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Chapter

Introduction

The fast progress of digitalization and connectivity is encountering increasingly complex
limits in its technical realization. Not only in the aspect of environmental protection we
are obliged to design modern technologies in a resource-saving and energy-efficient man-
ner. It is also important to develop better encryption techniques to ensure data security
in the future. The progress in information technology has been mainly dominated by
semiconductor-based devices, where data encoding and processing is implemented by
means of the electrical charge of electrons. Since the development of the first transistor
in the year 1948 [Bar48] and the invention of integrated electric circuits [Kil63, Kil76]
with a structure size in the micrometer range, advances in information technology have
so far been achieved by scaling down the device sizes and reaching higher transistor
densities. Modern conventional CMOS! transistors are approaching length scales of
single atoms and molecules, where parasitic resistances and capacitances [Tho06], as
well as quantum mechanical tunneling of charge carriers are limiting factors. This is
associated with an increasing power consumption and an uncontrollable heat produc-
tion of modern devices. The demand for more computing power is thus in contrast to
an energy-efficient future and requires new concepts.

Interestingly, a possible way out might me to harness complex quantum mechanical
effects instead of viewing them as an invincible barrier. A very promising candidate
is the field of the semiconductor-based spintronics, where the magnetic dipole moment
of electrons is utilized instead of their charge. This field was pioneered by P. Griin-
berg and A. Fert in the year 1988 with the discovery of the giant magnetoresistant
(GMR) effect [Bai88, Bin89]. The implementation of this technology in commercial

hard drives enabled a drastic increase of the storage capacity and paved the way for

LCMOS: complementary metal oxide semiconductor



1 Introduction

a rapid development in computer technology. Another very prominent concept in the
field of spintronics was proposed by S. Datta and B. Das in the year 1990: the so-
called spin field-effect transistor [Dat90]. In such a device, spin-polarized electrons are
injected into a semiconducting channel where they travel ballistically to a detection
contact. Inside this channel region, dominated by spin-orbit coupling, the spins perform
a precession movement, which can be manipulated via an external gate. Because of a
“spin-dependent” transmission, the spin at the detection contact is either blocked or
let passed, depending on its orientation. This corresponds to the off/on state of a tran-
sistor. The realization of such a device was demonstrated at operating temperatures
in the millikelvin range [Koo09]. However, the ballistic electron transport makes the
controllability of the spin precession very error-prone and impedes its commercial real-
ization. A promising candidate to circumvent this problem is the so-called nonballistic
spin transistor, proposed in the year 2003 by J. Schliemann [Sch03]. It takes advantage
of a unique spin-orbit field symmetry, arising from an interplay of the Bychkov-Rashba
[Byc84b] and the Dresselhaus [Dreb5] spin-orbit field. By balancing the strengths of
both contributing fields, the spins arrange in a helical structure, which is often referred
to as the persistent spin helix (PSH). Thus, the spin transport through the channel
is tolerant against spin-independent scattering mechanisms and allows the operation
in a diffusive regime. A few years later this concept was reinforced by Bernevig et
al. [Ber06], who theoretically showed that the electron spin is conserved in the PSH
regime, which protects the spin from dephasing. Subsequently, the first experimental
evidence of the PSH was achieved by Koralek et al. [Kor09], utilizing transient spin
grating spectroscopy. The first direct mapping of the PSH was demonstrated by Walser
et al. [Wall2a] via time-resolved and spatially resolved magneto-optical Kerr rotation.
Furthermore, photocurrent measurements from Kohda et al. [Koh12] contributed to a
better understanding of the PSH.

Here, resonant inelastic light scattering (RILS) is utilized to investigate electronic ex-
citations in two-dimensional electron systems (2DES) embedded in GaAs-AlGaAs het-
erostructures. This field was pioneered more than two decades ago in the seminal work
of Jusserand and Richards et al. [Jus92, Ric93, Jus95, Ric96], who demonstrated the
first experimental proof of the interplay between the Bychkov-Rashba and the Dressel-
haus spin-orbit field via RILS. The present thesis is intended to continue the work of
C. Schénhuber [Sch14, Sch16al, who investigated the spin-orbit field induced my means
of spin splitting of a 2DES via RILS and was able to verify the PSH state with this
method for the first time. To gain a deeper understanding of the PSH mechanisms,

here, a new measurement setup with in-situ sample rotation on a rotary stage was de-



veloped, which allows us to precisely map the spin-splitting anisotropy of two different
samples, each with the condition of the PSH. In particular, two configurations of the
PSH, due to different doping profiles are investigated. Furthermore, the realization of
various scattering geometries and the application of external magnetic fields enables
the manipulation of the intrinsic spin-orbit fields of our samples. This allows us to
quantitatively deduce important spin-orbit field parameters, the electron |g| factor and

the single-particle scattering time from our observations.

This thesis is structured as follows: In the first part of Chapter 2, a basic overview of
the used semiconductor material will be presented, including the crystal structure, the
electronic band structure and fundamental considerations of GaAs-AlGaAs quantum
well heterostructures. Furthermore, a detailed discussion about the structural design
of each used sample is given. After this, spin-orbit interaction and the resulting spin
splitting induced by the Bychkov-Rashba and the Dresselhaus field contributions are
elucidated. This will lead us to the special situation, where both field parameters are of
equal strengths, giving rise to the PSH state. Next, the concept of inelastic light scat-
tering is introduced, starting with a phenomenological description of elementary elec-
tronic excitations in 2DES and a detailed discussion about intrasubband spin-density
excitations in (001)-grown quantum wells. This chapter is closed by introducing the
influence of external magnetic fields in our experiments.

Chapter 3 provides a description of the experimental setup, the installed magnetocryo-
stat and the used measurement geometries for all experiments in this work. The second
part of this chapter, introduces the computational Lindhard-Mermin line-shape analy-
sis method, used for simulating the spectral line shape of intrasubband spin-density
excitations.

Chapter 4 starts with the experimental characterization of all samples used in this
work. In the next part, a sample with an external electric gate is examined. After ba-
sic characteristic measurements, an effective manipulation of the charge carrier density
via the electric gate is demonstrated. Also a tuning of the intrinsic Bychkov-Rashba
parameter can be shown by analyzing the RILS spectra. This is followed by magneto-
luminescence measurements in out-of-plane external magnetic fields. Next, the impact
of out-of-plane magnetic fields on spin-density excitations is elucidated. An indication
of the collective character of spinflip SDE is given by a comparison with measurements
in polarized measurement geometry, where non-spinflip excitations are investigated. In
the last part of this chapter, in-plane external magnetic fields are utilized to manipu-

late the intrinsic spin-orbit fields. As a result, we can extract the effective spin-orbit
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field strengths and the |g| factors of our investigated samples.

Finally, all relevant measurement results are summarized in Chapter 5 together with

an outlook for future studies.



Chapter

Basics

2.1 GaAs-AlGaAs heterostructures

For several decades, gallium arsenide has been a key material for optoelectronic devices
in both science and industry. The fields of application of this direct band gap III-V
semiconductor range from commercially usable infrared LEDs and high-frequency de-
vices up to spin transistors and qubits, which play an important role in the area of
quantum computing research. With advanced molecular beam epitaxy and modu-
lation doping techniques, ternary alloys between GaAs and AlGaAs are established,
forming heterostructures. By confining the dimensionality, quasi two-dimensional (2D)
quantum wells with highly mobile electrons are achieved. The electron spin in such
materials is mainly influenced by spin-orbit interaction, which in turn is caused by
crystal symmetry and intrinsic electric fields. This section provides an overview of the
material system GaAs/AlGaAs, beginning with the crystal structure and the resulting
electronic properties. It is followed by the basics of a quasi 2D quantum well structure

and the consequences for the confined electron states in such a system.

2.1.1 Crystal structure of GaAs

GaAs is one of the most important representatives of I1I-V compound semiconductors,
which crystallizes in zinc blende structure. Figure 2.1 illustrates the atomic composition
of its constituents. The structure can be described by shifting two face-centered cubic
sublattices, one containing Gallium, the other Arsenic, shifted by (%, §, ) towards the
space diagonal with the lattice constant a gaas = 5.6533 A (at 300K) [Pea67]. The
crystal symmetry corresponds to the point group 7Ty, which is the same as for the

regular tetrahedron, consisting of 24 symmetry operations, bringing it into coincidence
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with itself [Yu96]. Because of the two-atomic basis, the zinc blende structure differs

from the diamond structure and therefore has no inversion symmetry [Dre55].

