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1 Introduction

In the last 50 years, miniaturization of electronic devices became the most important
task in the modern world. People learnt to create circuits below the macroscopic scale
and entered the regime of mesoscopic physics or nanophysics. In this limit, quantum
mechanics already plays an important role, thus new techniques had to be created
which close the gap between the microscopic and the well-known macroscopic world.
With more and more expertise in manufacturing high quality semiconductor devices,
physicists all over the world gained a playground with new phenomena and also a tool
to verify the existing theories in this so far unexplored limit. Nanostructures with
reduced dimensionalities such as two-dimensional electron gases, quantum wires and
quantum dots are not only of major interest for fundamental research but also provide
candidates for new electronic or spintronic devices which may find their right to exist
in a conventional computer or even hold the breakthrough in quantum computing.

A milestone in the history of mesoscopic physics was the discovery of the integer quan-
tum Hall effect |4, 10, 17, 19] by K. von Klitzing in 1980. This quantum mechanical
phenomenon, which keeps us busy throughout the whole thesis, was awarded with the
Nobel Prize in 1985. Tt can be observed in a two-dimensional Hall bar with a perpen-
dicular magnetic field of typically some Tesla. The main feature is the conductance
quantization e?/(27h) which can be measured with extremely high precision. As a con-
sequence, the Hall measurement can be utilized to determine the fine-structure constant
with high accuracy as suggested in von Klitzing’s first publication [19]. Two years later,
H. Stérmer and D. Tsui found that also fractions of the conductance e?/(27h) can be
observed once the perpendicular field exceeds 5 Tesla [42]. This discovery, which was
called fractional quantum Hall effect, and a theoretical approach by R. Laughlin [21],
was honored with the Nobel Prize in 1998. Whereas the integer quantum Hall effect
can be explained within the mesoscopic theories by a one-particle picture, the latter is
a many-body effect which requires a profound understanding of quantum field theory
and the interaction between particles. Thus, a complete description of all underlying
effects, which lead to a fractional conductance, has not been given yet.

About 20 years after von Klitzing’s discovery, U. Zeitler, H. Schumacher et. al. [49]
exposed strong anisotropies of the longitudinal resistance in coincidence measurements



1 Introduction

performed on a Si/GeSi Hall bar, i.e. they observed anisotropies in transport mea-
surements on a quantum wire in the integer quantum Hall regime with an additional
magnetic field in the plane of the two-dimensional system which is tuned such as the
spin-polarized energy bands of neighboring Landau levels overlap due to the Zeeman
splitting. The anisotropy is with respect to the orientation of the in-plane field, that
is the resistance at the coincidence differs for a lateral magnetic field which is parallel
or perpendicular to the direction of transport. The reason for this effect is unknown
but one of the explanations pointed to the complex band structure of silicon'. How-
ever, this possibility was refused one year later when W. Pan, H. Stérmer, D. Tsui et.
al. [26] encountered very similar anisotropies in an (Al)GaAs quantum well structure,
a semiconductor with a direct band gap and therefore no valley splitting. Another
idea considered spin hot spots [11] and the influence of spin-orbit interaction which
may have a noticeable, possibly anisotropic? contribution to the band structure at the
crossing of the spin-polarized levels. Since this proposal is checked within the frame-
work of the present thesis, we want to spend some lines to present the concepts and
the outcome of the coincidence measurements in detail. For this purpose, we stick to
the publication of W. Pan et. al. [26] where they had used an (Al)GaAs system which
we take as example in subsequent chapters.

The two-dimensional system is a 35nm wide GaAs quantum well sandwiched by
Alp24Gag76As. The conducting region is quadratic (5mm x 5mm) and contacted
by eight indium leads placed symmetrically around the perimeter. The electron den-
sity is such that two subbands of the quantum well are occupied which is quantitatively
mapped in Fig. 2.3 (p. 15) using a harmonic approximation of the confinement. The
measurements were performed in the integer quantum Hall regime at filling factors of
v = 4,6,8 which requires a perpendicular magnetic field of about 3 T. Additionally an
in-plane magnetic field up to 30T is used to increase the Zeeman splitting until the
spin-polarized bands of neighboring Landau levels overlap. This process is sketched
schematically in Fig. 4.4 (p. 77) for a narrow quantum wire with zero perpendicular
field and also given quantitatively in Fig. 3.2 (p. 32) for the given Hall bar. The
in-plane field is parallel or perpendicular to the current and all experimental results
were obtained at low temperatures (< 0.1K). The outcome of the transport measure-
ments are shown in Fig. 1.1 for the three filling factors. As we know from the integer

!Note that equivalent points in the Brillouin zone of the indirect band gap semiconductor silicon are
the reason for additional splitting of the Landau levels, which is called valley splitting [49].

2However, note that without external magnetic field a 2DEG in the presence of Bychkov-Rashba and
Dresselhaus SOI exhibits an anisotropic, current-induced spin accumulation but the conductivity
remains isotropic [41].
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Figure 1.1: Longitudinal resistances R;,, I%y, of the given Hall bar with an in-plane
magnetic field parallel (solid lines) and perpendicular (dashed lines) to the current
respectively. For the tilt angle © it holds Bj, = tan(©)B, (comp. p. 32) and the
measurement on the lhs was performed at an electron density of n = 4.2-10' em =2,

Source: Ref. [26].

quantum Hall effect, the longitudinal resistance develops peaks whenever the Fermi
energy is located at an energy level of the bulk. Else, backscattering is suppressed
due to the spatial separation of the states carrying current to opposite directions and
the resistance drops down to nearly zero. We can identify the peaks in Fig. 1.1 with
spin-polarized energy levels arising from two different Landau levels which approach for
an increasing magnetic field due to the Zeeman splitting. At the level coincidence we
observe a strong anisotropy of the resistance, i.e. the peaks overlap if the in-plane field
is parallel to the Hall bar (R,,), but the minimum persists for a magnetic field which
is perpendicular to the current (R,,). The difference of the longitudinal resistance for
both orientations of the lateral field as displayed in Fig. 1.1 is obvious.

If this anisotropy is caused by the spin hot spots, it cannot be due to the Dressel-
haus spin-orbit interaction [12, 18, 45, 51] of systems with bulk inversion asymmetry,
because of the experiments of U. Zeitler et. al. [49], where silicon, a material with
diamond structure, was used. Hence, in the present work any Dresselhaus contribution
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was neglected for convenience. However, a two-dimensional approach to the influence
of Bychkov-Rashba spin-orbit interaction [12, 18, 45, 51| at the level crossing via degen-
erate perturbation theory |28, 37| failed to explain the anisotropies for the dimensions
of the given system. A straightforward generalization of this work implies the influ-
ence of the orbital effects of the large in-plane magnetic fields that were used in these
experiments. This is a connatural, though different problem compared to the investi-
gation of the coupling between the cyclotron motion in a perpendicular field and the
spin-orbit interaction, which has recently been studied by Ref. [36, 46, 50]. One of the
main tasks of this thesis was to derive a formalism which accounts for the orbital effects
of lateral fields and to check the possibility of anisotropic transport due to spin-orbit
interaction. Nevertheless, it turned out that also considering the third dimension and
the orbital effects, the Bychkov-Rashba spin-orbit coupling was not capable to explain
the measured anisotropies of Ref. [26, 49] as we can see in Chapter 4.

In opposite to the theory of spin hot spots, it was speculated about the formation of
stripe phases 9], an energetically more advantageous state of electrons that arrange
in charge-density waves rather than Landau levels. These have already been found in
bilayer quantum Hall systems at odd integer filling factors [5, 27| and it sounds rea-
sonable in this context [5] due to the large widths of the quantum wells of the given
systems and also the high in-plane magnetic fields (up to 30 T') which are necessary in
these experiments. A possible explanation via stripe phases has already been suggested
by U. Zeitler, H. Schumacher et. al. [49].

Nevertheless, orbital effects of large lateral magnetic fields play an important role for
all quantitative descriptions in this regime. For instance, taking the calculations of spin
relaxation rates in quantum dots by P. Stano and J. Fabian [40], we find that the results
are in good agreement for small, but deviate significantly for large in-plane magnetic
fields as they did not account for these effects. For quantum dots and pure in-plane
fields, an effective Hamiltonian, which includes Dresselhaus spin-orbit interaction and
the orbital effects of the field, has already been given by V. Fal’ko, B. Altshuler et. al.
[13]. The goal in the present work was to use similar techniques to deduce a formalism
which is applicable for quantum wires considering Bychkov-Rashba spin-orbit coupling.

This thesis is organized as follows. In Chapter 2 we recapitulate the main conclusions of
the effective mass approzimation |3, 4, 45| which is commonly used in a two-dimensional
form to describe heterostructures, quantum wells and other confined systems. We also
discuss ways to improve the Hamiltonian considering adequate adjustments of the effec-
tive mass and the Landé factor (g-factor) and give first insight into the orbital effects of



lateral magnetic fields. Chapter 3 is dedicated to the derivation of a three-dimensional
description of quantum wires which fully accounts for the orbital effects within a har-
monic approximation, i.e. all confinements are approximated by harmonic potentials
with appropriate parameters. In this sense, we calculate the eigenenergies of quantum
wires with arbitrarily orientated magnetic fields in Chapter 3.1 using the invariant
eigen-operator method |14, 22| and continue with a more profound investigation of the
orbital effects when we look into details of the transformations that decouple two model
Hamiltonians, one for an in-plane field parallel to the direction of transport, the other
perpendicular to the wire (Chap. 3.2). The impact of Bychkov-Rashba spin-orbit inter-
action is discussed in Chapter 3.3 when we also attend to the spin hot spots as to the
coincidence measurements discussed above. Chapter 3.4 is dedicated to the derivation
of effective Hamiltonians which incorporate all previously discussed effects and provide
a deeper understanding of spin-orbit coupling in these systems. The appearance of
anisotropies and the conditions for anisotropic behavior are highlighted in Chapter 4,
when we also give quantitative examples and suggestions for experimental verification.
Chapter 5 completes the thesis with a short summary, closing remarks and an outlook
for future efforts.
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2 2D Effective Mass Approximation

It is a very common technique to describe quasi two-dimensional electron systems
(quasi-2DES) with a Schrédinger equation that does not contain the full Hamiltonian
of the problem but instead a rather simple one that takes care of many embedded
effects of the crystal with the help of only a few altered quantities. This effective
mass Hamiltonian (2.1) |3, 4, 45] can either be derived from the envelope function
approzimation [12, 45| or constructed from band diagrams that have been measured in
experiments or calculated in computer simulations with the tight binding model [1, 4]
or other methods. In the basic form this Hamiltonian describes non-interacting Bloch
electrons of the conduction band with a quasi-momentum k close to a given point! in
the reciprocal space Eo in terms of free electrons with an effective mass and an effective
Landé g-factor. The characteristics of the lattice-periodic parts of the Bloch functions
[1, 3, 12, 45|, which are altered by spin-orbit coupling and possible external electric
and magnetic fields, are hidden in the band structure and enter the formalisin via the
adapted quantities. The effective mass Hamiltonian for semiconductors with inversion
symmetry reads

(P+ed)’

H*® = E. +
2m

FV(R)+ %HBEE 7 (2.1)

where F, is the band-edge energy of the conduction band, A is the vector potential,

B =V x A is the magnetic field, m = Bme. is the effective mass and g is the effective

Landé factor of the bulk semiconductor, me is the free-electron mass, up = 2;1 is

—

the Bohr magneton, —e is the electron charge and V(R) is a potential term that may
describe confinement, impurities or external electric fields. In order to account for
anisotropic band structures, one can consider an anisotropic effective mass in (2.1) [1].
Note that within this approach the band-edge energy E. is usually set to zero which
is what we will do in the following.

IFor direct band semiconductors with zinc blende structure such as GaAs, InSb, or CdTe it is usually
enough to concentrate on the vicinity of the I' point.



2 2D Effective Mass Approximation

In a two-dimensional system (x-y plane) it holds that the potential splits up into two
parts V(R) = V(X,Y) + V(Z), with V(Z) describing a confinement of the electrons
that is stronger than any confinement in the x- or y-direction. The shape of V(Z) is
usually approximated with a triangular potential for heterostructures and a harmonic
potential or hard-wall potential well for quantum wells. Without a magnetic field and

due to the special form of V(R) the wave function can be separated [4]. In the z-

direction the wave function is bound with discrete eigenenergies EZ, which are denoted

n
as electric subbands. The energy spacings thereof are large compared to the spacings
of the remaining system. It follows that for small electron densities there are one or
only a few electric subbands occupied and the system is said to be two-dimensional or
quasi two-dimensional respectively. For the moment we will focus on two-dimensional
systems for simplicity. A discussion on quasi two-dimensional systems will be given
afterwards (p. 13).

With non-zero magnetic field the situation is somewhat more difficult. It depends on
the gauge and orientation of the field whether the Hamiltonian can be written in a two-
dimensional form. It is surely possible if the magnetic field is normal to the plane, since
the Lorentz force acts perpendicular to the magnetic field and therefore the dynamics of
the electrons along the z-direction do not change. However, a two-dimensional effective
magss Hamiltonian for arbitrarily orientated magnetic fields is an approximation that
neglects any orbital effects of in-plane magnetic fields. This becomes clear when we
look at the vector potential in symmetric gauge:

[ #B,~YB:
A=-| XB.-ZB, | . (2.2)
YB, — XB,

A 2D Hamiltonain that describes the x-y plane should not depend on the z-coordinate.
Moreover the explicit z-dependence should have vanished as well. What is left from

- 1( -YB
A=— i .
() s

which cannot account for the in-plane magnetic fields since the corresponding com-

(2.2) is the vector potential

ponents have disappeared. One can also argue that keeping the z-component and
the z-dependence of (2.2), the wave function can in general not be separated any
more. However, we can use (2.3) to write down naively the two-dimensional effective
mass Hamiltonian for zero or small in-plane magnetic fields. According to (2.1) it

reads ) )
H2D _ Eg + (PIE + eA.’L') + (P'U + eAy)
2m 2m

+Vuﬂq+%mﬁ§. (2.4)



Note that possible in-plane components of B are left only within the Zeeman term.

Since this is an approximation it is natural to ask for the validity of the formula and
for possible ways to include the orbital effects of in-plane magnetic fields into the
formalism. To face this question we start with a model system where an analytical
solution is possible [17]. Assume we have an infinite two-dimensional electron gas
(2DEG) in the x-y plane, a harmonic confining potential in z-direction and a magnetic
field along the x-direction. If we use Landau gauge A = (0, —ZB,0) and the effective
mass Hamiltonian (2.1), the Schrédinger equation reads

AT I 25)
L+ 4 —mwiz 7) = T :
2m 2m 2m 2 7 ’

where we omitted the Zeeman term for simplicity. Since there is no confinement in the
plane we use a plane wave ansatz of the wave function

() = ety B(2)
and after some simple algebra we obtain

k2 h2E2 2
Py Dty PR 2520 2| () = By () (2.6)

2m 2m 2m 2

where we used the substitutions

_ hkywe W

TRy T T2

and the cyclotron frequency w, := %. Defining the effective mass in y-direction

we
My = mn =m (1 + u)2> (2.8)

z

the eigenenergies of the system read

I O 1
B ks, ky) = w+%+m(¢+>. (2.9)
Yo ome o 2my 2

From (2.6) we can read off the effects of the in-plane field on the system which are
visualized in Fig. 2.1. We observe that the frequency of the harmonic potential has
increased. This implies an increase of the energy spacings and a shift of the subbands
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Figure 2.1: Effects of an in-plane magnetic field (x-direction) on a 2DEG (x-y plane).
Left: Shape of the Fermi sphere with (dashed line) and without (solid line) magnetic
field. The sphere has become elliptical because of the altered mass in y-direction.
Right: Diamagnetic shift of the subbands and spatial shift of the confining potential
for a finite magnetic field (dashed lines). The electrostatic potential (B=0) is given

for comparison (solid lines).

E%, to higher energies which is called diamagnetic shift. We will denote the shifted
subband energies as EZ7 in the following. We also note that the parabolic confinement
has moved in real space by 2, (2.7) which is proportional to B. Although this effect
does not influence the eigenenergies (2.9) of the system, it will be important for the
effective mass and g-factor as we will see later (p. 12). The last thing to mention is the
appearance of an anisotropic mass. The effective mass perpendicular to the magnetic
field has increased by the factor n (2.8) and, as a consequence, the density of states
increases as well [17, 33]. With m = ,/m m, = m,/n being the average effective mass,
the density of states per energy and unit area for this quasi two-dimensional system of

a parabolic quantum well reads

dpqw(E, B) = $29<E—m<n+;>> . (2.10)

So if we used (2.4) to describe a system with finite in-plane magnetic fields, we would
not include the diamagnetic shift of the eigenenergies, spatial shift of the eigenstates
and the anisotropic effective mass which leads to an increased density of states. Thus

10



the two-dimensional effective mass Hamiltonian (2.4) is valid only as long as these
effects are negligible. This is the case if w. < w,, hence the validity depends on the
confinement and the effective mass of the semiconductor. For instance if we compared
the magnetic length ip = \/h/mw. = \/h/eB of an AlGaAs/GaAs/AlGaAs quantum
well with the oscillator length [ = \/h/mw, ~ 12nm, the approximation would be
valid for in-plane fields up to about 1T. For narrow quantum wells with [ =~ 3nm the
formula would hold up to 10 T. This specifies the meaning of "weak in-plane fields" in
this context.

