gray areadicaes the extentof

precession of| within the magnetic field| -y dzy G A f GKS LINBEOSaaizy Aa AyidSNNHzLI
i N& 2 yhéishtesottte Gituation with a shaet 4], - 4ime than in case of (b).hE vector{ j.4 ndndicates the

maximum position ofﬂ within the Larmor precession. The projectieH@ indicates the average value of all

electrons of the quantum dot ensemble. (imdicates the situation with iaonger4||-, - time than in case of (a).

The whole area of the precession is gray, which indicates{khmlfills at least ore period of precession. In this

case themagnitude of theprojection-||5 issmaller than in case of (a).

{6 ﬂ' ik (2.31)
Q oY
0 Y
"Y is the effective transverse spin lifetime of the electron and consists of— —, where

T is the recombination lifetime andl is the spin relaxation timgl23]. If the gfactor of the
precessing electmo is known, then the effective transverse spin lifetime can be extracted
from the measurement by determining the half width at half maxim@m of the Hanle

curve The dependnce ofd y and"Y is given by

"
[ &

, P P
0 X — 2.32

7 i (2.32)
The Hanlecurves obtained in this thesis cannot be analyzed witls.(B1) and (2.32)
because the requirement of the magnetic field being perpendicular to the initialized electron
spin is not fulfilled at every point of the Hartarve. In this thesishe conditions given

experimentally are more complex since not only the magnitude of the different components
of || changes with the externally applied magnetic field, but also the direction of the
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components of||  changes in time. A more detailatiscussion of these circumstances is
given insec. 4.2.4,4.1.2and4.1.3

It is important to distinguish between two types of excitation, because experiméms s
that the nuclear polarization depends on the type of laser used for excitation (refedo
4.5.1). For the first type of excitation (i) a continuous wave laseused, with the spectral
width being less than 1nm. In this case the electhmbe pairs are excited continuously. For
the secondtype of excitation (ii) a piceecondlaser is used, where every 52ns a light
pulse with a spectral width of several ten§ nanometers hits the sample. In this case the
electron-hole pairsare excited discontinuously

In case of excitation with a G\&ser (i), in every quantum dot the spin precession of the
resident electron starts at a different time, due to the continu@xitation. This precession
is a not coherent process. Consequently, the projectiorﬂ obn the zaxis has a different
length for every quantum dot. Therefore the detection®f will be proportional to an
average value oﬂ 0 . For simplicity resons, this average value will be called The time
t  betweenconsecutive excitation eventshat createan electronhole pair,depends on
the CWilaser powerdensity Reducing the excitation power density reduces albe t
probability of anelectronhole excitation, resulting in a smaller amount of electiurie
pairs that can relax to the grourstate. For low excitation power densitigls is larger than
for high excitation power densitieS.he less electrohole pairs relax to thegroundstate,
the smaller is the probability to find two coupled electrons occupying the greatatd. The
recombination lifetime of a groundtate electrorhole pair istx pT @120, so after this
time only the resident electron occupies the grousithte of he QD. Thelarger the
difference oft andt, the longer is the duration of the Larmor precessioh of the
resident electron A smallerf leads to a smallefY time. An estimation oft  for an
averageCWlaserpower density asit is used forthe studied sampless given in sect.3.2
The estimationn sec4.3.2shows that an average Gl&ser power densitjeads to a smaller
t time than a pico second laser excitatifi) with a repetition rate of 12.5 ns

For an excitation with a picgecond laser (ii) the tim& is determined by the repetition
rate of the laserDue to the above mentioned relation ¢f and”Y andthe fact that the
pulseduration of the pulsed laser s 125fs, the duration of the Larmor precessios also
determined by the repetition rate fothe pulsed laserUnder such conditions the resident
electron can precess several periods, evenmagnetic fields smaller than l1le3la. The
smallest magnetic field that acts permanently on the electron is the nuclear fluctuating field,
which is severatens of millitesla. Here the precession period has a duration of several
nanoseconds, so that even without an external magnetic field more than one precession is
possible.

By excitation with circuldy polarized light above the bandgap of the quantum ot
electronhole pair is created. The angular momentum of the cirdylgolarized light is
conserved by this process, which leads to an orientation of the electron and hole spin along
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the excitation axis. Excitation with polarized light leads toreangular momentum transfer
of H and creates an electron spiFl/2 and a hole spin +3/2Table 2-2 shows the
configurations of the electron and hole s@rthat resultfrom an excitation with,, or,,
polarized light

Photon helicity Expression Polarization Rotation ofE Y Y
ut 7 Right circular Right handed -1/2 +3/2
ui 7& Left circular . Left handed +1/2 -3/2

Table2-2 Summary of definitions concerning circular polarized light. Rotation oftfield vector defined for

the light wave propagating towards the observand the corresponithg spin orientation of the excited
electronhole pair.
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3 Experimental setup and samples

This section presents the setup th& used to obtain the experimental data that are
presened in this thesis. The firgtart separates the used devices into optical, electronic and
cryogenic devices and givestailed information about the usage. Afterwaragroductory
measurementsare presented, which givea first insight into the used samples and
parameters that have an influence on the collected data. This section gives a standard set of
conditions which are necessary to obtain a usable signal. At the end is a section about self
assenbled quantum dots. Adiscussion about the general possibilitied growing
nanostructures, which points out the growing technique for the used quantum dot
structuresis given as a preludéit the end of this section is a detailed presentation about
the growing conditions of the used quantum dots.

3.1 The setup

3.1.1 Ogptical elements

An illustration of the Hanle measurement setup is showRigure3-1. The superconducting
magnet inside the cryostat gives a homogeneous magnetic field parallel to-dles.xThe
optical axis is parallel to theaxis, so that all optical elements lie withine xzplane. The
sample is mounted on the height of the optical axis and the surface of the sample is oriented
orthogonally to it. In this position the growing direction of the quantum dots is parallel to
the optical axis and orthogonal to the madieefield of the superconductingnagnet.

e,

—— —

sample , LENS GTP ND Filter LENS A

-—PEM-/—-—-

\_, Monochromator
BX ® — Mirror
,-/’/
— — EOM —
Mirror A4 - Mirror
—II — AOM — LASER
Mirror LENS ND Filter ~ LENS

Figure 3-1 Schematic illustration of the optical elements used in the setup to obtain Hamles and PL
spectra. The different colors of the laser beam and the photah@éscence indicate different wave lengths. A
more detailed description of the elements is given in the main text.
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The optical elements can be divided into three groups: the excitation group, the
manipulation of the beam group and the detection group.

The excitation group is separated into two parts, depending on whether al&3éf
excitation or a pulsed laser excitation is used. For thel&@Afr excitation a pump laser and a
titanium-sapphirelaser are used. As a pump laser the sstate Nd:YAG laser €xdi V5,
Coherent) is used that operates at 532 nm and gives an output of 5W. The TiSa laser
(Tekhnoscangan be tuned in a range of 7§B50nm. The pulsed laser &anodelocked TiSa
femtosecond laser with a pulse repetition rate of 12%&(repetition frequency =80 MH2)
and a pulsaelurationofx 125fs (Coherent, Cameleon). It is tunable in the range of 280
nm.

The laser beam can be manipulated in intensity by the use of an acopstomodulator
(AOM). The crystal of the AOM is traasent for the laser light and is periodically deformed
by a piezeelement with a frequency of 8®MHz. This deformation causes fluctuations of the
density of the crystal. These fluctuations of density can move in the crystal as a plane wave
forwards and lackwards and thereby create a stationary density wave. Thus, a periodic
structure with regions of high and low density is established. In comparison to regions of a
lower density, regions of a higher density have a different refraction index for an ingomi
light beam. The periodic structure acts on an incoming light beam like a Bragg grating so that
the beam starts to interfere with the reflected light of the beam. The AOM can be connected
to a function generator, so that the amplitude of the laser beasn be controlled by the
function generator. The ramp up (ramp down) time to reach the highest (lowest) intensity of
the outcoming beam is about 100s. For a good optical adjustment of the AOM, the
outcoming light can completely be blocked. The angle leetwthe incoming light and the
crystal surface needs to be about 15°. The EOM can rotate the polarization plane by 90° so
that horizontally polarized light becomes vertically polarized. Applying an electric field to the
four crystals of the EOM causes aaobe of the refraction index so that the electric field
component of light can be delayed in relation to the magnetic field component. Arline
relation between the change of the refractiiedex and the applied electric field is called the
Pockelseffect. A quadraticdependence between the change of the refractimdex and the
applied electric field is called the Kezffect. Both effects are present in the used EOM
(LMO0202, Linos), but the Pockafect is dominant. The naturally given but in this case
unwanted birefringence effect of a crystal is compensated by four crystals in a row. The
change of polarization from horizontal to vertical polarization takes less thas.2The
shortest modulation frequency is limited by the digital pulse amplifier @ \hos) that can
apply voltage to the crystals of the EOM with a maximum frequency of IG00 In
O2Y0AYyliA2Y 6AGK | <kn 6 @SLIXIGS 2yS Oly SE
circular polarization. The EOM can handle light in a range of 6600 nm.
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To detect the degree of circular polarization from the ground state energy of the
guantum dots it is needed to :

1. Separate th& andA componensof the photoluminescence (PL)
2. Select the ground excitation of the quantum dots of the sigpatsum

3. Detect the intasty of the ground state excitation of the quantum dots

The operation frequency of the photoelastic modulator (PEM) iskB@. During this
period a piezacrystal induces strain to the fused silica plate crystal of the PEM. When the
FdzaSR aAfAOF ONBaldlFf A& O2YLINKRS S fhe tkigger 2 LIS NI
signal). When the fused silica crystal is stretched it operates-axan  kJ5ludiaBer the
trigger signal). After fis the, polarized PL is converted to vertically polarized light and the
» polarized PL is converted to horizontatiglarized light.Figure3-2 shows thecomplete
modulation process of the PEM. Because of the Glamnmpson prism behind the PEM only
vertically polarized light can pass the prism. The combination of a PEM and l&ampson
prism allows to separatthe, and, polarized light of the PL.

A

Pt | O — O i O
RO|O ] O — O
PEM N 1
EOM | | [ [ || L
Tor A [ ]
Tor B 1
} } I t } t } t } >
0 10 20
Time [us]

Figre3-2 | <and|} <indicate the development of the PL polarization due to the modulation of the PEM.
At the beginning of the modulatiort£0) thepolarizationfor | <« @ andfa || < @ . Theblue sine
curve indicates the phase of the PEM. The horizontal and veditalvs indicatethat the PL polarization
changes to horizontally and vertically linear polarized light at the corresportisgion of the PEM. The
positions of the gated detection relative to the PEM are shown at the bottom ofRfwgre.
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For a spectral resolution of the PL a half meter spectrometer (Acton 500) with three
different gratings (3003/mm, 600 g/mm and 1200g/mm) can be used. The higher the
density of the grating, the stronger the incoming light is dispersed and the spectral
resolution becomes higher. For every measurement in this thesis a grating with/600
suffices. The computer program "WinSpec/32" is usedshow the spectra of the PL
collected by a nitrogen cooled silicon CCD (400x1340 pixel). The grating spectrally splits the
light in a horizontal direction. Therefore only the horizontal resolution of th€@D is
important. The signal of the verticalqeis can be integrated, so that the effective resolution

of the SICCD is 1x1340 pixels. By the program "WinSpec/32" it is also possible to determine
a central wavelength and tdlirect only the intensity of the central wavelength to an
avalanche photodiod (SPCMAQR14, Perkin Elmer). The avalanche photodiode shows a
linear relationship between the output voltage and counted photons up to a counting rate of
p Ttphotons/second.

3.1.2 Electronic elements

The function generator (AFG 3022, Tektronix) has two cblahchannel A and Channel B.
Channel A is used to send the modulation signal to the EOM, while channel B is used to
generate the RF signal for the-B#il. A TTlsquare wavesignal is sent to trigger the EOM.
The maximum output in the high Z regime of ohal B is 10/ peak to peak. The two signals

of channel A/B always have a defined phase that can be changed depending on the
measurement conditions. The output of channel A is also connected to the first input of a
signal counting device (PicoHarp 300,0BRiuant), providing a total of three inputs. The
second input of the PicoHarp is the trigger signal of the PEM and the third input is the signal
of the avalanche photodiode. A connection with the computer is given through the output of
the PicoHarp. Dependgy on the measurement protocol a set of different programs can be
used to operate with the PicoHarp.
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Figure 3-3 Schematic illustration of the electric elements used in the setup to obtain Hames. A rore
detailed description of the elements is given in the main text.

The EOM can be used in two different operation modes. In both operation modes the
PicoHarp continuously collects the counts of the avalanche photodiode. The counts are
weighted, dependingn the phase of the PEM. The weighting oscillates wiina function

of equal frequencyasthe PEM modulation and with a maximal amplitude of 1. During the
GAYS 6KSY (KS t9a cRkIBNI 6BBSLBI 6SHEK®Br, 9 3NAKIG A
polarized PL, since only then (, ) polarized light can pass the Gihompson prism
(compareFigure3-2). Later a selprogrammedsoftware usesthe weighted counts of the

(» ) polarized PL to calculate the polarization degree of the PL.

20 3.1
O 0O (3.1

In the first operation mode the EOM sustains one polarization during the measurement. In
the second operation mode the function generator sends the square shaped modulation
signal which is fixed in frequency to the EOM and the PicoHarp. The modulatiahcigme
PEM is also sent to the PicoHarp, so that the PicoHarp receives information about the phase
and modulation frequency of both modulators. The signal of the function generator is not
synchronized with the PEM and is different in frequency. Thelrés@a moving in time of
0KS NBXIA2Y HKSNB (GKS t9a 2LISNXraGdSa a I <kn ¢
long as the modulation frequency of the EOM is different from the modulation frequency of
the PEM, every position of the polarization modubaticreated by the EOM can be reached
08 UKS LRaAldAz2y $KSNB GKS t9a 2LISNIGSa Ia
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The superconductingnagnet within the RTI cryostgiOxford) is oriented in a Vdig
geometry and connected to a power supply (Bop -1081G, Kepco) with a maximu
current of 10A. With a conversion factor of 15A/T magnetic fields in a range of 1 Tesla can
be achieved The Rfeoils are powered by #igh Z output (output B) of the function
generator with a maximum output of 190 peak to peak.

3.1.3 Cryostat

The Magnet-optical cryostat (RTI) has a 12 liter reservoir for liquid helium. A vacuum pump
(Model IP54, Firma Leroy Somer) can be connected to this reservoir in order to reach the
lambda point, where helium becomes superfluid. It is possiblattain temperatures down

to 1.6 K when the vacuum pump operates at maximum performance. Using @0Resistor

near the sample position, the temperature can be detected by ‘fteuminal sensing.
Superfluid helium nearly has a perfect thermal conductivity, thus there igradient of
temperature within the superfluid helium. This has two advantages for magogtical
measurements. At first, the superfluid helium serves as a very efficient cooling for the laser
light excited sample and the superconductimgagnets. Secondlyhe superfluid helium can

only evaporate on the boundary layer between the gaseous and superfluid helium. There are
no bubbles due to boiling of the superfluid helium that could disturb the PL or the excitation
of the sample by laser light. There are tymvisions necessary to prevent the helium from
vaporizing to fast. The first provision is a cylindrical nitrogen cooled copper cloak around
the helium reservoir thashieldsthe heliumfrom thermal radiation. The second provision is

a vacuum chamber witla vacuum of aboup m mbar around the helium and nitrogen
reservoir. It can be achieved by a turbo vacuum pump (ModelO3HPfeiffer).