Figure 2.1 | 3D illustration of bulk GaAs in zinc
blende structure. It consists of two face-centered
cubic lattices of Ga and As atoms, shifted by
(%> %> 1) towards the space diagonal, with the lat-
tice constant a. Figure taken from [Sze07] and

slightly adapted.

Tetrahedron

2.1.2 Electronic band structure

The first Brillouin zone of the zinc blende lattice with its high-symmetry points de-
scribed in the reciprocal lattice is sketched in Figure 2.2 (a). GaAs is a direct band
gap semiconductor with its valence band maximum and the conduction band minimum

located at the I'-Point at the center of the Brillouin zone.
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Figure 2.2 | (a) First Brillouin zone of a face-centered cubic lattice with high-symmetry
points. Figure taken from [Sch06] and slightly adapted. (b) Qualitative sketch of the band
structure of GaAs close to the fundamental gap at the I'-point. Taken from [Win04].

For optical excitations with laser energies in the range of the fundamental gap, only

band edges in the vicinity of the direct band gap are relevant, since the momentum
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transfer of light is much smaller than the dimensions of the Brillouin zone. This makes
optical spectroscopy a very powerful tool to investigate direct band gap semiconduc-
tors, because electron-hole pairs can be generated very effectively in the valence- and
conduction band.

Figure 2.2 (b) depicts the band structure of bulk GaAs close to the fundamental gap
at the ['-point in an effective mass approximation. For T = 0K, the band gap energy
is By = 1.51914 eV [Skr84]. Due to overlapping of the electron orbitals of neighboring
atoms, new bands form: The s antibonding conduction band and three p bonding va-
lence bands. In the s-like conduction band, two electrons may occupy the energetically
lowest s orbital with the angular momentum quantum number [ = 0 leading to a two-
fold spin degeneracy s = 4+1/2. For bulk GaAs, the effective mass of the conduction
band is m* = 0.067m, [Ada85]. The angular momentum for the bonding p-like valence
band orbitals is [ = 1, resulting in the magnetic quantum number m; = £3/2 for
the heavy hole band (HH) and m; = £1/2 for the light hole band (LH), which are
degenerate at the I'-point. Their names arise from the different effective masses. Due
to spin-orbit coupling, the degeneracy of the so-called split-off band (SO, m; = £1/2)
is lifted.

A detailed description of the band structure for arbitrary directions in the reciprocal
space requires complex theoretical models like the pseudopotential method, which is

not discussed here. For further information refer to [Che76] or [Ihn10].

2.1.3 Quantum well structure

A two-dimensional electron system (2DES) is formed by confining electrons in a quan-
tum well. One common way is to embed GaAs in a barrier material with an increased
band gap. The ternary alloy Al,Ga;_,As is well suitable for this purpose, where a
fraction z of the Ga atoms is replaced by Aluminum (Al). By increasing the amount
of x in the alloy, the magnitude of the direct band gap becomes larger and is described
by [Men86]

Eg(z) = 15177+ 1.30 z (in eV).

For values of x > 0.45 it becomes an indirect band gap semiconductor with a minimum
at the X-point of the Brillouin zone (see Fig. 2.2 (a)). However, in this work, only
direct band gap materials with x = 0.30 and 0.33 are used.

The heterojunction of a single GaAs quantum well embedded in an AlGaAs barrier

is depicted schematically in Fig. 2.3. The relative alignment of the conduction- and
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Figure 2.3 | GaAs single quantum well structure embedded in AlGaAs. The alignment of
the band edges is described by Anderson’s rule, based on aligning the vacuum levels. Based
on [Dav97].

valence band edges (black and blue solid lines) can qualitatively be described by Ander-
son’s rule [And62, Dav97|. This rule is based on the electron affinity y, measuring the
required energy to move an electron from the conduction band bottom to the vacuum
level (dashed line). The formation of a type I heterostructure, as shown in Fig. 2.3, is
the result of Anderson’s rule, stating that the vacuum levels of the involved materials
line up. By fabricating a thin layer of GaAs sandwiched between two thick AlGaAs
barriers, one obtains a confinement of the electrons perpendicular to the growth direc-
tion in the x-y-plane and a quasi two-dimensional electron system is formed. In the
simplest scenario, the energy levels of the confined electrons are approximated using

the textbook example of an infinitely high potential well. They are described by [Sch04]

n7r> 2 ﬁQkﬁ

FLZ

. 2.1
2m* ( )
Here, n > 0 is the discrete energy subband index, d the width of the quantum well and
ky = (kz, ky,0) the in-plane dispersion of the confined electrons. In Fig. 2.3, the lowest
electron subband for n = 1 (solid orange line) is illustrated. As a consequence of the
different effective masses m* for the heavy- and light hole states in the valence band, a

splitting of AFyp n at the I'-point for n = 1 can directly be obtained from Eq. (2.1)

1/ 1 1 i\ 2
AE == - ) (=) 2.9
HH,LH 2 (mHH mLH> ( d > ( )

The HH and LH valence bands for this case are schematically sketched in Fig. 2.3 as




2.2 Sample growth and design

the two green horizontal lines.

2.2 Sample growth and design

In the course of this work, three different samples with highly specialized properties
were investigated. This section starts with a brief introduction into the molecular
beam epitaxy (MBE) method, which was used for manufacturing the samples. This
is followed by a detailed discussion of the structural composition of each sample, sup-
ported by valence- and conduction band potential profile simulations, conducted with
the self-consistent Poisson-Schrodinger solver “nextnano++" [Tre06, Bir07]. Also, the

application process of an electrical top gate will briefly be discussed.

2.2.1 MBE growth

Figure 2.4 shows the simplified illustration of a molecular beam epitaxy chamber. The
whole system is held under ultra high vacuum (background pressure below 107! mbar)
to avoid contamination with impurities and to increase the mean free path of molecules
between collisions to operate in the molecular-flow regime of a gas (also called Knudsen
regime). The furnaces containing the elements to be deposited are called Knudsen cells
(K-cells). They have individual orifices pointing towards the sample holder which are
controlled by mechanical shutters. When a shutter is opened, the evaporated substance
inside a K-cell is forming a molecular beam that enters the MBE chamber and is de-
posited on the substrate layer by layer. For optimal growth conditions, the substrate
is heated and rotated during the deposition. The whole process is monitored, utilizing
RHEED (reflected high-energy electron diffraction), where an electron beam is scat-
tered at the sample surface in grazing geometry. For each fully grown monolayer, the
scattered intensity of the electron beam, displayed on a screen, differs from incomplete
layers, resulting in a periodically changing signal from which the grown layer number

can be measured very precisely.
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Figure 2.4 | Schematic cross section of a MBE chamber in top view. Taken from [Dav97].

2.2.2 Investigated samples

All three samples used in this work are n-doped, 12nm wide GaAs/AlGaAs quantum
wells grown in [001] and [110] crystal direction. A prerequisite of the structural compo-
sition was to choose all growth parameters deliberately to obtain a special symmetry of
the intrinsic spin-orbit coupling, forming a persistent spin helix regime (see Sec.2.3.3).

An overview over the important sample parameters is given in Table 2.1.

Sample | z 0- Density n | Mobility ¢ | |a| =8 | |g| factor | m*/mg | Bsgo Wafer
name profile | (10%-;) (1061%?) (meV A ) (Tesla) name
A 001 | dsd 2.7 (5.0) (33) 3.50 0.17 0.079 18 D110831A
B/B* | 001 |ssd |58 (5.9) | (34) 3.2 0.24 0.079 | 18 CI30117A
C 110 | dsd | (5.0) (60) D160408A

Table 2.1: Overview of all investigated samples with their most important parameters.
The values in brackets were determined by the manufacturer using magneto-transport mea-
surements. All other values were extracted from optical measurements in this work. The
abbreviations “dsd” and “ssd” stand for double sided doping and single sided doping.