In the following we will discuss some methods to extend the formalism to improve
the accuracy at higher fields. We have seen that an in-plane magnetic field along the
x-direction results in an increased effective mass in the y-direction and shifted energy
levels. Omne way to take these effects into account is to put the altered mass (2.8)
and the diamagnetically shifted energy E§* into the two-dimensional effective mass
Hamiltonian (2.4) by hand [13]:

(Pt eAs)” | (Py+edy)”

HQD — EF*
ot 2m 2m,,

FV(X,Y) + gugﬁé . (2.11)

Note that this Hamiltonian is valid only for a magnetic field with its in-plane component
along the x-direction. For the moment it is not clear why (2.11) should give a reasonable
description of confined systems since m, was derived for an infinite system. To explore
this issue consider a harmonic confinement in y-direction V(X,Y) = V(X)+ %mwSYQ.
The wave function can be separated and its y-dependence is the solution of the har-
monic oscillator. Since the mass that comes along with the momentum operator is the
altered effective mass m,, the mass within the potential must be adapted. We need
to rewrite the potential as V(Y) = imy(wy/\/1)?Y? and note that the frequency has
changed. The new frequency is given by

O = Wy _ Wy Wy
y = =
VI W+ w?

which yields the effects of an in-plane magnetic field on a confined system. It turns

(2.12)

out that this is indeed a very good approximation for pure in-plane fields as we will
show later in Chapter 3 (p. 29).

Another effect of the magnetic field, which we have not mentioned yet, is a modification
of the g-factor. Both an in-plane and a perpendicular field influence the Landé factor
of a heterostructure or quantum well in the effective mass approximation. This has

11



2 2D Effective Mass Approximation

been studied experimentally and theoretically by many authors |6, 7, 8, 16, 23, 29, 38,
39, 45, 48]. Since there is no closed analytic formula for this problem we will not go
into detail. Instead we discuss the dependence on the magnetic field qualitatively to
deliver insight into the nature of the alteration.

As an example consider an Alp3Gag7As/GaAs/Aly3Gag.7As quantum well where the
bulk g-factors read |16]

9(Gars) = —0.44 . g(Aly5Gagras) = 10.46 .

Note that the height of the well is finite (about 300meV) and the wave function pene-
trates the walls of the well. Therefore there is a finite probability to find the electron
in the region of AlGaAs which increases the average g-factor of the electron. The pene-
tration and thus the Landé factor increases for strong in-plane fields due to the spatial
shift of the magnetic confinement (Fig. 2.1) and for decreasing well width. Addition-
ally, we have to take the diamagnetic shift into account. For large energies, that is high
magnetic fields, large quasi-momenta k or, in a Hall bar, high Landau level indices, the
effective mass approximation lacks accuracy. This is because the dispersion relation
is assumed to be parabolic which is in fact not true. Due to the non-parabolicity of
the band structure the effective mass and the g-factor change as the energy levels are
shifted towards higher energies. Of course the well width and the diamagnetic shift
influence the eigenenergies directly and the mismatch of these quantities compared to
bulk values must be considered. Since both in-plane and perpendicular fields account
for diamagnetic shifts and an in-plane field increases the penetration of the wave func-
tion because the magnetic confinement is spatially shifted dependent on the strength
of the field, the g-factor differs from the bulk g-factor of GaAs. For narrow quantum
wells and, where required, strong magnetic fields the Landé factor of an (Al)GaAs QW
may become zero or even positive. In the following we will write g* to stress that the
g-factor differs from the bulk value.

The non-parabolicity of the band structure leads to an additional effect that should be
included in the effective mass equation (2.11). As mentioned above the possible energy
levels of the electrostatic or magneto-electric confinement in the z-direction increase
for small quantum wells and high fields. As a consequence the effective mass of the
confined electron differs from the bulk value at the Eg—point (comp. p. 7) and equation
(2.11) should be adapted. It is ad hoc not clear how exactly the effective mass changes
but one can assume that the properties of the electron on a subband with specific
energy are equivalent to the properties of bulk electrons at the same energy [38]. In
the following we will denote the adapted effective mass m* and the adapted effective

12



mass in y-direction (2.8) my,.

In a nutshell we are left with the improved two-dimensional effective mass Hamiltonian
that describes systems with a tilted magnetic field with its in-plane component along
the x-direction:

P.+eA)? (P, +eA,)? R
H2D:E§*+( “;nj ) +( y;: ) +V(X,Y)+‘%MBEB. (2.13)
Y

So far we have omitted spin-orbit coupling effects that arise due to inversion asym-
metry, namely the appearance of the Bychkov-Rashba and Dresselhaus Hamiltonians
[12, 18, 51]. This can, in principle, be included and the effect of a magnetic field can
be incorporated via minimal coupling in a known way [12, 45, 51|. However up to now
it is not clear how exactly the contributions are altered by arbitrarily orientated and
strong magnetic fields. For a system with structure inversion asymmetry we will face
this question in Chapter 3.3 and 3.4 when we discuss the Bychkov-Rashba spin-orbit
interaction in the diamagnetic shift approximation. This will yield a way to measure
the Bychkov-Rashba parameter « for a wide range of magnetic field strengths. Effects
that arise due to bulk inversion asymmetry (Dresselhaus spin-orbit interaction) are
neglected here as we are mainly interested in the effects that appear in 2DEGs of any
material.

Let us complete this discussion with some remarks on quasi two-dimensional systems.
Typically "quasi two-dimensional" states that there are exactly two energy levels of
the confining potential in z-direction occupied and in the following we will use this
notation. If we neglect intersubband scattering we can treat each subband indepen-
dently and the description becomes quite simple. However it is important to note that
different subbands may have different scattering times (7), different electron densities
(n) and different effective masses (m), thus they are not equal and must be treated
individually. For each subband we can use the improved two-dimensional effective
mass Hamiltonian (2.13) with the appropriate quantities. To illustrate the important
features of a quasi-2DES we will use a concrete example?.

Consider a harmonic confinement in the growth-direction (z-axis) of an (Al)GaAs sys-
tem with an electron density such as two electric subbands are populated. Experimen-
tally the electron densities of both subbands (ng,n;1) can be determined by analyzing
Shubnikov-de Haas (SdH) oscillations [4]. Once we know the densities we can use

2The example is a harmonic approximation of the setup used by W. Pan et. al. in Ref. [26].
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2 2D Effective Mass Approximation

Ky Ky
Figure 2.2: Dispersion relation of a free quasi two-dimensional electron gas. The
paraboloids of revolution are shifted by the energy spacing of the electric subbands.

the Fermi wavelength of a spin-degenerate two-dimensional system (A?P = /27 /n)
to determine the Fermi energy relative to the subbands and thus the energy spacing
between the levels (AE = EY — Ef§). This allows us to calculate the frequency of the
harmonic confinement, which may be of interest for ongoing calculations (Chap. 3), via
w, = AE/h. The subband spacing defines the offset in the 2D dispersion relation. For
a free 2DEG without magnetic field we have two paraboloids of revolution® shifted in
energy by AFE (Fig. 2.2). In the integer quantum Hall regime the states are localized
and the paraboloids become flat energy levels independent of the wave vector. The
Landau Levels are created for each electric subband by the magnetic confinement sep-
arately. Fig. 2.3 visualizes this situation and gives a quantitative description of the
given example. Note that the energy of the conduction band edge was set zero.

The 2D Hamiltonians of the subbands and the dispersion relation of the system change
according to the effects previously discussed when an in-plane magnetic field is applied.
An appropriate treatment of the situation is based on the improved two-dimensional
effective mass Hamiltonian (2.13)

Py +eA,)”  (Py+eAy)? W
H,%D:E;H( ;’i Sy ! 5 ° ) +V(X,Y)+97",uBUB, (2.14)
mn, mn,y

3 A paraboloid is defined by % + % = z (Cartesian coordinates; a,b € R). A paraboloid of revolution
is given by the additional condition a = b.

14
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Figure 2.3: Energy levels of a quasi two-dimensional electron gas in the integer quan-
tum Hall regime. The electrostatic confinement in z-direction (fiw, = 7.24meV,
dotted curve) of the (Al)GaAs system creates equidistant electric subbands (dot-
ted lines) and for each the magnetic confinement (w. = eB/m , B, = 2.9T; solid
curves, shifted for clarity) creates Landau Levels (solid lines). The Fermi energy
(dashed line) indicates a filling factor of v = 6. Note that the graph does not
show the Zeeman splitting which would additionally shift the spin-polarized levels
by +0.04 meV. The electron density of the system is n = 4.2- 10! em~2 which splits
up into ng = 3.1-10" cm=2 and ny = 1.1- 10" em~2 for the states originating from
the lowest and first excited electric subband respectively.

where n’ = 0,1 denotes the subband index. Note that since the g-factor depends
on the non-parabolicity of the band structure and therefore on the position in the
energy scale, it may differ significantly from one subband to the other and needs to be
indexed as well. We have seen that an in-plane field increases the energy spacing of the
subbands (Fig. 2.1) which may lead to depopulation of the upper level once the Fermi
energy becomes less than E7f* + %ﬁwc [17]. In this case the quasi-2DES becomes two-
dimensional and we do not need to worry about other subbands any more. However,
from this point of view we cannot give a detailed prediction of the conditions for this
effect to happen since we do not have analytic expressions for the adapted effective
mass m* or the diamagnetic shift.

15
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3 Diamagnetic Shift Approximation

In this chapter we deal with the consequences of a tilted magnetic field on a quasi-
2DES within a simple model. It is a one-particle picture based on the effective mass
Hamiltonian in three dimensions (2.1) where the confining potentials are assumed to
be harmonic. We have already discussed the effects of a magnetic field on the two-
dimensional effective mass Hamiltonian qualitatively (2.13), now we want to investigate
the diamagnetic shift (Fig. 2.1) and the anisotropic effective mass (2.8) quantitatively
within a harmonic approximation, the diamagnetic shift approximation (DSA), where
an analytic solution is possible.

Our starting point is a Hamilton operator describing a quantum wire that is aligned
along the x-direction. It reads

. N2
(P + eA)

2m

H = +Vy(Y) +Va(2) (3.1)
where —e is the electron charge, m is the effective mass of the conduction band electrons
and

1 1
Vy(Y):§mw§Y2 , VZ(Z):§mngz

are the confinements in y- and z-direction respectively. Note that for now we omit
the Zeeman splitting and spin-orbit coupling for convenience. The role of spin will be
discussed separately in Chapter 3.3. The 2DES is supposed to be in the x-y plane,
thus we have the condition w, < w,. An infinite 2DEG can be constructed using the
limit w, — 0.

For further analysis we use a plane wave ansatz in x-direction (z|k) = \/%e““

possible for adequate gauges. The time independent Schrédinger equation reads

which is

H® |k) @ ) = E |k) @ |)

17



3 Diamagnetic Shift Approximation

and since H3P does not have any constraint in x-direction, we can formally write
(k|H3P|k) = H, i.e. doing the substitution "P, — hk", and thus

Hy [¢) = B [¢) . (3.2)

Note that the Hamiltonian Hjy depends explicitly on the wave number k, indicated
by the superscript, from which follows the k-dependence of the eigenenergy. In this
picture, the wave number needs to be seen as parameter since any new value gives rise
to a different Hamiltonian and thus to a new system.

In the following we restrict ourselves to the two most important situations which we
call "system (D" and "system @". A general treatment for arbitrarily orientated
magnetic fields can, in principle, be constructed using the same methods. However, we
focus especially on the difference between the systems (D and ) by using both cases
separately. They are defined as follows:

(D Bx = 0: The magnetic field lies in the y-z plane, that is perpendicular to the
direction of transport. Using the vector potential A® = (ZB, —Y B,,0,0) in the
Landau gauge the Hamiltonian reads

(hk+e(ZB, - YB,))*> P; P2

_Yy
2m +2m+2m 2

which can be written as
2

1 1
—i—fmw;Y2+fmw§Z2,

HY = .

1
mQ2 _Y? — hkw.,Y +

o _"Y
T
(3.3)
+—= +-mQ; ., Z° + hkwyZ — mweywe,Y Z + —

2m 2 Y

where we have defined

Qy e = 1/%3 +w? Qe =4 w? —l—wgy , (3.4)

and the partial cyclotron frequencies we, = % and we, 1=

2m

@ By = 0: The magnetic field lies in the x-z plane, that is the in-plane component
of B is parallel to the direction of transport. Using the Landau gauge the vector
potential reads A2 = (=Y B,,0,Y B,) and the Hamiltonian is given by

(lik — eY B,)? . P2 L (Pt eY B,)?

1 1
H@ _ Ty - 2 Y2 - 2 22
K om 2m om tgmey Xt g mez 4T,
which can be rewritten as
P2 1 P2 1 h2 k2
H? = ﬁ + EmQ;C%CZYQ — hkwe:Y + 5= 4 §mw322 twaY Pt 5, (35)

18



where we have defined

Qyex,cz = yJwi + w2, + W2, (3.6)

and the partial cyclotron frequencies wey = eff and we, = eﬁz in analogy to

system (D.

For these cases, we study the Schrodinger equation (3.2) within the DSA in subsequent
chapters. They are structured as follows: In Chapter 3.1 we determine the eigenener-
gies of the model systems with the invariant eigen-operator method (IEO method) and
compare the results with well known common approximations. In Chapter 3.2 we derive
explicit transformations that decouple both systems and end up with exact Hamiltoni-
ans which also account for anisotropic effective masses due to the magnetic field. Using
these transformations on can include the effect of Bychkov-Rashba spin-orbit interac-
tion (BR-SOI) into the theory (Chap. 3.3) and investigate SOT induced anisotropies.
Chapter 3.4 is dedicated to the derivation of effective Hamiltonians for these systems
which are useful to compare the different approximations.
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3 Diamagnetic Shift Approximation

3.1 Invariant Eigen-Operator Method

In this chapter we will use the invariant eigen-operator method (IEO method) [14, 22|
to derive the k-independent part of the eigenenergies of the two Hamiltonians (3.3)
and (3.5). The IEO yields information about the energy spacings of the system, and
since we assume the (k-independent part of the) transformed Hamiltonians to be of
the form

7 IZn
7y 232 3 252
H—2mg+§mwaY +2n§2+§mzng

we will obtain the frequencies wj and w; through this method. However we will neither
gain any information about the explicit transformation H < H nor will we be able
to account for possible anisotropic masses mg, mz. We will face these questions in
Chapter 3.2 when we discuss in detail how the systems (D and @) are decoupled.

The IEO method takes place in the Heisenberg picture. Hence we will start with
a short reminder on the pictures of quantum mechanics, namely the Schrodinger and
Heisenberg picture, and continue with a general introduction to the method afterwards.
Once we got the gist of IEO, we will derive the decoupled frequencies and close the
chapter with a general discussion on validity and limits of wj and w; compared to other
approximations.

Parenthesis: Schrodinger and Heisenberg Picture

In the Schrodinger picture, the time dependence is carried by the states and the equa-
tion of motion is the well-known time-dependent Schrodinger equation

. d
ih= () = He [¥())

where the subscript indicates a possibly explicit time dependence of the Hamiltonian.
One can define a unitary time evolution operator U (t,t") for which it holds

[(t)) = U(t, to) [1b(to)) -
Hence the equation of motion for the time evolution operator reads
d
ihaU(t, to) = Hy U(t, to)
and the solution is given by the von Neumann series

it /
Ult,to) = Te ™ dio @ He

20



3.1 Invariant Eigen-Operator Method

which simplifies to ‘
Ut tg) = e~ w0

for a time-independent Hamiltonian. 1" denotes the Dyson time-ordering operator,
which is defined by
At1 Bt2, t1 > to

e {Bt2At1, to <t

In the Heisenberg picture the states

|[m) o= [Y(to)) = UT(t, o) [1h(1))

are time independent and, as a consequence, the dynamics is inclosed by the operators.
They transform according to

Au(t) = UT(t,to) A Ut to) ,

for an operator Ay in the Schrédinger picture, which may have an explicit time depen-
dence. The equation of motion reads

ih%AH(t) = [An(t), Hu] + ik U'(t, to) <;At> U(t,to) - (3.7)

3.1.1 Introducing the IEO Method

The IEO method uses the equation of motion (3.7) of an operator Qu(t) in the
Heisenberg picture without explicit time dependence in the Schrédinger picture to
deduce the energy gap between certain levels. This is possible as, for two eigenstates
|m), |n) of a system described by Hy with eigenenergies E,, and E,, respectively, it
holds

2
ol (10 ) Que) 1) = Gl [Qu(0), ] ] o) =

= (m| (Qu(t)Hi — 2HoQu(t)Ho + HyQu(t)) [n) = (3.8)
= (B — En)* (m| Qu(t) [n) =
=G, (m| Qu(t) )

where
Gun = |Em — Ey| .
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3 Diamagnetic Shift Approximation

The formula indicates that it is possible to construct information about the eigenen-
ergies of Hy, however an intelligent choice of Q(t) is necessary.
Assume that the operator Qg (), which has at least one non-zero matrix element

(m| Qu(t) [n) # 0 (3.9)

where |m) and |n) are eigenstates with different eigenenergies, satisfies the operator
identity!

2
<lhccllt> Qu(t) = G? QH(t) ,  with G € R fixed. (3.10)

It follows that G = Gy, i.e. we found the energy difference between |m) and |n)
by solving (3.10). Of course G depends on the choice of Qg (t) which is not unique.
Moreover Qp(t) may be "degenerate", that is there are two or more invariant eigen-
operators satisfying (3.10) with the same G.

Although the problem reduces to equation (3.10), it can still be challenging to find the
IEOs. A solution of (3.10) cannot be derived analytically but rather be guessed as we
will see later. In order to approach this task, it proves useful to mention the crucial
commutation relations [32]

OF
OF;
OF
0X;

[Xi,F(ﬁ)] = +ih
(3.11)

[P,.,F(X')] — iR

for any function F' that can be expressed as power series in its arguments. The deriva-
tive of an operator is defined via
9 1

3.1.2 Determining the Eigenenergies of @ and ®

We will now use the IEO method to derive the k-independent eigenenergies of the
systems (D and @), that is we will determine IEOs for the relevant Hamiltonian and
calculate the corresponding G respectively. They will be proportional to the frequen-
cies w_ and w4 which will define the energy levels of the decoupled harmonic oscilla-
tors.