3.1.4 Introductory measurements for signal maximization

All of the presented measurements in this thesis are Hanlwesobtained by detecting the
circulaty polarized luminescence of safsembledIn,Ga)As/GaAguantum dot structures

in supefluid helium at temperatures ofY p&+. The two samplestudiedhave an identical
growing structure and differ only in the annealing temperature. Sar#plE0Ois annealed at
980°C and sampk900is annealed at 900°C (for details concerning the growing conditions
refer tosec.3.2.2). Each sample has a set of four parameters that can be optimized to obtain
the maximum amplitude possible of circulapolarized photoluminescenc®
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These four parameterare:

1. Variation of the excitation density

2. Variation of the detected wavelength

3. Variation of the excitation wavelength

4. Variation of the laser spot position on the sample.

The optimal excitation wavelgth for sample#980is 838nm (149 eV) wih a detection
wavelength of 87Inm (142 eV). The optimal excitation wavelength for samg00is 846

nm (147 eV) with a detection wavelength of 92vin (134 eV). The tuning of the excitation
density and the laser spot position on the sample depend on the requirements of the
measurement and influence the total polarization degre®of byx 5%. If not mentioned
otherwise, the excitation density is tuned to\alue whereo reaches its maximum
amplitude at6 1l 4. A further increase of the excitation density leads to a saturation of
the 0 amplitude, which indicates the highest level possible of electron spin polarization.
Forsample #98@he maximum etctron polarization is reached at a time averaged intensity
of 1.5mW, for sample #900at 10 mW. A higher excition power leads to a decreassf

0

3.2 Seltassembled quantum dots

As described in the introduction, due to their limited expansion in spamantum dot
structures act on electrons and holes like potential wells in all spatial directions. Discrete
energy levels and spatiédcalizationare two main features of charge carriers in quantum
dots. There is a largeariety both of construction processes of such nano structures and of
the used materials. Typical compositions are InP/In(32R8)], Ge/Si[125], InSb/GaSlp126],
GaSb/GaAgL27], InAIAs/AlIGaA§128] for 3-5 semiconductors an€dSe/ZnS§EL29] for 2-6
semiconductos. One of the most importantechniquesfor growing nanostructuress the
molecular beam epitaxy (MBE), because it grants a very slow epitaxial growing and a large
variety of possibilities of postprocessiniget structures. The main part & MBE growing
machine is the vacuum chamber withudtra-high vacuum ofp m mbar. Several effusion
cells reach inside this chamber of which each contains a different element that can
evaporate on the substrate. The process of evaporating can be controlled by the laeater
the dhutter of the effusion cell. For improvement of a homogeneous growing process the
sample is mounted on a rotatableample holder A mass spectrometer and an electron
beam sourcethe RHEEreflection highenergy electron diffraction), are locaterlose to

the sample for controlling the growing process. The Braglgction of the electron beam
gives a characteristic pattern of the first monolayers of the sample depending on the
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crystalline structure of the sample surface. By the intensity of tb#ected beam it is
possible to map the growing process, since only the flattest and most homogeneous surface
gives the strongest Braggflection. The deposition of material on the substrate can be
characterized by the relatioaf three parameters, namelyhe material  and the substrate

surface energies and the energy of material/substrate interface For the trivial case of
homoepitaxy growing, which means deposition of the same material on the substrate as the
substrate consists of, T and . In the case of heteroepitaxial growing it is
possible to distinguish between three modes of growing condit[@B§).

1.VolmerWeber ( ) [131],
2. FrankVan der Merwe ( ) [132],

3. StranskiKrastanow ifhixture of FrankVan cer Merwe and VolmerWeber mode)133).

The VolmeiWeber mode is possible if the lattice mismatch of the deposited material and
the substrate is large in comparison to the other modes. To lower the interface energy and
their own surface energy the deposited atomsdyound stronger to each other than to the
substrate. As a result, islands of deposited atoms on the substrate are created, preferentially
on locations that lower the activation energy for nucleation like crystal defects, atomic steps
or impurities. The sil islands grow larger rather than coating the substrate surface.

The Frank Van der Merwe mode is possible if the lattice mismatch is weak. It is also called
a layer by layer growth. It means that the deposited atoms completely cover the surface of
the aubstrate before a second monolayer starts to grow. This process is called a "wetting" of
the substrate. But with a rising number of monolayers also the strain within the deposited
layers increases. Each composition of the substrate and deposited matasaa feritical
thickness where the layer by layer growth is no longer possible. The resulting dislocation of
deposited atoms leads to a fluctuating surface thickness of the deposited afbimese
fluctuations are called "natural quantum dotl'34].

3.2.1 StranskiKrastanow mode

At the beginning of the growing process with this metHad9] is the relation
, but with a rising number of monolayers strain effects start to influenceThen the
left side of theinequalityneeds to be replaced by ¢htotal energy? . By

definition I wisalways negative and | w is always positivel andf are
coefficients given by the Poisson ratio, shear modulus of the substrate and the free energy
of the surface that describthe shape of the islandd.36]. Due to the different evolution of

and with increasing volum& of depositedmaterial %  changes sign at a critical
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volumew'. The inequalityn the case ofo & can be written a$b . This
indicates the appearance of a growing island. Because of the wetting process at the
beginning of the Stransik{rastanow mode the quantum dots grow on the so called wetting
layer and not directly on the substrate. An example of further specificghof film growth
modes and separation of wetting and cluster nucleation is given by H. Marcia|E3 7l

With the three growing modes, several growing techniques can be realized. Because of the
large number of growing techniques only a few possible tegpes wil be mentioned in this
thesis. After growing a wetting layer on the substrate it is possible to use electron beam
lithography or wet chemical etching to modulate the structure of the surfd@&8]. This
method is time expensive and requires seVenarking stages. However, it allows the
construction of individually shaped structures.

The cleavedbdge overgrowth (CEO) process is a three step process. The first step is a
common growing of a quantum well on a substrate in (001) direction. Afterwtaelsample
is removed from the growing chamber and thinndm the backside to about 10@m. In
the second step the sample is mounted back in the growing chamber, but this time with the
(110) direction turned on top. An in situ cut exposes a new (110acelr Finally a second
growing process leads to the formation gfiantum dots or a quantum weltdepending on
the growing parameterd139]. In contrast to the quantum dots obtained on a (001)
substrate, the same growing conditions applied on a (110) satesttead to misfit
dislocations and much bigger island structufdglO, 141]. The shape of quantum dots
obtainedon a (001) substrate is lesshaped and more homogeneous in size than on a (110)
substrate. Growing of quantum dots on a (110) substrate leada tmapezoidakhape.A
growing of a quantum well in the third step of CEO on the (110) substrate leads to the
formation of a Tshape structure where electronic states are quantum mechanically confined
[142]. This quanturrwire shows nearly ideal quantum transport characterisfit43]. This
growing technique is very time expensive and affords the study of electrstates in
guantum wires formed by an arbitrary combination of two constituent quantum wells with
different thicknesse§l144].

3.2.2 Sudied quantum dots

In this thesisthe selfassembled quantum dotare an exampleof the StranskKrastanow
mode. The quantumdots are grown on a (@) GaAs substrate that is heatdd a
temperature of about 600°C during the growing process. At first, alternating layers of AlAs
and GaAs quantum wells are gromBecausef the small lattice mismatch of about 8%
between AlAs an@GaAsthe growing processan be controlled wellso that the material can

be depo#ted monolayer by monolayer on the substraéhis ensures flat surface for the
following growth of the quantum dotsBecause of a lattice mismatch of 7% between InAs
and GaAs the deposition of Indium and Arsenic atoms d@ba#ds surfacéeads to quantum

dot formation by the StranskKrastanow mode. The quantum dots of the sample used have
a diameter of about 1@ 30 nm and adistance of 30 100 nm ard are delta doped with
silicon.The doping leads to a permanent occupation of one electron per quantum dot. After
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the delta doping the quantum dots are covered with a GaAs capping layer. As shoalvlen
3-1 the presented structure is repeated twenty times so that the average density of the
quantumdotsip mMjA Olp mjA

Layer T[°C] Duration [s] Thickness[nm] Repetition
GaAs substrat - - - -
GaAs 660 531.9 100
AlAs 660 20 2 Start 20x
GaAs 660 5.3 1 End 20x
AlAs 660 20 2
GaAs 660 425.5 80
Start 20x

InAs 590 4 0.3 16x
GaAs 580 42.6 8
GaAs 660 42.6 8

SiDelta 660 4 0
GaAs 660 340.4 64 End 20x
AlAs 660 20 2 Start 20x
GaAs 660 5.3 1 End 20x
GaAs 660 531.9 100

GaAs:Si 660 79.8 15

Table3-1 Growing conditions for quantum dotaut of the series #11955

Due to twenty layers of quantum dotscidinglight can interact with more quantum dots in
comparison to a sample with one layer of quantum dots. This results in a higher intensity of
photoluminescence and a stronger rotation angle in Faday and Kerr rotation
measurements.

Up to this point the conitions of sample growing are the same for every sample of the
production seriegt11955. The differences between the samples are given by a set of various
annealing temperaturesnithe range of 80@ 1000°C.The results for this thesiare based
on measurements with samples annealed at 900 °C and 988°&nh example for the #11955
series severabcanning Transmission Electron Microscopy (STiE&Desare presened in
the appendixfor the sample annealed at 82Q°Eigure0-1 and Figure0-2 show a larger
image of the sampléo give an overview of the quantum dot structures. The darker regions
in Figure0-3 and Figure0-4 are associated with strain. The darker the region, the stronger is
the strain.Figure0-3 shows a quantum dot with a symmetric strain (parallel to the growing
direction), while the quantum dot ifrigure0-4 shows an asymmetric direction (not parallel
to the growing direction). The analysis of images of many quantum dots shows that typically
the dots are symmetric or strongly asymmetildie annealing process is the final stephe
growing process where the sample is heated for several secongld ¢ec.) at a constant
temperature without deposing any material on the sample. As a result of the heating some
of the indium atoms of the dots are replaced ¢glliumatoms of the cappig layer. In case
of an equal timeframe for each heating, the amount of replaced atoms depends only on the



43

temperature used. The higher the temperature used, the larger is the amount of replaced
atoms. These quantum dots that then consist of three isotopes typically called

)Y A 1 Oqguantum dots. Strictly speaking the quantum dots are alreadyurified by
gallium after the capping process. But the amount gdillium atoms is so small that the
photoluminescencespectrum only becomes slightly widened. The annealing process
enhances andinifiesthe impurity of the quantum dots caused by tigalliumatoms which
leadsto a narrowing of thgophotoluminescencepectrum ail shifts the light emission of the
guantum dotsto higher energieg121]. The probability of presence for electrons within a
guantum dot also changes for samples with different annealing temperatures. Temperatures
higher than 820°C increase the area of possible electron localization. With a largesfarea
electron localization the amount of nuclei increases which iafiiencedby the electrons
trapped in the quantum dot. At the same time the probability of presence for a certain
position is lower after the annealing process. Thus every nucleus has leersmgerfine
interaction with the electron after the annealing procqg$45).
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4 Results

4.1 Dynamic nuclear polarization fpiné ¥ and€ ¥ ensembles

In this sectionthe influence of the Overhauser field ahe Hanlecurve excited with a CW
laser ispresented

This Overhauser field conssif two components thatre perpendicular to each other.
One component |{ -) is paralle] the other component H ) is perpendiculato the
externally applied magnetiteld || . Due to the different dynamics of buildup and decay
time and their different magnitude, that depends on the value||of the two components
can be treated as separate ensemblespofarized nuclei. In contextith the experiments
presented inchapter4.4.3 the || - componentcan be identified as a polarization gfbin
‘O p*¢ nuclei and the|| component asa polarization ospin‘O ¢¢ nuclei[168]. In
the first part of this sectiormeasurements are shown that deal with the buildup time of
nuclear polarizationln the second part of this sectiotine dependence of the Hanleurve on
0 KS &R idfreseited.YBg that it is possible tdeterminethe decay time of nuclear
polarization. The following sectidsec.4.1.1) will present a model that enabédo separate
the effect of| - and || on the Hanlecurve, so that the decay and buildup tisean
be diswussed later in the text.

In order to analyze the time dependence of the Halgrve under continuous wave laser
excitation, sample #900is excited with, polarized light. The excitation protocol is a
periodic repetition of amplitude modulation of the laser light, in which the excitation time
o) v 1t Os followed by a "dark timed v 1@ ODuring the "dark time" thexcitation
is completelyinterrupted. The only function of the dark time is to erase all effects that could
occur during the excitation ahe sample The signal is accumulated fonds.



45

188 — 8.16
- 8.14

a8 T 8.12

B, nT

=58

=168

a 5 18 15 28 25

Tine, ns

Figure 4-1 Degree of polarization measured as a funotiof magnetic fieId|| and tme after the start of
pumping. e grayscale bar on the right indicatd® magnitude o6 . Themeasurement iobtained with
sample #900 under excitation at 1.47 eV, detected at 1.34 edhgperature”Y p&+ [168].

The timeresolution is also limited to ins, so that the developmertuf 0 can be traced
fifty times duing the excitation duration of @Gms. For every step on the time axis the
external magnetic field|| is swept from-100 mT to +100mT in steps of 1@ | 4. The
developmentof the Hanlecurve during the first Bms of excitation is shown iRigure4-1.
After 30 ms no significant change of the Hanteirve is detectable (ref. toFigure 4-3),
because of that only the first 3@s are shown ifrigure4-1. The first millisecondafter the
excitation is switched on the Hantirve only consists of the central peak [at i 4
which has a half with at half maximum of severahT. During the excitationdips around the
central peak appear. The formation of a second local maximymeas, so that the shape of
the Hanlecurve becomes Wike. The curve becomes wider and reaches a maximum width
afterx o 1t O After this time the Hanleurve is identical to a Hanleurve obtained under
CWilaser excitation without dark time.
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Figure 4-2 Hanle curves at constant excitation tinbe = 50 ms, parameterized by dark time (indicated at
each curve): (a) complete curves; (b) central portions of curves. The awmts to the lowest poinof a dip in
a Hanle curve. The solid curves are drawn for clafitbe inset in (a) shows the excitation protocol for the
measured Hanleurves.The curves were obtained wittample #90Qunder excitationat 1.47 eV, detected at
1.34 eV at temperaturd=18 K[168].

The excitation protocol, shown in the inset ¢figure4-2(a), consists of mexcitation time

0 =50ms that is interrupted by a dark time. The excitation time remains constant for every
measurement, while the dark time is varied fram ¢ 1Oto6 v 1t OThe degree of
polarization was measured as a function of the dark time. Accumulation of the signal takes
place at the first ms of the excitatiorkigure 4-2(a) shows the Harnleurves obtained
applying four different dark times. The shorter the dark time, the more the cobtained
resemblesthe Hanlecurve under CWaser excitation. An increase in dark time smoothes
out the Weshape and reduces the width of the Hamlerve. Dark times that exceedv 11 O
have no further effect on the Hanleurve. It should be noted that an increase of the dark
time causes two opposite effects on the Haolave depending on the position of the
external magnetic field| . For | x ¢ 1t 4 an increase of the dark time leads to a
decrease of the polarization degree. Hpr x ¢ 1t 4an increase of the dark time leatts

an increase of the polarization degree.

