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Preface

Spin—orbit coupling makes the spin degree of freedom respond to its orbital
environment. In solids this yields such fascinating phenomena as a spin split-
ting of electron states in inversion-asymmetric systems even at zero magnetic
field and a Zeeman splitting that is significantly enhanced in magnitude over
the Zeeman splitting of free electrons. In this book, we review spin—orbit
coupling effects in quasi-two-dimensional electron and hole systems. These
tailor-made systems are particularly suited to investigating these questions
because an appropriate design allows one to manipulate the orbital motion
of the electrons such that spin—orbit coupling becomes a “control knob” with
which one can steer the spin degree of freedom.

In the present book, we omit elaborate rigorous derivations of theoretical
concepts and formulas as much as possible. On the other hand, we aim at a
thorough discussion of the physical ideas that underlie the concepts we use,
as well as at a detailed interpretation of our results. In particular, we comple-
ment accurate numerical calculations by simple and transparent analytical
models that capture the important physics.

Throughout this book we focus on a direct comparison between experi-
ment and theory. The author thus deeply appreciates an extensive collabora-
tion with Mansour Shayegan, Stergios J. Papadakis, Etienne P. De Poortere,
and Emanuel Tutuc, in which many theoretical findings were developed to-
gether with the corresponding experimental results. The good agreement
achieved between experiment and theory represents an important confirma-
tion of the concepts and ideas presented in this book.

The author is grateful to many colleagues for stimulating discussions and
exchanges of views. In particular, he had numerous discussions with Ulrich
Rossler, not only about physics but also beyond. Finally, he thanks Springer-
Verlag for its kind cooperation.

Erlangen, July 2003 Roland Winkler

Roland Winkler: Spin—-Orbit Coupling Effects
in Two-Dimensional Electron and Hole Systems, STMP 191, VII-IX (2003)
© Springer-Verlag Berlin Heidelberg 2003
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1 Introduction

In atomic physics, spin—orbit (SO) interaction enters into the Hamiltonian
from a nonrelativistic approximation to the Dirac equation [1]. This approach
gives rise to the Pauli SO term

h
Hso = ———-5—= o0 -px (VI 1.1
so Im3 p x (Vo) (1.1)
where A is Planck’s constant, mg is the mass of a free electron, ¢ is the
velocity of light, p is the momentum operator, Vj is the Coulomb potential
of the atomic core, and o = (0, oy 0;) is the vector of Pauli spin matrices.
It is well known that atomic spectra are strongly affected by SO coupling [2].

1.1 Spin—Orbit Coupling in Solid-State Physics

In a crystalline solid, the motion of electrons is characterized by energy bands
E, (k) with band index n and wave vector k. Here also, SO coupling has a
very profound effect on the energy band structure F, (k). For example, in
semiconductors such as GaAs, SO interaction gives rise to a splitting of the
topmost valence band (Fig. 1.1). In a tight-binding picture without spin, the
electron states at the valence band edge are p-like (orbital angular momentum
I =1). With SO coupling taken into account, we obtain electronic states with
total angular momentum j = 3/2 and j = 1/2. These j = 3/2 and j = 1/2
states are split in energy by a gap ¢, which is referred to as the SO gap. This
example illustrates how the orbital motion of crystal electrons is affected by
SO coupling.! It is less obvious in what sense the spin degree of freedom is
affected by the SO coupling in a solid. In the present work we shall analyze
both questions for quasi-two-dimensional semiconductors such as quantum
wells (QWs) and heterostructures.

It was first emphasized by Elliot [3] and by Dresselhaus et al. [4] that
the Pauli SO coupling (1.1) may have important consequences for the one-
electron energy levels in bulk semiconductors. Subsequently, SO coupling
effects in a bulk zinc blende structure were discussed in two classic papers by

1 'We use the term “orbital motion” for Bloch electrons in order to emphasize the
close similarity we have here between atomic physics and solid-state physics.