IThe operator identity "=" states that the relation holds for all states of the given Hilbert space.
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3.1 Invariant Eigen-Operator Method

(D In order to find an IEO of the Hamiltonian

P2 1

o _ Y 2 2
Hk = % + §mQy’CZY — hkazY—l-

P 1 5 o, h2k?
+% + §mﬂzycyZ + hk/’wcyZ — mwcywczYZ + %

(same as 3.3)

we calculate some basic commutation relations. We get?
@ .
Y (t), HP] = +ih EPy(t) ,

[Z(t), H] = +ih %Pz(t) ,
[Py (t), HP] = —ih (m Qicz Y (t) — hkwe: — mweywes Z(t))
[P.(t), HY] = —ih (m Q2 ., Z(t) + hkwey — mweywe. Y (1))

Z7Cy

and therefore we assume an IEO to be of the form

Q) =Y({)+qZ(t)+ g2, (3.12)

which we will use in the following. Note that we could also choose the IEO based
on the momentum operators, i.e.

Q'(t) = Py(t) + g P.(t) + g ,

which would indeed be an adequate alternative. However it turns out that Q'(¢)
in (3.10) leads to the same energy spacings G, thus it is equivalent to Q(¢). For
our calculation we stick to (3.12).

Substituting Q(t) into (3.10) we get

(ihd)2@<t> — [[Q(t), B, H] =
dt - PR TR

hk
=R [(Q;CZ — glwcywcz) Y(t) + (—wcywcz + ngZ’cy) Z(t) + i (grwy — wcz)] =

—WeyWez+ Qgc hk —Wez
Y(t)+< ot T ’y>Z(t)+< iy~ )]

Qy,cz —G1WeyWez m Q%/,cz —J1WeyWez

=h? (Q2 _glwcywcz)

Yy,cz

LY () +qZt)+g) -

?Note that in this chapter we will suppress the subscript "u" for convenience. An operator is said
to be in the Heisenberg picture if it is presented as a function of time, e.g. A(t).
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3 Diamagnetic Shift Approximation

24

This implies a quadratic equation for ¢g; with its solutions

2
g1 = Qz,cz - Qz,cy + 1+ (Qg,cz - Qg,cy>

2WeyWez

Hence we have

R? 2
G*=N* (2 .. — Grweywes) = 5 <Q§7CZ +02,, + \/(Qg’cz -02.)" + 4wgngz> :
To put it in a nutshell, the ansatz (3.12) gave rise to two different IEOs with two
energy spacings G4 and G_. We argued above (p. 20) that the decoupled system
will consist of harmonic oscillators again, thus the k-independent eigenenergy

levels of system (D) read

1 1
En,n’ :m}@ (n+2> +hw_? <n/+2> )

1 1 L
WC_D = ﬁG_ = \/2 (Qg/,cz + Q;cy) - 5 (Qz,cz - Qg,cy)Z + 4w§ngz ’ (3 13)

1 1 1 2
w-? - ﬁG+ - \/2 (Qi,cz + Q%,C?J) + 5\/(Q?2J7CZ o Qg70'51) + 4w§ngz :

These frequencies yield information about the diamagnetic shift w, — wﬁ? and
first evidence about in-plane orbital effects w, — w® of a magnetic field perpen-
dicular to the direction of transport in an electron waveguide or Hall bar.

In this system, where the in-plane component of the magnetic field is parallel to
the direction of transport (x-direction), the Hamiltonian is given by

Pz 1
H]? =4 4+ ZmQ?

2m 2 y,cw,czyz — hkwe:Y +

(same as 3.5)

P2 1 h2k?
“rﬁ + 5mw322 + wchPz + %

which is somewhat more complicated to handle due to the momentum-position
coupling as we will see later. However it is as simple to find the k-independent
energy eigenvalues as it is for system (D if we make use of the IEO method. This
is what we will do in the following.



3.1 Invariant Eigen-Operator Method

To get an idea how an IEO of H ,? could look like, we start calculating basic
commutation relations as we did in the previous case. We get

¥ (1), HY) = +ih —Py(1)

Z(t), H?] = +ih <nll ()+wCzY(t)> ,
[Py(t), H?] = —ih (m ] o 0. Y (1) — hkwe + wee Pi(t))

[P.(t), H?] = —ihmw?Z(t) .
Hence we assume that an IEO should look like

Q) =Y (t) + 1 P=(t) + g2 , (3.14)

or like
Q'(t) = Py(t) + g1 Z(t) + g5 -

It can be shown that both TEOs lead to the same energy spacings and we will
use (3.14) for ongoing calculations.
Substituting Q(t) into (3.10) we get

(1hd)2Q<’f> = [[Q(), B2 H?] =
dt itk 10Tk

1 hk
h |:(932/ cx,cz + glmwgwxc) Y(t) + (mwcm + ngy cx cz> Pz(t) - E WCZ:| =

Cl’+ Q CICZ
Y<t>+< e T, )Pz<t>+

m2 + g1mPwiwg.

Y,CT,C2

= h? (ij’w’cz + glmwgwxc)

4 (hk “Wez ﬂ L2 [Y(t) + g1 P.(t) + go] -

2 2
m Qy,cm,cz + g1Mwiwee

By comparing the coefficients we get a quadratic equation for g;, thus

2
2 2 2 2
. Qy,cx,cz — W 1 (Qy RN wz)

2Mwepw? m2w? 2Mmwepw?

and therefore

R?
2 2 2
G h (chxcz_'_glmwzwcx) < ycxcz+w :l:\/ ycmcz_w2 +4w§xwz> .
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3 Diamagnetic Shift Approximation

We conclude that by choosing the ansatz (3.14) we also get two IEOs with energy
differences G+ and G_ respectively. We assumed the k-independent eigenenergies
of system (2) to be harmonic oscillator levels, therefore they read

1 1
En,n/ :m}@ <n+2> +hw% <n/+2> 5

with the frequencies given by

1 1 1 2
w? = ﬁGi - \/2 (Q?QJ,cm,cz + w%) B 5\/(9?2;70%02 - wg) + 4wg$w§ ’

1

(3.15)
1 1 2
w_@g = ﬁGJF = \/2 (Qf/’m’cz + wz) + 5\/(957%% — wz) + 4w w? .

These are the formulas that possess information about the diamagnetic shift
Wy, — w% and some in-plane orbital effects w, — w? that a magnetic field with

its in-plane component along the direction of transport generates.

Parenthesis: General Solution for Arbitrary Orientations As mentioned be-
fore, one can also derive the eigenenergy levels of a quantum wire in an arbitrarily
orientated magnetic field with the help of the IEOQ method. Once we merge system ()
and @ and follow the same procedure as above, we find that the IEO must depend on
all operators. Thus, we insert the ansatz

Qt)=Y + g1 P+ g2Z + g3P. + g4

into equation (3.10) and obtain the MEFs

1 1
wi= |5 Z w? + 3 Z wiw? — 4 (wiw2, + w2w2, + w2w?)
1=y,z, 1,J=Y,2,
cz,cy,cz cz,cy,cz
in their most general form. Nevertheless, we stick in the following to the physically
most important cases described by (D and @) which yield best insight into all important
features of the orbital effects due to transverse magnetic fields.

Why "k-independent" eigenenergies? Let us dedicate a few lines to face the
question why we have always stressed that the IEO method did not give us any k-
dependence of the eigenenergies of the systems (D) and (). First, since we have used
the formal transformation (3.2) of the Hamiltonian H3P (3.1), k lost its operator
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3.1 Invariant Eigen-Operator Method

character. As a scalar, it commutes with any operator, particularly with all terms in
Hj;, so it cannot satisfy the Heisenberg equation of motion (3.7) which is essential for
the IEO method. The term % drops out automatically. Second, the k-dependent
linear terms in H ,? and H ,? shift the parabolas in real space but do not alter the
frequencies €y .., Q. ey or Qy cp ez, w.. It follows that the k-dependencies of these
terms result in a constant term proportional to k% which drops out as well. Third,
since the conductor is assumed to be infinite in x-direction, the energy eigenvalues lack
discretization and TEO would not be applicable for this coordinate anyway.

As a consequence, the eigenenergies calculated by the ITEO method cannot account for
any k-dependence. Nevertheless it is present and will be derived in Chapter 3.2 when
we discuss the transformations to decouple the systems in detail. We will find that the

eigenenergies of both systems can be written as

1 1 h2k2
En,n’(k) = hw_ (TL + 2> + hwy (n’ + 2> + ﬂ ,

with corresponding frequencies and effective masses p for the two systems respec-
tively.

3.1.3 Discussion and Summary

On the previous pages we have used

(13+6/T)2

2m

H3P = +V,(Y)+V.(2) , (same as 3.1)

with the electrostatic confinements
1

1
Vy(Y):§mw§Y2 , VZ(Z):§mw§ZZ

to calculate the energy eigenvalues for a non-zero magnetic field with its in-plane
component perpendicular (D) or parallel () to the direction of transport. Whereas
for vanishing magnetic field we get the energy levels

1 1\ = R%k?
E ’ g — P / —
o (k) = hwy <n+2> + hw <n —|—2> + Sy
we found the eigenenergies for a finite field to be
1> h2k?

J— 1 /
By (k) = hw_ (n+2>+hw+ <n—|—2 o
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3 Diamagnetic Shift Approximation

with the magneto-electric frequencies (MEFs)

1 1 2
o =3 O 020) - 1 05— 02+ aeet

(same as 3.13)

1 1 5
(JJ% = \/2 (Q?/’cz + Qg,cy) + 5\/(9121702 — Qg,cy) + 4wgngz ,

Qyez = Jw2 +W2 , Qg = /Wi +wl (same as 3.4)

for system (), and
@ L2 2 1 2 2)2 2,2
wo = 5 (Qy,cx,cz + wz) - 5 (Qy,cx,cz - wz) + 4wcxwz )
@ L o2 2 1 2 2)2 2 )2
Wy = 5 (Qy,cx,cz + wz) + 5 (Qy,cx,cz - wz) + 4wcxwz ’

Qyerece = \/wg + w2, + w2, (same as 3.6)

for system Q) respectively. It is obvious that the transition w, — w4 describes the

(same as 3.15)

diamagnetic shift (2.7) and wy, — w_ reflects in a sense the anisotropic effective mass
(2.8) which was introduced in Chapter 2. Thus the altered frequencies w_ and w; yield
a quantitative generalization of the improved 2D effective mass Hamiltonian (2.13).

In this section we will show that the results of the model system in Chapter 2 can be
obtained from the MEFs wy and check the validity of the anisotropic effective mass, i.e.
equation (2.12). We will end this chapter with a discussion on possible anisotropies and
deliver ingsight into the complication of calculating energy levels at very high magnetic
fields.
Let us verify the MEFs by checking their limits with well-known situations, starting
with the Quantum Hall Effect (QHE). The QHE of a Hall bar described by the effective
mass Hamiltonian (3.1) in Landau gauge [4, 17| leads to the magneto-electric frequency
w2 + w2, of the in-plane confinement while w, remains unchanged. Thus the MEFs
for both systems need to converge with this result as there should not be any difference
between (D) and (@) for zero in-plane fields.
In system (D the frequencies are given by (3.13). In the quantum Hall regime the
partial cyclotron frequency wey vanishes and the MEFs reduce to

1 1 2
N T SN [ N Y S

1 1
w§ = \/2 (wg—l—wgz—l—wg)+§\/(w§+wgz—w§)2:wz
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3.1 Invariant Eigen-Operator Method

as expected.
In system ) the frequencies of (3.15) for we; = 0 reduce to

1 1

2= Y rurret) - LG - = g,
1 1

w = \/2 (wg—i—wgz—i—u@)+§\/(w§+wgz—w§)2:wz,

which coincides with the previous result. We notice that the MEFs derived by the IEO
method match for zero in-plane fields and confirm the known results from the QHE,
thus fulfill validity in the limit of zero in-plane field.

Now we approach the situation of (2.5) discussed in Chapter 2, that is a pure in-
plane magnetic field B = (B,0,0). Within the model of an infinite 2DEG we got a
diamagnetic shift w, — \/w? + w2, and an effective mass perpendicular to the B-field
(2.8) which gave rise to the modified frequency

Oy = Yy e (same as 2.12)

Vi T

Of course we need to use system Q) to verify these statements.
The MEFs (3.15), with the partial cyclotron frequency we, = 0, read

1 1 2
w® = \/2 (@2 + g +w2) = 51/ (@3 + 0 - 2) + e

1 1 2
w2 = \/2 (8 + 02, +02) + 54/ (08 + 0 — w2)’ + el

As it holds wy < w, we can do a Taylor expansion in w, and get

2
Wy W Wy We
w@ = 2?4 z = — z Wex 7 UJy3 + O(Wy5) 7
VWz® + Wey 2 (wZQ + wa)
/ Wea” 2 4
@ _ 2 2 cr
Wi = Vw;® + weg” + 3/2 Wy +O(wy ) ’

2 (w,2 + wez?)

which verifies the statement above up to higher orders in w,. It is obvious that the
MEFs derived by the IEO method provide a better description of the diamagnetic shift
and of the effects on the in-plane magneto-electric confinement in a quantum wire than
the model system (2.5) of Chapter 2 which assumes an infinite 2DEG.
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Figure 3.1: Magneto-electric frequencies of both system @ and @ for w, = 0 and
hw, = 7.24meV. The upper area is given by hwy and the lower lying one demon-
strates iw_. Note that the planes touch only for a vanishing in-plane field.

Let us now focus on general behavior and possible anisotropies of the magneto-electric
frequencies. For the limit w, — 0, i.e. an infinite 2DEG, the MEFs are indeed isotropic.?
They can be rewritten as

1 1
— 2 2 2 4 4 4 2 2 2 02 — w2 w2
wx=1/5 <wcip +we, + wz> + 5\ Weip +wg, tw; +2 (wcipwcz + wgpws — wczwz> ,

for both systems, where weip = wey and weip = we, for system @ and Q) respectively.
The general behavior of the MEFs in this case are visualized in Fig. 3.1. Hence for any

330 is the total system. Although the effective masses u that couple with the parameter k and define
the curvature of the dispersion relation, are different for system D and system (), they diverge for
vanishing wy and, as a consequence, the kinetic term disappears. Explicit expressions for p will be
derived in the next chapter.
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3.1 Invariant Eigen-Operator Method

anisotropy to occur the condition w, # 0 is mandatory - it is a boundary effect. This
implies that for very wide electron waveguides, i.e. bulk states, the MEF and therefore
the energy levels of the system are isotropic.

For narrow wires, w, # 0, the system is anisotropic, i.e. the MEFs differ for an in-plane
magnetic field perpendicular or parallel to the direction of transport. However since
we have started with a two-dimensional electron system, we still have the condition
wy < w, which implies that anisotropic effects due to the confinement remain small.
Nevertheless, they are discussed in Chapter 4 in detail.

The magneto-electric frequencies (3.13) (D), (3.15) (@) for the model system described
by (3.1) are, in principle, valid for arbitrarily strong magnetic fields. On the other hand
the calculation is based on the effective mass Hamiltonian, which is an approximation
itself. We remind that for both large energies and high magnetic fields we have to
take non-parabolicity of the band structure and spatial shift of the states into account,
that is we have the same problems as described in Chapter 2. The MEFs provide an
approximation for diamagnetic shift and in-plane magneto-electric confinement, but
in order to calculate energy levels for very high magnetic fields particularly with a
dominant Zeeman term, one would need expressions that describe the energy and field
dependence of the effective mass and Landé factor. We have already stated that they
are hard to find and we would rather refer to [6, 7, 8, 16, 23, 29, 38, 39, 48] for further
details. Nevertheless we will close this chapter with a model calculation of the energy
levels that correspond to the setup used by W. Pan et. al. in Ref. [26], a system with
a very high in-plane field.

The system of interest is a 5mm wide Hall bar which is based on an Aly24Gag.76As /
GaAs / Alp24Gag.76As quantum well. Due to the large width of the system, we expect
boundary effects to be negligible and use w, = 0, i.e. the system is isotropic and we
can use either D or @). We will describe the magnetic field in terms of the tilt angle
© = £(2, B), thus we have the relations

Bz Bip

1Bl = cos(O) - sin(©)

The setup was used to investigate transport in the integer quantum Hall regime (B, ~
2.9T) with a very strong in-plane field (Bjp ~ 25T). In our calculations the quantum
well is approximated by a harmonic confinement with hw, = 7.24meV. The bulk
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3 Diamagnetic Shift Approximation

35+ tilt angle 78° . 154 tilt angle 82.5° 354 tilt angle 84°

- 20
s 5—19,8
196
194

19,2

1/ 12 1/
1/ 1/ / 24

57 T 57 19 57 T

2,5‘2‘.6’2‘7‘2’8‘2{9, :; I3I.II3,2‘3!3 2.5‘216‘2?7‘2{8’2{9’3’ '3{II31.2I3_3 2.5‘2{6‘2‘.7‘2{8‘2{9‘ 3I I3‘.ll3f2‘3_3
B,[T] B,[T] B,[T]

Figure 3.2: Energy levels of an infinitely wide (Al)GaAs Hall bar with ¢* = —0.4

and m* = 0.067me. The spin-polarized levels (solid and dash-dot lines) cross for

B, ~ 29T and Bj, ~ 23T (i.e. © > 83°). The dashed lines indicate the in-plane

magnetic field dependent on the perpendicular field for the three tilt angles.

values of g-factor and effective mass for GaAs read
9(Gars) = —0.44  mgaas) = 0.067me .
For the g-factor and effective mass in the current situation we assume to have
g-=-04 , m*=0.067Tm, ,

with a slightly different Landé factor due to the effects discussed in Chapter 2 |7, 29, 38|.
The author stated that in this regime the spin-polarized bands of neighboring Landau
levels may cross and also eigenenergies of different subbands may coincide. With the
parameters given above we can verify a possible crossing of spin-polarized levels (Fig.
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3.1 Invariant Eigen-Operator Method

3.2) for the given magnetic field and tilt angle, but a coincidence of eigenenergies orig-
inating from different subbands seems to be impossible* due to a large diamagnetic
shift. Therefore it seems conceivable that transport anisotropies, as reported in Ref.
[26], may have the origin in band crossing of neighboring Zeeman split Landau levels.
We will pick up this idea again in Chapter 3.3 when we discuss the effect of BR-SOI
at the crossing, but we will find that this contribution is isotropic in the given setup
since w, = 0, thus this experiment cannot be explained by our results.