4.1.1 Longitudinal and transverse component of nuclear polarization

Section4.1 has shown that the dynansof nuclear polazation depend on the magnitude of

| . 1t shows also that the effect of nuclearlpgzation leads to a decreasé6  for smalll
values ofg| s ¢ 1t 4, but for largers| sa nuclear polarizationeadsto an increaseof

0 . Such observations give rise the assumption that polarized nuclei could consist of
two subensembles. This section will present an analysis of experimental data which
separates the two ensembles of uclear polarization and identifighem as the longitudinal

and transversal compom¢ of nuclear polarization(relative to the externally applied
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magnetic field || ). The following phenomenological model willinclude also the
contributions of nuclear spin fluctuationsxahe Hanle effect, which is not the case in other
publicationg[123, 84, 146].

This model is validated both by the experimental data showing that the nuclear spin
fluctuation field is independent of the applied fie|d and by good quantitative agreemen
with results of other studie$147, 148. Using this model to analyze experimental results,
detailed information about the rise and decay times of each component of nuclear
polarization in quantum dots in a transverse magnetic f{eddiative to the optical axisyere
obtained. The rise and decdymes of the component parallel to the applied field were
found to be almost equal (approximatelyrbs). However, the dynamics of the transverse
component are much more complicated: the corresponding rise and decay times differ
widely and have opposite depdence on magnetic field strength. Furthermore, the
magnitude of the transverse component created by continuous wave (CW) pumping
significantly increases with applied fiektrength. This unexpected behavior of nuclear
polarization is attributed to nucleaspin relaxation via interaction with photo excited
carriers. Information on the behavior of the transverse compongdht  of the nuclear
field can be extracted by analyzing the width of the Hamleve. It is clear fronfrigure4-1
and Figure4-2 that the curve width reaches a maximum under CW pumping by a beam of
constant circular polarization and decreases with increasing dark time when the pump beam
is modulated. Its large width has been attributed to the formation of a transverse
component || of the nuclear field, stabilized by quadrupole splitting of nuclear spin
states along the optical axi$49, 85]. The longitudinal componenﬂ - plays no significant
role in strong applied magnetic field423, 150]. Therefore, the dynamics oH - and
[ can be inferred separately from the behavior of electron spin polarization in weak
and strong fields, respectively. Acdorgly, in order to analyze experimental data,
expressions are required that relate the degree of electron spin polavizato the
magnitudes of the corresponding DNP componefiis.derive expressions for nuclear spin
components, it can reasongbbe assumed that the only timavariant component of the
electron spin is its projection orﬂ because of its high precessidrequency. The
measured degree of luminescence polarization scales linearly with the invariant spin
projection on the viewing direction, as illustrated by the following equation:

0 i
z

1 AT 6 |

(4.1)

In this equation,-|| guantifies the degree of optically induced spin orientation ang the
angle between the viewing direction and the total fie|d I | || . which
included also the nuclear fluctuation fi[37]. In the absence of regular fields and || ,
electron spin dynamics are completely determined by nuclear spin fluctuations. A magnetic
field applied perpendicular to the optical axis (along thaxis) substantially changes the
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time averaged electron spin polarization. The calculated field dependendk chn be
described by a bellshaped curve accurately fittecey4.1) with

6 n ® O (4.2)

where 0| Ois the ensemble average of the nuclear spin fluctuation fietmponent
squared and

0 6 ® O 4.3)

with 8| O o] O 6| O 9| {OThus, the mean ratio approximated by the ratio
of means in4.1),

-

006 O

YO Y -—— .
YO YaE 5 (4.4)

yields a satisfactory result under conditions specifiadthe above Approximation(4.4)
holds in the presence of a regular fid|d , with a periodically timevarying numerator:

6 6 AT® (4.5)

whered is the component of the total nuclear field perpendicular to the applied field and

1 is the frequency of nuclear spin precession induced by the applied field. The electron
pumping rate was higher than the nuclear precession frequency in the entire range of
applied magnetic field magnitudes used in the experiments described here. Therdiere
numerator ineq.(4.4) can be represented as

068100 65 g ©°yOR IO (4.6)
™ O ®w O
where the nuclear fluctuation field is assumed to be statistically isotropic.

®wm O®m-0O®d O o -0 4.7)

Analogously, the ensemble average of the total field squared, expressed byrbengetor
in (4.4), can be expressed as

66 O 6 6 - ®» -0 6 ® O  (4.8)

In summary, the degree of electron spin polarization can be represebly the general
expression
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, 0OYO @ 0 ®» O “9)
Y 6 6 - 6 ® O '

Experimental data can be analyzed by simplifying expres@®) in two special cases
depending on the magnitude df . According to[123], the longitudinal componenf]

of the nuclar field only appears in the \profile region of the Hanleurve, where the
applied field is negligible compared to the nuclear spin fluctuation f@fl. Then, it holds
for this region that

-

i ™ 0 ® O 4.10)

6 - 8 o® -O |
In strong applied magnetic fieldaliere6 - © ), the degree of polarization becomes
I 1 ®» O 41

6 & o0 -O |

Thus, the time dependence of in strong and weak magnetic fields is examined to
determine the respective kinetics of the longitudinal and transverse components of nuclear
polarization. The analysis of time dependent nuclear polarization is based on the assumption
that the increase ireach component of nuclear polarization after the start of pumping and
its decay during the dark time can be described by the expressions

w 6 r p Agbyt (4.12)
w 6 FADGDYT (4.13)

wheret andt is the corresponding characteristiwildup and decaytime, respectively. In
the case of a weak magnetic field, the numerator and denominat@4.it0) are divided by
® - G Then the followingparametersare introduced:

5

Y — 4.14
B 0O (4.14)

o o (4.15)
® -0 '

These equations serve to find respective expressions describing the rise and decay of the
longitudinal component of nuclear polarization as follows:
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" ™o P (4.16)
wp Al W O '

. ™o P (4.17)
OA » o '

The transverse component of nuclear polarization almost vanishes in weak magnetic fields,
so thatthe parametera can be neglectedh analyss of experimental dataFor this reason

the time dependence of this parameter @nitted in the formulas aboveExpressior{4.11),

valid for strong appliedhagnetic fields, can be rewritten analogously by introducing

. @ A © (4.18)
e p Al o0 '

) ™Q | A 419
e Q | oA '

to describe the rise and decay of the transverse component of nuclear polarization,
respectively.Thereby isd 6 |6 andw ® -@6 . In summary, using the
expressions derived above, it is possible to fit the measured-toependentdegrees of
polarization to evaluate nuclear spin relaxation timgsas well as effective nuclear spin
fluctuation fields and dynamic nuclear polarization.

4.1.2 Build up dynamics of nuclear polarization

Figure4-3 and Figure4-4 show the resuits of an analysis of the timeéependent Hanlecurves

in Figure4-1, measired after the start of optical pumping. The values”oére refined by
taking into account luminescence depolarization due to contributions from neutral quantum
dots.
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Fiqure 4-3 Time dependence dj during an excitation pulse of 50s durationthat is interrupted by a dark
time ofd6 v 1t OThe excitation protocol is given Figure4-2. Symbolsrepresent experimental results for
|| = 2mTand 50mT; the solid curves ar@pproximations given by &q(4.16) and (4.18). The curves were
obtained withsample #900 under excitation at 1.47 eV, etded at 1.34 eV @aemperature™Y p&+ [168].

The timedependent degree of polarization determined from experimental data can be fitted
by eq. (4.16) only if the transverse component of the nuclear field is sufficiently weak,
0 L ® OThis is thecase for a low field conditioy ¢ 1t 4 Using the resulting
approximation, the charaeristic rise time ford - is estimated to bez @I Qand the
parameter® p® (ref. to eq. (4.15)). The behavior of longitudinal polarization is
relatively simple. After the start of optical pumping, this component increases with a
characeristic time of approximately s to a limit magitude corresponding to an effective
nuclear field of 30mT to 40 mT. After the end of pumping, the longitudinal component
decays over a similar time scalgnder high field conditionsé( ¢ 1@ 4), where the
transverse component of nuclear polarization @aye domirant role, the measured data
can befitted by function(4.18). As an exampléor the low and high fieldegime,Figure4-3
showsthe dynamis of 0 at 2 mT and 50mT. The parameter®’ and ¢' calculated by
fitting the polarization history for each applied magnetic field strength were then used to
determine the limit magnitude of the transverse component of nuclear polarization,

0 0] ae (4.20)

3¢

the RMS effective nuclear spin fluctuation field,

6 -k ® -O 50 (4.21)

and their dependence on the magnetic fielfigure 4-4(a) showso Fando -y as
functions of the applied magnetic field. It is clear that the limit magnitéde jof the
transverse component of nuclear polarization increases apgprately from 10mTto 50mT
with an applied field between 20nT and 100mT, whereas the effective nuclear spin
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- i remans almost constant at around 28T irrespective of the applied

field strength. This value is in good agreement with data reportdi4],

50

B [mT]

10

Figire 4-4 (a) Limit magnitudes of the transverse nuclear field compon&nt
nuclear spin fluctuationfield 6 - j (triangles)vs. applied field, obtained by analyzing kinetics of spin

40 60
B [mT]

80

100

40 60
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100

i (rectangles)and the

polarization after the start of pumpingdf. to Figure4-1). (b) Field dependence of the buildup tinie of the
(circles)component. The solid curves are drawn for claritye curves were
obtained withsample #900 under excitation at 1.47 eV, detected at 1.34 eV at temper&tr8 K 169].

transversenuclear field 6

where the RMS nuclear spituctuation field was estimated at approximately 20T for

guantum dots of a similar type. Using this value akfd ™M ®p |

parallel nuclear field can be calculated as follows: -

buildup time T of the transverse component of nuclear polarization. It demonstrates that

a

200K Ay SR

T 1t 4 Figure4-4(b) shows the

the buildup timeincreases linearly from approximately 2r to 15ms with an applied field

between 20 mTand 100mT. The transverse nuclear field component

is identified as

a polarization of nuclear spin staté3 of¢ (detailed discussion in se4.1.3. Such nuclear
spin states arenore stronglyinfluenced by an elgric field gradient than spistates'O p¥
¢. As a consequencehe Zeeman splittings like in Figure4-43 and nuclear spin states

‘O o¥c¢ do not split in small external magnetic fisldVithout a splitting in energy of these

nuclear states a difference in occupatioh the Zeeman levels not possible, which also
disables a polarization of these nuclear statéhis behaviors illustrated inFigure4-4(a). An
extension of the solid line irFigure 4-4(a) showsthat 0 R
6 vl 4 This means that such small fields @f have anegligiblysmall influence on

nuclear spin state¥D of¢ in comparison to the interaction of the quadrupole moment of

il 4 is reached at

these states and the et¢ric field gradient In Figure4-4(b) an extrapolationof the solid line
nti 4 The correct interpretation ighat at
6 mi 4the only magnetic field that could enable a Zeeman splitting of the nuclear spin
states is the Knight fiel§] . But the Knight field is onl

to split nuclear spin state¥D of¢. The buildup timet
nuclear polarization is not possibl€he solid lines ifrigure4-4(a), (b) are not drawn in the

leads to a buildup time t

nOat 6

pl 4, soitis not large enough

nOmeans that a bidup of

I 62 ¢
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range of smalb becausean experimentaproof of the behavior of6 5 and 0 is
not possible due tdhe fact that in such smafl the magnitude o6 - andd - is larger
than 6 i and overlayshe effect ofo .

4.1.3 Decay of nuclear polarization

An analogous procedure was used to analyze the shape of the Hame as a function of
dark time. Experimental data wasnverted into spin polarization kinetics for several values
of the applied magnetic fieldtrength (as irFigure4-3), and the resulting curves were fitted
by eqgs(4.17) and(4.19). The curves iRigure4-5 are examples of gch fits.

04 T l T T T I

0.3
5
<
0.2
0.1
i * B=100mT |
00 1 | 1 | 1 | 1 |
0 10 20 30 40
7, [ms]
Figire 4-5 Time evolution ofd in dependence of the dark time. The different symboépresent

experimental dataat several values ad . The corresponding value &f is written at each curvesflid line)
which is an approximation givdmy eq.(4.17) and(4.19). Thecurves were obtained witlsample #900 under
excitation at 1.47 eV, dected at 1.34 eV at temperaturey p&+ [168].

The fitting parameters were used to evaluate the initial longitudinal and transverse nuclear
fields, as well as the corresponding decay times. The decay time of the longitudinal
component calculated by using the data for ¢ 4was found to bet  v& 1 Q which

is close to the corresponding rise time reported above. However, the decay time of the
transverse component of nuclear polarization differs significantly from its rise time.
Moreover, its time variatiorin an applied magnetic field exhibits an aygite trend: whereas

the rise time increases with field strength (ref. Eigure4-4(b)), the decay time rapidly
decreases (ref. té-igure4-6(b)). Accordingly, these times are approximately equal in strong
magnetic fields but differ by a factor of several ten#ét® = 20mT.
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Fiqure 4-6 (a) Field dependence of the initial magnitude  (rectangles)pf the transverse nuclear fieland

the nuclear spin fluctuation field| (triangles), obtained by analyzing kinetics of spin polarization after the
end of pumping. (b) Field dependence of the  (circles)decay time. The solid curves are drawn for clarity.
The curves were obtaed with sample #900 under excitation at 1.47 eV, detec&tdl.34 eV at temperature
Y p&y+[168].

The origin of this behavior is unclear up to now. But the reader should be reminded about a
relaxation mechanism alreadyivenin the literature [40], where the presence of a single
electron in a quantum dot is shown to increase the rate of nuclear spin relaxation by more
than two orders of magnitude. In this case, the single electron is the resident electron of the
used quantum dot structures. Duririlge dark time the single resident electron is exposed to
the nuclear spin system, which is in a different situation than during the excitation. It is
possible that this mechanism depends on the precession frequency of the nuclei, therefore
on the externafield 6 .