Roland Winkler: Spin—-Orbit Coupling Effects
in Two-Dimensional Electron and Hole Systems, STMP 191, 1-8 (2003)
© Springer-Verlag Berlin Heidelberg 2003
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Fig. 1.1. Qualitative sketch of the
SO } j=1/2  band structure of GaAs close to the
fundamental gap

o

Parmenter [5] and Dresselhaus [6]. Unlike the diamond structure of Si and
Ge, the zinc blende structure does not have a center of inversion, so that
we can have a spin splitting of the electron and hole states at nonzero wave
vectors k even for a magnetic field = 0. In the inversion-symmetric Si and
Ge crystals we have, on the other hand, a twofold degeneracy of the Bloch
states for every wave vector k. Clearly, the spin splitting of the Bloch states
in the zinc blende structure must be a consequence of SO coupling, because
otherwise the spin degree of freedom of the Bloch electrons would not “know”
whether it was moving in an inversion-symmetric diamond structure or an
inversion-asymmetric zinc blende structure (see also Sect. 6.1).

In solid-state physics, it is a considerable task to analyze a microscopic
Schrédinger equation for the Bloch electrons in a lattice-periodic crystal po-
tential.? Often, band structure calculations for electron states in the vicinity
of the fundamental gap are based on the k:p method and the envelope
function approximation. Here SO coupling enters solely in terms of matrix
elements of the operator (1.1) between bulk band-edge Bloch states, such
as the SO gap ¢ in Fig. 1.1. These matrix elements provide a convenient
parameterization of SO coupling effects in semiconductor structures.

Besides the = 0 spin splitting in inversion-asymmetric semiconductors,
a second important effect of SO coupling shows up in the Zeeman splitting
of electrons and holes. The Zeeman splitting is characterized by effective g
factors g* that can differ substantially from the free-electron g factor go = 2.
This was first noted by Roth et al. [7], who showed using the k - p method
that ¢* of electrons can be parameterized using the SO gap ¢.

2 We note that in a solid (as in atomic physics) the dominant contribution to
the Pauli SO term (1.1) stems from the motion in the bare Coulomb potential
in the innermost region of the atomic cores, see Sect. 3.4. In a pseudopotential
approach the bare Coulomb potential in the core region is replaced by a smooth
pseudopotential.
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1.2 Spin—Orbit Coupling
in Quasi-Two-Dimensional Systems

Quasi-two-dimensional (2D) semiconductor structures such as QWs and
heterostructures are well suited for a systematic investigation of SO cou-
pling effects. Increasing perfection in crystal growth techniques such as
molecular-beam epitaxy (MBE) and metal-organic chemical vapor deposi-
tion (MOCVD) allows one to design and investigate tailor-made quantum
structures (“do-it-yourself quantum mechanics” [8]). Moreover, the size quan-
tization in these systems gives rise to many completely new phenomena that
do not exist in three-dimensional semiconductors. We remark here that when-
ever we talk about 2D systems, in fact we have in mind quasi-2D systems
with a finite spatial extension in the z direction, the growth direction of these
systems.

A detailed understanding of SO-related phenomena in 2D systems is im-
portant both in fundamental research and in applications of 2D systems in
electronic devices. For example, for many years it was accepted that no metal-
lic phase could exist in a disordered 2D carrier system. This was due to the
scaling arguments of Abrahams et al. [9] and the support of subsequent exper-
iments [10]. In the past few years, however, experiments on high-quality 2D
systems have provided us with reason to revisit the question of whether or not
a metallic phase can exist in 2D systems [11]. At present, these new findings
are controversial [12]. Following the observation that an in-plane magnetic
field suppresses the metallic behavior, it was suggested by Pudalov that the
metallic behavior could be a consequence of SO coupling [13]. Using samples
with tunable spin splitting, it could be shown that the metallic behavior of
the resistivity depends on the symmetry of the confinement potential and the
resulting spin splitting of the valence band [14].

Datta and Das [15] have proposed a new type of electronic device where
the current modulation arises from spin precession due to the SO coupling in
a narrow-gap semiconductor, while magnetized contacts are used to preferen-
tially inject and detect specific spin orientations. Recently, extensive research
aiming at the realization of such a device has been under way [16].

1.3 Overview

In Chap. 2, we start with a general discussion of the band structure of semi-
conductors and its description by means of the k - p method (Sect. 2.1) [17]
and its generalization, the envelope function approximation (EFA, Sect. 2.2)
[18,19]. Tt is an important advantage of these methods that not only can
they cope with external electric and magnetic fields but they can also de-
scribe, for example, the modifications in the band structure due to strain
(Sect. 2.3) [20] or to the paramagnetic interaction in semimagnetic semicon-
ductors (Sect. 2.4) [21]. The “bare” k - p and EFA Hamiltonians are infinite-
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dimensional matrices. However, quasi-degenerate perturbation theory (Ap-
pendix B) and the theory of invariants (Sect. 2.5) [20] enable one to derive a
hierarchy of finite-dimensional k - p Hamiltonians for the accurate description
of the band structure E,, (k) close to an expansion point k = k.