Sample A

The wafer of this n-doped [001]-grown GaAs-Al,Ga;_,As (z = 0.30) sample was man-
ufactured at the ETH Ziirich under guidance of Prof. Werner Wegscheider in collabo-
ration with Gian Salis from IBM-Research Ziirich. It was designed to reach balanced
strengths of the Bychkov-Rashba («) and Dresselhaus () parameters (see Sec. 2.3).
Since the strength of the linear Bychkov-Rashba coefficient is determined by the built-
in electric field, it was a great challenge to establish the correct doping concentrations
yielding an asymmetric wave function inside the 2DES. One sample piece of this wafer
was used in the experiments of Matthias Walser et al. [Wall2a] where for the first time
a direct mapping of the helical spin state could be shown in time-resolved Kerr rotation

measurements (TRKR). In the work of Christoph Schénhuber et al., another sample

10



2.2 Sample growth and design

piece of this wafer was used and the spin splitting anisotropy for two different in-plane
crystal directions via resonant inelastic light scattering experiments on intrasubband
spin-density excitations was first demonstrated [Sch14]. From our spectroscopic data
(see Sec. 4.6.1) we could extract the electron density of n = 2.7x 10 m™2 (see Tab.2.1).
It is lower than the value which was determined in magneto-transport measurements
by the manufacturer (n = 5.0 x 10'®m~2). This deviation could stem from a redis-
tribution of electrons from the quantum well to the ionized donors inside the barriers
due to laser radiation. Another reason for this quite large difference could be due to
fluctuations in the donor distribution, since different pieces of the wafer were used.

The mobility of this sample is 1 = 33 x 10° %S

A schematic growth pattern of this sample is sketched in Fig. 2.5 (a), where the growth
direction (z) points from left to right. The sample hosts a nominally 12 nm-wide single
quantum well, located 100 nm below the sample surface and has a so-called inverted
doping profile with its dominant Silicon d-doping layer grown before the quantum
well. It is separated by a 20nm AlGaAs barrier from the quantum well, preventing
the ionized donors to act as scatterers in the 2DES region to ensure a high electron
mobility. The secondary doping layer was grown for fine tuning of the intrinsic electric
field, which is present due to structure inversion asymmetry (see Sec.2.3.2). The two
superlattices located near the GaAs substrate are consisting of thin GaAs/AlGaAs
layers, and are designed to prevent impurity atoms from entering the quantum well
region during the growth process. An inverted doping profile is not commonly used,
because dopants can “float” into the quantum well region during the growth process

and act as impurities, reducing the mobility of the 2DES.

Figure 2.5 (b) shows the valence- and conduction band potential profile, simulated with
the self-consistent Poisson-Schrodinger solver “nextnano-++". The exact doping con-
centrations are unknown, but the ratio between dominant and secondary doping is
known to be 5:1, so for the simulation, the total doping concentration amount was var-
ied until the simulation output of the electron density matched the optically measured
value n = 2.7 x 10" m~2 (see Table 2.1). At the sample surface, a 5nm thick GaAs
cap layer is grown to prevent oxidation of the AlGaAs barrier. Due to ¢ modulation
doping, a space-charge zone emerges from positively charged Si atomic nuclei leading to
a bending of the potential curvature towards lower energies at the two doping regions.
Figure 2.5 (c) is a zoom into the quantum well region of the conduction band with the
squared envelope wave function |xo|? (orange line) of the lowest confined subband level

that can be interpreted as the probability density of electrons. The asymmetric con-

11



2 Basics

(a) 12 nm 5 nm
1 2200 nmy 100nm 1 231 nmj| 20nm | | 25nm | 65nm | |
| | | | [ | [
Q [ ; [ o
= 1 ("] U 0 = N = ("] ©
© [+*] [}
. i E2| s @it : B
dellz=|| £ ||a% || 22 @ S5 | £ B
@ . <® g < < |6
Growth direction Lbz Si dominant Si segondary
dopin oping
(b) 1 v 1 v 1 1
0.7F -
Conduction band r
— T E
>00pH------~ '.'.'.'.'.—nﬁﬂu---f.-
=
2
0-0.7 | -
c
5 / !
-14 ﬂalence tzar;d. L] )ﬂl/ -
[ 1 M 1 M I‘.k‘ 1 M 1
-500 -400 -300 -200 -100 0
z (nm)
(©) o5 .
0.4t E-field
0.3 '
S Secondary
5 0.2F Dominant doping
I doping
[
w 0.1 CB
1 E.
00F - - - - -[7- -------
]
1
_0-1 2 » 2 2 2 2
-140 -120 -100 -80 -60
z (nm)

Figure 2.5 | (a) Schematic growth pattern of sample A (not to scale). The growth direction
(z) points from left to right. The different Si-doping concentrations lead to an asymmetric
band edge profile. (b) Potential profile of the valence- and conduction band computed with
“nextnano++". (c) Zoom into the quantum well region of the conduction band potential
profile (black solid line) with the probability density of electrons |yo|? (orange line). The
green dotted line follows the conduction band potential curvature inside the QW and is

sketched for comparison with sample B (see Fig. 2.6 (c)).

centration of the two doping layers leads to the formation of an electric field, pointing
in growth direction (see Fig. 2.5 (c)). Therefore |xo|?* has an asymmetric shape with its

maximum inclined to the left side (in direction of the substrate). From the simulations

12



2.2 Sample growth and design

of Fig. 2.5(b), we extract a transition energy of Eg ~ 1.5319€eV by measuring the
distance between the first quantized states of electrons in the conduction band and

heavy holes in the valence band inside the quantum well region.

Sample B

This n-doped, [001]-grown GaAs-Al,Ga;_,As (z = 0.33) wafer was fabricated at the
University of Regensburg in the group of Prof. Dominique Bougeard. As for sample A,
the aim was to achieve balanced Bychkov-Rashba («) and Dresselhaus () strengths.
In contrast, here a single sided doping profile, where the doping layer is grown after
the quantum well to reduce incorporation of donor impurities inside the quantum well
during the growth process was used. A piece of the same wafer was also used in
the work of Markus Schwemmer et al. [Sch16b], where the authors demonstrated the
existence of a persistent spin helix state for this sample utilizing time-resolved Kerr

2

rotation measurements. The electron density n = 5.9 x 10" m=2 and the mobility

o= 84 x 10° r\r}—z were determined by the sample grower. Again there is a deviation
for the extracted value from our spectroscopic data n = 5.8 x 10" m~2 (see Tab. 2.1
and Sec.4.6.1). The higher mobility compared to sample A is possibly explained by
the single-side doping profile: On the one hand, impurities inside the quantum well
are minimized due this growth technique as stated before. On the other hand, the
electrons are more confined on one side of the quantum well, reducing the scattering
on interface imperfections compared to a double-sided doping, where the electrons
“feel” two interfaces [Sch06].

Figure 2.6 (a) illustrates the schematic sample structure with the growth direction
pointing to the right side. It has a simplified growth structure, compared to sample A.
The quantum well with a nominal thickness of 12nm is located 500 nm below the sur-
face. Between quantum well and doping layer is a 20 nm AlGaAs barrier. Figure 2.6 (b)
sketches the conduction- and valence band profile simulated with “nextnano+-".

A zoom into the quantum well region is shown in Fig. 2.6 (¢). Due to the doping layer
on the right side, the intrinsic electric field points to the left hand side (in direction
of the substrate), vice versa as in sample A. This causes the probability density of
electrons |xo|? to be inclined towards the sample surface (orange line). Because the
quantum well is markedly deeper below the sample surface as compared to sample A,
and there is no doping layer between quantum well and substrate, the slope of the
conduction band on both sides of the quantum well is significantly different. On the
substrate side it is nearly horizontal, whereas facing towards the doping layer, it is very

steep. This has a considerable effect on the curvature of the conduction band at the
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Figure 2.6 | (a) Schematic growth pattern of sample B (not to scale). The growth direction
(z) points from left to right. Compared to sample A, the simpler design with one-sided doping
on the opposite side also leads to an asymmetric band edge profile. (b) Potential profile of the
valence- and conduction band computed with “nextnano++". (c¢) Zoom into the quantum well
region of the conduction band potential profile (black solid line) with the probability density
of electrons |xo|? (orange line). The green dotted line follows the conduction band potential
curvature inside the QW and is sketched for comparison with sample A (see Fig. 2.5 (¢)).

bottom of the quantum well which is quite different for both samples A and B. For
comparison, the curvature of this region for sample A (see Fig. 2.5(c)) was mirrored,

and plugged in Figure 2.6(c) as a green dashed line. This might be an indication that
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2.2 Sample growth and design

for sample B there is no homogeneous electric field across the quantum well. From the
simulation in Fig. 2.6 (b), we extract a transition energy of Eq ~ 1.5414 ¢V, which is
slightly higher than for sample A, and might originate from the increased band bending
of sample B.