Remarkably, despite the difference in behavior between decay times, both the limit
magnitudes ofthe DNP components and their variation with magnetic field strength in
experiments on nuclear polarization decay are in good agreement with thetsgrdined by
measuring nuclear polarization buildup (compafigure4-4(a) andFigure4-6(a)). A slight
difference between nuclear field magnitudes measured in experiments on polarization
buildup and decay should rather be attributed to a minor difference in optical excitation
intensity (which was nbintended) between experiments of these two typeStandard
models of nuclear polarization buildup are generally based on the classical model of angular
momentum precession in isotropic spald®3]. The condition of spatial isotropy is violated
in the quantum dots examined in this study because nuclei are affected by the field gradient
due to the strain resulting frona mismatch between the lattice constants of the quantum
dots and barrier layers and the exchange of nuclei due to the annealing pragess.date
theoretical approaches of optically induced nuclear spin polarization try to involve the
guadrupole interactions, but there are still many unresolved problefhS1]. In the
experiments considered in this thesis all nuclei of the sample haveadrgpole moment
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due to a nuclear spin 80 of¢ or higher. The electric field gradient (ref. $ec.2.1.2 splits
nuclei, which have nonzero quadrupole momentspiKramers doublets pj ¢&, s aj ¢OX

etc. In an applied magnetic field, the Zeeman splitting in the doublets strongly depends on
the relative orientation of the gradient axis and the magnetic field vector. This dependence
can be describedphenomenologicdy by introducing an anisotropig-factor [152]. The
anisotropy associated with the doublegs pj ¢ais relatively weak: the difference between

the g-factor components parallel and perpendicular to the gradient axis is not greater than a
factor of 2[82, 153. Dynamics of these states should not be too different from the nuclear
spin dynamics invoked to explain the-pkbfile of the Hanlecurve[84]. In the present study,

one is naturally led to hypothesize that orientation of these particular states is respensib
for the buildup of the component of nuclear polarization parallel to the applied field
manifesting iself by the development of a \Wrofile. This hypothesis is consistent with the
relatively simple dynamical pattern of the longitudinal component of eaclpolarization
observed in our experiments. Thefactor anisotopy associated with the states oj ¢&

S Uj ¢a..etc., is much strongehan withthe doubletss pj ¢6 as demonstrated in relatively
weak magnetic fields. In a magnetic field parallel to the gradees, the splitting of these
states linearly increases with field strength and the correspondifar®r is similar to that

in the absence of a gradient. This is not the case in the presented measurements, because
the structure growthdirection is perpedicular to the external magnetic field , while the
strain, which is the main reason for the electric field gradies directed along the growth
direction. In this case the magnetic field is perpendicular to the electric field gradient, which
results n a highly nonlinear function of the-fgctor depending on the external magnetic
field 6 . Thismeans that the splitting of the oj ¢, S vj ¢G..etc. nuclear spin states
almost vanishes in fields on the order of a fewlitesla[82, 153. In terms of the clasical
model, this means almost no precession of angular momenta associated with these states in
a field of this kind. Suppression of precession impedes nuclear spin relaxation, which is
generally attributed to local magnetic field effects (e.gef. to [154]). In effect, the
transverse component of polarization of the nuclear states split off by quadrupole
interactions can be stabilized to some degree in weak magnetic figlds, 85]. A
superlinear increase in splitting of these states with field sftenenhances the probability

of spin relaxation. The ensuing higher relaxation rate may be responsible for the shorter
0 decay times observed with increasing magnetic field strength in our experiments (ref.
to Figure4-6(b)).

4.2 Effect of nuclear fluctuation fieldAg; on the Hanlecurve

The aim of the experiments presented in the following chapter is to analyze the behavior of
the Wtshape of the Hanleurve after excitation with a C\dser for different constant
magnetic field® directed along the optical axis-éxis).
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6 is appliedby a pair of Helmholtz coils thaan be tuned in the range ofcl 4 6

ol 4 Sample #980s studied in the range ofg 1t 4 6 ¢ T 4 Figure4-7 shows
an overviewof the effect of6 on a larger scale af . Each curve shows the pronounced W
structure consisting of the narrow central peak and two maxima positioned symmetrically in
relation to the peak. The HWHM of the central peak without the tiddal magnetic field
is less than InT. In comparison to a Hanleurve obtained withoutd , a negative value
0 ol 4leads to an increase @f  all over the curveln contrast, a positive value
6 ol 4leads to a decrease of

0
=100 =50 0 50 100
Bx (mT)

Fiqure 4-7 Overall shape of Hanle curves measured at different longitudizajnetic fields) indicated at each
curve. The inset shows the diguration of the experimentThe curves were obtained witample#980 under
excitationat 1.49 eV, detected at 1.4V at temperatur€Y p&+ [155)].

With focus on the structure of the Hanleurve, an increase @ leads to an increase of

the width of the centralpeak to approximately 4nT, irrespective of the sign ad . The
experiment shows that application of a positive is accompanied by a monotonous
increase of the width of the central peak and of the dips near the peak. The depth of the dips
remains almost unchanged. At negative the behavior of the dipsinot monotonous. The
change o frommi 4to pi 4results in almost total disappearance of the dips without
noticeable change of their width. A further increase of thevalue to ¢ | 4leads to the
increase of both depth and width of the dips.

4.2.1 Introduction to standard cooling model

The analysis of experimental data has confirmed the prediction of [B5]. about the
significant influence of nuclear spin fluctuations on the electron spin orientation due to
strong localization of the electron in@. The observed behavior is considerably different
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from that in extended semiconductor alloys studied in many works [t€f3]). In extended
semiconductor alloys the electron density is spread out over a huge number of nuclei and
the effect of the nuclea spin fluctuations (NSF), as a rule, is negligibly small. The
experimentalHanlecurves are compared with the results of calculations using two models,
one including NSF and the other one taking into account only mean Overhauser fields. In
both theories,the mean Overhauser field has been calculated within the spin temperature
approach.

The concept of a spin temperature is used since the late 19468€ and has been
adapted to many different systenf457, 80, 158 159 160, 161, 162, 163]. Lowering the
spin temperature corresponds to a considerable magnetization along the magnetic field or
opposite to it (depending on the sign of the spin temperature), which gives rise to the
Overhauser field acting on the electron spin. The Overhauskt i parallel or antiparallel
to the nuclear spin, depending on the sign of the electrofagjor. In particular, it is
antiparallel for the negative sign @f, as in our case. The total magnetic figld that acts
on the nuclei is the sum of the xnal field | and the Knight field| . If | is strictly
perpendicular tathe optical axis (like in thedigt-geometry used in this experiments), then
the nuclear spin cooling occurs only due to the Knight field. Besides, the electron spin
dynamic is determined by the total magnetic fielcﬂ that acts on the electronwhich is
the sum of| and | . Such an interdependency of the system leads to coupled equations

[123.
14 [ A, (4.22)

& | oY To0 p

o 8 8

(4.23)

Here,0 7 is the half width at half maximum (HWHM) of the Haoleve in the absence of
the nuclear field.C, * and"Y are the electron gactor, the Bohr magneton, and the
electron spin lifetime, respectively- is the reciprocal temperature of the nuclear spin
system, and parametety is the effective field of totally polarized nuclei affecting the
electron spin. The magnitude ab is determined by the properties of the particular
electronnuclear spin system and should not depend on external conditions. The,tedm
describes theinteraction between nuclear spins causing the relaxation of nuclear
polarization, Where|| is the local field, resulting from the next neighbouring nuclei acting
on other nuclei. The solution of these equations yields a cubic equation for the average
projection of the electron spin onto the direction of observation. The equation that applies
in case the magnetic field is perpendicular d the optical axis is given irefr [123]. A
smple generalization of the equation is possible in case an additiovzanetic fieldo
directed along the optical axis:
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0 0
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P 3 - P 3 - (4.24)
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po CwYo wYY ,o0 ( )
3 is the initial electron spin orientation created by excitation, @ds the projection of the
electron spin on the-axis averaged over time.

4.2.2 Sandard cooling model

To model the experimentally measuréthnlecurve the eq. (4.22) is solved numerically and

"Y is obtained as a function of the transverse magnetic fieldfor different values of the
longitudinal magnetic fieldn the range fromol 4 6 o | 4 The following values of

the other parameters were used ithe calculations:"Y pj¢, 0 | Tl 4 06

™ | 4, andd ¢l 4 The value 0b ; extracted from the measurement corresponds

to the electron spin life tim&Y of the order ofp 1 Q which is several orders of magnitude
smaller than the real value in the structures of this type (ref.164]). The difference of the

0 j to similar structures appears due to a build up of the Overhauser fieldt¢reec.2.1.3

andis a sign of nuclear polarization. Examples of the calculated dependences are shown in
Figure4-8.
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Figure 4-8 Comparison of the calculated curves according to the standard cooling model (solid lines) with the
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measured data for (a) positive and (b) negative longitudinal external dieldhe corresponding values of

are given for each curv@&he curves werebtained withsample #980 under excitation at 1.49 eV, detected at

1.42 eV at temperaturéY p&+ [155)].

However, theyonly partially reproduce the behavior of the measured Hasleves.
positived ( ref. to Figure4-8(a)) the calculated curve roughly follows the measured Hanle
curve and for negativ® the calculated curve is completely different from the measured

For

Hanlecurve. To find a reson for the discrepancigetweenthe calculated and the measured
curves it is necessary to pay attention to the directions of the magnetic fgkelent 6 is

codirected to the Knight field due to the helicity of excitation used in our experiments, which
determines the spin direction of the excited electron. The analysis also shows that in this
case the nuclear field is codirected to the external magnetit S f R

i K dza

Iy R

aly

This amplification results in a gradual decrease of spin polarization and, correspondingly, of
PL polarization beyond the central peak with risfhgs as seen both from the calculations
and from the measred curvesWhen§ is negative, the total field|

that is antiparallel 6

has a component

i ) to the Knight fieldWhen this antiparallel component reaches the

magnitude of theKnight fieldit compensates ifaccording to ref[123, 84]) and nuclear spin
cooling isnot possible in this caselhis should result in the disappearance of the W

structure, as it is indeed seen kigure4-8(b) forthe Hanlecurvecalculated ford
At more negatived , the Wistructure reappears, but the additional maxima run away from

pl 4

the central peak with increasing amplitude of, maintaining the same amplitude as the
central peak. This behavior of the calculated Hamleves is explained by the fact that in this
case the nuclear field is directed against the total effective magnetic figld affecting
the nuclei. The x compent of the nuclear fieldd ; is compensated by the external
transverse magnetic field at some magnitude ob , giving rise to the additional maxima.
The efficiency of the nucleapin pumping increases with the increase -f s As a

result,0 f increases, and the positions of the compensation points widere 6

shifted to larger®d s

Ttare
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These numericakesults, however, are in strong contradiction to our experimental
observations (ref. tdrigure4-8). Thecentral peak of the measureHanlecurves is higher
than the other parts of theHanlecurve at any negatived 8At this point it is important to
stress that the disagreement betweenetiheory and the experiment cannot be eliminated
for any set of valug of the adjustable parameter§herefore this contradiction is of principal
importance and indicates that the model of mean nuclear field ignores some mechanism
causing depolarization d¢he electron spin at a nozero transverse magnetic field, including
points where it is totally cmpensated by the nuclear fieldhe discrepancy is evident also
from the unrealistically large value 6f; needed to fit, at least partly, the experimental
Hanlecurves within the mearfield model.

4.2.3 Extended cooling model considering nuclear fluctuating fiéie;

In contrast to the model presented sec.4.2.2|| isenhancedby the nuclear fluctuation

field | and given by [ | | - The origin of the fluctuation field is

the random change of orientation of the unpolarized nuclei. In bulk materials the amount of
unpolarized nuclei that interact with the electron is so large that the effect is averaged to
zero. But for nanostructures like quantum dots the amount of uapeéd nuclei is so small

that on the one hand the effect of each unpolarized nucleus is not compensated by another
unpolarized nucleus. On the other hand the magnetic field that appears due to the
uncompensated nuclei is so large that the effect on thectbn is not negligible (for more
details ref. tosec.2.1.4). The estimates given iefs.[165, 78] for similar QDshowthat the
average magnitude of the flugating nuclear field is in the order of tenths ofllitesla. The
frequency of the electron spin precession about the field is orders of magnitude larger than
the time of relaxationt of the electron spin. Therefore the width of thdanlecurve is
determined by the fluctuating nuclear field rather than by the electron spin relaxation. This
allows to fit the experimental curves without using nonrealistic valuet @fs was done in

the previous chapterfor the standard cooling modelAn effective optical pumping can
create a dynamic nuclear polarization, whose magnitude can considerably exceed the
nuclear spin fluctuations. If the transverse magnetic field is zero, the effective field of
nuclear polarization is directed along the optical axis &ndble to suppress the effect of
nuclear spin fluctuation (NSF). This results in the increased amplitude of the central peak of
the Hanlecurve In particular, the electron spin polarization at the point of mutual
compensation of the external field antié field of nuclear polarization is smaller than the
polarization at zera . This qualitative consideration explains the small amplitudes of the
additional maxima of thédanlecurves, which cannot be explained/lthe standard cooling
model.In order to nclude NSF in the theory, the following facts are used. The buildup time
of the nuclear polarization is much longer than the correlation timeha&f nuclear spin
fluctuation, which is, in turn, orders of magnitude longer than the electron spin lifetime. Fo
this reason, the nuclear spin temperature can be calculated using the value of the electron
mean spin averaged over possible realizations of the NSF, while each NSF realization can be
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be neglected)[37]. The dependece of the average electron spipolarization on the
transverse external egnetic field withirthis approximation is a belike curve, which can be

well fitted by a Lorentzian:

5 (4.26)

Hereis® O ® ;O & ;O & ;Owhere® ; Ois the squared componentd

= X,y,2 of the NSF averaged over the QD ensemble. Equa#a6) has a simple
geometrical interpretation. In each QD with realization of a particular fluctuating ﬂeld

only the projection of the electron spin ontthe total field | | A suwives:

Y “YATe<Qwheree« is the angle between the vectdr and the zdirection. Some
generalization of e@4.26) is required to describe the electron spin polarization under the
used experimental conditions. We need to take into account the regular nuclear"field
with nonzero componentsd ; and 6 ; created by the dynamic polarization of nuclei.
Similar to the standard meatield model it is assumed for simplicity reasons that the
electron density is homogeneously distributed over the nuclei (thea®d box model
approximation[166]), which albws to neglect the spatial variation of the Knight field. As
another generalization it is assumed that all nuclear species are described with a single spin
temperature. In contrast to the NSF field, this nuclear fiéldhas a certain direction. Its
compaents are either added to or subtracted from the respective components of the
external magnetic field, depending on the experimental conditions. The constant magnetic
field 6 that is applied by a pair of Helmholtoils and varied in a range ofol 4 6

ol 4is also included in this model.

. 6 O j; ® O
Y oy , 4.27)
O O j 0 0 @ O
- 6 0 j 6 0 n
Y oY , (4.28)
0 O f 0 O j @

As for the standard cooling model the regular nuclear fiHaId, which is determined by
eq.(4.23), is assumed to be directed along the total effective fi#ld acting on the nuclei,
which consists of| | | || - Inthis case the Knight field is given |py &} .



62

The equaibn above allows to obtain the following expressions for the x and z components of
the nuclear field:

3 s oy ®O6Y 6Y O Y 1TO0p
0O (0] w ~ o " T o T,
h 0 WY 0 WY .0

(4.29)

®O6Y 6Y QO oYY 10p
O Y O Y W o

(4.30)

w, 6 [, and— & were considered fitting parameters and varied to get the best
correspondence with the experimentally obtainéthnlecurves. The coefficient is given,

in principle, byo p @jro ' — , wherey is the electron density on a nuclear sfte23].

The negtive sign means that the direction of the Knight field is opposite to that of the
electron spin. Since the electron density depends on the QD size, which can vary from dot to
dot, the value o¥ is unknown a priori. Equatior(g.27),(4.28), (4.29) and (4.30) contain the
Cartesian components of the electron spin and of the dynamic nuclear polarization as
unknown quantities.The Cartesian components of thdeetron spin and of the dynamic
nuclear polarizatiorare found by numerical solution of equatio(427),(4.28), (4.29) and

(4.30) for transverse magnetic fields in the range frong t 4 6 ¢ 1t 4and for
several values of the longitudinal magnetic field used in experiment.

In the calculations, the coefficiend has been chosen such that the Knight field
compensates the z component of the magnetic fiatdthe point where the dips near the
central peak of the Haneurve disappear (ref. teigure4-9).
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Figure 4-9 Comparison of the calculated curves according to the extended cooling model which included the
NSF (solid lines) with thmeasured data for (a) negative and (b) positive longitudinal external ﬁgldThe
corresponding values oHa are given for each curve. The inset shows the central part of experimental and
calculated Hanleurves in the case of mutual compensation H)g and || - The fitting parameters are
& tmimsh ® O ¢ud 4Md ¢l 4 The curves were obtained wittample #980 under excitation at
1.49 eV, detected at 1.42 eV at temperattie p&+ [155].