For now, let us investigate Fig. 3.2 in more detail. The k-independent eigenener-
gies

1 1 * _
By = hw_ <n + 2) + hwy <n’ + 2> + %MB|B|

are displayed for different tilt angles dependent on the perpendicular field. Since, for
fixed O, changing B, also changes the in-plane component linearly, we can also plot
B;, which is given by the dashed lines and belongs to the scalings of the right axes
each. Note that the plots only show the first eight Landau levels of the lowest subband.
Since we have w_ < wy, the levels of the second subband are beyond the scaling of
these graphs. This means that this initial quasi-2DEG (comp. Fig. 2.3) becomes two-
dimensional due to the diamagnetic shift w, — w4 of the in-plane magnetic field. With
increasing tilt angle the Zeeman split Landau levels start to overlap and the crossing
at a perpendicular field of B, ~ 2.9 T happens for © = 83°, that is an in-plane field of
Bi, ~ 23T. Higher order mixing may occur beyond this for larger tilt angles. Note,
however, that the parameters ¢g* and m* were held constant for all plots of Fig. 3.2 and
one would need to consider different values for fields significantly different to 25T.

*Recall that we are working with an one-particle picture that neglects electron-electron interaction.
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3 Diamagnetic Shift Approximation

3.2 Orbital Effects

In this chapter we are interested in the explicit transformations that decouple the
systems (D and ). Once we know how the eigenstates change due to the tilted magnetic
field, we get insight into the orbital effects. The derived transformations can then also
be applied to spin-orbit coupling terms to get an idea of magnetic impact on these.
In the first section we will deal with system (1) and derive the MEFs and the explicit
transformation for a magnetic field perpendicular to the direction of transport with the
help of archetype 2 (Appendix A). In Section 3.2.2 we will repeat this but with system
® using archetype 3 (Appendix A). Subsequent to this we will dedicate one section to
show that the derived MEFs match with the MEFs obtained by the IEO method and
close this chapter with a discussion on the transformations.

3.2.1 Decoupling System (D

Our starting point is the Hamiltonian

P,
HP =2 +-mQ . Y? — hkw..Y +

P 1 5, h2k?
+ﬁ + §sz7cyZ + hkwyZ — mweywe,Y Z + S

which needs to be transformed in two steps using the methods given in Appendix A.

(same as 3.3)

The first substitution implies a shift of the x-axis which is dependent on the wave
vector k. The new position operators read

2
Y/ =Y — Wez Wy hj
w2 w2+ w2 w?+w2w? m’
ry Py cz Wz y Yz
; (3.16)
Z':=Z+ i ik
' w2 w2+ w2 w+wiw?2m’
cy %y cz %z y*z

and the Hamiltonian H. ,? in the shifted coordinate system can be written as

2 2 21.2
24 y QQ le ! QQ Z/2 y'7!
k 2m+§m Y,z +272n+72m zcY T +W’

where we used the transformed frequencies defined in (3.4). The coupling strength is

given by v = —mwey we. and the effective mass p, which describes the effect of the
magnetic field on transport properties of the system, is
2 2
w w
pi=m (1 + <+ Cg) . (3.17)
wy w?
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3.2 Orbital Effects

The operators Y and Z’ are still coupled, thus the second step will be to perform the
transformation of archetype 1. This is a rotation of the angle 8 = arctan(—¢) around
the shifted x-axis, with & being an essential, although k-independent parameter of the
transformation. It holds

02— 02
E=Z24+V1+=2 with =Z=-2%2 29 (3.18)
2 Wey We
and the rotated operators are given by
- - 1
Y:N(Y’—i-fZ’) , ZzN(—fY’—FZ’) , N=—— (3.19)

Vit
This leaves us with the final form of the Hamiltonian (3.3)

| -, P2 1 ., h2k2
HO = % 4 “quw®?y2 4 22 4 @222 4 22
P 2m+2mwy +2m+2mwz + 2

, (3.20)

which consists out of two independent harmonic oscillators and a k-dependent term
describing the dispersion relation of free electrons with an effective mass p (3.17).
The eigenenergies of the system read

o 1 of . 1\ "%
E’mn’(k) B hwg n —+ 5 + hwg n + 5 + W 5 (321)

which verifies the statement on page 27. The MEFs are found to be

2§
" \/N2 (e0o o+ T5).

27§
w® = \/ N? <§22y ez - ;) .

We will prove later that (3.22) is indeed equivalent to the MEFs w4 derived by the
[EO method (3.13).

(3.22)

3.2.2 Decoupling System (®

The Hamiltonian of interest in this case reads

s P71, ) P2 1 45, h2k?
Hk = %_Fimgy,cm,czy —hkwczy+2m+§mwzz +chYPz+% (Same as 35)
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3 Diamagnetic Shift Approximation

with the characteristic momentum-position coupling. To deal with this problem one
needs to perform the transformation of archetype 3 given in Appendix A, that is we
rewrite (3.5) in terms of the effective momentum Z and effective position P, operators
which we define

P, -

P, = , L= —mw, 2 (3.23)
mw,

Note that we could also choose the sign convention

PZ::—PZ . Zi=mw, Z
mw,

and would obtain the same result. In the following we will stick to the definitions of
(3.23).
The Hamiltonian reads

2 1 72 h2k2

P Z2 1 _ _
H? = ﬁ + 5mQ;CWY? = hhwe.Y + o+ imwgPZQ +mwawe Y Py + 55— (3.24)

and can be transformed in the same way as we handled H,? in Section 3.2.1 using
the method of archetype 2. The (effective) position operators are first shifted by a
k-dependent summand. They read®

Y/:Y_ 20;)_62 2 @7
w, w m
Y . w - (3.25)
P, =D, . cex¥er TN

w2 w, + wg Wy m
and the Hamiltonian (3.24) becomes

P2 1 712 1 B . F2p2
Hk® = 2; + imﬂz,cx,CZYIQ —+ % + imwzpz% + mwzwchIPZ/ + W 7

where Qy ez cx = (/w2 + w2, +w?, was defined in (3.6). The effective mass y is given
by

w2
= 1 <) 2
wi=m < + 2 ) (3.26)

The operators are still coupled, thus the next step will be to perform the transformation
of archetype 1 (Appendix A). This is a rotation of the angle § = arctan(—¢) around
the shifted x-axis, with the k-independent parameter £&. We have

2 W2

Q
== 1+22  with =Z=--25% =2 (3.27)
2 Weg Wy

®Note that it holds P, = P, and Z' = Z.
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3.2 Orbital Effects

and the rotated operators are given by

(Effective) position operators: P; = N (Py —€Y') |, Y = N (¢P, +Y')

(Effective) momentum operators: Z=N (Z' —¢Py) , Py= N (§Z' + Py) (3.28)
1

Vie

This leaves us with the decoupled version of Hamiltonian (3.24)

with N =

Pz 1 - 72 1
HZ = L 4+ ~mw@?Y? 4 7 4+ ~muf
BT gy Ty Tty tymes e )

Pz 1 - P2 1 ~, h2k2
_ Yy ®2~-2 z @272
= +-omw; Y+ S cmzwy T+ ——
om - 2 y o2ms 2 F

(3.29)

which consists out of two independent harmonic oscillators and a k-dependent term
describing the dispersion relation of free electrons with an effective mass u (3.26). Note
the appearance of an effective mass for the Z-coordinate

2
~ o — wz
msz = mwg2 (3.30)
which, however, does not become manifest in the energy levels
1 1\  h2*k?

since the mass of the harmonic oscillator does not appear explicitly. The MEFs are

27€
w? = \/N2 <§2wg + Q%,cz,cz + m> )

7€
w,§® = \/N2 (wg + 5292,090,02 - m) )

where v = mwyw; is the coupling strength (comp. (3.24)).

given by

(3.32)

3.2.3 Comparing with TEO Results
We still owe the connection between the MEFs (3.13) and (3.22) of system (D and

(3.15) and (3.32) of system @). The problem that we have to face arises due to the fact
that the MEFs derived by the explicit transformation do not necessarily need to fulfill
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3 Diamagnetic Shift Approximation

the condition wy < ws. This is because we define the rotation such as the system is
decoupled without knowing which frequency is smaller whereas the IEO method gave
us counstant energy spacings which we can name w_ for the smaller and wy for the
larger frequency without knowing the transformation. We would need to make the
choice of the explicit transformation dependent on the magnetic field orientation to
have the frequencies ordered with respect to their magnitude, i.e. wy < ws, in order to
have the general allocation wj = w_ and w; = wy. Alternatively we could abandon
this fixed allocation and use wy and w; as they appear through the transformation, i.e.
we cannot say for all magnetic field orientations whether wj or w; is bigger because
this can flip. In the following we will need the explicit transformation, thus we have to
distinguish the cases wy < wz from what follows wy = w_ and w; = w,, and wy > w;
from what follows wy = wy and wz = w_. The question is: Under what conditions
which one of the MEFs wy, ws is bigger?

For the following considerations, we need to choose a transformation, that is we need
to pick the sign in £ (3.18), (3.27). It can be shown that both possibilities lead to the
same physical results, thus the choice is a matter of taste. We use the minus sign and

=g =2—/1+22

which will be fixed for all calculations. Note that it holds

write

(. =-€61 and <0 VE
with & =24+ V1 + =2
(D We have

wg) = \/ <€QQZ cy + Qg cz 275) =
_ 1 1 27\ _
_\/5+51<§ a0 ) -

1
- \/m (_5_ Zey T £+42 gz T 2wcywcz) =

a6

1 1
V 3 (e + 02, + (B s + woyier) S =

(3.33)

N |

)J ¢1
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3.2 Orbital Effects

1 2
oot 020) 5 (08— 02,)7 + e, S

cyrez 7 2
\/ wcywcz

1
— (Q
2
. 1 2
(Q%/,cz + Qg,cy) + SIgn<wCywcz) 5\/(95,&2 - Qg,cy) + 4wgngz =

—_

J
@

{w® if  sign(weywe:) = —1

B w% if sign(wcywcz):—i—l'

Similarly we get

1 ) 1 2
w;D = \/2 (Qg/pz + Qz,cy) - Slgn(wcwaZ) 5\/(912/702 - Qz,cy) + 4wgngz -

{w% if sign(weywe:) = —1

w® if sign(weywer) = +1 ’
(3.34)
where €, .. and €2, ., are given in (3.4).
® For this system, using an analog derivation, we find
1 ) 1 2
wg® = \/2 (Qg,cx,cz + wg) - Slgn(ow) 5\/(912/,01’,% - wg) + 4(4)21,002 =
3.35
_Jw® i sign(wer) = +1 (3:35)
w% if sign(weg) = —1
and
o_ |1 02 2 : 1 02 2)2 | 402 2 =
Wy = 5 ( Y,CT,c2 + wz) + Slgn(w0$) 5 ( y,cr,cz wz) + WegWz =
(3.36)

’

_ wf if sign(wes) = +1
@ if sign(we) = —1

where €y . is given in (3.6).

This gives us the connection between the MEFs of the IEO method w+ and the MEFs
of the explicit transformation wy/; and generalizes the previous results. This will prove
useful when analyzing the magnetic effects on BR-SOI as we will see later.

3.2.4 Discussion

We know the eigenenergies of both systems and also the transformations that decouple
the Hamiltonians. In order to get an intuitive insight into the effetcs of magnetic field
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3 Diamagnetic Shift Approximation

® ©)

Y

Figure 3.3: Schematic coordinate transformations of system () and @) in real space.
(D: The origin is first shifted along the tilted k-axes (thick, solid line) and then
rotated by 6, which is independent of the wave number. Note that the tilt angle ¢
does not depend on k either. (2): The system is moved along the y-axis and rescaled.
Note that the coordinates R are virtual variables that also contain momenta. In this
picture only the space dependence of the transformed system is plotted.

influence, we visualize what has happened during the substitutions of Section 3.2.1 and
3.2.2.

In system (D (Sect. 3.2.1) we started with a linear shift in real space R — R’ (3.16).
The coordinate system offset depends, besides system specific parameters, only on the
magnetic field B and the wave number k, where the former defines the tilt angle, the
latter the position on the tilted axis where the new origin must be located (Fig. 3.3).
Once you allow a variation of the wave number you find that all the shifted coordinate
systems R must be located on this tilted axis and due to its linear dependency we
can label it with k. This resembles the k-dependent spatial shift across a Hall bar
of extended states in the quantum Hall regime (no in-plane field), but is generalized
taking the third dimension and effects of the lateral field into account. The tilt angle

2
Wey W
p = arctan| — g .
Wez WE

One can easily see that the angle becomes negligibly small in the two-dimensional limit

@ is given by

(wy < w,) or for vanishing in-plane field.
Additional to the characteristic shift we get another effect which is new compared to
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3.2 Orbital Effects

Figure 3.4: System (I): Channels of electron transport for different values of k. Al-
though all confinements in the model system are harmonic, the channels are plotted
as cuboids for convenience. Note that all magneto-electric confinements are aligned
parallel since the tilt angle does not depend on k.

the 2D quantum Hall effect: the rotation R’ — R (3.18), (3.19). The rotation angle 6
is given by
0 = arctan(—¢) ,

where
02 —02
E=ZE4+V1+52  with =Z=-%2% 2% (same as (3.18))
2wcy Wez

and is independent of k, i.e. the decoupled harmonic oscillators are parallel for all wave
vectors and aligned along the k-axis. This is visualized in Fig. 3.4, where the cuboids
represent the magneto-electric confinement channels in which the electrons move. The
gray, large cuboid shows the electrostatic, initial Hall bar. Electrons close to the
Fermi energy but with opposite velocity are spatially separated and backscattering is
suppressed. Although the situation is more general, the same arguments as for the
quantum Hall regime hold [4, 17] and can be used to describe transport phenomena in
this setup.

Note that this out-of-plane rotation of the magneto-electric confinement has also been
observed by the analysis of classical trajectories. Fig. 3.5 (lhs) was obtained by solving
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3 Diamagnetic Shift Approximation

@ z @

Figure 3.5: Classical trajectories of confined electrons in a magnetic field projected
onto the y-z plane in arbitrary units. (@): The electron in the magnetic field
B = (0, By, B>) is trapped within the tilted rectangle. The motion resembles the
trajectory of a confined electron in zero magnetic field (not shown here) but rotated
and rescaled. @: In the case of B = (B,,0,B.) the shape of the trajectory has
changed significantly. The electron is trapped within an effective confinement which
is oriented like the initial, electrostatic potential, but its motion demonstrates addi-
tional dynamics. The magnetic field causes skipping orbits within the y-z plane, i.e.
the electron circles around the origin along the potential’s edge. This is the classical
version of the position-momentum coupling of H? (3.5) and gives intuitive insight
into the rotation of (effective) operators performed in (3.28).

the equation of motion

0 B.y—Byz
mr=—m wgy —e —-B, &
w? 2 By x

and projecting the result of a certain time interval onto the y-z plane. The analogy is
obvious.

System @ (Sect. 3.2.1) is somewhat more complicated to map. The first transforma-
tion R — R’ (3.25) consists of a linear shift along the y-axis and a linear shift in the
momentum basis along the P,-axis not visible in real space (Fig. 3.3). The offset of the
coordinate system’s origin is linear to the wave number and therefore we can label the
axis of all possible translations with k. Note that the dynamics of the system along
the z-axis has changed, but the origin of the z-axis has stayed the same.

The second substitution is a mixing of momentum and position operators R’ — R
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3.2 Orbital Effects

(3.27), (3.28) and the resulting coordinates do not have a trivial real space represen-
tation. However, we assume that the projection of the coordinate system on the real
space does not shift, i.e. the states are somehow located at the origin of system R'.
This means that states with opposite wave numbers are spatially separated and we can
use the same arguments as in the quantum Hall regime |4, 17] and as we did above for
system (D.

To get an idea of the effective confinement and the relative orientation of the states,
we solve the classical equation of motion

0 B,y
mr=—m wgy —e| By,2—B.z%
w? 2 —B.y

and plot the trajectory for some time interval (Fig. 3.5 (rhs)). One can clearly see
that although the coupling causes some "internal" dynamics, the electron is trapped
in a well defined region which is not tilted as in system (). Therefore we expect the
electron transport channels to be in the plane of the initial, electrostatic Hall bar for
all values of k.