In Chap. 3, we introduce the extended Kane model [22] which is the k - p
model that will be used in the work described in this book. We start with
some general symmetry considerations using a simple tight-binding picture
(Sect. 3.1). On the basis of an invariant decomposition corresponding to the
irreducible representations of the point group Ty (Sect. 3.2), we present in
Sect. 3.3 the invariant expansion for the extended Kane model. Owing to the
central importance of the SO gap ¢ in the present work, Sect. 3.4 is devoted
to a discussion of this quantity. In Sect. 3.5 we discuss the relation between
the 14 x 14 extended Kane model and simplified k - p models of reduced size,
such as the 8 x 8 Kane model and the 4 x 4 Luttinger Hamiltonian. Finally,
we discuss in Sect. 3.6 the symmetry hierarchies that can be obtained when
the Kane model is decomposed into terms with higher and lower symmetry
[23,24]. They provide a natural language for our discussions in subsequent
chapters of the relative importance of different terms. All relevant tables for
the extended Kane model are summarized in Appendix C.

While Chap. 3 reviews the bulk band structure, Chap. 4 is devoted to elec-
tron and hole states in quasi-2D systems [25]. Section 4.1 discusses the EFA
for quasi-2D systems. Then we review, for later reference, the density of states
of a 2D system (Sect. 4.2) and the most elementary model within the EFA, the
effective-mass approximation (EMA), which assumes a simple nondegenerate,
isotropic band (Sect. 4.3). In subsequent chapters the EMA is often used as
a starting point for developing more elaborate models. An in-plane magnetic
field can be naturally included in the general concepts of Sect. 4.1, which are
based on plane wave states for the in-plane motion. On the other hand, a
perpendicular field leads to the formation of completely quantized Landau
levels to be discussed in Sect. 4.4. As an example of the concepts introduced
in Chap. 3 we discuss next the subband dispersion of quasi-2D hole systems
with different crystallographic growth directions (Sect. 4.5). The numerical
schemes are complemented by an approximate, fully analytical solution of
the EFA multiband Hamiltonian based on Lowdin partitioning (Sect. 4.6).
In subsequent chapters we see that this approach provides many insights that
are difficult to obtain by means of numerical calculations.

In Chap. 5, we give a general overview of the origin of SO coupling effects
in quasi-2D systems. In Sect. 5.1 we recapitulate, from relativistic quantum
mechanics, the derivation of the Pauli equation from the Dirac equation [1]. In
Sect. 5.2 we compare these well-known results with the effective Hamiltonians
we obtain from a decoupling of conduction and valence band states starting
from a simplified 8 x 8 Kane Hamiltonian. In analogy with the Pauli equation,
we obtain a conduction band Hamiltonian that contains both an effective
Zeeman term and an SO term for = 0 spin splitting.
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In Chap. 6, we analyze the zero-magnetic-field spin splitting in inversion-
asymmetric 2D systems. The general connection between = 0 spin splitting
and SO interaction is discussed in Sect. 6.1. Usually we have two contributions
to = 0 spin splitting. The first one originates from the bulk inversion
asymmetry (BIA) of the zinc blende structure (Sect. 6.2) [6]. The second
one is the Rashba spin splitting due to the structure inversion asymmetry
(SIA) of semiconductor quantum structures (Sect. 6.3) [26,27]. It turns out
that the Rashba spin splitting of 2D hole systems is very different from the
more familiar case of Rashba spin splitting in 2D electron systems [28]. In
Sect. 6.4 we focus on the interplay between BIA and SIA, as well as on
the density dependence of = 0 spin splitting. A third contribution to

= 0 spin splitting is discussed in Sect. 6.5, which can be traced back to
the particular properties of the heterointerfaces in quasi-2D systems [29].
The = 0 spin splitting does not lead to a magnetic moment of the 2D
system. Nevertheless, we obtain a spin orientation of the single-particle states
that varies as a function of the in-plane wave vector (Sect. 6.6). In Sect. 6.7
we give a brief overview of common experimental techniques for measuring

= 0 spin splitting. As an example, in Sect. 6.8 we compare calculated spin
splittings [30] with Raman experiments by Jusserand et al. [31].