For comparison of the calculated results with the experimental data the calculated values
of Y are multiplied by a factor , which takes into account the reduced magnitude of PL
polarization.This reduction is presumably due to the fact that some QDs are charged
neutrally and that their PL is non polarizéd.= 0.2 + 0.02 for curves measured at negative
0 and| = 0.16 + 1 for positive values od . The latter curves were measured at a
slightly lower power of excitation. The possible reason for the pyooywer dependence of
| is the creation of photoinduced electrons, which slightly change the fraction of charged
QDs.

The Equationg4.27), (4.28), (4.29)and (4.30) are interconnected cubic equations. Their
solution is unstable in the most general case, complicating the determination of fitting
parameters. For simplicity reasons, the calculations amgop@ed in two steps. In the first
step, the x component of the electron spin is excluded from the equations because it weakly
affects the nuclear polarization. In addition, the small difference in orientation of effective
fields | and | is negleted. Besides, a fitting parameter is introduced which
characterizes the real nuclear field acting on the electron spin:

TS
r=) (A) 001 6
« C

(4.31)
O¢ Pi6 — 6

O
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This reduces the system of equations to omgi&tion of fifth order for"Y.

Y qOp
o= (4.32)
Y O
60 6 Yo 6 Eo0 @ 50’6 6r ©
6 O 6r O Y& 6p O 60 4 YO 00 ® 06 6rp O

Equation(4.32) is numerically solved, which allows to determine the range of possible values
for quantitiese and® . In the seond step, the whole system ofjeations(4.27), (4.29),

(4.29) and (4.30) is solved and their real roots are used for modeling Henlecurves,
slightly varying the fitting parameters determined in the first step. The best coincidence with
the experimental data is achieved with virtually the same value® cdnd & f as in the

first step of the fitting.

4.2.4 Conclusions: @mparison ofexperimental dataand the extended cooling model

As demonstrated in the ramples of the calculatedHanlecurves shown inFigure 4-9,
reasonable agreement between calculated and measured curves is obdervpdsitive as

well as for negatived . Some deviations from experiment occur for magnetic fields
™I 4 6 pl 4 where the theoretically calculated amplitude of the central peak is
considerably smaller than the central peak observed expertaign(see inset inFigure
4-9a). The strong decrease of the peak amplitude obtained inctieulations is due to the
depolarization of the electron spin by the nuclear spin fluctuations, when the longitudinal
component of the total field disappears and the nuclear field doaisbuild up. Experiments

also show a decrease of the central peak of about 20%, which is, however, significantly
smaller than the one predicted theoretically. A possible reason for this discrepancy between
the theory and the experiment could be related tioe spread of Knight fields in the QD
ensemble, which is ignored in theory. Another possible reason is the polarization of
quadrupolesplit nuclear spin statesyhich can stabilize the electron spin polarizati&3].
Further study isneeded to clarify this problemThe good overall correspondence of the
simulated and measuretianlecurves confirms the validity of thextended coolingnodel

developed. The NSkmplitude 6 extracted from the fitting is close to 28T for all the
measued Hanlecurves fitted for differentd . This value is somewhat larger than the one
obtained in another experiment with similguantum dots[167]. A possible reason for this
overestimation of the NSF amplitude is the increase of the wings ofiiidecurves due to
polarization of quadrupolesplit nuclear spin states, which becomasticeable at magnetic
fields®® s ¢ m 4and larger and leads to an enhancementdof in this range[168].
The validity of the assumption of an isotropic distributionNBF is verified by replacing



65

Al

® 0P 1 & ;OInthe numerator of €.(4.32) and optimizing the factor . Theoptimal
value off was found to be in the range from 1.2 to 1.4. It can be supposed that some
asymmetry in space of the distribution of NSF can also bealthee quadrupole stabilization

of nuclear spins. The quadrupole stabilization of nuclear spins is mainly directed along the
growing direction (&axis) of the sample, since the strain which is one of the main reasons for
the quadrupole stabilization is @cted along this direction. There are traces of effects that
can be interpreted as quadrupole effects of the nuclei, but the small réngéhat is used

for the fitting, still justifies anegligenceof the quadrupole effects in the model used. In this
range ofd the effects of quadrupole stabilization on the measurement are negligibly small
in comparison to the NSBs shown by the comparison of the fitted curvEsrthermore it is
possible to get a clear idea about the vectepresentationof the time-averaged electron
spin and nuclear polarization in the system under stllgure4-10 schematically shows the
evolution of the respective vectors under variation of the transversmneticfield 6 and

for zero longitudinal field. For uniformity, the electron spin and the nuclear polarization are
presented as effective field§, and | , respectively.

B£= OmT

0.01 (@) | B=omT  (b)
0.01 - 120

08 -

Figure 4-10 (Color online) Evolution (a) of Knight fig|d and (b) of nuclear field até  munder changing
externalmagnetic fieldd . Values ofs (in mT) are given for somgositions ofthe evolution curves. The step
between points is not constant. Arrows show respectjveand | vectors.The curves were obtained with
sample #980 under excitation at 1.49 eV, detected at 1.42 eV at temperatur@d+ [155].

The nuclear field atero 6 is controlled only by the Knight field, which is directed along the

z axis. When a small transverse magnetic field, ¢ is applied, the nuclear field deviates
from the z axis, so that its @mponent becomes orders of matude larger than the
magneticfield 6 . For eample,6 vt 4até T 4 seeFigure4-10(b). This is a

Of SFNJ AffdzalGNI GAZ2Y 2F (GKS aF YL AFAQOIieldh 2y ¢
The electron spin polarization follows the nuclear field, which becomes quittilgt with

the magnetic field and depolarizes the electron spin. This behavior of the electron spin
explains the small width of the central peak of tHanlecurve For a further increase of the
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magnetic field, the magnitude of the nuclear field rapidlygssothat® s 9 SA O
p1t 4
Application of6 with a magnitude larger than that of the Knight field significantly

changes the behavior of the electron and nuclear polarizationsleasonstrated inFigure
4-11forH s ¢l 4
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Figure 4-11 (Color online) Evolution of (a) and (b) the electron and (c) and (d) nuclear fields for application of
negative[(a) and (c)] and positive [(b) and (d)] longitudinal magnetic fields withivelst large magnitudes.

Like inFigure4-10 the diagrams are shown onlpr positive® . The curves were obtained wittample #980
under excitation at 1.49 eV, detected at 1.42 eV at temperafifre p& + [155).

An increase of the transverse magnefield 6 is accompanied by inclination and
reduction of the Knight field; however, the reduction is not as fast a® at 1 The
direction of the Knight field inclination depends on the sign of the longitudmadnetic
field; seeFigure4-11(a) andFigure4-11(b). The nuclear fieldﬂ is directedalong the zaxis
at zero transverse magnetic field and has the maximal vdlue @4 ¢ mi4at
positived when the Knight field and the loitgdinal magnetic field add up€f. to Figure
4-11d). Atopposite (negative$ign ofé , when the fields are subtracted from each other, the



67

total effective field acting on the nuclei is smaller, which results in some reduction of the
nuclea polariation (ef. to Figure4-11c). The direction of inclination of the nuclear field is
also dependent on the sign df . In particular, the x coponent of the nuclear field is
negative at negativ® , so that compensation of the external magnetic fiéldoccurs at

6 pml 4 This compensation results in partial restoration of the electron spin
polarization and its reorientatioalong the zaxis; (ref. toFigure4-11a). The decrease of the
magnitude of the Knight field relative of its initial valuedat T i 4is the effectof the
nuclear spin fluctuations, as discussed above.

4.3 Suppression of nuclear pumping

The idea of theexperimentpresented in the following sectiois to create short excitation
pulses with a CWaser and to find a setting where the time of excitatibn is too short for
nuclear polarization. Such a setting depends on the relation of the modulation frequency
"Q andt . This situation where no nuclear polarization occurs is giveitfor p i ( U
and t ™t OSuch timescale of modulation is reasbleas the typical timescale of
nuclear spin dynamics is in the order of hundreds of ps (re$et2.1.5. The experiments

are performed orsamge #980

4.3.1 Experimental observations

It is also possible to combine the amplitude modulation with the polarization modulation, so
that one pulse of excitation is polarized and the next following pulse,is polarized. In

contrast tosec.4.1, the timescale forhe modulation periodQ is in the range of pus.
TAM TAM+PM
@) ; : (b) ; s
} i B - N
o — Time . Time
Texc P
| |
Texc

Figure 4-12 (a) Excitation protocdbr measurement with pure amplitude modulation (AM). (b) with amplitude
modulation combinedwith polarization modulation AM+PM). Blue and red rectanglesdicate, and,,
polarized light excitation with equal intensity and equatation.

As an introduction to the new regime measurements with pure AM in this timescale are
presented first. Then two types of measurements in which the same modulation frequency
was used are compared with each other. For the one of these measurements a pura®AM w
applied, while for the other measurement a combination of PM+AM was used. The
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excitation protocoin Figure4-13 shows the repetition time of polazed light pulse§Y and
the durationt can be varied. With a constant rdalation time”Y and an increasing of
the excitation timet , the excitation becomes similar to the excitation describeden.
4.4.
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Figuire 4-13 (Color line) Hanleurves measured in CW regime (black curve), polarization modulation of
excitation (Y = 40us, bluecurve), and polarization and amplitude modulation of excitation (= 20us, T
=5> &Y NI Rhe CuivbtlvEré abtained witample #980 under excitation at 1.49 eV, detected at 1.42 eV
at temperature”Y p&+ [167].

The blending of the excitatioprotocol can be also traced by the shape of the Haulee.

This process of blending can be characterized in two steps. IncreBsing a range up to

x 70% of the modulation period leads to an formation of asWicture at the center position

of the Hanlecurve (aroundd i 4). The width of the Hanleurve is not influenced in

this regime (short pulse regime). If the excitation tithe exceeds 70% of the modulation
period 'Y , a second regime starts (long pulse regime). In this regime thstrWgture is
nearly completely developedyut there is still adifference to the Wstructure of a Hanle
curve obtained under pure PM. The main effect that can be observed in the long pulse
regime is the widening of the Hanteirve It is remarkable that a dirtime of 250ns leads

to a significant difference to the Hanteirve obtained under C\xcitation (ref. toFigure
4-14). Each curve is measured durifgh us of excitation, so that for théong excitation
regime it is possible to measure at the beginning and at the end of the excitation pulse. The
comparison shows that there is no measurable development of the Hamlee during an
excitation pulse, bt that the Hanlecurve is builtup at the very beginning of the excitation
pulse. This indicates that the system reaches a state of equilibrium under the special
excitationprotocol (ref. toFigure4-14).
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Figure 4-14 Hanlecurvesobtained with Y
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p 11 ORed curve is detected during the first QU5 of the

excitation pulse. Blueurve is detected during the last O.& of the excitation pulsélhe curves were obtained
with sample #980 under excitation at 1.49 eV, detected at 1.42 eV at temperature®)+.
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Figure 4-15 Hanle-curvesobtainedwith "Y

B, (mT)

p 11 i. The different durationg

of the excitation pulse are

labeled for each curve within thiégure. Part (a) presestthe short pulse regime, while paftb) presens the
long pulse regira and a Hanlecurve obtained under CW excitatiothe curves were obtained witkample
#980 under excitation at 1.49 eV, detected at 1.42 eV at temperattirep®+.

Another parameter that influences theidth and the amplituded
. As shown for the short pulse regimeRigure4-16 an increase of
0 leads to a widening of thedthle-curve and simultaneously an increase od

the excitation power)

of the Hanlecurve is
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Figure 4-16 (color lines)Hanlecurves obtained under AM withY p tt @nd t @t Qor different
excitationpower. The curves werebtained withsample #980 under excitation at 1.49 eV, detected at 1.42 eV

at temperature”Y p&+.

At approximately0 ¢l 7 the amplitude ofd  is saturated, so that a further increase
of 0 results in a widening of the Han@irve. The curve can be fitted bylLorentzian curve
Y 6 — . Here"Y is the initialized electrorspin andd ¢ is the half width at half

R
maximum (HWHM) which is varying froorm@ to 10mT for 0 ™ zp 1t 7.Figure4-17
shows that, in the regime of short excitation pulses, an additional modulation of polarization

has no influence on the shape of the Hanleve.
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Figure 4-17 Blue and reHanlecurve areobtained for with”Y p 1t @Gndt @ {0 The excitation pulses
for the red curve are always polarized, while the excitation pulses for the blue curve alternate in
polarization, so that § pulse is followed by @ pulse. In comparison to the modulated Halgrves is
Hanlecurve shown obtained under CW excitation (black curvee curves wes obtained withsample #980
under excitation at 1.49 eV, detected at 1.42 eV at temperafifre p& +.
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4.3.2 Conclusions

The introductory measurements with pure AM give an useful overview over nuclear spin
dynamics and show that the nuclear spin dynamics depen the magnitude od . Within a
range of about p 1t 4 & p 1t 4 the nuclear spin responds faster to the circlyar
polarized light via the hyperfine interaction than in larger field® afIn this range of about

pit 4 6 p 1t 4, an increase off leads to a decrease di . As already
mentioned in ref[84] and shown irsec.4.2.4 the appearance of a Wtructure is regarded
as a relbble evidence for nuclear polarization. This leads to the interpretation that a buildup
of nuclear polarization leads to a decreaseof . This is in agreement to rgfl53], where
for the same sample the use of R€&lds under C\Waser excitation leaslto a depolarization
of the nuclear spin system in approximately the same range of his depolarization of the
nuclear spin system causes an increasedof . In the range of6 p 1t 4 a longer
excitation timet  is required to observe an effedn contrast to the smaller values 6f,
an increase off leads to an increase ad . The different dynamics and opposite
influences oo due to nuclear polarization lead to the assumption of two different sub
ensembles of nuclei that interact with the electron in different ways, depending on the
magnitude ofd . This assumption has been validated by measurements and calculations
performedfor this thesig[168] [167]. In the smaller range af nuclear spin states pj ¢&
are responsible for the influence an , while for larger values @i 6  is dominated
by 'O s gj costates (ref. tosec.4.1.1).

The detection at the beginning and at the end of the excitation pulse results in the same
shape of the Hanleurve. For a correct interpretation of the Hardarve one should keep in
mind that for each point of the Hanleurve the sample is continuously excited according to
the excitation protocol and the luminescence is accumulated feed@ The dynamic process
of nuclear polarization takes place within the first second of excitatrdmen the modulated
laser light hits the samplir the first time But at the point of time when the measurements
presented in this chapter are taken the nuclear polarization is already saturated. However,
different relations of the dark time and the atation time result in different shapes of the
Hanlecurve. The longer the excitation time within the modulation period, the closer the
curve resembles a Hantairve obtained under CWaser excitation without any modulation.
This means that even fdr ¢®1 Qwith a dark time of 7.5is, some nuclear polarization
is restored during the dark time. This accumulated nuclear polarization gives rise to-the W
structure. The only exception is the curve with ™t Owhich has a Lorentzian shape.