Sample B* (gated)

This sample stems from the same wafer as sample B, but was equipped with a semi-
transparent Nickel-Chrome (Ni-Cr) top gate to apply an electric field perpendicular to
the sample surface. The gate was fabricated in cooperation with Johannes Holler and
Dr. Michaela Trottmann at the vapor deposition chamber of Prof. Dominique Bougeard
in the cleanroom of the University of Regensburg. Here, we will give a brief overview
about the top gate fabrication process, a detailed description can be found in previous
publications from our research group [Kugl2, Gral7]. Figure 2.7 (a) shows a sectional
view of sample B*. The 2DES is used as a back gate contact. By applying a voltage
between the back- and the top gate, electrons are injected or depleted in the 2DES, de-
pending on the polarity of the voltage. Before the Ni-Cr top gate is applied in the vapor
deposition chamber, the desired top gate position is delimited by applying Scotch©-
tape to shade the area, where the back gate contacts should be installed, avoiding a
short circuit between top- and back gate. Next, ~ 15nm Ni-Cr are deposited in a
vapor deposition chamber. At this thickness, the top gate is semitransparent, and its
transmission ratio is measured to be ~ 0.5 in transmissivity experiments. To estab-
lish a contact to the 2DES, the top gate free sample surface area, which was shaded
before with Scotch-tape, is scratched with a Tungsten pin and four separated solder
points of Indium are applied and subsequently alloyed at 350°C for 60 seconds in a
furnace under forming gas atmosphere. In the last step, the sample is mounted on a
circuit board (see Fig. 2.7 (b)), where the four back gate contacts and two top gate
contacts are bonded with gold wires to larger connection panels to be installed inside

the cryostat.
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(a)
Indium
: backgate-
Doping
layer 2DES [0

Figure 2.7 | (a) Schematic cross section of sample B* with Ni-Cr top gate and back gate
contacts. (b) Sample B* mounted on the circuit board, attached to the cryostat insert.

Sample C

In the course of this work, an attempt was made to examine the persistent spin he-
lix state in grazing-incidence measurements, utilizing resonant inelastic light scatter-
ing experiments. Therefore Prof. Wegscheider supplied us with a [110]-grown GaAs-
Al,Ga;_,As (z = 0.30) sample, hosting a 12-nm wide single quantum well with sym-
metric doping profile. With this doping symmetry, no structure inversion asymmetry is
present in the 2DES, and the apparent spin-orbit interaction is only due to the Dressel-
haus contribution, which points out-of plane for [110]-growth direction (see Sec.2.3.1).
In this special case, a persistent spin helix (PSH) regime forms for the out-of plane
direction (see Sec.2.3.3).

Figure 2.8 (a) sketches the sample structure with the growth direction pointing to the
right hand side. The 12nm wide quantum well is located 230 nm below the surface and
is embedded in a 58 nm thick AlGaAs barrier. It is symmetrically doped with three
doping layers. The utilized doping technique is called quantum well doping [Uma09],
where every Silicon doping layer lies inside a thin, 2 nm wide GaAs single quantum well,
surrounded by 1 nm AlAs barrier material. The ratio of the doping concentrations was
set by the manufacturer to 80:72:40 (shown in Fig. 2.8 (a) as QW doping 1-3).

The resulting “nextnano++" band edge profile simulation of the conduction band in
the quantum well area is shown in Fig. 2.8 (b). Located on the left and right hand side
of the 2DES, the spikes in the conduction band stems from the AlAs barrier material of
the quantum well doping layers, the Silicon doping is marked as the red dashed lines.
The simulation was conducted in the same way as for sample A and B, by fixing of
the doping concentration ratio for all QW doping layers, until the resulting electron

density was consistent with the specified value n = 5.0 x 10" m~2 (see Tab. 2.1.) The
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Figure 2.8 | (a) Schematic structural composition of sample C (b) Band edge profile simu-
lation of the quantum well region of sample C.

orange line shows the probability density |xo|* of electrons inside the quantum well.
Due to the symmetrical slope of the conduction band in the quantum well region, no
electric field along the growth direction is present, as it is the case for sample A and

B. The extracted transition energy from the simulation is Eq ~ 1.5463 eV.

2.3 Spin-orbit interaction

Spin-orbit (SO) interaction describes the interplay between the spin and orbital de-
grees of freedom of the electrons. The SO interaction originates from a relativistic
description, where a moving electron in an electric field “feels” an effective magnetic
field. The interaction of the spin of the moving electron and this effective magnetic
field is then referred to as spin-orbit interaction. This section will outline the two
main contributions to spin-orbit coupling in GaAs-AlGaAs semiconductor heterojunc-
tions and the resulting lifting of the spin degeneracy in 2DES. The interplay of both
contributions, originating from the bulk inversion asymmetry (BIA) and the structure

inversion asymmetry (SIA), is leading to the formation of a persistent spin helix state,
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which will be discussed at the end of this section.

The relativistic interaction between electron spin and orbital angular momentum leads
to an additional splitting of the energy bands for |k| > 0. The corresponding spin-orbit

interaction Hamiltonian derives from the Dirac equation and is written as [Fab07]

h
Hso = ———5—0-px (V). 2.3
SO 4m8020 p x (Vo) (2.3)
Here, p is the momentum operator of the involved particle, o is the vector of Pauli

matrices and myg is the free electron mass.

In semiconductor heterostructures, this intuitive picture becomes more complicated,
since confinement effects cause band bending, creating an intrinsic electric field (see
Sec. 2.2.2). In addition, moving electrons in polar semiconductors such as GaAs are sub-
jected to a periodically changing potential, and the effect of this potential on the spin
of the electron can be described by a k-dependent magnetic field Beg(k). Therefore,
the symmetry of a semiconductor crystal plays an important role for the description
of the spin energy eigenvalues and the spin degeneracy of such a system. For inver-
sion symmetric crystals like Silicon, the spin-up (1) and the spin-down (]) states are
degenerate:

Ex(k) = E,(k), (2.4)

which is a consequence of the combined effect of inversion symmetry in space and time
[Kit63]. Space-inversion symmetry changes the wave vector k into —k, resulting in
Ei(k) = E;(—k) and time-inversion symmetry, besides changing k, also flips the spin,
resulting in Ey(k) = E|(—k), also known as the Kramers relation [Dre55, Fab07].

There are two possible ways to lift this spin degeneracy: On the one hand, the space
inversion asymmetry can be broken by internal or external electric fields even in the ab-
sence of magnetic fields, where a horizontal splitting of the parabolic subbands emerges.
This is sketched in Fig. 2.9 (a). For materials like GaAs, the space inversion symmetry
is already broken due to a lack of crystal inversion symmetry. On the other hand, the
time inversion symmetry can be broken by applying an external magnetic field. This
leads to a Zeeman splitting [Zee97] of the parabolic subbands, sketched in Fig. 2.9 (b),

where a vertical splitting A Eyeeman Of the parabolic subbands occurs.

As stated above, the SO-coupling-induced band splitting may be considered as an
intrinsic, effective k-dependent magnetic field Bgo(k), and so Eq. (2.3) can be written
as

Hso = ZQ(I{:) ‘o, (2.5)
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(a) Breaking of space-inversion symmetry (b) Breaking of time-inversion symmetry
E(K) ) E(K)
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Figure 2.9 | The parabolic spin-split subbands of the lowest conduction band are sketched
for two cases: (a) Breaking of the space-inversion symmetry is leading to a horizontal subband
splitting, where for |k| > 0 the energy splitting AFEgo is determined by the strength of the
spin-orbit interaction. (b) Breaking of the time-inversion symmetry is leading to a vertical
splitting A Ezeeman Of the subbands, also known as Zeeman splitting.

with the Larmor precession vector (k) = (gugp/h) Bso(k).

One usually differentiates between three different space inversion asymmetries: The
bulk inversion asymmetry (BIA), the structure inversion asymmetry (SIA) and the
natural interface asymmetry (NIA). In GaAs, the impact of NIA is negligibly small,
since it originates from heterostructure interfaces in which the adjacent layers share
no common atom (e.g. InAs) [Kre96, Win03, Dya08]. For the present work on GaAs,

BIA and SIA is essential and will be discussed in more detail below.