In summary we find that the out-of-plane shift and tilt are special features of system
(D, where the magnetic field is perpendicular to the direction of transport. In sys-
tem (9), the states become more complicated, but stay in the x-y plane of the initial
2DES. Nevertheless, for both systems quantum Hall effect arguments can still be used
to describe transport phenomena since the states of opposite k-vectors are spatially
separated.
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3 Diamagnetic Shift Approximation

3.3 Bychkov-Rashba Spin-Orbit Interaction

The theory of relativity predicts that whenever a charged particle moves in an electric
field, it observes a magnetic field in its rest frame. The electrons in a solid state move
in the ionic field and since they hold an intrinsic magnetic moment called spin [32],
they interact with the resulting magnetic field. The interaction is called spin-orbit
coupling (SO coupling) {12, 18, 45, 51| and is described by
Hgo = W (ﬁ+€/¥) . (EX 6‘/)

which appears through a non-relativistic approximation to the Dirac equation. The
electric field of the crystal potential alters the energy levels and we assume for our
considerations that this embedded effect has already been incorporated into the mate-
rial dependent band structure parameters. On the other hand additional contributions
have to be taken into account if there are additional electric fields in the system such
as built-in fields of heterostructures or external fields. However, for a system that is
inversion symmetric in time, which yields the relation Ey(k) = E|(—k) called Kramers
degeneracy, and space, from what follows F(k) = E;4(—k), we can conclude that the
spin states must be degenerate, i.e. Ey(k) = E| (k) [12, 45]. The time inversion symme-
try can simply be broken by an external magnetic field which results in the well-known
Zeeman splitting. For a violation of the space inversion symmetry one usually distin-
guishes two cases: the structure inversion asymmetry (SIA) which gives rise to the
so called Bychkov-Rashba Hamiltonian, and the bulk inversion asymmetry (BIA) from
what the Dresselhaus Hamiltonian follows. Although we will use for model calculations
an (Al)GaAs system which has zinc blende structure and therefore lacks bulk inver-
sion symmetry, we will neglect the Dresselhaus contribution since we are interested in
effects that are present in all kinds of 2DEGs. Thus we focus on the effects of a tilted
magnetic field on Bychkov-Rashba spin-orbit coupling.

The model system H3P (3.1) consists of harmonic potentials. This means that there is
no structure inversion asymmetry and therefore there should be no BR-SO contribution
to the eigenenergies. Nevertheless, the model Hamiltonian is an approximation which
could have been done for an asymmetric system, e.g. a 2DEG which was created by a
triangular potential along the growth-axis, sometimes referred to as Rashba potential.
Moreover it has been shown [2] that even in a perfectly symmetric system one may sill
observe SO interaction effects if there are two or more energy levels occupied. Hence
we calculate the BR Hamiltonian in the transformed coordinates for the systems (D
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3.3 Bychkov-Rashba Spin-Orbit Interaction

and @). The result will be appropriate for finding the energy correction where spin-
polarized Landau levels cross as we will see later in this chapter, and for the derivation
of effective spin Hamiltonians, which is done in Chapter 3.4. However, a possible effect
on the eigenenergies due to the lateral confinement V,(Y) as described in Ref. [24] will
be neglected for simplicity.

3.3.1 Calculating BR-SOI in the 2D EMA

Before we approach the effects of the lateral magnetic field on Bychkov-Rashba spin-
orbit interaction (BR-SOI), we discuss the same situation within a common approx-
imation, the 2D effective mass approximation which has already been introduced in
Chapter 2. Based on H?P (2.4) we can write down the Hamiltonian for a quantum
wire along the x-direction with an arbitrarily orientated but small magnetic field in
the Landau gauge

P,—eBY)* P} 1
H2D — ( z z Ty Y2 B
T om + o + 3 5 MWy + 9 ,uBcf
2 21.2
1 wey hk ks g (3.37)
2D Y 2 cz
= _—+-m(} Y — — — 7B
— Hj, 3 +2m ez QZCZ + 2 +2MBU
=Y’
where o; is the i- th Pauli matrix, Qy oz 1= wz + w2, is the magneto-electric frequency

and p = m (1 + 2 ) is the effective mass of the dispersion relation. Note that the
subband offset Eo was set to zero. The solution of the stationary Schrédinger equation
reads

) = In) @ [£) =t |n, £)

with |n) being the solution of the harmonic oscillator with frequency €, .., and |£)
being the spin part of the wave function. In the basis of {|1),]])}, the eigenstates of
the spin operator S, they read

1 1 +B- B
where
_ +2B(+£B — B,)
Ne == + B2
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=

T4+

Figure 3.6: Band structure of the Zeeman split magneto-electric Landau levels for a
two-dimensional Hall bar.

is the normalization factor and B = |B|. The eigenvalues
g gHeB (3.39)

are displayed schematically in Fig. 3.6. Note that the in-plane components of the
magnetic field only appear in the Zeeman term. Any orbital effects are suppressed.
In this model it is obvious that the in-plane field is only used to adjust the Zeeman
splitting as desired.

Assume the in-plane field is such as the spin-polarized levels of the |—) states co-
incide with the adjacent |+) states, that is E (k) = E__ (k) which is the case

n+1
if
- Inp2 9 _ .M /o _ -2\, 2
Blp - B.Z’ + By - ige \/wy + (1 g )wcz ’ (340)
where g m
g.— 2 7 41
g=36 ., 8 o~ (3.41)

for a given perpendicular field. We expect the BR-SO coupling to have an important
effect on the eigenenergies |28, 37| at the band crossing and calculate the correction
via degenerate perturbation theory. The total Hamiltonian reads

1

7 (04 Py — oy (hk —eB.Y)) ,

5The notation was chosen such that E; (k) > E, (k) for g > 0 what we will use in the following. A
negative g-factor would just flip the spin states but would not change the energy spectrum what
we are interested in.

HO — P 4ol HR -
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3.3 Bychkov-Rashba Spin-Orbit Interaction

where a is the Bychkov-Rashba parameter” and expansion coefficient. We solve this
problem with the operator method [31], that is we use the bosonic ladder operators
b,b' to find the first order energy correction E}LSL at the crossing. We need to take
special care of the spatial shift of the harmonic oscillator when defining the operators.

Let 1/2 1/2
mS 1
b _ Y,Cz Y 3 P
v < oh > +1<2m§2y702h) v

be the annihilator of the unshifted potential, then the appropriate operator for the
shifted system reads

w 1 1/2
by :=b, — hk—=
Y v Qy ez (2mQy,czh>

and we can write

1
H%%:ﬁ

‘ mo czh 1/2 h 1/2 w2
—+ (_0'1-1 <?2J7> + O'y@BZ <2/]’n(2y> by/ — O'yhkf QTy =
,CZ Y,CZ

2
(Il oy +Ot0_) b;, — (O%o4 + 7 0_) by + hk =y (04 — U)] ,

QQ

Y,cz

where we defined

1/2 1/2
It .= LQy,czﬁ +eB, 771
2 2m8y .

and used the ladder operators for the spin system
Oy =04 +0_ , oy =04 —0_.

With this form of H%% the matrix elements are easily calculated. The secular equation
leads to the first order energy correction which is given by

By = +ay[H2, + |H,y ]
with the matrix elements
Hiy=(n,+|HgRn,+)=—(n+1,—|Hapn+1,-) =—H__,

Hy = (n,+|HR n+1,-) = (n+ 1, - HR |n,+)" = H*, |,

"Typical values for several semiconductors can be taken from Ref. [12].
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3 Diamagnetic Shift Approximation

and we get the solutions

) B 2 w2 2
H:, =2k —4 1 3.42
2= (3) (a7 -
+1 |1 Q 1 B:
|Hy_|? = ;:Q o <mé”“ + e> B2 + mwzﬁ (3.42D)
y,cz

The direct term (3.42a) is the square of the first order non-degenerate perturbation
theory correction to the energy and is present for all states. The second term (3.42b),
which arises due to band mixing, is the characteristic one for the degenerate case.
We will discuss this result, and the generalization of it which will be derived in the
following, in Section 3.3.3.

3.3.2 Calculating BR-SOI in the DSA

In this section we will use the outcome of Chapter 3 to calculate the correction due
to BR-SOI at the crossing of spin-polarized energy levels. Whereas Section 3.3.1 was
capable to deal with arbitrarily orientated magnetic fields, we need to restrict ourselves
to the systems (D and @) in this case. The condition for the crossing in the limit w, — 0

m w 1/1
| Bip| = - 2@2711) (wz - \/wg + 1 <§2 — 1> wgz) w2, , (3.43)

what we will use for both systems. However, note that Bj, can be significantly different

reads®

in narrow quantum wires for the systems () and @) as we will show in Chap. 4.
Nevertheless, it is hard to calculate Bj, for any value of B, globally since, for strong
fields, the effective mass and the Landé factor themselves depend on B (Chapter 2).
A complex rhs in (3.43) states that no crossing is possible.

(D The total system is described by

_ 1
H® = H? 4 guB&B talf , Hy =5 looP, — oy (hk+e(B,Z - B.Y))
with the Bychkov-Rashba parameter [12, 45, 51] and expansion coefficient a.. We

will perform the same transformations as used in Section 3.2.1 and calculate the

8The condition for narrow quantum wires is given by equation (4.4).
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3.3 Bychkov-Rashba Spin-Orbit Interaction

energy correction with degenerate perturbation theory afterwards.
The BR Hamiltonian after the spatial shift (3.16) reads

1 w2 w2 + w? w?

® B , / cy=y CcCz"Z2
Hgp = h 0a Py — oy (hk + e (ByZ' — B.Y")) + oyhk w2 w2 + w2 w? + wiw?
cy®y cz¥z Yz

and after the rotation (3.19) we get

N ) .
Hifp = [ampg — 04&P: — oye (€B, — B.)Y — oye (B, + €B.) Z} -
ok wiw?
v w2 w2 + w2 w? 4+ wiw?

Introducing the ladder operators of the transformed coordinate system by, b;g and

bz, bl, where

N mwgh\ /2 o2
D _ ] 1
Hggn " <—|—O‘;pl ( 5 ) +oye (B, —¢By) <2’mwg byt
ek 2 B\ 1/2
+ (_Uml< 2y > +oye (B, —&{By) <2mwg> by—
. mwszh 1/2 1 h 1/2
—¢ <+O'gcl < > ) +oye (Bz + £By> < Qm%) bl —
. mwszh 1/2 1 h 1/2
() el ) ) ]
wiw?
w2 w2 + w2 w? 4+ wiw? -

A ] ¥ g ot ]
—€ (070, + 1870 )bl — (@0 + 1070 )b ) [+ (3.09)
(./.)2(4)2
ik Yz —o_
T w2 w2 + w2 w? + wiw? (04 =0-)
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3 Diamagnetic Shift Approximation

50

where we defined

R\ /2 no\ /2
Hg)i::< 2y> i‘f(Bz—gBy)( > )

2mwy

ot .- (7s t+e(B.+-B .
: ( 2 N e )\ omes

To calculate the energy correction we need to select one specific transformation
which will be fixed for all following considerations. Analogous to Section 3.2.3,
we choose £ = £_ and recall the identity

E=-¢1".

The eigenstates of the unperturbed system read

Vi) =In) @ |n) @) =

n,n’,:l:>

with |n) being the solution of the harmonic oscillator with frequency wy, |n’)
being the solution of the harmonic oscillator with frequency wz, and |£) being
the spin part of the wave function which is identical to (3.38). The problem
we have to face is that we do not know which magneto-electric frequency is
bigger, thus we need to look at both cases separately. Another problem arises
when wj &~ w;, because, whereas in Section 3.3.1 we had to deal with a two-fold
degenerate eigenenergy, we would have to deal with higher degeneracies. Since
this condition only holds in a small region compared to the whole spectrum of
the MEFs (comp. Fig. 3.1), we will just look at the cases

a) wy > ws
b) wy K ws

and use the same two-fold degenerate perturbation theory technique as in Section
3.3.1.

The secular equation gives us

,ISt
Ey, =+a\/HI, +|H |

and with the matrix element

Hi,=(+HR +)=—(-| HR |-)=—-H__



3.3 Bychkov-Rashba Spin-Orbit Interaction

we get for both (a) and (b)

B \2 w22 2
HY =k — : 3.45
A ( B > <w2 Wi + w2 w? + wiw? (3-452)

cy*y cz¥z

It is obvious that this is a generalization to (3.42a) which can be obtained from
(3.45a) in the limits wy < w, and wey K w,.
For the matrix element H,_ we need to distinguish the two cases:

a) (wy > wz): The system is effectively two-dimensional with only the lowest
state of the wg-oscillator being occupied. The matrix element reads

Hyo ={0,0,+| H3 [0,n" +1,—) = (0,n' +1,—| HE; 0,0/, +)" = H* |
with the solution

2
"+1 1 B.+¢1'B) B
|H,_|* = T N2 | -m (e( i y) Z 4w )

hws 2 m B N

b) (wj < wz): In this situation the system is two-dimensional with occupancy
of only the lowest state of the ws-oscillator. The matrix element in this case
reads

H,_=(n0,+| H3; In+1,0,—) = (n+1,0,—| H3; |n,0,+)" = H* |

and the solution is given by

n+1 1 [e(B,—¢By) B, 2
H. ?P=2"1°"N2|2 S g Vi) _
e =N Lm( —E %

Since the formula for case (a) can be obtained from the formula of case (b) by
substituting £ — —¢71, they can be combined in the short hand notation:

2
%m ((wcz - glwcy) % + W@) ]

with & = &+ if sign(weywez) = +1
£ it sign(wawe) = —1

n—+1 1

Hy =—5—p
=T T em

(3.45h)

and w® given in (3.13). It can be shown that this result is equal to (3.42b) in the
limit £ — 0, thus Ef?;clst is a generalization of the two-dimensional approximation

E};; for an in-plane magnetic field perpendicular to the direction of transport.
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3 Diamagnetic Shift Approximation

52

® The total Hamiltonian of the system reads

geh _ = 1
H® = HE) + i oB + aHSDR ) HS))R = (02 Py — oy (hk — eB.Y)]
with « being the same parameter as in case (). We will use the transformations
derived in 3.2.2, rewrite H(B@R in terms of ladder operators and calculate the
energy correction with degenerate perturbation theory.

Applying the spatial shift (3.25) we get

1 w?
H]%DR: % |:O-IPy’ — Oy (hk—eBZY/) +O'yhk u)2—:z}2:|
y cz

and after the rotation (3.28) with the sign convention (3.23) we obtain

2

eB, & 7 Yy
0Py — ny@PE +oyeB.Y + oadmw. Z| — oyk W '

N

H%R:g

If we want to define ladder operators for the decoupled Hamiltonian (3.29), we
need to take special care of the effective mass mz in Z-direction (3.30). It holds

P (o) () - me() o)

Z:<2mhng>l/2<b£+b5> b

and it follows

I
7 N
g
RS
I3
>t
N————
—
~
[\
/N
S
xR
|
S
I
N—

o _
HBR_

=

1/2 1/2
- ( mwsh h
+ i& —0351( 22 +oyeB; T bs|—
z
i
Y wg—i-wgz



3.3 Bychkov-Rashba Spin-Orbit Interaction

= N1 <H® oi+ H@+a_) bl — (H@+o+ 2 o_) b
—ig (M270y + 1270 )bl + (N2%0, + 1270 ) b:) |+ (3.4)
wy
+ ik ) (04 —0-)

where we defined

1/2 1/2
2= ;:(mw@h>/ j:eBz< h >/ ,
2 Qmwg

ot . (mw2h>1/2i63 ( h )1/2
z T\ T z :

2mws

Again we need to pick one transformation, which will be £ = &_, and keep it
for the rest of our calculation. In analogy to the previous case, we denote the
eigenstates of the unperturbed system

V) = In)® ) @ ) =

n,n’,:l:>

with |n) and |n’) being the solution of the harmonic oscillator with frequency wy
and w; respectively. The spin part of the wave function |£) is the same as in
(3.38). We distinguish two cases

a) wy > ws
b) wy K wsz

in order to justify a treatment with the two-fold degenerate perturbation theory
as in Section 3.3.1.
The secular equation gives us for the first order energy correction

’1st
EY, =+a\/H3, +|Hi |

Hop = (] HEe |4+) = — (—| Hy |-) = —H-—.

with the matrix element

For both (a) and (b) we find
H3, =0 (3.47a)

which coincides with (3.42a) for B, = 0. This also means that the first order
correction for non-degenerate states vanishes.
The case differentiation is necessary to calculate the matrix element H, _:
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3 Diamagnetic Shift Approximation

a) (wy > wz): Here we have an effective two-dimensional system with lowest
subband occupancy of the wg-oscillator. The matrix element reads

Hyo ={0,0,+| H3; [0,n' +1,—) = (0,n' +1,—| HE, 0,0/, +)" = H* |

with the solution

b) (wj < wz): Because only the lowest energy level of the ws-oscillator is oc-
cupied, the matrix element in this case reads

Hy = (n,0,+| HZ [n+1,0,=) = (n+1,0,—| HZ |n,0,+)" = H*

and the solution is given by

n+1 1 [(eB B.\?
H, |*=—-N?|- ? fwy=
=t [2m(m+wy3

We have the same relation between the formulas of case (a) and (b) as we had
in system (), i.e. we get one matrix element from the other one by substituting
¢ — —¢~ 1 It allows us to write |H, _|? in the compact form:

1 +Bz2
2mwcsz

n+1 1
hw® 14 €72

with ¢ = - if sign(weg) = +1
€+ if Sign(wcx):_l

[Hi-|* =

(3.47h)

and w?® given in (3.15). This is a generalization to the two-dimensional approxi-
mation E 1= ;. for an in-plane magnetic field parallel to the direction of transport.