At such caditions every nuclear polarization that could appear during the [@s5 of

excitation is depolarized during the 9 of dark time. Even alternation of polarization, so

that one pulse is polarized and the next following pulse,is polarized, has ninfluence

on the shape of the Hanleurve. If there was a nuclear polarization that remained longer

than one excitation period, the alternating polarization would lead to a different shape of

the Hanlecurve, because an alternating polarization influenties nuclear polarization in a

different way than an excitation with one polarization (ref.dec.4.4). In the following text,

such Hanlecurves, vihlich showy 2 A 3y 2 F y dzOf S NJ LI2 f ELBENT{IEG A 2 Yy
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2NJ AY &aK-2IRI Frén@ieditting 8f the Hanleurve obtained with t ™t O

and 0 p ME ( Wis assumed that the width of the Hantairve is not determined by
nuclear polarization but by the dephasing tim¢ of the electron spin. From the fitting with
SS/(1+(B/Biz)®) and the electron dactor SQs 1@ the time “Y p&l Ocan be
calculated. This value is reasonable, because in such small external fields the dephasing of
the electron spin is mainly caused by the electron spin precession about the frozen magnetic
field of the nuclei[37]. The time of 1.1s can be also intpreted as the average time
between the excitation events.

4.4 Resonant pumping of nuclear spins

In this sectiona possibilityto manipulate the component of theauclear spin that is
transverse to the external fieldd by optical excitationis presented The optical
manipulation leads to a coherent precession of the transverse component for every nucleus
whose Larmor precession frequency is equal to the modulation frequency. This effect is
called resonant pumping of nuclear spin.sec.4.4.2 an RHield is added to the optical
modulation which leads to an amplification of the resonant pumping efbettthe principle

of the observed effect is still the same.

In dl experiments where the modulation of polarizatig®M) is used the polarization
changes between the two circular polarizatipns and ,, . The relation between the two
polarizations always remains the same, so that the sample is excited for an ecgoahiof
time with both polarizations. The only parameter that is varied from measurement to
measurement is the period of modulation.

TPM

H H
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Figure 4-18 Excitation protocol for measurement with polarizatiomdulation (PM). Blue and red rectangles
indicate, and, polarizedlight excitation with equal intensity and equal duration.

The alternating excitation with and,, polarized light is realized in the range of Rz to

200 kHz. To calculaté it is needed to measure the intensity of rigl#nd lefthanded
polarized photoluminescence In this setup it is not possible to measure these two
components at the same time. Therefore one component is measured during the whole
excitation with, polarized light and the other component is measured during the whole
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excitation with,, polarized light. The Hanleurves thereby obtained are average curves.
Dynamics of the electronuclei system during the excitation time cannot be detected. In
comparison tahe Hanlecurve obtained under CWaser excitation with the same excitation
intensity the polarization degree of the photoluminescence in smaller external magnetic
field is already zero for a PM excitation. The Hanleve measured under modulated
polarization of excitation (bluecurve inFigure4-13) shows two strong additional maxima at
about® s p 1t 4 At small modulation frequenci€§) , the Hanlecurve consists of a
central peak and hardly visible sidebands. Its dependence on modulation frequénc¢ys
illustrated inFigure4-19.
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Figure 4-19 (Color online) (aHanlecurves meaured at modulated polarizatioof excitation with"Q = 25
kHz (black curve), 12.5 kiftdue curve), 50 kHz (red curvejda200 kHz (green curve). Insdtows a deeme
illustrating the pumpig of nuclear fieldThe curves were obtained wittample #980 under excitation at 1.49
eV, detected at 1.42 eV at temperaturé p&d+ [167].

At small"Q , the Hanlecurve consists of a central peak and hardly visible sidebands (black
curve in Figure 4-19. As the modulation frequency rises, the sidebands become more
pronounced while their amplitude decreases so that they disappear ag&mh at p i (.U
Simultaneously the central peak becomes wider and new shoulders appear (color lines in
Figure4-19).

4.4.1 Conclusions

The effect of modulated optical excitation on electroaclear spin systems has been studied
earlier for bulk semiconductofd23, 169 and quantum well170, 171]. In these works, the
effect was observed as disperstbke peculiarities superimposed on a smodianlecurve

The authors treated the effect as the nuclear magnetic resonance (NMR). In contrast to
conventional NMR measurementhese are "all optical’ measurements, in which the
effective alternative magnetic field, which is normally induced kpyaa of radiofrequency
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coils,is induced optically. For this purpose the sample is excited with alternating circular
polarized light, sehat the initialized spin direction of the excited electron is either polarized

in +z or-z direction depending on the helicity of the optical polarization. The direction of the
Knightfield is bound to the spin direction of the electron. Therefore thteralating Knight

field replaces the function of an alternating magnetic field applied by a pair-cbiRFand
equalizes populations of nuclear spin sublevels at exactly resonant conditions. This is the
case when the modulation frequenc¢®2 equals the armor precession of the nuclei. No
pumping of nuclear spin system occurs when the modulation frequenidar from the
resonance.

The effect observed in the experiments performed for this thesis is rather different. There
are clear resonances beyond thepeak rather than dispersiclike peculiarities. A
noticeable difference to the previously mentioned structures like quantum wells or bulk
material is the considerably larger hyperfine interaction in QDs under study, which results in
more effective opticapumping and noticeable polarization of nuclear spins. This effect can
simply be understood considering the dynamics of an electron spin and nuclear spins with | =
1/2 (see inset inFigure4-19). The polarized electron polarizes nuclear spins via hyperfine
interactions. Simultaneously, the electron feels the nuclear polarization as an effective
magnetic field, the Overhauser fielcﬂ , and rapidly preceses about the total field,

I | || . so thatonly the spin projection on this field is saved. Hyperfine interactions
with such electrons can pump both tlte ; and 6 ; components of the nuclear field. The

0 j component can only be pumped when the frequency of modulation of optical
polarization coincides with the Larmor frequency of the nuclear spin precession. In this
case, thed ;; component is pumped along the +z direction during one half period otalpti
excitation, as long as the electron spin is pointing into the same direction. A pumping-along
z direction occurs during the other half period of modulation, when the polarization of
excitation changes and the electron spin is pointing into the othexation. A building up of

0 j leads to astabilizationof the electron spin along the-direction which in turn leads to

an increase ob

K z-axi;\/\/ . .Z-axiw
Bar Ber

Figure 4-20 Schematic illustration for resonant pumping mificlear spin. The initialized spin direction of the
electron -|| is codirected to the nuclear spirk: and to the externally applied Rfeld due to the chosen
polarization { I, ) of the excitation light. The Larmor frequency of the nuclear spin gsiaé to the
polarization modulation frequency difie optical excitation.
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The direction of thé ;; component is independentf the initial orientation of the electron
spin and only determined by the signs of the electron and nuclefactrs. It is directed
against the external magnetic field the studiedQDs. The efficiency of pumping of this
component depends on the-projedion of the electron spin on the total fieltﬂ and
increases wherd ;; becomes large enoughyhich is possible in resonant conditie This
experiment shows that the polarization dynamigs QDs is totally different from that
observed earlier for bkl materials and QWs. There is real resonant pumpintp@huclear
spin system, which results in strong increase (not decrease, like if17€f.171]) of nuclear
polarization atstrictly resonant conditionsThe effect described is called "resonant pungpi
of the nuclear spin" and can be amplified by an additionafi&®& excitation synchronized
with the PM as described in the following chapter. A more detailed analysis of this effect is
also given in the following chapter.

4.4.2 Amplified resonant pumping bnuclear spin

The synchronized modulation of a sinusoidatHfield Y Y DDET o Ye with
polarization modulation, is studied in the range’af 2.5kHz to IMHz.

TPM
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Figure 4-21 Excitationprotocol for measurement with polarization modulation combined with RF excitation
(PM+RF). Blue and red rectangiedicate,, and, polarized light excitation with equal intensity and equal
duration. Green sinusoidal curve represeithe RF excitation with equal modulation peri6d like the
modulation of polarization but shifted with a certain phage.

The limiting factor for the modulation frequency is the ugmdse generator of the electro
optical modulator. The behauioof the Hanlecurve is studied in this frequency range of
modulation for different phases» between the polarization modulation and the RF
excitation. The intensity of excitation and the intensity of the-f#fd isadjusted to every
modulation frequency in a small range to obtain the most distinct Haantge. As shown in
Figure4-22, a very high excitation intesity0) ~ or a very strong Rffeld lead to a bloahg of

the Hanlecurve. In contrast, a very weak excitation intengity leads to a low polarization
degree of the Hanlkeurve which makes the analysis impossible. The influence of a very weak
RFfield on the Hanlecurve does also not suffider clear analysis.
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Figure 4-22 All Hanlecurves measured with 5@Hz of PM+RF modulatiowith the same phaseY3. The
different excitation powers and RF amplitudes are shown for each cdive.curves were obtained with
sample #900 under excitation at 1.47 eV, detected at 1.34 eV at temperature&y+.

The two studied samples shoavsimilarbehavioron the excitation protocqglwheresample
#980 gives amore pronounced response tthe modulation. Figure4-23 and Figure4-24
show the dependece of the shape of the Hantrve on the phase betweefor two
modulation frequenes
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Figure 4-23 All Hanlecurves measuredavith 600kHz of PM+RF modulation with the same power of excitation
and the samd&RF amplitude but different phasés . The different phas&3 is shown for each curv@he curves
were obtained withsample #980 under excitation at 1.49 eV, detected at 1.42 eV at temperaturpd +.
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Depending on the phasé , the resulting Hanleurve is either wider or more narrow than a
Hanlecurve obtained under polarization modulation without-Réld excitation. The case of
a widening of the Hanleurve with a hysteresisehavioris observed fosample #980or the
whole frequency range omodulation(ref. to Figure4-24).
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Figure 4-24 All Hanlecurves measured with MHz of PM+RF modulation with the same power of excitation
and the same RF amplitude but different phage. The diferent phaseYe is shown for each curvéor each
curve except the cyan curtke Sweeping direction di is directedfrom negative topositive values. The cyan
curve shows the hysresis like behavior and is syt from positive to negative values 6f . The curves were
obtained withsample #980 under excitation at 1.49 eV, detected at 1.42 eV at temperatured) +.

Sample #90@lso shows a widening and narrowing of the Hasueve in the dependence on

the phaseY3 but the hysteresidbehavioris less pronounced. For'@ ooB( the
asymmetric shape is hardly visible, so that the hysteresis behavior can only be observed for
Q o o B (.UFor higher modulation frequencies only a symmetric widening and
narrowing is observable.
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Figure 4-25 All Hanlecurves measured with 3384z of PM+RF modulation with the same power of excitation
and the same RRamplitude but different phasé/v . The different phasé&/v is shown for each curvélhe
curves wereobtained with sample #900 under excitation at 1.47 eV, detected at 1.34 eV at degityre

Y p@+.

If the polarization modulation has a different frequency than thefiRkl modulation no
phase can be defined between the two modulations and the Hantge shows no influence
in this casergf. to Figure4-26).
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Figure 4-26 All Hanlecurves measured witBOOkHz of PMmodulation and 40(kHz of RF modulation with the
same power oexcitationand the same RF amplitude but different pha&e. The different phas&v is shown

for each curveThe curves were obtained witample #900 under excitation at 1.47 eV, detected at 1.34 eV at
temperature”Y p&+.
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4.4.3 Conclusions

A jant effect of RF+PM modulation has also been observed in 1976 for bulk AlIGaAs crystals
as a change of the Hantairve in small magnetic field$62].
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0.2
a 0.15
k)
=
<
0.1
0.05
0 . ' SRR '
40 =30 -20 -10 0 10 20 30 40
By (mT)
Figure 4-27 Effect of2 &field on Hanlecurve measured afQ =250 kHz. Thelark and light blue curves
are measred at application of cophasedl &field (» =20°) with amplituded ™| 4 Arrows show

direction of the NCP change when timagnetic field is scanneidom negative to positive valuesnd inreverse
direction. The red curve is measured the antiphased? &field (h =-160C°). The green curve is measured
with no RHield. The back curve is the electronidanlecurve The curve were obtained withsample #980
under excitation at 1.49 eV, detected at 1.42 eV at temperatifre p& + [167].

It has beeninterpreted as an effect related to nuclear polarization. The following
interpretation of the role of the Rkeld is based on the model of hyperé interactions as
described in[119]. In the term of the hyperfine interactioifref. to eq(2.20)) there is the
scalar product of the nuclear spin and the electron spin. Therefore, in case of a
perpendicular orientation of the nuclear spin and the electron spin, no hyperfine interaction
occurs. In the Voigt geometry (as in all measurements performed), the magnetic field is
perpendicular to the optical axis, so that the excited electron is oriented along the optical
axis. The external field is tlguantizationaxis for the nuclei, so thahe only component of

the nuclear spin that cannot be averaged to zero is directed along the external field. In such
a situation a hyperfine interaction cannot occur, due to the perpendicular orientation of
both spin vectors. However, a magnetic field€lithe RHield) that is directed along the
optical axis and acts on the nuclei, tilts the total magnetic field for the nuclei out of the
perpendicular orientation to the optical axis, which gives rise to the hypeifiteraction.

The role of the RFeld depends on the phas¥e between the PMand RFmodulation. In a
situation where the Hanlkeurve obtained under PM+RRodulation is wider than a Hanle
curve obtained under pure PM, the fREld amplifies the KnigHhfield (ref. to blue curve in
Figure4-27). Then, the total field| ~ for the nuclei is given by | || || -Due
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to the constant phas®&- , | and|| are summarized to a an effective magnetic fidlld
that is alternating in direction but not in amplitude for a fix&d and fixedY . In a
situation, where the Hanleurve obtained under PM+RRodulation is narrower than a
Hanlecurve obtained uder pure PM, the Rftield compensates the Knigifield (ref. to red
curve inFigure4-27).

In order to prove experimentally that th2 &field is crwial for the effects observed, two
more measurements are performed. In the first measurement thé& field isreplacedby a
constant magnetic field along the-axis. In the second measurement tt & field is
replacedby an RField alongthe xaxis. In both cases it isot possible to obtain similar
effects as cold be obtained applying the & field. The resonances observed at large
absolute values of , which were considerably magnified by ti#& field cannot be
explained by transitios s pAcGP s pXcdin nuclei of elements of the QDs under study.
Quantum dots under study contain several types of nuclei (including isotopes), namely,

A" A 1O )] ) Iso that the variety of nuclear spin transitions which can
contribute tothe observedHanlecurves is large enough. This variety is increased further in
these QDs due to large quadrupole splitting of nuclear spin states which influences the
energy distance of the Zeeman levels. The strain is directed along the growth-axis) (z
that is perpendicular t@ . It determines the quadrupole splitting for all the types of nuclei
includingtheir isotopes (ref. tosec.2.1.2). Calculations gfw that the Zeeman splitting of
states pfcOA & AYONBFaSR Ay GKAa OFasS o0& FIOG2N) awH
splitting of statess o7¢Qis stronglynonlinear [ref. toFigure4-28] [153)].

2

B +3/2
| :_’%

Energy (neV)

Figure 4-28 CalculatedZeeman splitting of quadrupolaffected nuclear spin states of' Aassuming that the
guadrupole splittings due to strain aligned along z axis, = 001[153].