2.3.1 Bulk inversion asymmetry - BIA

The lack of inversion symmetry in zinc blende III-V compounds like GaAs (see Sec. 2.1.1),
gives rise to a spin splitting of the energy dispersion in bulk materials at zero exter-
nal fields. This was theoretically proposed by G. Dresselhaus [Dre55], who derived
an expression for the Larmor precession vector from Eq. (2.5) by using general group-
theoretical arguments. In the lowest order of perturbation theory, Q(k) is cubic in k

and has the following form®:

2y
Q(k)BIa, bulk = 5 ko (K2 — K2), Ky (K2 — k2), ke (K2 — kD))" (2.6)

IThe superscript T means “transpose”.
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It includes the material-dependent spin-splitting Dresselhaus parameter [Dya71, Dya86,
Zut04]

O./Dh3
V=
m*\/2m*E,

The dimensionless parameter ap expresses the magnitude of the Dresselhaus SO-field

(2.7)

strength. For moderately n-doped bulk GaAs, a value of ap = 0.07 was experimentally
determined [Mar83]. Additionally, the Dresselhaus SO coupling strength depends on
the effective electron mass m*, and the band gap size E,.

The spin-splitting Dresselhaus parameter v depends on the confinement energy of the
quantum well and the penetration depth of the wave function into the barrier mate-
rial. For a higher confinement energy, the value of v decreases [Win03]. In quantum
wells, the orientation of the Dresselhaus SO field depends on the growth direction, since

the wave function is confined and momentum hk, quantizes along the growth direction.

001-grown quantum well

By choosing a coordinate system with &, pointing in growth direction, i.e., z || [100],y ||
[010], z || [001], Eq. (2.6) can be expressed for a 2DES, substituting the quantized
momentum k, by its expectation value (k,) = 0 and (k?) = (7/dqy)?, with dg, being
the quantum well width [Dya86, Zut04]:

QRIS 20 = 27 ke (K2 — (2)), Ky (82) — K2), 0. (2.8)

In a 2DES, cubic terms in the in-plane momentum are often neglected. This is justified,
since the in-plane momentum (k;)? is much smaller than (k2) for the samples presented
in this thesis. With this, the Larmor frequency of the Dresselhaus SO field can be

approximated, and is written as

2p
QUR)SIA, 20, tinear = 7 [kar Ky O] (2.9)

{3 is called the linear Dresselhaus parameter, and is given by 3 = —~ (k?). Note that
7 is negative for GaAs [Wall2b]. A sketch of (k) is shown in Fig. 2.10 (a). It only
has components lying in the 2DES plane. The strength of the Dresselhaus SO field
is expressed by the parameter /3, that will be experimentally determined later in this
work (see Sec. 4.6.1).
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2.3 Spin-orbit interaction

110-grown quantum well
The symmetry of the Dresselhaus field changes significantly when the crystal is grown
in different crystallographic directions. For a GaAs heterostructure grown along the
[110]-crystal direction, one typically chooses a coordinate system with x || [110],vy ||
[001], z || [110]. For a 2DES in k-linear approximation the Dresselhaus SO field can be
expressed as [Dya86, Has97]

28
QR)BIA 20, iear = - 0 0. el (2.10)

For this case, Q(k) is sketched in Fig. 2.10 (b). The Dresselhaus SO field points along

the growth direction.

(a) Koro (b)

——

1170

Figure 2.10 | (a) Orientation of the linear Dresselhaus SO field for a 2DES grown in [001]-
direction at the Fermi level (black circle). The orientation and amplitude of Q(k) is repre-
sented by the orange arrows. (b) Linear Dresselhaus SO field for a 2DES grown in [110]-
direction. Q(k) is pointing out of the 2DES plane for every direction of k.

2.3.2 Structure inversion asymmetry - SIA

For low-dimensional semiconductors with an asymmetric conduction band potential
profile (cf. Fig. 2.5(c)), which can be realized by, e.g., different alloy compositions or
single-sided modulation doping, intrinsic electric fields may arise alongside the growth
direction and break the space inversion symmetry, which is often referred to as the
Bychkov-Rashba effect [Ras60, Byc84a, Byc84b|. The same effect can also be induced
by external electric fields via electrical gates [Nit97, Stu09].

As we have seen previously for BIA, the contribution of SIA can be considered as an

effective magnetic field coupling to the spin degree of freedom, as shown in Eq. (2.5).
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In lowest order in k and F it is given by

2
Q(k)sia = % k x E. (2.11)

Here, ar is a material dependent parameter, and has been determined for GaAs, using
an extended Kane model as ag = 5.2 eA? [Win03]. For electric fields pointing parallel
to the growth direction z, which is the case for asymmetrically doped GaAs/AlGaAs

heterostructures, Eq. (2.11) can be expressed as

2a
h

Here, the common Bychkov-Rashba parameter a = (agrE,) is obtained by averaging

Q(k)sia = — [ky, —kz, 0]". (2.12)

the electric field and the material dependent parameter over barrier and quantum well.
Q(k)sia from Eq. (2.12) is sketched in Figure 2.11. It is independent of the growth
direction and always lies in the quantum well plane, perpendicular to the electron k-
vector. The sign of « is determined by the orientation of the electric field F. and

therefore may be tuned to positive or negative values.

Kot
A
[110]
S = ~~ .
s.‘/ L’
\ Figure 2.11|Orientation of the
/ \ Bychkov-Rashba SO field at the Fermi
e , > surface, for an electrical field F, pointing
\ . K100 in [001] growth direction.
e - /“\
[110]

In semiconductor heterostructures, the interplay of both the Dresselhaus and the
Bychkov-Rashba SO field are of great interest. Experiments to separate these two
effects were presented by Ganichev et al. [Gan04], who used the spin-galvanic effect
in photocurrent measurements to deduce the ratio between Dresselhaus and Bychkov-
Rashba SO field for different samples. For future spintronic devices, a configurable SO
interaction would be of great benefit. In contrast to the Dresselhaus SO contribution,
which is determined by the crystal structure of the used material, the Bychkov-Rashba
SO contribution can be modified not only by intrinsic fields, arising from an asym-

metric doping profile in the growth process, but also temporarily via external gating.
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Nitta et al. [Nit97] were the first who demonstrated the tunability of SO interaction
in a 2DES, using a top gate electrode by investigating Shubnikov-de Haas oscillations.
However, in this study, no separation between Dresselhaus and Bychkov-Rashba SO-
field effects was possible. In the work of Studer et al. [Stu09], a tuning of just the
Bychkov-Rashba SO coupling was achieved using back- and top gate in time-resolved
Kerr rotation measurements. They found a linear dependence between the externally
applied field (perpendicular to the 2DES) and the Bychkov-Rashba induced SO-field

strength o and could determine its sign.

2.3.3 The persistent spin helix

We have seen that the previously introduced Dresselhaus and Bychkov-Rashba SO-
coupling mechanisms can both be present in two-dimensional semiconductor hetero-
structures. In [001]-grown GaAs quantum wells, these fields lie in the 2DES plane
(cf. Fig. 2.10(a) and Fig. 2.11). For the distinct case of balanced strengths of the
SO contributions, i.e., |a| = [, the resulting total effective SO field forms a unidi-
rectional SO field that gives rise to a special spin rotation symmetry, the so-called
persistent spin helix (PSH). Based on this, Schliemann et al. [Sch03] proposed a non-
ballistic spin-transistor which has gained a lot of interest in spintronic research, e.g.,
[Kor09, Wall2a, Koh12]. In such a device, the spin transport is tolerant against spin-
independent scattering mechanisms. An external gate is used to switch between the
two states |a| = £ and |a| # (3, which allows to switch spin dephasing on and off. A
few years later, this concept was reinforced by Bernevig et al. [Ber06], with a proposal
exploiting the SU(2) symmetry of the spin, present in such systems which should lead
to the formation of a PSH. The remarkable suppression of spin dephasing is explained
by the fact that spin precession depends only on the traveling direction parallel to
the helix direction (maximum strength of the SO field), whereas for the perpendicular
direction no SO field is present. Thus, in such a nonballistic spin-transistor device, the
spin information transport is independent of the traveling direction through the de-
vice. The first experimental proof of this PSH state was subsequently demonstrated by
Koralek et al. [Kor09] using transient spin-grating spectroscopy. In the work of Walser
et al. [Wall2a] a direct mapping of the PSH was realized using time-resolved Kerr
rotation measurements. Via weak (anti-) localization experiments on gated samples,
Kohda et al. [Koh12] showed, that the PSH-type state is relatively robust if |a| ~
are comparable without external gate voltage. With this prerequisite, the PSH state

is still present even when « is detuned via a gate voltage.
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Most important for the present work are the experiments from Schéonhuber et al.
[Sch14], where a huge spin splitting anisotropy stemming from the unidirectional ef-
fective SO field in a GaAs-AlGaAs sample with a ~ 3 was shown, utilizing resonant
inelastic light scattering experiments. The sample used in this work is from the same
wafer as in Ref. [Wall2a].