3.3.3 Discussion and Summary

In conclusion we found the energy eigenvalues of a quantum wire described by H3P
(3.1) for the case w— < w4 to be
R’k? g

1
En(k) = hw_ (n—|—2>+ hw++ﬂi

lbt

MBB—I_Enk:?
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3.3 Bychkov-Rashba Spin-Orbit Interaction

where

w2, w2
m wCQZ w2y for system @ (comp. (3.17))

Yy z

w?
( o > for system ) (comp. (3.26))
and E};; being the first order correction due to Bychkov-Rashba spin-orbit coupling.
The MEFs for both systems can be found in (3.13) and (3.15) respectively. We
calculated E};Z; for the special case that the in-plane magnetic field is such as the
spin-polarized magneto-electric bands |n,+) and |n + 1, —) overlap. It can be written

as
lst

n,k — ia\/ H—QH- + ’H-‘r—‘? )

E
with the expressions for the matrix elements H,  and H, _ as follows:

In the two-dimensional approximation, neglecting the orbital effects of the in-plane

field, we get
2
B 2 w2
H?, = <By k:> (M) , (same as (3.42a))
1|1 (mQye. 1 ,B;
|H, _|* = ;Z(; I (mBy + e) B? + mwzﬁ , (same as (3.42b))
y,cz

whereas a more general approach led to the expressions

2
B 2 w2w2
H2 — Jk y—= 3.45

n+1 1 |1 B. 2
|H+_‘2 = m}@ Tga [2m <(wcz - fley) E +WC_D> ]

with §/: &+ if Sign(wcywcz>:+1
& it sign(weywe.) = —1

(same as (3.45Db))

for system (1), and
H2,=0, (same as (3.47a))

11 1 B.\?
‘H+—’2 = i PR [m (wcz +W®Z>

with ¢ & if sign(we) = +1
&+ if sign(we) = —1

(same as (3.47b))
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Figure 3.7: BR-SOI induced energy gap 2E6f8 as a function of B, with ¢ = —0.4
and § = 0.067 for the isotropic case (wy = 0). The two-dimensional approximation
(dashed line) satisfies the condition (3.40) whereas the DSA solution (solid line)
satisfies (3.43). The graph maps the situation for a wide (Al)GaAs Hall bar with
hw, = 7.24meV.

for system @. The MEFs w® and w® in the corresponding form are given in (B.1a)
and (B.2a) and the {1 were introduced in (3.18) for system () and (3.27) for system
®) respectively.

Finally we apply these formulas to a model system - the setup used by W. Pan et. al.
in Ref. [26]. In Section 3.1.3 we have shown that for B, ~ 2.9T and Bj, ~ 25T a
crossing of the spin-polarized levels is conceivable. We have already stated that for this
very wide Hall bar it is suitable to assume wy, = 0, thus we have w? =w?®=w_,ie no
anisotropy in the MEFs. Fig. 3.7 shows the energy gap 2E§i§ of the two-dimensional
and three-dimensional approach. It is quite remarkable that although (3.45b) and
(3.47b) look very different, they are equal for w, = 0, thus the system is isotropic for
wide waveguides. It can only become anisotropic for a noticeable confinement in the
two-dimensional plane and, similar to the MEFs, also anisotropies of Bychkov-Rashba
energy level anticrossings are just due to boundary effects.” Moreover we notice that
the preciser solution is smaller which is even a global attribute. Since we do not

®For wide Hall bars with w, — 0, we assume that the potential increases slowly, with respect to the
cyclotron radius, towards the edges of the sample. Thus we can convert the bulk states to the edge
states adiabatically and expect the same behavior as for the bulk [4, 25, 30].
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3.3 Bychkov-Rashba Spin-Orbit Interaction

know the exact values and behavior of g and m, we cannot solve the conditions (3.40)
and (3.43) exactly. However, we can give an approximation for fixed values using
g = —0.4 and # = 0.067. The variation of the energy correction for a given B, in
the three-dimensional approximation is small and we can summarize that the energy
band anticrossing is about ZEéi; ~ 20 peV. Thus, without taking the orbital effects
of high magnetic fields into account, the effect of BR-SOI is overestimated. However,
note that we assumed that the Bychkov-Rashba parameter o stayed constant for all
considerations. In principle one could think of a deviation from the listed value at high
fields which was neglected in Fig. 3.7. Since the general behavior of Eéit) is the same for
both approximations, it seems possible that the difference is (partially) compensated
by a Bychkov-Rashba parameter that also depends on B. A systematic investigation
of this possibility has not been performed.

For a quantum wire with finite width the anticrossing becomes anisotropic and increases
with shrinking size of the system. This important feature and its consequences will be
discussed in Chapter 4.
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3 Diamagnetic Shift Approximation

3.4 Effective Hamiltonians

The Hamiltonians discussed in the previous chapters are exact within the effective
magss approximation using only harmonic confinements. However, it is not always
advantageous or even necessary to use these general forms. Sometimes the important
physics can also be captured by an approximated Hamiltonian which is much easier to
handle. In this sense one can create Hamiltonians which are valid only for high magnetic
fields and small spin-orbit coupling (Sect. 3.4.1) or use a unitary transformation to
embed SOI up to a given order of the Bychkov-Rashba parameter (Sect. 3.4.2). In
this chapter we will derive these effective Hamiltonians for the two-dimensional and
for both cases of the three-dimensional system. But first, let us recall for completeness
the full and exact Hamiltonians that we derived in former sections and that we will
need in the following.

In the two-dimensional approximation the full Hamiltonian, which was intro-
duced in Section 3.3.1, is given by

1 h2k? -
HD = hQ, .. <b;,by, + 2) + e + %uBﬁB + HER | (3.48)
where
2D 1
HER = a (0:Py — 0y (I — eB.Y)) =

— ol (T oy + e )b, — (THoy + T 0 )b p

—aﬁ ( oy + a_) y,—( oy + 0_) Y| — & @ay
and

1/2 1/2
It = M +eB, L )
2 2m8y ..

Note that it holds szcz = wg +w? and p=m (1 + %‘%)

y
(D Using the assumptions of model system () we derived the decoupled Hamiltonian
(Sect. 3.2.1) and its corresponding Bychkov-Rashba term (Sect. 3.3.2), which read

1 1 h2k?
H® = hw? <b;bg + ) + hw? (b;bg - ) + 2 e

B+ HO .
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3.4 Effective Hamiltonians

where
1
HE, = az l0xP, — oy (hk + e (ByZ — B,Y))] =
i _ _
= aNﬁ [(H%D oy + HSH_O'_) b;g — (H§>+U+ + HS) 0_> bg—
—¢ (2704 + TP 0 )bl — (12704 + 11070 ) bs)| +
w2w?
— ok 0y
WeyWy T We,ws + wyws
and ; )
5N 1/2 no\ /2
o+ — (Ml +e(B —¢B) ([ 2
y ( 2 ¢(B:~¢By) 2mwy ’

A\ /2 1 B\ /2
not — (20 (B, + =B .
# ( 2 c +§ v 2mws

The MEFs and the effective mass p are given in (3.22) and (3.17) respectively.

® The Hamiltonian of system @) was deduced in Section 3.2.2 and the Bychkov-
Rashba contribution was studied in Section 3.3.2. We found

H® — 5w® (ot 1 @ [t 1 L 2B+ H®
= fw.)g bgbg + 5 + hwg bgbg + 5 + ﬂ + 5,&]3(7 + IgR (3.50)
where
© 1
Hgp = ar [0z Py — oy (hk —eB.Y)| =
i _ _
= aNﬁ KH? oy + H?+a_) b;g — (H5>+0'+ + Hg) o_) bg—
—i¢ (M2 0y + 1270 )b+ (¥ oy + 1270 ) b: )| +
2
w
y
ok w4+ w2, %
and

N\ 172 1/2
pet — (Ml g (] 7
Y 2 meg

ot — <m‘”gh)l/2¢e3 < h >1/2
z - 2 z :

2mws

The MEFs and the effective mass p can be found in (3.32) and (3.26) respectively.
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3 Diamagnetic Shift Approximation

3.4.1 Using the High Field Approximation

For a strong external magnetic field and weak SOI, we can assume that the spins are
aligned parallel or antiparallel to the field lines. Hence, one can make the substitu-
tion

G — (ng,ny,n;) ,

where the n; are no operators, but scalars. This vector, which we will denote 77 in the
following, must be normalized and we can write

B, B, Bz>

5B B (3.51)

o—n== <
to ensure alignment along the field. The variable sign takes care of the two spin
orientations which we may call |[+) and |—) in analogy to the notation used in Chapter
3.3. Once we have done this substitution in one of the Hamiltonians (3.48), (3.49) or
(3.50), we are able to solve the systems exactly without doing any other approximation.
The limitation to this technique is that SOI rotates the spins out of the alignment. This
may be negligible, but for strong SO coupling we cannot define a global and fixed spin
orientation,'? thus we cannot substitute & with a fixed vector. Particularly this method
does not work for the degenerate case (Chap. 3.3), where SOI is very dominant. In the
following we discuss this approximation method for the Hamiltonians of the two- and
three-dimensional systems separately. A summary and short discussion will conclude
this sectiomn.

Looking at the Hamiltonian (3.48), we see that within the high field approxi-
mation we can diagonalize the system by using a constant shift of the ladder

m W
by = by +a, | “ oy +ing )
v TN o, <Qy T

The final Hamiltonian then reads

operator

1 h2k? =
HO =0y (010, + ) + S + LB -
2 2% 2
g N s (3.52)
y 2 2 2
— ak@ny - (nm + 956; ny)
with Q2 . = wZ+ w2, and = m (1 + w‘%z) (comp. p. 58). The term linear in the

2

Bychkov-Rashba parameter is the equivalent to the direct term (3.42a) that we

10Recall that the spin-orbit field Bso depends on the quasi-momentum k [12, 45, 51].
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obtained via degenerate perturbation theory in Section 3.3.1 and is proportional
to the normalized magnetic field component in y-direction. The term quadratic
in « is new and gives a second order correction to the Hamiltonian. Note that
the only operator that is left, is the number operator b’;,b;, of the harmonic
oscillator. Thus the solution is trivial.

In this system, where n, = 0 since B, = 0, the Hamiltonian (3.49) is diagonalized
in the same spirit as in @). This means that shifting the operators according to

m
b;} = b:lj + alN chz(_f) ny ,

we end up with

1 1 21.2 .
H? = hwy (b’j;b;7 + 2) + hws (b’gbg - > + hi + guBﬁB—

2 2 2
) waE
wgng + wZw? + wgwg Y (3.53)

2 —~1y)2

_ aQ% (NQ (wczfu—gf)) + N2 (WCZ(jg ) > ni ’

where we have already used the short hand notation (3.58) which will be intro-
duced in Section 3.4.2. The effective mass p and the transformation variable £
are given in (3.17) and (3.18) respectively. The term linear in « is, in analogy to
the two-dimensional case, related to the direct term (3.45a) of the perturbative
result that we obtained in Section 3.3.2. The quadratic term is a new feature
and it is obvious that this one is more general than the corresponding term above
since it takes care of the coordinate system rotation which depends on &.

Finally, let us look at system (@) and the corresponding Hamiltonian (3.50). The
shifted ladder operators read

/. ~ . m
bg .—by‘FOAlN Mnx,
[ m
blglzbg—FOéNf mn;p,
and the Hamiltonian becomes
1 - 1 k2 g o m
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3 Diamagnetic Shift Approximation

where 1 and & are given in (3.26) and (3.27) respectively. In this system the in-
plane field is parallel to the direction of transport (x-direction) and thus n, = 0.
An interesting outcome is that the term linear in the Bychkov-Rashba parameter
disappears. This is in agreement with the fact that the matrix element H,
(3.45a) of the perturbative treatment in Sect. 3.3.2 vanishes as well. Moreover
it is important to note that the quadratic term is independent of the rotation
variable £, thus it is a fundamental property which does not change compared to
the two-dimensional approximation. It is only dependent on the magnetic field
in x-direction.

To get an intuitive feeling for these Hamiltonians and the effects of spin-orbit coupling,
let us neglect terms of the order O(QQ%) and look at the dispersion relation. H
(3.52) can then be written as

hk —a—n )
@ ~ AR ( hY) 9, =5
HD =K. <b Vb + 2) + % + SusiiB (3.55)

whereas from (3.53) we get the Hamiltonian

1 1 — ny
H® = fuwy; <b’jjb;; + > + hws (y;bg + ) + h
( 2

g L=
5 5 + 5B (3.56)

with
(w§ + wzz) wg

¢ = w2 w2 + w2 w? 4 wiw?’
and (3.54) of system @) becomes
N iy 1 R N S B
H® = huw; (b ToL + 2) + hws (b [ 2) g T g (3.57)

In a nutshell, we find that a magnetic field in y-direction shifts the dispersion relation
parabolas of opposite spin orientation into different directions while a magnetic field in
x-direction leaves the dispersion relation unchanged. This is sketched in Fig. 3.8. Note
that it holds ( — 1 for %Z < %(T, which ensures and verifies that the kinetic parts
of H® and H® coincide in the Iicrynit of an infinitely thin 2DES. In fact, for vanishing
perpendicular field the condition simplifies to wey, < w, and therefore we get By, < 4T
and By < 70T for an AlGaAs/GaAs/AlGaAs quantum well with the oscillator lengths

[ =12nm and [ = 3nm respectively.
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Figure 3.8: Schematic band structure for the lowest subband of the Hamiltonians
H® (3.56) and H® (3.57) in arbitrary units. With respect to system ), the |+)
and |—) parabolas of system (I) are shifted into opposite directions and flattened
due to the larger effective mass p. Note that for the region of the band crossing in
system (D) the description is incomplete since this approximation excludes explicitly
the degenerate case. However, the horizontal shift was exaggerated for clarity and
crossing would only occur for very large k-vectors.

3.4.2 Using the Spin Space Rotation

A complementary way to create an effective Hamiltonian, which takes care of spin-
orbit coupling up to a desired order, is done by a unitary transformation which rotates
locally the spin space [20]. In general, a spin space rotation of © around the unit vector
O is described by

U=e 99 ,
where the spin operator S = g& is the generator of the rotation. In the present model
systems the vector ) depends on both position and momentum operators, i.e. the lo-
cal rotation is specified by a point in both real and momentum space. The resulting
Hamiltonian is valid for arbitrarily strong magnetic fields and has no limitations on
degenerate states. However, in order to solve these effective Hamiltonians one would
need further approximations or numerical methods. Nevertheless they are useful to
deduce important effects of SO coupling intuitively as we will see later.

The transformations for all three systems ¢, (D, @ follow the same scheme which we
introduce first. After that we derive the effective Hamiltonians for the specific systems.



3 Diamagnetic Shift Approximation

Note that in this introductory part, we use hats to indicate operators for clarity, but
we will resume to the stipulated notation afterwards. The basic idea is as follows:
For a Hamiltonian of the form

H = Eb'b + 4B + Mo, + No, + Lo, + C ,

where ZJT, b are ladder operators, B is the magnetic field, o; is the i-th Pauli matrix, M,
N are functions of the ladder operators and F, v, L, C are constants, one can think

of a unitary transformation )
U=¢eR

with an antihermitian 7@, e Rf = —72, which can be written as

~

R =« (VO’I + W0y> ,

where a is the Bychkov-Rashba parameter and V, W are functions of the ladder
operators, that can be expressed in a Taylor series

U=e?=14+R+O0(R?
from what follows that
UHU' = H + [R, H| + O(R?) .
Once we can find an R which satisfies
[7@, H] = —Mao, — Nay + Qo + 0(7@2) ,
with Q = Q(b',b), we are left with a Hamiltonian of the form
H:=UHU" = Eblb+~3B + Qo + Lo, + C + O(R?) ,

which can be written as .
H = Eb'b+~3B+C ,
where
B:=| By+1L
B.+Q
This is the framework that we will follow in the calculations of each system. In order
to simplify the results appropriately, it proves useful to define the formal function

Wez = wez(§) which reads
Wez(§) = wez + Ewey - (3.58)

64



3.4 Effective Hamiltonians

Particularly it holds w..(0) = w., and we can use this as a generalization of the partial
cyclotron frequency we,. Then the transformations and resulting effective Hamiltonians
of our model systems are given as follows:

We start with the two-dimensional approach which should already reveal the
general behavior of a system with BR-SO coupling for an arbitrarily orientated
magnetic field. But since it does not consider the third dimension, the method
leads to a less accurate description of the effects. The Hamiltonian H¥ (3.52)
is transformed via

O — yHOut — RE®eR

where

m
R_a\/ 213y o

The exponent consists of two parts: one proportional to Y’ o, the other oc Py oy

02 .+ guw? Qy e (14 7)

y,cz cz . (11 y,cz g)Wez (4

Q2 — 5 o 1 (by/+by’>am + Q2 5 o (by,—by/)oy .
yez 9 Wz yez — 9TWez

With this choice of R and neglecting terms of the order R?, we can write the
transformed Hamiltonian as

-~ 1 RPE2 g =z
H® — RSy ez <b;by/ + 2> + T + §,MBO'B (3.59a)
with
B,
w? 2
= B, — ak—Y
B = Y Qg%,cz guB ’
2m
B, -« (%*bT, + Bb )
z 3y . Y Y

where we defined

B .= (Qghcz + gwgz) B, — iQy,cz (1 + §) Wez By
T 02— g2w?
Yy,cz cz

The operator-dependent part of the generalized Zeeman term can also be incor-
porated into the harmonic oscillator. This leads to an equivalent form of the
Hamiltonian which is given by

_ 2
<Py/—|—a 9¢ Im(‘B)JZ>
f{ _ th,cz

1 ge 2
Zm$H2 Yy’ — S
o + 518y ez ( athZ,cz Re(%)az> +
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B,
k2 g w2 2
+——+Zupd | B, — ak—2— 3.59b
2:“ 2 Y Q%{,cz guB ( )
B,

We find a modification of the parabolas which is different for opposite spin orien-
tations in both position and momentum space, the former proportional to By, the
latter proportional to B,. Note moreover that it holds B|p,—o = By, that is for
vanishing perpendicular field the shift of the momentum operator disappears. In
the remaining Zeeman term the effective field in y-direction becomes k-dependent
whereas the magnetic field parallel to the quantum wire, B, remains the same
for all configurations.