Transitionss pAcOP s pXcagive rise to resonances, whose magnetic field position can be
calculated using relation ¢ O, where is the gyromagnetic ratio for nucleus N.
Transitionss of¢0P s ofcd can also give resonances due &o admixture of s p¥qd
states in the magnetic field. The field position of the resonances however strongly depends
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on quadrupole splitting. The resonances may be responsible for the wide paiamie
curve since the largemagnetic field is required to split statess o7¢t This consideration
has been used for analysis of resonances observeHainlecurves. An example of the
analysis is giveimn Figure4-29. Althoughthe amplitude of resonances cannot be uniquely
determined, the fitting clearly shows that the ' Aresonance is most intensive. This
conclusion is in agreement with the observatimbtained previously using another
technique[153].
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T at3/2 71 Ga=3?2
- Ga 33z 12 states sy esn 132572
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0.04 '
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0B
=20 30
Figure 4-29 Analysis of Hanleurve obtained by'Q p 1t 11 E The black daed line is the experimental

data. The colored and gray Gaussianctions are the obtained fits. Detailed information about the analysis is
given in the main textThe curves were obtained wittample #980 under excitation at 1.49 eV, detected at
1.42 eV at temperaturéY p&)+[167).

Similar results are obtained for other frequencies of polarizatieodulation. Figure4-29
shows the analysis of the Harderve measured at applicatn of the RHField. The dipof the
Hanlecurve at0  mis a result of a subtraction of two Harteirves, namely the RF+PL
modulated Hanlecurve subtractedrom the "electron peak". The "electron peak" is a Hanle
curve without any influence of a nuclear polarization, as explained in detglcd.3.2 The
Hanlecurve that results from such a subtraction only shows effects that arise from nuclear
polarization.

The central part of the Harnleurve obtained is modeled bgsonances pfcaP s pAch
the wide part is modeled by resonancgsc¥q0P s ofcafor In and Ga nuclei, as Wéy
resonancess uf¢aP s ufcafor In nuclei. The resonance positions were considered as
fitting parameters. This analysis is performed for all the experimental data obtained. To
calculate the strain in the sample it is assumed that the electric field gradiemtly strain
induced,w Y - and determined by the strain ."Y is the principal component of the
so-called S tensor which can be extracted from nuclear acoustic resonf@@edJsing a
cylindrically symmetric QD modgt8] and the transvesal isotropic approximatiofil72] in
continuum elasticity theorythe value of the strain is estimatdd be - 181 pwhich is in
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good ageement with that estimated inef. [153]. The resonance for ' Acan be identified
most reliably and its magnetic fieltependencergf. to Figure4-30) is well describedby the
theoretical assumptions. The leastcacdance to the model is given by the resonances of

' Ass shown irFigure4-30. Theproblem arises from the fact that the strain is not the only
reason that leads to an electric field gradient (ref. $ec.2.1.3. Another reason for an
electric field gradient is the exchange of nuclei due to the annealingepsod he unit cell of
GaAs shows that As has four-@&lei as next neighboring nuclei. It is not possible to
predict, which and how many of the four @Gaclei arereplacedby Innuclei during the
annealing process, because the exchange is a random process. The influence of the
exchanged nuclei leads to tilting of the electric field gradient relative to the external
magnetic fieldd for the Asnuclei, which in turn influeres the quadrupole splitting.
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Figure 4-30 (Color online) (a) The positions of resonangepfctP s pfcd(crosses)s ofcdP s ofcband

s ufcdP s ufch(circles) extracted from experiments. Solid lines show theoreticalilzdions forQ = Q01.
Dashed line is the calculated dependence for resonagngfcdP s pFcdin As nuclei with one In and three
Ga neighborsThe curves were obtained wittample #980 under excitation at 1.49 eV, detected at 1.42 eV at
temperature”Y p&+ [167].

4.5 Nuclear spin pumping under pulsed laser excitation

In contrast to all previously mentioned resulteetresults presented in this secti@me not
yet published. The collected knowledge about thiateraction of electron and nuclein
guantum dotsduring this thesis can be used &malyze the observed effects, btitere are
still open questionghat remain.In the first part of this section Hanleurves obtained by a
CWilaser excitation and a pulsddser excitationwill be compared(ref. to sec. 4.5.1and
4.5.2. The second paifsec.4.6) presents dataobtained with an extended version of the
excitation protocol that is usetbr amplified resonant pumping. The extension is acBiF
directed along the yaxis and the possibilityo show the evolution ofo during the
excitation.All measuremergwith pulsed laser excitation are obtained wghmple #900
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4.5.1 Comparison of pulsedand CWlaser excitation without modulation

In order to compare the two different lasaypes it is important to have equal framework
conditions for both excitations. The external magnetic fiéldis swept in the same range
with the same steps and a sweeping time10 sec/point. The sample is put indaperfluid
helium and the temperaturef the sampleis controlled by using a needle valve. By detecting
the PL with a lens that is focused on one spottibe sample it is possible @ways excite

the same spot on the sample. One problem that appears is finding the criterion for the
comparism of the excitation energy. The pulsed laser excites the sample with a short pulse
(in the femtosecond range) with a high energy density. In between the excitation pulses the
sample is not excited for 12r%s. The CWaser excites the sample continuouslitiwa lower
energy density. One possibility for comparison of the two different laser types is to use for
each laser the same time averaged excitation power. However, this comparison proves not
to be suitable in our case, since excitation with the samestaweraged excitation power
leads to a different shape for the PL spectrum of the quantum dots. Thereforeatlzeof

the emission intensityrom the groundstate and the excited state is different for the two
lasers. Amore similarcondition would be aigiation where the relation of the emission
intensity of the grounesktate and the excited states does not change due to a change of the
laser. At first, the excitation power of a pulsed laser of %/ is compared with the
excitation power of a CWiaser of 10 mW. In this case, the relation of the emissiotensity

of the groundstate and the excited states does not change due to a change of the laser (ref.
to Figure4-31)
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Figure 4-31 PLspectrum ofsample #90®btained be CWaserand pulsedaser excitation(excited at 1.47 ey
at temperature”Y p&)+. Representsa weakexcitation intensity with luminescence of tlground and first
excitedstate of the quantum dot exciton
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Secondly, the excitatiopower of a pulsed laser of 1@W is compared with the excitation
power of a CWaser of 100mW. In this case, however, the-dhell emission of the pulsed
laser excitation is more intense than thesiell emission. It is impossible to achieve such a
situation using a CWaser excitation even under 20@W excitation, which is the highest
stable exciation power that can be applied using the d&8er. A drop to a CMéser
excitation of 100mW leads toneally no change in the relation of the emission intensity of
the PL. Therefore a comparison of ari® pulsed laser with a 100W CWlaser excitation

is performed.
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Figure 4-32 PLspectrum ofsample #90®btained be CWaser and pulsedbserexcitation (ecited at 1.47 eV)
attemperature”Y p&@+. Represents strongexcitation intensity with luminescence of tlggound, first and

second excitegtate of the quantum dot exciton

Another problem for comparison that appears is the different spectral width of the two laser
beams. The pulsed laser has a spectral width @ aam, the CWaser has a spectral width
ofx pnm. For the following experiments the width of the pulsed laser is narrowed by a
grating (2000gr/mm) and a set of razors which cuts out the unused laser light, resulting in
an equal spectral width of theutsed laser and the CVdser.
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Figure 4-33 Hanlecurves obtained by C\Wéser (green curve) and by pulstser excitation with a constant
circular polarization. The different excitation powers (valuesareragel over time) are given for each curve.
The curves were obtained wittample #900 under excitation at 1.47 eV, detected at 1.34 eV at temperature

Y p&+.

Two important differences can be observed in the shape of the Hamee. The first
observeddifference is that in comparison to the excitation with a Gskr the Hanleurve
obtained by pulsed lasezxcitation has no Whape (ref.Figure4-33 and Figure4-34). The
second observed difference is that the Hanleve obtained undr pulsed laser excitation is
asymmetric concerning the zero position of in contrast b a CWaser excitation (ref.
Figure4-33 and Figure4-34).
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Figire 4-34 Hanlecurves obtained by CMéser (green curve) and by pulskber excitation with aonstant
circular polarization. The different excitation powers (values are averager time) are given for each curve.
The curves were obtained wittample #900 under excitation at 1.47 eV, detected at 1.34 eV at temperature

Yo p@+.



86

45.2 Conclusions

The Wstructure is a mark of a nuclear polarization that appears along the optical axis due to
the Knightfield (ref. tosec.4.2.4). The missing of the Wtructure couldindicate a missing
of such a nuclear polarization. In previold$3] and currentstudies(ref. to sec.4.4) spin

s pfca nuclei are responsible for a nucleapolarization that occus in small fields of

6 x ¢ T 4 These spin states show a faster buildup and decay time (refs¢o.4.3.2
Figure4-15, 4.1.2 and 4.1.3 than spin stateSO s ofqd Another point that should be
taken into account is that in ref40], a single electron could increase the decay time of
nuclear polarization by several orders of magnitud@be last point that is to mention is the
fast carrier relaxationto the groundstate in quantum das on the order of tens of
picosecond [173, 174 and the fast recombination of about s [175]. That leads to the
statement that acarrier photoexcitedinto the wettinglayerwould recombine witinx 1 ns.
Thisinformation can be adapted to the studied system ofloped quantum dots that are
excited with a pulsed laser with circukapolarized light.

On aerage every quantum dot of the selfganized ensembles occupied byone
electron.In combination with a pulsedaserexcitation(which excits the sample every 12.5
ns with pulse duration of 125fs)the quantum dot isoccupied with one electrofiorx 11
ns. Thesituationis differentcompared to a CWaser excitation.n this contextit would be
useful to make a more detailed estimation about the time of excitation events that take
place for a moderate CWaser excitation than irsec.4.3.2 where it is estimated to be
x gl OSo if a single electron really can increase the decay time of nuclear polarization it
could cancel nuclear polarization of spin stagepXcd(in the worst case) when during an
excitation the quantum dots are mainly occupiedly by the resident electronlt is still
remarkable that an excitation event that takes place evelyl ns creates a diffent nuclear
polarization than axcitation event that takes place everwi OTrhenanosecondimescale
indicates that the depolarization mechanissnot a dipa-dipole interaction of nuclear spin
(typical timescale p 1 Q but a hyperfine interactiorftypical timescale p t Q. Due to
the scalar product@Yin the hyperfine termthis interection is absent when the electron
spinS=0. This is the case when the quantum dot is occupied by the resident electron and the
photoexcited electron in the grounsdtate of the quantum dot. Such a situatiaman be
interpreted as a perturbation of the hypenk interaction which is periodian the case of a
pulsed laser excitation (every 12.5 ns) and random in the case of-las&Wexcitation A
further study of such fast depolarization mechanism for the nuclear spin system would be
interesting.

The asymmet of the Hanlecurve obtained by a pulsedhaser could be a sign of a tilted
sample (relative tod ) [123] or a sign of a nuclear polarization of nuclear spin states
‘O s ofg6 that are stabilized by quadrupole interactions (ref. g¢ec.4.4.3. A tilted
sample would give also an asymmetric shape with al&&f excitationwhich is not the
case. So, the only explanation left is a polarizationusfi@ar spin stateD s ofc¢a But in
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contrast to a smooth decay @f  for a CWlaser excitation (where also nuclear spin states
‘O s ofgOare polarizedthe change ob  showsa jump up behavior for a pulsddser
excitation.A similar abrupt behavioof the Hanlecurve withait a W structure was observed
by Krebg[14€], but these measurements are performed on singlelgped selfassembled
InAs/GaAs quantum dots by observingspectroscopy of individual quantum dotxated
guasiresonany by a CWriSalaser. Such a system is comparable to singl®med quantum
dots excited with a pulsed laser under the aspthat during the main time of excitation a
single electroroccupies the quantum dot. The feature observedlia6] was identifiedby a
transversecomponent of nuclear polarization (relative @). In our case the nuclear spin
states’O s ofcbalsocreatea transverse component of nuclear polarization, further
studies are required to support this statement.

4.6 Modulated excitation with pulsedaser

For the following experiments a pulsed laser was used for excitation instead oflasekVin

the experiments presented firspolarization modulated excitation was synchronized with RF
excitation. Afterwards, experiments witlpure polarizaton modulated excitationwill be
shown and compared with PM+RF modulation experiments for some regions of the- Hanle
curve. Averaged over time the excitation density1® mW for every experiment. The RF
coils used along the-yand zaxis in these experiments asplit coils with thity turns on each

side with a tdal diameter ok p A | (ref. to Figure0-5). In analogy tasec.4.4.2the settings

for the modulaton are the same, unless lwrwise mentioned. The aim of the following
sectionis to show the development od at a fixed modulation frequency 0

p E (.0he modulation frequency of p E ( 19 pointed out exemplarily for an effect
that is present in the range oiQ ™ E ( ib approximately 'Q T 1E (.UThe
excitation time for one polarization is LTI .

4.6.1 Polarization modulated excitation synchronized with RF excitation (PM+RF)

In additionto the polarization modulatiora sinusoidal Rfleld”Y Y 0BT o VYo
synchronized with the polarization modulation and directed along Hagig with2 & being
parallel to the opticabxis and perpendicular t@ , or along the yaxis with2 & being
perpendicular to the opticadxis and perpendicular t6 is appled. Forboth RFields the
phaseYe 1 &nd both corfigurations are studied witlsample #900Due to the use ahe
PicoHarp and a new softwaitis possible to detect the development of the Haclave
during themodulation. The change @  during the modulation period ishown inFigure
4-35for different 6 .
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Fiqure 4-35 Development ofo for different magnetic fields (indicated at each cunaitained by O -

2 & The arrows point at characterisgiositions during the excitatiofNo.1=1 ps, No.2=135us, N0.3=190
ps, N0.4=450k & 2 HEOI;vE HEBDHAL HEOZx0AD HIBOUS)The curves were obtained
with sample #900 under excitation at 1.47 eV, detected at 1.34 eV at temperature®) +.
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Figure 4-36 Hanlecurve measurementsobtained by0 - 2 & for the positions No.1, No.2, No.3, No.4 and
b2doQ 2F (GKS Y2 R dz Higiré4R5). fThed S NdluesSt thy cyan NaoF ctirvelag multiplied
by -1 for a better comparison to the other curvekhe curves were obtained wigample #900 under excitation
at 1.47 eV, detected at 1.34 eV at temperative p&)+.
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Figure 4-37 Hanlecurve measurementobtained by0 - 2 & for the positions No.1, No.2, No.3, No.4 and
b2doQ 2F (GKS Y2 R dz Higiré4R5). fThed S Ndluesdtthé cyarNdBIdr durvé &re multiplied
by -1 for a better comparison to the other curveEhe curves were obtained witample #900 under excitation
at 1.47 eV, detected at 1.34 eV at temperatiye p&+.

The time resolution in the following experiments isus However the presented curves
always show a signal integrated over 6 due to the noise in thesignal. Figure 4-38
compares the signal for the firgis of the modulation and the first teps of modulation The
shape of the curves is identical except that the curve that has been obtained without
averagingthe signal shows more noisén averaging ovetO ps is sufficient to lower the
experimental noise and is still short enough to analyze the dynamics of the system.
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Figure 4-38 Comparison of the same experimental data but different averagingme. The curves were
obtained withsample #900 under excitation at 1.47 eV, detected at 1.34 g¢dhgperature”™Y p&+.
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ForO - 2 & modulation the behaviour ob in the range of5.6 mTto 10.5mT differs
from its behavio in the other rangeof 6 . In the following text, such regions will be called
“regions of interest".
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Fiqure 4-39 The ed curvegivesthe development ofo atd ¢& I 4obtained by0 - 2 &modulation
For a better comparison of the dip position (one in each polarization of excitation) the red basvbeen
shifted backwardsby 500pus and to the positive values af (blue curve) The curves were obtained with
sample #900 under excitation at 1.47 eV, detected at 1.34 eV at tempera&ture®)+.