However in GaAs, the PSH state is not only limited to the [001] growth direction. As
we have seen in Sec. 2.3.1, for the [110] growth direction, the Dresselhaus field has also
a unidirectional character (see Fig. 2.10 (b)). Consequently in such a structure, with-
out Bychkov-Rashba SO interaction, a PSH state for out-of plane crystal directions is
present. This was experimentally investigated by Chen et al. [Chel4]. Kammermeier
et al. [Kam16] predicted that the PSH state is achievable for any n-doped zinc-blende
semiconductor quantum well, with the prerequisite that the growth direction points

along an axis where two of the Miller indices have the same modulus.

Now we will focus on the symmetry of the effective spin-orbit field for the [001]-grown
samples used in the present work, only considering terms linear in kj for the Bychkov-
Rashba and Dresselhaus contributions. The intrinsic electric field of sample A is point-
ing along the growth direction (see Fig. 2.5 (c)), which induces a Bychkov-Rashba SO
field, oriented in clockwise direction (cf. Fig. 2.11).

By adding up the Bychkov-Rashba (Eq. (2.12)) and the Dresselhaus SO field (Eq. (2.9)),
one obtains the total effective SO field

QR = > [(aky + Bhe)es — (ak + Bk e, ] (2.13)

Here, the typical coordinate system x || [100],y || [010], z || [001], with 2z pointing in
the growth direction is used. When Bychkov-Rashba and Dresselhaus contributions
are balanced, i.e., « = £, Eq. (2.13) reduces to

linear |Oé| + 6

k)l = LI (1 £ 1) (e T ey). (2.14)

The resulting effective magnetic field Bgo (2(k) = (gup/h) Bso(k)) is sketched in

Fig. 2.12(a) for « = . For every wave vector k, Bgo (orange arrows) is pointing

(anti-) parallel towards the [110] crystal direction, directly showing the unidirectional
character of the effective SO field.

The parabolic dispersion for the quasi-free electrons with spins (anti-) parallel to [110]

splits into two symmetrical shifted paraboloids at the Fermi contour of the 2DES, which
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2.3 Spin-orbit interaction

Figure 2.12 | (a) Schematic of the unidirectional effective spin-orbit field Bgo of a 2DES
with balanced Bychkov-Rashba and Dresselhaus spin-orbit strengths o = 5 (sample A). The
angle ¢ is measured clockwise with respect to the [110] in-plane direction. (b) Fermi contour
for spins parallel and antiparallel to Bgo for sample A. (¢) Schematic picture of Bgo for
sample B (o« = —f). (d) Fermi contour for sample B.

is schematically shown in Fig. 2.12 (b). The maximum displacement Ak;;o along the

[110] crystal direction for a = 3 (sample A) is given by [Ber(6]

dm* o

Akllo - 7 (215)

For arbitrary in-plane k directions (denoted by ¢), the displacement of the two parabo-

las can be calculated by geometric considerations, and is written as [Sch16a]

Akﬁgp = Ak110| sin (p| (216)

In this work, a sample with the configuration « = —f (sample B) was also investigated.
To obtain the effective SO field for this situation, the patterns in Figs. 2.12 (a) and
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(b) are time-reversed and rotated clockwise by 90°, so the effective SO field is pointing
(anti-) parallel to the [110] crystal direction, which is depicted in Figs. 2.12 (¢) and (d).

2.4 Inelastic light scattering on 2DES

Raman spectroscopy was pioneered by Chandrasekhara Venkata Raman, who was
awarded the Nobel price in physics for his discovery in 1930 [Ram28|. This non-
destructive, optical technique has become indispensable for understanding the struc-
ture of matter in chemistry and physics. The applications range from scientific interest
to automated material characterization devices in industry. In solids, various ele-
mentary excitations (phonons, magnons, etc.) can be accessed by Raman scattering.
Historically, the scattering on optical phonons and internal molecule vibrational modes
are called Raman scattering, whereas scattering on acoustic phonons is referred to as
Brillouin scattering. In two dimensional electronic systems, scattering mediated by
electronic excitations is commonly called inelastic light scattering [Sch06]. The main
focus in the present work is on resonant inelastic light scattering (RILS) by intrasub-
band spin-density excitations which will be explained in this section. First experimental
evidence of the interplay between Bychkov-Rashba [Byc84b] and Dresselhaus [Dreb5]
spin-orbit interaction in GaAs-AlGaAs quantum wells was presented in the seminal
work of Jusserand and Richards et al. [Jus92, Ric93, Jus95, Ric96|, utilizing RILS
spectroscopy.

Let us start with the general concept of inelastic light scattering, followed by an
overview about electronic elementary excitations in 2DES,; elucidating the theory of
single-particle transitions and collective charge- and spin-density excitations. Then,
the resonant scattering processes will be discussed, covering the scattering cross section
and the polarization selection rules. Finally, the intrasubband spin-density excitations,

which are important for the experimental part of this work, will be considered.

General concept

An incoming photon with energy hw; either creates or annihilates an excitation inside
the material with energy hw (depending, e.g., on the material temperature). After
the scattering process, the energy of the emitted photon Awg has either increased
(Antistokes, “+”) or lowered (Stokes, “—") by the amount of fww. The energy and
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momentum conservation law of the scattered photon is then given by

hws = hwy + Fw,

(2.17)
kis' = k:[ + q.

In this work, only experiments at low temperatures were performed. Under this cir-
cumstance the intrinsic excitations in the material may be neglected, and only the
Stokes process is of importance. All inelastic light spectra shown in the present work
are displayed with a relative energy axis, where F = 0 represents elastic scattering,
i.e., hwg = hwr, and the energy axis is flipped horizontally. This convention is done
for the sake of simplicity, since the Stokes excitations would otherwise be located at

negative energies.

A major advantage of inelastic light scattering is the possibility to transfer a finite
quasi-momentum, or wave vector, represented by q in this work, into the investigated
system during the scattering process. This allows a detailed study of spin-orbit coupling
effects in 2DES semiconductor heterostructures, since with the transfer of a momen-
tum g, time-reversal symmetry is broken in the quantum-well plane, and spin-splitting
effects can be observed (see Sec. 2.3). In exact backscattering geometry, the maxi-
mum transferred momentum is twice the momentum of the incoming photon, and is

calculated by [Sch06]
4m

Gmax = N (2.18)
Here, the difference of the incoming and scattered wavelength is neglected (A\; = Ag),
since the excitation energy is small compared to the incident laser energy. In quantum
wells with lateral 2DES, the translational symmetry is not conserved in growth direc-
tion, so that a quasi-continuous momentum transfer is only possible parallel to the
2DES plane. This is realized by tilting the sample towards the incident laser direction,
enabling a tunable momentum transfer into the 2DES system. A detailed discussion

of the utilized measurement geometries is given in Sec. 3.1.3.

2.4.1 Elementary electronic excitations in 2DES

In GaAs-AlGaAs heterostructures hosting 2DES, inelastic light scattering experiments
give rise to electronic excitations, which are typically distinguished between charge
density excitations (CDE) and spin-density excitations (SDE). Also single-particle ex-

citations (SPE) exist in such systems. The nature of SPEs was discussed controversially,
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since they were first subjected to be excluded from collective effects [Pin89]: Under
certain conditions, many-particle effects may partly cancel, so that the energies are
close to single-particle excitations of a noninteracting system. However, it has turned
out, that they actually have collective character [Sar99, Sch06], but historically they
are labeled SPEs.