(D To go beyond this, we start with system () where the in-plane field is along
the y-direction. The exponent of the momentum and position dependent spin
rotation transforming Hamiltonian H® (3.49) is given by

2 = _
m Wz +wez (—§)gwe: wij(wez (=€) +gwez)
R=aN g '(bt b~> §Wez cz (bi—zr) -
) 2Mwy | Wi — AWl W0s b))t wz — g, )%
m wg+wcz(£_1)gwcz. T W%(wcz(£_1)+gwcz) T
—aN¢ T z ) 1<bg+bg) oz + ol — a2 (bg—bg>ay

which resembles the two-dimensional case but taking the additional dimension
and the weighting between these via the prefactors N and —N¢ into account.
The resulting Hamiltonian reads

H® = huy (b + 2 ) + hos (bbs + = +ﬁ+g 7B (3.60a)
= Y 7Y 2 z zVz 2 2/1« 2/“30 .
with
0
ww? 2
= Yy z
B B, — ok 5 5

2,2 2 2
wcywy + We Wy + wywz guB ’

B. - aN };7;: (B565 + By ) + ane, hi’z (20l + 320 )

where we defined

w% + Wez (_g)gwcz

B = : B,eR,
Y w; - QQWgz Y
. i +;"CZ(_§;§§°"“ B,eR,
wg — g We,
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and can equivalently be written as

2
~ P 1 5 (s ge
H® — % + Qmwg (Y — oszhwg‘Bgaz> +
Ps 1 ~ ge 2
+2 =+ §mw§ (Z + aNf“(;wﬁ’Bgaz> +
m mhwsz (3.60b)
0
PE2 g wng 2
+ 24 + 2’UJBJ By = aka Wi+ w2,w? + wiw? gup
cy*y cz%z

B.

Hence, both real space parabolas are shifted as a function of the magnetic field
but opposite for different spin orientations. Moreover, in analogy to the previous
case, it holds Bj|p,—0 = B:|p.—0 = By and we also get a k-dependent effec-
tive magnetic field in y-direction, but more general than in the two-dimensional
approximation.

® The three-dimensional approach to the case of an in-plane field parallel to the
x-axis, system (2), leads to the Hamiltonain H? (3.50). The spin space rotation
is described by

2, = 2 _
m | Wit we oy wy (1 +g)wez (1
R=aN (b~+b~)a +y—_<b~—b~)o n
23wy w~ —g2w2, V)T w% g NP
m w? + gw? + wr (1 +9)wee . (4
N L (b ) D
+a f 2h3W§ |: g wgz 3 5 ) O wg_g2wgz 1 Z+ z O'y
and the Hamiltonian after the transformation reads
. 1 1 h2k:2
with
B,
2
2
= —ak—Y =
b= o+ g ,
B.—aN h3 (%*bT+%b) aN¢ (% bl + B:b: )
where we defined % ) B
—lwg (1l +9g)w
By = Y 2 < ¢R,
Wy 9 Wcz
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Wz (1 + g) wCZB.Z’

2 52,,,2
wg — g We,

B = eR.

In the same spirit as above, we merge the operator-dependent Zeeman term into
the oscillators

_ 2
ge
(Pg + ath Im(%g)02>

~ - 1 -
@ _ ] 2v72
P? 1 2 (5 ge 2
—mzws | Z —aN{———B;
T om; T N o 07) T (3.61b)
B,
h2k2 . w2 2
+— 4+ g,uBa —ak——— Y 5
21 2 Wy +we, guB
B.

with m; defined in (3.30), and obtain that both the momentum operator Pj and
the position operator Z are shifted. However, since these operators are linear
combinations of the "real" position and momentum operators (comp. (3.28)),
we cannot directly compare these shifts with the ones of @ (3.59b). As argued
in Section 3.2.4, the axes ¢ and Z span a coordinate system with a non-trivial
real space representation, thus it is hard to interpret the shifts intuitively. Nev-
ertheless, more important is that all shifts vanish for a pure in-plane field, i.e.
B = B,é,, which is in contrast to system (@) (comp. (3.60b)).
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At last we want to focus on narrow quantum wires (w, # 0), where the system shows
anisotropic behavior for an in-plane field perpendicular or parallel to the transport
direction. For this setup we expect to observe a difference in the energies of the Landau
levels, in the curvature of the dispersion relation, in the required magnetic field that is
needed to make the spin-polarized, Zeeman split Landau levels overlap, in the energy
contribution at the crossing due to BR-SOI, and to have an intrinsic SO-induced shift
of the energy parabolas in the case of an in-plane field along the y-direction. In the
following we will emphasize these anisotropies and give some food for thought how
these can be measured.

4.1 Collecting Anisotropic Quantities

In order to stress the anisotropic behavior, let us define the quantity £

) +1 for system D (41)
. —1 for system @ '

which reflects the differences of system (D and system (2) with a simple sign, and rewrite
the variables with respect to F.

The magneto-electric frequencies, given in (3.13), (3.15), then read

2
cip

4

1
wizi{u@—i—wg%—w —|—w32:|: [w;1+w§+wdp+wfz+

(4.2)

1
2 2 2 2 2 2 2 2 2 2 2 2 2
+2 (_wywz + WyWez + WoWeip = Wy Wey + WeipWez — Fwywcip)] }

where weip, is the partial cyclotron frequency of the corresponding in-plane field.
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4 Anisotropies in Narrow Wires

The effective mass p (3.17), (3.26), whose inverse is proportional to the curvature
of the dispersion relation, can be written as

w2 Wi, 14 F
u:m(l—l—(;;—&— F—1 - (4.3)

Y ws 2

The condition for the in-plane magnetic field (3.43), which is needed to make
the Zeeman split, spin-polarized Landau levels overlap, was presented in Chapter 3.3
for the limit w, — 0 and it was stated that this can be used as approximation for
both system (D) and (@) of wide waveguides. The exact expression for a semiconductor
system with |g| < 2 is somewhat more complicated. Neglecting the parabola shift due
to SOI, it reads

2 2
2 wy + Wy 2 1 2 1 2 212
oy T2 R | - _ _
“ep = 3 (%2 -1) Yo T (92 -1)g* L+ F)wy 2(g2-1) (wy wz)
4.4
2 wow? 4 5o 1 (51 5 2 2 2%()
—4(§ —1) 052 z +?wywz _g2< 7 wy +w; —8(g —l)wcz>(1—|—F)wy
where
g:= %ﬁ . (same as (3.41))

The formula expressing the energy correction E};L at the crossing is quite
long and complicated, thus we stick to the forms given in Section 3.3.3.

The shift of the spin-polarized levels in k-space, which was derived in Section
3.4.1 using the high field approximation, can be described by a generalized wave number

given by

mB, 1+ F

where

2 2,2
C B (wy + wcz) w3
T W2 W2 2 )2 2,2 °
WeyWy T WEWws + wyws

With these definitions, the eigenvalues of both Hamiltonians (3.56), (3.57) read

1 1 k% g =
Ep(k) = hw_ - "+ = —— + ZupnB .
o () <n+ 2) + hwy (n + 2) + o +SpBib (4.6)
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where

. By By B;
n—:i:(B, ik B> . (comp. (3.51))

4.2 Discussion

Finally we want to discuss the effects of in-plane magnetic fields, modeled by the DSA
(Chap. 3), and, for narrow 2D quantum wires, the influence of the anisotropic quanti-
ties on transport experiments. For this purpose, we introduce in each part briefly the
measurements and known results of systems without or with weak in-plane magnetic
fields and conclude with perspectives on the alteration of the outcome in suggested
setups where the DSA or even the anisotropies become important.

In the ballistic regime of a nanostructure, the conductance of a two-dimensional elec-

tron waveguide is given by!

62

G= EM , (4.7)
where M € IN counts the (spin-degenerate) transverse modes below the Fermi energy,
that is it gives the amount of occupied energy levels which contribute to transport.
Without a magnetic field and for a fixed Fermi level, M depends on the width of the
sample because this is what controls the spacings between the levels. Hence, changing
the width also influences the conductance which reveals step-like behavior due to the
discreteness of M (Fig. 4.1). This is fairly understood and has been proved by so-called
quantum point contact (QPC) measurements [43, 44|, where a lateral gate voltage
perpendicular to a 2D quantum wire was used to tune the width of the conductor.
This theory can be extended by our work when adding an in-plane magnetic field to
the QPC or, equivalently, to a narrow quantum wire. In the MEFs (4.2) the term
proportional to F couples the width of the conductor with the strength of the in-plane
magnetic field. For a vanishing perpendicular field, they read

W=l

9 cip cip z%cip yVcip

2 2 2
wy +w; +w :l:\/w;j—i—wﬁ—l—w‘l +2(—w§w§+w2w2 — F w2w? )]

and if we assume that there is only one subband of the magneto-electric confinement w4
occupied, the effective width of the sample is only related to the frequency w_. Thus,

'In fact, G™' is the contact resistance of a mesoscopic, ballistic waveguide sandwiched between two
(infinitely) wide, ’reflectionless’ contacts in the linear response (or low bias) regime. For further
details, see Ref. [4] or any other good book on mesoscopic transport theory.
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Conductance (e?/xh)

-2 -1.8 -1.6 -14 -1.2 -1
Gate Voltage (V)

Figure 4.1: Conductance of a ballistic quantum point contact dependent on its width.
Using the split-gate configuration, the gate voltage adjusts the effective width of the
QPC which affects M. Therefore the conductance changes step-like according to
(4.7). Reproduced from Ref. [4]. Original source: Ref. [43].

the number of occupied levels M is anisotropic in both the electrically controllable
width concealed in w, and the applied magnetic field Bj,. A measurement of the
conductance would reveal steps that are shifted with respect to the gate voltage for an
in-plane magnetic field that is orientated perpendicular (system () or parallel (system
@) to the direction of transport. Moreover, note that due to the Zeeman splitting,
additional conductance steps compared to ordinary QPC measurements should become
visible since each spin-polarized level carries the conductance

e2

T
which is just half of the step height given in Fig. 4.1. We believe that these kinds of

measurements on narrow quantum wires provide a feasible way to verify the theory
and to explore the nature of the anisotropies in the experiment.

(4.8)

The situation changes fundamentally when applying a magnetic field perpendicular to
the 2D conductor stripe [4, 10, 19]. The Lorentz force acts in the plane which leads to
localized bulk states and extended edge states that can be explained semiclassically by
circular orbits and skipping orbits respectively. In transport measurements it results
in a linear increase of the resistance across the Hall bar at weak fields (regime of
low-field magnetoresistance), Shubnikov-de Haas (SdH) oscillations of the longitudinal
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Figure 4.2: Schematic graph of transverse (top) and longitudinal (bottom) resistance
of a Hall bar. One can easily distinguish the low field limit with linear behavior, the
intermediate regime with SdH oscillations and the integer QHE for high magnetic
fields. Note that the filling factors v are integral where the Hall resistivity crosses
the hypothetical, classical trajectory. Source: Ref. [10].

resistance in the intermediate regime (high-field magnetoresistance), and peaks of the
longitudinal and steps of the transverse resistance for high magnetic fields (integer
quantum Hall effect (integer QHE)).? This is sketched schematically in Fig. 4.2, where
the Hall plateaus with their corresponding filling factors v, which give the number of
occupied, spin-resolved levels in the system,? are displayed. Note that in this graph
the resistances are plotted with respect to the magnetic field strength. This is because
the energy levels (of a wide Hall bar) are proportional to the cyclotron frequency we,
which is proportional to the perpendicular field and therefore, one can use B, to make

2For even higher magnetic fields, one enters the regime of the fractional quantum Hall effect [10],

which is a many-body effect and beyond the scope of this work.
3The filling factors possess strong similarity to the number of transverse modes M that we had

before since one could argue 2M = v for complete filling of the Landau levels, which consist of two
Zeeman split levels each. However, whereas M was defined to be natural, ¥ may be any positive
number, thus it can also hold information about partial filling of the energy levels.
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the levels pass through a quasichemical potential that is fixed during the measurement.
For further details, we would like to refer to the literature, e.g. Ref. [4, 10, 19].
If we now consider a narrow Hall bar and an additional in-plane magnetic field, the
Landau levels are determined by the anisotropic MEFs given by equation (4.2). Since
the energy and energy spacings of the levels are determined by the anisotropic term
hw_ (n + %), we expect the Hall plateaus and the conductance peaks in a graph similar
to Fig. 4.2 to be shifted and also the width of and distance between them to change
for a setup given by system () and Q) respectively. One would also expect to have
increased frequencies of SAH oscillations which will be different for both orientations of
the in-plane field, too. Moreover, note that the density of states changes as discussed
in Chapter 2 according to (2.10) as well.
In the regime of low-field magnetoresistance, Drude’s formula predicts for B =DBé, a
constant longitudinal resistivity of

1 m

pxx = 0'_ = 2
e“nT

whereas the transverse resistivity is linear in the perpendicular magnetic field

B.

Pyx = —Paxy =
Y Yy en

what can also be read off qualitatively in Fig. 4.2. Here m is the bulk effective mass
of the electron, n is the electron density and 7 is the momentum relaxation time. In
the Drude model [4] one can also include an arbitrarily orientated magnetic field and
derive the resistivity tensor. It reads

1 _MeBz MeBy
p=01| pB. 1 —peBy | (4.9)
—peBy  peBy 1

where o = eny, is the conductivity and p. := £~ the electron mobility. Setting the
current density of the y- and z-direction to zero, one obtains

E, 1

System (D: E, =g ! te B Jz s
E, _;ueBy
E, 1

System (2): E, =o' peB: |js-
E, 0

Hence, in this model the longitudinal and transverse resistivity is isotropic and does
not change due to the additional in-plane field. However, this model does not account
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for any boundary conditions and we have shown that transport anisotropies occur
only for narrow Hall bars with a non-negligible frequency w,. Taking into account the
anisotropic effective mass p (4.3) of the DSA and noting that the particle velocity is
related to the slope of the dispersion relation via

_ 10E(k) hk
W=k T

we assume the in-plane field to have a direct influence on the resistance of a Hall bar
in the low field regime below the SdII oscillations, i.e. the longitudinal resistivity is
different for a field parallel or perpendicular to the direction of transport. This may
be approximated by replacing the bulk electron mass in pz, with p.

We conclude that experimental analysis of narrow Hall bar resistivities could pro-
vide deeper insight into the effects of transverse magnetic fields and the involved
anisotropies. These model systems could provide a basic framework for further in-
vestigations on transport properties of any laterally confined system with arbitrarily
orientated magnetic field such as quantum dots or other complex structures.

A special situation occurs when an in-plane magnetic field is used to increase the
Zeeman splitting such as the spin-polarized energy bands of neighboring Landau lev-
els overlap (comp. Chap. 3.3). The condition (4.4) predicts that the required field is
different for the contemplated systems () and (@), thus it seems possible that this dif-
ference can be detected in associated experiments, so-called coincidence measurements
[26, 49]. However, due to the strong dependence of (4.4) on the Landé factor and
the bulk effective mass via the partial cyclotron frequencies, it is not obvious whether
this discrepancy can really be measured since we do not have analytic formulas for
these quantities, hence we cannot exactly state how these quantities behave in this
limit (comp. p. 11). At least, it is challenging to give reliable, accurate predictions for
the required in-plane magnetic fields, but they can be approximated using adequate
values for g and m or using the bulk values as a first approach. Nevertheless, it turned
out that the requirements for level coincidence may indeed be very different for both
systems as we will see later (p. 79).

Assuming to be in the regime of coincidence, one can continue to argue that BR-SOI
provides a non-negligible contribution to the eigenenergies of the system which was cal-
culated by first order degenerate perturbation theory in Chapter 3.3 for the 2D-EMA
and the DSA. This energy correction (E};;C) leads to a repulsion of the bands which,
however, vanishes if B = Bé, (Fig. 4.3). Since the band anticrossing is proportional to
the Bychkov-Rashba parameter a, one could use this effect to determine the spin-orbit
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4 Anisotropies in Narrow Wires

Figure 4.3: Schematic crossing of two spin-polarized energy levels due to an in-plane
magnetic field for the case B, = 0, k = 0. The field is directed in either y- or
x-direction, which corresponds to system @) (solid lines) and @) (dashed lines) re-
spectively. Anticrossing only occurs for By # 0.

coupling strength over a wide range of magnetic fields within the DSA by using the
formulas given in Section 3.3.3. This could be done with QPC transport measurements
or within the integer QHE.*

For B, = 0 the conductance of a ballistic waveguide is given by (4.8) for each spin-
polarized level, i.e. the number of occupied, spin-resolved transverse modes My € IN
determines the resistance of the sample. This is sketched in Fig. 4.4, where the disper-
sion relation and the conductance in terms of Mj; is plotted. Note that in this graph,
the anisotropic Landau level energy as described above, was omitted for clarity, hence
the subband steps are located at or around the same energy, which is, in fact, not true
for narrow quantum wires. Nevertheless, we can see that the height of the smaller step
(solid line) is given by the anticrossing, thus it is proportional to a and can be used to
measure this quantity.

In the integer QHE, the longitudinal resistance is finite whenever the quasichemical
potential is located at an energy level of the bulk system. In coincidence measurements
with narrow Hall bars, the peaks will avoid to overlap due to the band anticrossing
given by 2E}:;€ which is anisotropic with respect to the in-plane field. Note that a

*For a system with both Bychkov-Rashba and Dresselhaus SOI (comp. Chap. 3.3) one can determine
the relative strength, that is the ratio of the BR parameter o and the Dresselhaus parameter,
usually denoted as (3, using optical [15] or electrical [34, 35] techniques. In our case we can deduce
the absolute strength of « for a given system electrically in materials with negligible or without
SOI due to bulk inversion asymmetry.
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Figure 4.4: Dispersion relation for zero and non-zero in-plane field (Bj, = B,) of
a narrow electron waveguide with B, = 0 and number of occupied levels Mg in
arbitrary units. The arrows emphasize the Zeeman splitting and the in-plane field
in the second graph is chosen to be the way that E_ (k) = E;f (k). The number of
modes is shown for Bj, = B, (dashed lines) and Bj, = By (solid lines).

crossing situation, as shown in Fig. 4.3, can only occur for B, = 0, i.e. not in the QHE.
This technique may be useful to confirm the anisotropies predicted by the DSA for
narrow Hall bars, but it seems difficult to obtain an accurate value for a because of the
many quantities that depend on the experimental parameter, the magnetic field, com-
pared to an ordinary QHE measurement. Although the predicted anisotropies seem to
explain the outcome of Ref. [26, 49], it lacks the important condition of a narrow Hall
bar. In these experiments, the sample widths should be approximated with w, — 0,
which means that any Bychkov-Rashba induced transport anisotropy disappears. Thus
it may indeed be the formation of stripe phases as suggested by the authors, which
drives the anisotropic resistance of these experiments. However, this is a many-body
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effect and beyond the scope of this work.