Figure 4-39 shows drops of 0 during the modulation which reaches theinimum
position at aboutx 189 usandx 684 usin the region of interest. There is one drop in each
polarization of excitation anthe distance in time of these drops is approximately %80
The position of the drops is theame within each polarizatiomhe whole region of6 at

0 - 2 & modulation @veraged over 10us) shows no change ird during the
modulation period(ref. to Figure4-37), because of the bad signal to noise rathks showrin
Figure4-40 an averaging over 10Qisleads to a inrease of the signal to mge ratio so that
the observatiorof a variation oo during the modulation period becomes possible.
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Figure 4-40 Hanlecurve measuremess obtainedby 0 - 2 &for different timesof the excitation (indicated
at each curve). In contrast tbigure4-37 the presented curvesire averaged over 10Qus. The curves were
obtained withsample #900 under excitation at 1.47 eV, detected at 1.34 eV at tempera&tured +.

Within the region ofinterest, which in this case reaches frothx 0 mTto 6 X 70 mT, a
development of0 is detectable. The changing @  in time is most present in the
region of6 x OmTto 6 x p d 4 This is approximately the same region of inttréke for

0 - 2& modulation. It seems obvious to compare the similar regions of interest for
0- 2&0- 2 &andPMmodulationto see the development ob during the time

of modulation(ref. to Figure4-41).

215 T T T T T

2.00

1.85

Ancp [a.u.]

1.70

1.55

1.40
0 100 200 300 400 500

excitation timet___ [ns]
exc

Figure 4-41 Timedependenceob F2NJ a i KS NBIA2Yy 2FO6AYy 0NBRWDIZ4 G KI G O2
This region is detected for three different modulations, namely the pure polarization modulation (PM), the
polarization modulation with2 & excitation (0 - 2 &) and polarizationmodulation with 2 & excitation

(0 - 2 &). The curves werebtained withsample #900 under excitation at 1.47 eV, detected at 1.34 eV at
temperature”Y p&+.
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To have a proof that thelevelopment ofo for the different excitation protocolss not

only an effect of averaging of the HarledzZNJ3S o6dzi | GG NHzS¢ STFFSOG
NB3IA2Yy 2the saimeipdeds afiasalyzing the data is obtained for a different region

of the Hanlecurve. The new region is given iy p 1 it4O b ¢&i 4 which has the

alYS 6AROUK A4 aGKS NBIA2Y 2F AyuSNBadéo

03 T | T | T |

ANCP[a.u.]

excitation time t___ [ns]
exc

Figure 4-42 Timedependerceof &  for the regionof 6 p 1 4O b ¢&i 4 This region is detected for
three different modulations, namely the pure polarization modulation (PM), the polarization modulation with
2 & excitation Q0 - 2 &) and polarization modulation witl2 & excitation (0 - 2 &). The curves were
obtained withsample #900 under excitation at 1.47 eV, detected at 1.34 eV at temperatured +.

Figure4-42 shows no dependence o0b during the different modulation protocols even
0K2dAK (KS Fylfeéearazygazadak8yabNBaliaoT2N G4KS 6

4.6.2 Conclusions

The chang®f®  for0 - 2 &modulationappears in a region of aboutc U 4 6

¢ U 4 The modulation protocol isthe samea& 3R T2 NJ al YL ATASR NB a2\
to sec.4.4.2) except that the REoil is directed along the-gxis and the excitation laser is a

pulsed laserFor the principle of an amplified resonant pumping of nuclear spistould

make no differace whetherthe RFcoils aredirectedalong the yaxis or the zaxis, because

both of these axe are perpendicular to the applied fiedd. Experimentshowevershow that

there is a differenceThe DNR obtained with the pulsed laser excitatiodiffers from the

results obtained by CWaser excitation even if thexeitation protocolfor both excitation

typesis the same (compare sec4.4.2. and 4.6.1)Thelack of aconsistent theory of the
electronnuclei interactionrA Y & 0 NI A Y SR v 5 Q phoibékéitéd eldcirond 3SaNJi dzND
general problem that is not solved up to date. But a promising made NJ- R SriRoded 2 E ¢
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that isusablefor both types of excitation(CW and pulsedexcitation) is given inf176]. The
graded box model describesa QD system that consistf * 100 nuclei and oneesident
electronin the groundstate of the QD This amount of nuclei is sufficient teproduce the
interaction of theresident electronwith the nucletspin bath including the inteion of the
nuclear fluctuation field|| . The results of the graded box model in [12&8¢ usefulto
reproducethe DNP of a real QD consistinggd 1t nuclei and one resident electron. Up to
now only the results 00 - 2 & under pulsed laser excitation can be reproduced by the
graded box model in [176For a0 - 2 & modulation under pulsed laser excitatiohd
graded box model assursea nuclear polarization along the optical axisas) that
alternates with a frequency eml to the modulation frequencyQ from negative to
positive values 0b ; as the only present nuclear polarizatiofhe resulting magnetic field
of this nuclear polarization stabilig¢he electron spin along the optical axis which leads to
an increae ofdo . This stabilization effect is only present if the magnitudé qof exceeds
the magnitude of thenuclear fluctuation field| . The case of an exceeding magnitude of
|| in comparison to the magnitude @ j is indicated by dowering of6 , because in
this casethe precession of the electron spismainlyalong a different directin than the z
axis, which leads to a decreaséthe zcomponent of the electron spirkigure4-35 shows
that at* p wfrt and* @ wi of one modulation period minimum value ob j appeas. In
sec.4.1.2the magnitude othe nuclear fluctuation field| isestimated to be 251 4. The
magnitude ofd j needs to be larger than this value to be the dominant magnetic field for
the electron and support a stabilization of the electron spin along #axig. The good
agreement of experimental results artthie graded box model givéhe reason for the
assumptionthat the graded box model can be further developed to reproduce the dynamic
of 0 - 2 &and PM under pulsed laser excitation.

The nuclear spin states that are responsible for nuclear polarization alongakisunder
0 - 2 & modulation can be identifiedsafollows:If the modulation frequency is equal to
the Larmor precession of the polarized nuclei, like it is for the effect of resonant pumping of
the nuclear spin(ref. to sec.4.4.3, this would give a Larmor precession okHzin a
magnetic field of ¢d 4 6 ¢ U 4 Such small Larmor frequencies can obly
obtained forstrongquadrupole influencedhuclear spin state®© of¢ (ref. to Figure4-43).



Nuclear splitting, AE (neV)

0 20 40 60 80 100
Magnetic field, B (mT)

Figure 4-43 Calculation of Zeeman splitting influenced by quadrupole interaction. The calcuisbased on a
guantum dot model where the strain is direct® only along the growing directions -|| "5 With
55 8 [167]

00

A closer identification of the nuclear spin statest are responsible for nuclear polarization
along the zaxis is not possible. Further theoretical stud@s the experimental datare

required.
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5 Summary

Nuclei and electrons trapped in quantum dat®atea strondy interactingspinsystem due

to the strong localization of electrons in quantum doBue to strain in selassembled
(In,Ga, As)GaAguantum dots quadrupole interactions appear which have a significant
influence on the nuclear spin system. Therefore it is no longer pessibldescribe the
nuclear spin system as one system with certain characteristics like a buildup time and decay
time. Instead, n the case of strain the nuclear spin system can be separated into two
subsystems, one with a spistates s pfct which is weakly iftuenced by quadrupole
interactions and the other with a spistatesO s cg¥qawhich is strongly influenced by
guadrupole interactions. Each subsystem possesses different dynamics: while the buildup
and decay time oépins pfcdstates are almost equal (appximately 5ms)to each other

the buildup and decay time ofpin states'O s ofcqd differ widely and have opposite
dependence on magnetic field strength. Furthermore, the magnitude of this subsysitbm
spinstates’'O s cfcdincreases significantly with applied field strengfiherefoe one can
subdivide the Hanleurve in two parts depending on the magnitudetof For large external
magnetic fields<(6 ¢ 1t 4), the Hanlecurveis dominated by the dynamgof spinstates

‘O s ofcq for small values 6 ¢ 1t 4the influence ofspinstatess pXc¢aisdominant.

In smallé fields, the effect of the nuclear fluctuation fielf  isobservableas well || s

a typical feature of nanostructures which on the one handspesan amount of nuclei that

is small enough so that the random orientation of unpolarized nuclei is not averaged to zero
On the other hand the amount of unpolarized nuclei is large enough to create a magnetic
field that changes randomly in direction.

The analysis of experimental data has confirmed the prediction of j&8] about the
significant influence of|| on the electron spin due to the strong localization of the
electron in quantum dotsThe magnitude of the Knigffield in the studied quantum dots is
x pl 4and enables m Overhausefield | due tonuclear polarizatiorat 6 1l 4along
the opticalaxis (zaxis) with a magnitude of|| ¢ mit4 As long as an angular
momentum is initializedcontinuously inthe system by circuldy polarized light, it is
impossible to suppress the orientation of the nuclear spin system neither by a continuous
excitation with a broadband Rfeld nor by a fast changingxcitation of , AT A
polarizedlight.

The most surpsing result is the fast decay time of nuclear polarization. An interruption of
the excitation beam on a nanosecond scale leads to a noticeable decay of nuclear
polarization. As a result Hantairves can be obtained with short excitation pulses without a
noticeable nuclear polarization. This fast decay mechanism is present for a system where the
nuclear spins interact with a single electrom relation to this phenomenon strong
differences for the nuclear polarization are detectetien either pulsedor GN-lasers are
used for excitation due to the short excitation time in relation to the repetition rate of the
pulsedlaser.In the literature one carhardlyfind a trace abotisuch fast decay mechanism
so further study is necessaryA new effect of resonant pumping of nuclear staties
guantum dots is observed, where a pure polarization modulation influences mainkpthe
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'O s pfcastates. An additional Rifeld along the optical axis considerably enhances the
polarization of O s o¥qastates which leads to a hysteresikke behavior of the Hanle
curve. The resonant pumping of nuclear states can #&lsanterpreted asa coherent
precession of nuclear spins which have a Larmor precession frequency equal to the

modulation freqency.
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Appendix
The followingfigures showsScanning Transns®n Electron Microscopy (STEM) images of
one sample of the series #11955 annealed at 820°C. At the end of this section is a picture of
the selfmade RFeoil, that was used to obtain the experimental results with the pulsed laser
and0 - 2 &andO - 2 &modulation.

00 Nnm

Figure 0-1 Side view of the sample obtained by using Scanning Transmission Electron Microscopy (STEM). A
100nm thick piece of sample is prepared (2/3 of the sample is still usakpeyture spot size is 20m and the
pixel size is 2.8m. A larger part of unscattered beam is collected by the-typg detector in order to reverse
the contrast of the image.
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Figure 0-2 Side view of the sample obtained by using Scanning Transmission Electron Microscopy (STEM). A
100nm thick piece of sample is prepared (2/3 of the sample is still usable). Aperture spot size is 1.6nm and the
pixel size is 1.7nm.
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Figure 0-3 HighResolution Transmission Electron Microscopy. Reflex [110]. In this reflex, the contrast
mainly shows the distribution of the strain in the crystal lattitecomparison toFigure0-4 the strainis more
symmetric.The growth directiond aligned to bottom. The darkarea corresponsto larger strain
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Figure 0-4 HighResolution Transmission Electron Microscopy. Reflex [110]. In this reflex, the contrast
mainly shows the distribution of the strain in the crystal lattice. In comparisdfigare0-3 the strainis more
tited. The growth direction is aligned to bottom. The darker area correspaadarger strain.Analysis of
images of many QDs shows that typically the dotssmametric Figure0-3) or strongly asymmetricH{gure

0-4).
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Figure 0-5 The RFeoils for zand ydirection. The scale is given by the ruler in the background.
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Abbreviations
| Angle between|  and the zaxis
[a.u.] arbitrary units
A mass number
0 amplitudeof negative circular polarization photoluminescence
0 hyperfine prefactor
0 hyperfine prefactor foiStype wave functiomparticle
0 hyperfine prefactor fop-type wave functiorparticle
I reciprocal temperature of the nuclear spin system
[ local magnetic field due to neighboring nuclei
@ the effective field of totally polarized nuclei affecting the electron spin
I Overhauser field
[ nuclear fluctuation field
|| constant external magnetic fielgvithout specification irdirection)
0 ¢ half width at half maximum of the Hanle curve
[ the Knight field
0 external magnetic field alongaxis
0 external magnetic field alongaxis
0 external magnetic field alongaxis
0 p X component of the nuclear fie
0 p zcomponent of the nuclear field

maximum Overhauserfield
total magnetic field acting on the nuclear spin system

the total magnetic fieldacting on the electron

sum of the Overhauser| , the nuclear fluctuation field| and the

externally applied magnetic fielﬂi
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transverse componemf nuclear polarization

limit magnitude of the transverse component of nuclear polarization
limit magnitude of theparallelcomponent of nucleafluctuation field
frozenfluctuation field

phase shift oD - 2 &modulation and drops ab

hot trion energy splitting of groundtate and ext¢ed state
reciprocal temperature of the nuclear spin system

straintensor

for example

distance in energy of the Zeeman levels

polarizationmodulation frequency

gyromagnetic ratio of the electron

gyromagnetiaatio for nucleus N

materialenergy

substrateenergy

material/substrate interfaceenergy

LandéFaktor electron

Effective Landé-aktor

Planckconstant

Hamiltonianof the sum of hyperfine, quadrupole and Zeeman interaction

Hamiltonianof the hyperfine interaction
Hamiltonianof the quadrupole interaction
Hamiltonianof the Zeeman interactio
nuclear spin operator

x-component of thenuclear spin operator
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y-component of thenuclear spin operator
z-component of thenuclear spin operator
Boltzmann constant

proportional coefficient

guantum number |

Bohr magneton

guantum number m

thermal equilibrium magnetization

total spinof the recombining electroimole pair
guantum number n

# of quantum dotswith parallel resident electronspin orientation to the
photoexcited electron

# of quantum dotswith opposite resident electronspin orientation to the
photoexcited electron

negative circular polarization

population of nuclear spirl/2 states

population of nuclear spirl/2 states

electrostatic potential

normalized wave function a stationary state of the nucleus
frequency of nuclear spin precession induced by the applied field
Larmor frequency

excitation power

probability of hole spin relaxation

electric field gradient tensor

guadrupole moment

guantum dot

guadrupole moment tensor
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S nuclear charge density distribution
| co-ordinates of the protons
» right circular polarized light

" right circular polarized light

Y one element of theS tensor

] electron spin

] hole spin

] Initial electron spin orientation

] z-component of electron spin

8| O time averaged xomponent of electron spin
-|| o] time dependent zZzomponent of electron spin
t spin relaxation time

T recombination lifetime

T time of consecutive excitation events
T characteristic rise time far -

0 sweeping time of

0 excitation time

o dark time

Y temperature

Y the electron spin lifetime

4 negative charged trion

Y spinlattice relaxation time

Y transverse relaxation time

Y Effective transverse spin lifetime

Y Duration of the Larmor precession

=

interaction energy of the nucleus

y electron density on a nuclear site
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