Single-particle transitions

Let us start by discussing single-particle transitions in n-doped 2DES, where only the
lowest conduction band is occupied. At this point all collective effects are neglected. In
Fig. 2.13 (a) the two lowest conduction bands, which are three dimensional rotational
symmetric paraboloids, are depicted as a 2D cut in the k.-, k,-plane. One distinguishes
between intersubband transitions, taking place between different subbands (blue ar-
rows), or intrasubband transitions within an occupied subband (green arrow). These
transitions have to be initiated at an occupied state below the Fermi energy Er, and end
at an unoccupied state above Er. Every transition contributes to the single-particle
continuum, sketched in Fig. 2.13 (b). If no wave vector is transferred into the 2DES
plane (¢ = 0), which is the case for exact backscattering geometry (see Eq. (2.18)), only
intersubband transitions are possible. This transition is shown as the straight vertical
arrow in Fig. 2.13 (a). In parabolic approximation, these transitions lead to a discrete

energy between the equally spaced energy parabolas n = 0 and n = 1. By transferring
(a) E A (b) E A

0->1
Intersubband

0-»0
Intrasubband

0 K, K, q

Figure 2.13 | (a) Schematic of the two lowest conduction bands in a 2DES with the Fermi
energy E'r lying in the lowest n = 0 band. The blue arrows are indicating intersubband single-
particle transitions, and the green arrow indicates an intrasubband single-particle transition.
(b) Single-particle continua for all possible intersubband and intrasubband transitions in and
between n =0 and n = 1.

a finite wave vector (g # 0) into the 2DES plane, additional intersubband excitations

and intrasubband excitations are enabled (curved arrows in Fig. 2.13 (a)) and spread
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into a continuum of possible transitions, shown in Fig. 2.13 (b). The unfolding into a
continuum for finite wave-vector transfers can be explained by the three dimensional
shape of the energy parabolas, allowing different transition energies, when consider-
ing all possible cuts in the k,-, k,-plane, shown in Fig. 2.13(a). The cut in the k,-,
k,-plane, i.e., through the paraboloid centers shown in Fig. 2.13 (a) is representing the
maximum possible energy transfer for a fixed wave-vector transfer gq. This corresponds
to the upper branch of the intrasubband continuum from Fig. 2.13 (b), and is given by
[Sch06]

(kg +q)*  WkEp  hqkp  B*¢*  RPqkp
- = + ~ :
2m* 2m* m* 2m* m*

E(kr +q) — E(kr) = (2.19)

The approximation on the right side in Eq. (2.19) is valid if the Fermi wave vector
kr is much larger than the transferred wave vector, kr > ¢. The lower bound of
the intrasubband continuum of zero energy is also explained by the above given argu-
mentation, that for all wave-vector transfers ¢ < 2kp, in the 3D energy paraboloid,
there exist transitions with infinitesimally small energies if one moves far enough away
from the k.-, k,-plane. The upper and lower limits of the intersubband continuum
(n =0 — n =1), shown in Fig. 2.13 (b) are given by

Rakp B¢

m* + om*’

Eo + E(kp £ q) — E(kp) = Eo £ (2.20)

Ey = E; — Ej is the spacing between the subbands for all given, but fixed in-plane
(kz, ky) wave vectors k. In Secs. 3.2 and 4.6.1, we will see, that the upper branch of
the intrasubband continuum, described by Eq. (2.19) can directly be used to determine

the charge-carrier density N, from the measured spectra of intrasubband transitions

kp = /27N, (2.21)

via the relation

Collective charge- and spin-density excitations

Until now, only electronic excitations in an independent-particle picture have been
considered. Taking collective effects into account, in 2DES, one distinguishes between
charge-density excitations (CDE) and spin-density excitations (SDE). In inelastic light
scattering experiments, there are underlying polarization selection rules, which will be
discussed later. At this point it is stated, that CDEs are allowed in polarized measure-
ment geometry (linear polarization of incoming and outgoing laser beam is oriented

parallel to each other), whereas SDEs are allowed in depolarized geometry (linear
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polarizations of both beams are oriented perpendicular to each other). Figure 2.14
gives a schematic overview of the collective electronic excitations in 2DES. CDEs (also
called plasmons) are oscillations of the 2DES, where the electrons are coupled by full
Coulomb interaction. In a macroscopic picture (Fig. 2.14 (a)) they can be seen as a
collective, in-phase oscillation of the quasi free electrons from the 2DES against the

positively charged background of the crystal lattice. In total, the charge center of mass

(a) (b)

Macroscopic picture Microscopic picture

C? ? ? ? ?? ? ? XI?EIiactrons are Scl):)ri‘:pinﬂip single-particle

oscillating in phase transitions, coupled by
~ full Coulomb interaction

é é é é SDE: SDE:
Electrons with spinflip and nonspinflip
1111111 opposite spin are single-particle transitions,

coupled by exchange
Coulomb interaction

¢ ¢ ¢ ¢

Figure 2.14 | Collective electronic excitations in 2DES in (a) macroscopic and (b) micro-
scopic picture. Taken from [Sch06] and slightly adapted.

is performing an oscillation, which can be described in a microscopic single-particle
picture (Fig. 2.14 (b)), consisting of nonspinflip single-particle transitions, coupled via
the full Coulomb interaction. The direct part of full Coulomb interaction is repulsive
for electrons and causes a depolarization field, shifting CDEs towards higher energies
compared to SPEs. In contrast, SDEs in a macroscopic picture, can be described as
electrons with opposite spin, oscillating with a phase shift of 7 towards each other (see
bottom of Fig. 2.14 (a)). In total, this motion does not result in an oscillation of the
center of mass of the charge, leading to a vanishing dipole moment. Thus, they are
not subject to depolarization-field effects, only enabling exchange Coulomb interaction,
which is attractive for electrons. Therefore, the energy of SDEs is redshifted compared
to SPEs. In a microscopic picture, SDE transitions consist of spinflip and nonspinflip
single-particle transitions, which is exemplary sketched at the bottom of Fig. 2.14 (b).
It should be stressed that, in 2DES, electrons are oscillating perpendicular to the 2DES
plane for intersubband transitions, whereas for intrasubband transitions (when a wave
vector q is transferred into the system), electrons are oscillating in the 2DES plane.

To bridge the gap between the single-particle and the many-particle picture, Fig. 2.15
shows the single-particle continua (cf. Fig. 2.13 (b)) together with the dispersion of
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the collective electronic excitations for the schematic two conduction band levels. The
transitions are subscripted with numbers indicating intraband as ’00” and interband as
'01”. The collective character of the eigenmodes of the 2DES is only robust when their
dispersion lies outside the single-particle continua. Otherwise they instantaneously de-
cay into uncorrelated electron-hole pairs and can then be described in the single-particle

picture [Wen88, Pin89, Gam90, Yu91l, Gam92a, Gam92b]. This decay effect is called
E(k)

EO1
Figure 2.15 | Dispersion of collective elec-
tronic excitations, together with the single-

particle continua from Fig. 2.13 (b). Taken
from [Sch06] and slightly adapted.

v

Landau damping [Lan46], and is illustrated as the dotted lines inside the single-particle
continua in Fig. 2.15. The dispersion of the intrasubband CDEgy-mode (depending on

the in-plane wave vector ¢ ) is given by [Ste67]

N5h262
Ecpgy, = \/ WQII' (2-22)

As we can see in Fig 2.15, the CDEgy-mode has a square-root dependency and lies
outside the single-particle continuum and is not affected by Landau damping. The
intrasubband SDEy, mode, which is of main interest in this work, is strongly Landau
damped since it lies inside the single-particle continuum for every possible wave vector.
The exchange interaction is known to be rather small [Ber90], and the dispersion is
described by the upper edge of the single-particle continuum (see Eq. (2.19)). The
SDEy; and CDEy; are sketched in Fig. 2.15 for sake of completeness, but will not be

discussed further. More information can be found in Ref. [Sch06].

2.4.2 Resonant scattering processes

In this section, a microscopic approach to the scattering mechanisms of resonant in-
elastic light scattering on electrons in 2DES will be discussed. Resonant in this context
means that valence-band states are involved as intermediate states in the scattering

process [Sar99]. Laser excitations in the vicinity of the optical band gap transition
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energy are fulfilling a resonance condition, which is increasing the scattering cross sec-
tion significantly and will be discussed later. We will see that SDEs are only visible for
resonant conditions in inelastic light scattering experiments, whereas CDEs can also
be probed in nonresonant excitation scenarios.