What is a "narrow" quantum wire? In Chapter 2 we have specified the mean-
ing of "weak in-plane field", that is we clarified the question for what magnetic field
strengths the two-dimensional approximation (2.14) fails. A different task is to ask
about the conditions for what the discussed anisotropies become visible. The answer
has so far been given by the characteristic "narrow" which a quantum wire was sup-
posed to be. However this expression needs to be specified in more detail. To face
this question, we calculate the MEFs (4.2), the effective mass p (4.3) and the energy
contribution due to BR-SOI at the crossing of Zeeman split Landau levels E}l; (comp.
Sect. 3.3.3) for some model systems.

Let us think of two realizations of a two-dimensional (Al)GaAs electron system: a
quantum well (T) and a heterostructure (IT). Both may be approximated with a har-
monic potential to make sure that we can use the DSA. For the quantum well we
use hw!, = 7.24meV whereas hw” = 126 meV gives the confinement frequency of the
heterostructure. This corresponds to oscillator lengths® of I, = 12.5nm and I = 3nm
respectively. Moreover we use m = 0.067m, in all following calculations.

At first, we look at the anisotropy® of w_ at a certain in-plane field (B, = 0) for
different widths of a quantum wire that is patterned on system I or I1. Using equation
(4.2) we obtain

e AE' =0.1meV for system I with [, =62.7nm at By, =5T,
e AE' =1 peV for system I with [, =1 pm at Bj, = 25T and
e AE” =0.1meV for system IT with /, = 20nm at Bj, =20T

which verifies that for wide samples the anisotropy becomes very small even for large
magnetic fields.

For the effective mass p (4.3) of two model Hall bars with a perpendicular field of
B, =0.38T (hwe, = 0.66 meV) we get

for system I with [, = 62.7nm at Bj, = 5T and

mw

*The oscillator length, defined by I := /- for a harmonic oscillator with frequency w, is the
standard deviation of the ground state. Hence, one may call w = 2] the width of the potential.
5The anisotropy of a MEF for a given magnetic field is expressed by AE = |w% — w%‘
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for system II with /, = 20nm at Bj, = 20T.

oo [113m (@)
" 06m (@)

Hence, both cases reveal anisotropic behavior even if it is strongly suppressed in the
given instance of a heterostructure.

And at last we present some examples for the band anticrossing using the results
derived in Section 3.3.3. We have shown above that the Landau levels overlap for
an in-plane field parallel to the direction of transport (@) if the perpendicular field
vanishes (Fig. 4.3). Thus we focus first on this situation but give also an example in
the quantum Hall regime afterwards. The anisotropy’ of the antlcrossmg for B, =01is
only determined by the energy gap of system (D) since E(?O = 0. Note that the due
to the condition (4.4), the required in-plane fields differ from system (D to system )
as well. We have

o AE'=0.016meV for system I with I, = 62.7nm at B =132T / BY = 26T,
o AE'=1peV for system I with [, = 1pm at BY =12mT / B2 = 12mT and
o AE" =0.05meV for system 1T with [, = 20nm at By =115T / B2 = 28T.

It seems that a heterostructure system is useless to discover anisotropies in QPC mea-
surements due to the high required fields. We find that for system I and sample widths
of some tens of nanometer, the difference in the required magnetic field becomes very
strong, whereas the anisotropy of the anticrossing remains small. If we switch on a per-
pendicular magnetic field B, = 3.05 T (w., = 5.27meV), we get

o AE" =0.5peV for system I with /, = 62.7nm at Bi =319T/ B® =30.6T,
where 2 ‘Eé%lﬂ‘ = 25.1peV and 2 ‘E(%Pt‘ = 24.6 peV.

Note that these energies were calculated with the Bychkov-Rashba parameter o« = 6.9-
10713 eVm ™! 51|, which was assumed to be fixed for all situations.

,1at
_ ‘Eo@o

"The anisotropy of the anticrossing is given by the expression AE = 2 HEOC{)O’Pt
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5 Summary and Outlook

The knowledge of the orbital effects of transverse magnetic fields in low-dimensional
systems proved useful for a quantitative description of physical properties in the regime
of large fields. The meaning of "large" was specified in Chapter 2 (p. 11) within a com-
parison of the oscillator length of the perpendicular, electrostatic confinement and the
magnetic length, which can be identified with the classical cyclotron radius. In the
same chapter we also presented a short survey of the effective mass approximation
[3, 4, 45] and pointed out the problems of a purely two-dimensional description. In
fact, we calculated with the help of a simple model [17], which assumed an infinite two-
dimensional electron gas and a purely in-plane magnetic field, that the field caused a
diamagnetic shift of the eigenenergies and a spatial shift of the states, which alter the
effective mass and the Landé factor (g-factor) due to non-parabolicity and wall pene-
tration [6, 7, 8, 16, 23, 29, 38, 39, 45, 48]. Moreover, the effective mass perpendicular
to the field, m,, (2.8), certainly changed the effective width of a confined system. It is
obvious that a generalization of this first approach was needed to describe an exper-
imental setup such as given in Ref. [26, 49| with lateral field strengths up to 30T in
order to gain an accuracy of the model which was necessary to reconstruct the results
theoretically.

In Chapter 3 we developed and discussed the diamagnetic shift approximation, i.e. a
model where all electrostatic confinements were assumed to be harmonic, which fully
accounted for orbital effects of a magnetic field whose in-plane orientation was perpen-
dicular (system (D) or parallel (system 2)) (comp. p. 18) to a quantum wire or Hall bar.
Therefore we calculated in Chapter 3.1 with the help of the invariant eigen-operator
method [14, 22| the eigenenergies of both cases and compared the limits of the results
with the integer Quantum Hall effect [4, 10, 17, 19] and with the model system of
Chapter 2 [17], which was an infinite two-dimensional electron gas in a pure in-plane
field. We finished this part with an example calculation of the level coincidence, a
situation where the lateral field was used to increase the Zeeman splitting until the
spin-polarized bands of neighboring Landau levels coincided, which was based on the
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sample of Ref. [26] and we verified that an overlap of two spin-polarized energy levels
was possible in the regime that had been used in this experiment. Chapter 3.2 dealt
with the explicit transformations which were used to decouple the systems (D) and ).
These brought insight into the actual orbital effects and we found that in the Landau
gauge the magnetic field perpendicular to the quantum wire could be fully resolved in a
shifted, rotated and rescaled electrostatic confinement whereas a lateral magnetic field
parallel to the current caused additional dynamics which was more difficult to map in
real space. However, in the latter case classical trajectories revealed skipping orbit like
behavior in an effective confinement which was shifted to the edges of the sample but
stayed in the plane, i.e. was not tilted as in system (2). After that, we investigated in
Chapter 3.3 the impact of the Bychkov-Rashba spin-orbit interaction [12, 18, 45, 51|
in order to gain more precise results as for the two-dimensional approximation for the
corrections at the level coincidence, the spin hot spots [11]. It turned out that even
if spin-orbit coupling failed to explain the anisotropic transport of the experiments in
Ref. [26, 49] due to the large widths of their samples, the diamagnetic shift approx-
imation predicted similar anisotropies in narrow waveguides which could possibly be
detected experimentally and could be used to deduce the Bychkov-Rashba parameter
a [12, 45, 51] at large magnetic fields. An approximated Hamiltonian for the limit of
high magnetic fields and weak spin-orbit coupling, and an effective Hamiltonian cre-
ated by a unitary transformation which caused a rotation in spin space, were derived
in Chapter 3.4 for both system () and (@ and also for the two-dimensional effective
magss approximation for comparison. These forms were useful to get an intuitive access
to the influence of spin-orbit coupling on a quantum wire system.

Chapter 4 was dedicated to the anisotropies of narrow quantum wires which could be of
special interest for future experiments on small nanostructures in high magnetic fields.
We discussed different experimental setups and the expected anisotropic influence of
Bychkov-Rashba interaction on these systems. We concluded this chapter with quanti-
tative calculations for some examples of narrow conductors and predicted the outcome
of corresponding measurements.

To put it in a nutshell, we have seen that for low-dimensional systems with high in-plane
fields the orbital effects should not be excluded from an adequate description of the im-
portant physics and the diamagnetic shift approximation is a first step into the right
direction. However, replacing all confinements with a harmonic potential yields the
limitation of this formalism. Moreover, new materials and more advanced techniques
increase the available maximum strength of stable magnetic fields for experiments, thus
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it is obvious that further improvements of this approximation are necessary and also
the need for a more sophisticated description is present.

For the future it may be reasonable to perform a systematic, numerical investigation of
transport in a quantum wire to compare quantitatively the diamagnetic shift approx-
imation with the two-dimensional effective mass Hamiltonian in the regime of large
transverse magnetic fields. This would yield a desirable extension to and verification
of the discussion of Chapter 4. An obvious enhancement of the diamagnetic shift
approximation would be given by the incorporation of Dresselhaus spin-orbit interac-
tion [12, 18, 45, 51]. This effect is important because many of the experiments on
low-dimensional systems are based on semiconductors with bulk inversion asymmetry.
Moreover it is essential for spin transport, especially for calculations of spin relaxation
rates in electron waveguides that lack bulk inversion symmetry. Following the meth-
ods of this thesis, it also seems feasible to derive a diamagnetic shift approximation for
quantum dots which would be valuable to lower the discrepancy between theoretical
and experimental results of physical properties at high in-plane fields such as the spin
relaxation rates of Ref. [40]. An improved handling of the orbital effects, especially the
influence on spin-orbit interaction in general, may be derived from the k- P theory (en-
velope function approximation) [12, 45|, which is also a desirable, though challenging
project for the future.
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A Useful Transformations

Archetype 1

Consider a Hamilton operator of the type

P2 1 P2 1
H==2 4+ -mOPX>+ 2L + —mQ2Y? +~XY
om T MR g gmiR YT A

where 7y is a real parameter. The system can be decoupled into two independent
harmonic oscillators by choosing the transformation’

X=N(X+¢€) , Y=NX+Y),
where
QQ_QQ Q2_QQ 2
N Y 4 gzwi Lo () )
V1+E& 2y 2y

Of course the momentum operators have to be rotated in the same way. They read

The sign within ¢ can be chosen ad libitum.? Note that & > 0 or £ < 0 for + or —
respectively.
With these conditions one can easily prove the identity

P} +P:=P;+P;

'In fact this is a rotation of the coordinate system by @ = arctan(—¢). It follows that 6 €]0, Z[ for
E<0and 0 €] — %,0[ for £ > 0 where we have £ 2 0 for + within £ respectively. The inverse
transformation is given by X = N(X —¢&Y) , Y = NEX +Y) and P; = N(P, — EPy) , Py =
N(EP; + Py).

2In this work, whenever this sign needs to be specified, the minus is used.
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A Useful Transformations

and one obtains

1 1 _ 1 ) )
H = o= (P2+F))+ m(Q Q) N X2 g N2 X2 4o m (P QL+ Q) NV 2 49g NPV 2 =
_ P 22 202 208\ oo P; 1 N s 296\ oy
= g T N+ = —= ) X7 4o - om NI &0 + Q4+ == | Y7 =
P2 1 L., Pro1 oL,
27:6 + §mij + 5 + 2mng )

Thus in the new coordinates H is separable and the solution reads ¥, ,/(Z,9) =
@25 (%)¢.7 (§) where ¢“% and ¢“i solve the harmonic oscillator equations of # and
y respectively. The eigenvalues of the system are given by

1 1
E(n,n') = hwz(n + 5) + hwg(n' + 5) .

Archetype 2

Consider a more general Hamiltonian of the form

P2 P2
H==24aX’+aX+ L 4+bY2+3Y +9XY ,
2m 2m

where a, b, a, 3,7 are real parameters. We split the linear terms into two parts each
and write @ = a3 + as and 8 = (1 + [B2. The transformation is defined as fol-
lows

X=—x -2 y—y %
2a ’ 20’
where
_ 2a(2ab—pB) _ Y(2B8a —ya)
a1 = dab — 2 ) Qg = dab — B ’

a v a v
_2b(2fa — ) _ 7(2ab —1B)
pr=——1—>—" ) Po=—"F—>—

dab — 4ab — v

The inverse transformation is trivial and the momentum operators do not change
due to the translation in real space. The Hamiltonian in the new coordinates now

reads ) )
P2 P2 —al? — b2
H= L axm DV gy g xryr oy 00 0 —ba
2m 2m 4ab — 2

Up to a constant term, this is the Hamiltonian given in archetype 1 which can be solved
as described there.



Archetype 3

A Hamiltonian of the type

P2 1 2y 2 Py2 2
H=_—"*+4+aP, + -mw;X*+ = +bY"+ Y +7YP, ,
2m 2 2m

where «,b, 3, are real parameters, is somewhat more difficult to separate. If we
want to use archetype 2, we need to think of a substitution which creates an effective
momentum operator X from the position operator X and an effective position operator
P, from the momentum operator P,. As we will show below, this substitution is
straightforward and well-defined up to a sign, which can be chosen ad libitum.

In order to derive the effective momentum and position operators, we start with a
model Hamiltonian, the simple harmonic oscillator in one dimension. The Hamiltonian
reads )

Hsno = P— + 1mw2R2 ,
2m = 2
with the momentum operator P and the position operator R. The Hamiltonian can

be rewritten as

mw

2 2 592
HSHO:(me) +1mw2< P) R 1. 55

= — + —nmw
2m 2 2m + 2 ’
where we defined the operators R? and P?, hence we know R and P up to the sign.
So far it seems that we can choose the sign of R and P independently. However
this is not true since in order to have proper effective momentum and position op-
erators they must satisfy the commutation relation such as [R, P] = ihI. Thus we

have

PR SRP = < [R, P = 7ikl =ikl ,

Do - +p o+
il = [P,R| = [+,_me] =
+ + +

—mw 4

I ++

which shows that the signs of R and P must be opposite. Finally we are left with two
equivalent representations of the effective momentum and position operators:

_ _ P
R=FmwR , P=+——.
mw

In the same way we can express the x-coordinate of the Hamiltonian H in terms of
effective momentum and position operators. It reads

X2 _ p? _
H=_"—+aP’+aP,+ L +bY*>+8Y +5YP,,
2m 2m
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where we defined a := %mw%, & = *mw,a and vy := mw,y. Note that the sign

is given by the choice of P,. This Hamiltonian now satisfies the requirements for the
usage within archetype 2.
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B Useful Identities

Throughout the thesis we introduce many different forms of and links between the
important functions that characterize system (1) and ). Beyond the formulas already
given in Chapter 3, it proves useful to know about the following identities, which can
be derived from the quantities defined in Chapter 3.2. Note, however, that these equa-
tions only hold for the sign convention of £ established in Section 3.2.3, which was used
during the whole work.

For the MEFs of both systems we can write:

0]
1 1 1
w®:\/92 +——— 02, = 2WeWer————
- 1—2 "TZ,cy 12 "TY,cz CY=ECz ¢y -1
O _
T \/1 ver Pt g Ve Mg
with 5/ _ 5-{- lf S?gn(u}cwaz) =+1 ’ (B]_b)
& if sign(weywez) = —1
where
. Qz cz Qz cy
e =E+V1+E2 with E=——= 2 (comp. (3.18))
2 Wey We
This form is equivalent to the equations (3.13), (3.22), (3.33) and (3.34).
@
1
w?® = \/ w2 + 02 + 2y
- 1+ e—2% T 7 enyceres cxWe oy a1
I I G 520
@ _
Wi = \/1 i 512 wg + 1+ 5/—2 QZQJ,CI,CZ — 2Werws &+ 5,_1 ’

_ if sl cx) = +1
with ¢ =45 i stenlwea) =+1 (B.2b)
& if sign(we) = —1
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where

0?2 — w?
(L =Z2+1+22 with ZE= —?/227&} , (comp. (3.27))
cx z

which is equivalent to (3.15), (3.32), (3.35) and (3.36).

The transform variable &' (B.1b), (B.2b) also fulfills the following identities:

/ _w$2_w<2:y_wz 1 _W@Q—wgy—wg
€® B Wey Wez ’ 1+ fg B w@2 - w_%ﬂ ’
—1 w?2 - wa - wz 1 _ _w$2 - wgy - wz
o Wey Wez ’ 1+ 652 W®2 w-i(?Q
@
, _w?z—wg—ng—wé 1 _w%2—wg—w?x—wgz
§® - Wep W ’ 14+ fg - W%Q - w@2 ’
1 w%2 - wg - ng - wgz 1 _ w?? — wz - wfx — WZZ
® Weg Wz ’ 1+fg2__ w%z—w?Q

Note that here we used explicitly a subscript to emphasize that £ is indeed different
for both systems. For the rest of the work, it has been suppressed for clarity.

For w, = 0, one can also show that it holds

, wczgéz — Weip — Wz{é@ , WczgéD + Weip + Wz{éD
5@ = ) §® = - )

Wey — Wy + Wcip‘fé@ Wez + Wy — wcipgéD

and )
1 Bz 1 Bz
1+68 (W“_%W“")B“"‘] :Hgg[“’“”—g}

The latter is the reason for the isotropy described in Section 3.3.3.
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