To describe the inelastic scattering process quantum mechanically, the transition of a
photon from the initial state (wy, k;, e;) to the final state (wg, kg, es) has to be taken
into account, ey g represents the polarization vector of the corresponding incoming and
scattered light. Omitting the explicit notation of p and r as operators, the Hamiltonian

of the perturbed system can be written as [Sch06]

H= ;n (B, + cA(r))2 + U(r)] + Voo + Vi
‘ . (2.23)
=Hy+ 537 [(A(r)* + p,A(ri) + A(r))p,] .

i

For simplicity, spin-orbit interaction is neglected here. To consider the interaction
between the incoming electromagnetic wave and the electronic system, the electron
momentum p has to be replaced by p + eA in the Hamiltonian of the unperturbed
system Hy, where A is the vector potential of electromagnetic fields. The term V,_,
represents the Coulomb interaction, V._,; is the electron-phonon interaction and U
describes the sum of lattice-periodic and external potentials. The last three terms in
Eq. (2.23) can be treated as a perturbation, where A? contributes in first order and pA
terms in second order perturbation theory. If the pA terms are additionally extended
by the interaction between electrons and phonons (V._., Ve_,), one gets contributions
in third order perturbation theory. The scattering processes involving phonons V,_,,
will not be discussed here. In inelastic light scattering, the second-order (SOP) and
third-order (TOP) scattering processes have been found to be dominant, since they
include a resonant behavior with the valence band. Burstein et al. [Bur80] proposed
a microscopic model for the inelastic light scattering processes of single-particle and
collective intersubband excitations on 2DES for backscattering geometry with no wave-
vector transfer involved (¢ = 0). Schénhuber et al. [Schl6a] adapted the model from
[Bur80], and transferred it to intrasubband excitations, including a wave-vector transfer
into the 2DES, shown in Fig. 2.16.

Let us start by describing the two-step SOP from Fig. 2.16 (a): In the first step, an
electron is excited from the valence band into the conduction band above the Fermi
energy with a change in k), leaving a hole behind in the valence band. In the second

step, an electron from the Fermi sea recombines with the hole, which in total either
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(c)

kII kII

Figure 2.16 | Microscopic models for resonant inelastic light scattering processes in a 2DES.
The black dots represent electrons, the open circles are indicating holes. (a) Two-step second-
order scattering process, describing spinflip- and nonspinflip single-particle excitations in the
conduction band. (b) Three-step second-order scattering process, describing the formation of
collective CDE and SDE. (c¢) Three-step third-order scattering process, dominant for collective
plasmons. Taken from [Schl6a] and slightly adapted.

results in a spinflip or a non-spinflip SPE, that has been created in the conduction
band. In a third step, shown in Fig. 2.16 (b), an additional SPE is created due to
Coulomb interaction. This happens due to screening effects of the SPE towards other
SPEs present in the system, allowing the formation of collective CDE and SDE, which
are coupled via direct- and exchange Coulomb interaction [Bur80, Sch06]. Collective
modes are also found for excitations well above the fundamental band gap. The three-
step TOP mechanism sketched in Fig. 2.16 (¢) was proposed by Danan et al. [Dan89],
and theoretically described by Govorov et al. [Gov97]. In the first step, an electron-
hole pair (exciton) is created in a higher conduction- and valence band. Under direct
and exchange Coulomb interaction with the Fermi sea, the exciton is scattered, and
creates a collective excitation in the conduction band (blue arrow). Due to energy
and momentum conservation, an electron from a higher valence band relaxes into the
deeper situated valence band, simultaneously. In the last step, the exciton recombines.
As can be seen from Fig. 2.16 (a), SPEs are resonant with the Fermi energy whereas
the collective plasmon excitations from Fig. 2.16 (c¢) are related to excitons at the
zone center and thus resonant to noticeably different incident energies. The resonance
condition was furthermore found to be delicately dependent on the involved specific

wave-vector transfer of the excitation [Jus00].
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Scattering cross section

As mentioned above, SDEs only occur in resonant conditions, which can be derived
from the differential cross section. This was described by Hamilton and McWhorter

[Ham69]
d’o

dQdw

The differential cross section is proportional to the structure factor S(w), which reads

5( ). (2.24)

S(w) = <Z S Vil D 8(Er — Es m>>. (2.25)

The operator V.g describes the transition of the system from the initial many-particle
state |I) to the final state |S) with the corresponding energies E; and Eg. This effective
light scattering operator Vg for many-particle systems can be expanded, using the

second-quantization technique, which then reads [Gov97]

Vet = > Yapthia- (2.26)

a?IB
Here, a single electron state is characterized by a set of Bloch waves, written as o and
B. The creation and annihilation operator of the mode « are represented by ¢/, and
Ca, Tespectively. By neglecting the excitonic electron-hole interaction, the scattering

amplitudes 7,5 can be approximated as [Blu70, Gov97]

Al BN (G |pA
YaB ~ < elar ‘6> ees + — Z a|PEﬁs|_ﬁE>;ﬁ_|§w[1|5>
, (2.27)
iy (B|pAs| V) (V' [Ve—e| v) (v [PA| @)
vv! E/B_ /_MS)(EQ_EV_MI).

The scalar product of the incident and scattered photon e; and eg in the first term
of Eq. (2.27) shows, that this nonresonant term in first-order perturbation theory only
contributes to non-spinflip light scattering on plasmons (CDEs). However, spinflip
excitations, necessary for SDEs are only allowed under resonant conditions. The second
term in Eq. (2.27) describes second order resonant processes, which we have seen in
Fig. 2.16 (a). They lead to single-particle excitations, which are of main interest in this
work, and will be discussed in more detail in Sec. 2.4.3. Third order resonance processes
from Fig. 2.16 (c) are described by the last term of Eq. (2.27). The denominators of

the two last terms directly show the resonant character of these processes.
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Polarization selection rules

From the scattering cross section, the polarization selection rules can be derived, al-
lowing an experimental separation of SDEs and CDEs. In Eq. (2.27) the polarization
vectors ey g are directly visible in the first term, whereas for the other terms they are
included in the vector potentials A. According to Hamilton and McWhorter [Ham69],
one can select CDEs in parallel polarization (e; || es) and SDE in depolarized (e; L eg)
measurement geometry. This follows from the Bloch parts of the corresponding wave
functions, and is independent of the dimensionality of the electron system. As a direct
consequence of the confinement in 2DES, also products of the overlap integrals of the
corresponding envelope wave functions have to be taken into account, leading to ad-
ditional parity selection rules. Due to the two-photon character of Raman scattering,
only excitations with even parity are allowed. This only holds for symmetrical quantum
well potentials, for asymmetrical structures they are softened. A detailed discussion of

the selection rules can be found in Ref. [Sch06].

2.4.3 Intrasubband SDEs in [001]-grown quantum wells

In this section, it will be demonstrated how spinflip intrasubband SDEs can be utilized
to investigate the spin-orbit coupling effects in a [001]-grown GaAs-AlGaAs quantum
well in the regime of the persistent spin helix. In general, single-particle intrasubband
SDEs consist of spin-flip as well as non-spin-flip processes, as previously discussed based
on Fig. 2.14. In the following, it will be shown that for [001}-grown 2DES samples,
as used in this work, only spin-flip transitions should contribute to the RILS spectra,
recorded in depolarized scattering geometry, which was demonstrated by Schonhuber
et al. [Schl4].

If one assumes a constant band gap transition energy (Eg — Eg = const. in Eq. (2.27))
and uses the band-edge Bloch functions [Sch06], the scattering amplitude Ay; can be
derived from the second term in Eq. (2.27). It is given by [Ham69, Mal97]

Api = vriler x eg) (Y o), (2.28)

where 1); ; represents the initial and the final spin state of an electron in a SDE scat-
tering process, e; s the polarization vector of the incident and scattered light wave,
and 7y; contains resonance enhancing effects [Ham69]. For a fixed excitation laser en-
ergy and negligibly small single-particle transition energies, s; can be considered as a
constant. By choosing the [001] direction (z-axis) as the spin quantization axis, and

considering experiments in exact backscattering geometry