In Chap. 7, we review the anisotropic Zeeman splitting in 2D systems.
First we discuss 2D electron systems (Sect. 7.1), where size quantization
yields a significant difference between the effective g factor for a perpendicular
and an in-plane magnetic field [32]. In inversion-asymmetric systems (growth
direction [001]), we can even have an anisotropy of the Zeeman splitting with
respect to different in-plane directions of the magnetic field (Sect. 7.2) [33].
Next we focus on 2D hole systems with low-symmetry growth directions
(Sect. 7.3). It is shown both theoretically and experimentally that coupling
the spin degree of freedom to the anisotropic orbital motion of a 2D hole
system gives rise to a highly anisotropic Zeeman splitting with respect to
different orientations of an in-plane magnetic field B relative to the crystal
axes [34]. Finally, Sect. 7.4 is devoted to 2D hole systems with a growth
direction [001] where the Zeeman splitting in an in-plane magnetic field is
suppressed [35].

In Chap. 8, we analyze cyclotron spectra in 2D electron and hole sys-
tems. These spectra reveal the complex nature of the Landau levels in these
systems, as well as the high level of accuracy that can be achieved in the
theoretical description and interpretation of the Landau-level structure of
2D systems. We start with a general introduction to cyclotron resonance in

quasi-2D systems (Sect. 8.1) [23]. In Sect. 8.2 we discuss the spin splitting of
the cyclotron resonance due to the energy dependence of the effective g factor
9* in narrow-gap InAs QWs [36,37,38]. In Sect. 8.3 we present the calculated

absorption spectra for 2D hole systems in strained Ge-Si,Ge;_, QWs [39]
which are in good agreement with the experimental data of Engelhardt et
al. [40]. Finally, we discuss Landau levels in inversion-asymmetric systems,
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where the interplay between the Zeeman term and the Dresselhaus term can
give rise to zero spin splitting at a finite magnetic field [41].

In Chap. 9, we discuss magneto-oscillations such as the Shubnikov—de
Haas effect. The frequencies of these oscillations have long been used to
measure the unequal population of spin-split 2D subbands in inversion-
asymmetric systems [42]. In Sect. 9.1 we briefly explain the origin of magneto-
oscillations periodic in 1/ . Next we present some surprising results of both
experimental and theoretical investigations [14,43] demonstrating that, in
general, the magneto-oscillations are not simply related to the = 0 spin
splitting (Sect. 9.2). It is shown in Sect. 9.3 that these anomalous oscillations
reflect the nonadiabatic spin precession of a classical spin vector along the
cyclotron orbit [44].

Our conclusions are presented in Chap. 10. Some notations and symbols
used frequently in this book are summarized in Appendix A.

Throughout, this work we make extensive use of group-theoretical argu-
ments. An introduction to group theory in solid-state physics can be found,
for example, in [45]. A very thorough discussion of group theory and its ap-
plication to semiconductor band structure is given in [20]. We denote the
irreducible representations of the crystallographic point groups in the same
way as Koster et al. [10]; see also Chap. 2 of [47].
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2 Band Structure of Semiconductors

Because of its central importance for fundamental physics as well as for
technological applications, the electronic structure of layered semiconduc-

tor structures has attracted much interest over the last two decades [1,2]. In
theoretical studies, methods based on the envelope function approximation
are predominant [3], the reason being that the EFA allows a comprehen-

sive description of electron- and hole-like states. It can cope with periodic
or aperiodic geometries of quantum structures, as well as perturbations such
as a magnetic field, strain, or a built-in or external potential. Details of the
underlying crystal potential are included in terms of bulk band structure
parameters.

The simplest approach within the EFA is the effective-mass approxima-
tion [3] which assumes a single, isotropic, parabolic band. It provides a ba-
sic insight into the electronic structure of inversion layers, heterojunctions,
QWs and superlattices, but it fails to account for the subtleties which oc-
cur in semiconductor band structures such as nonparabolicity, spin splitting,
and the coupling between heavy holes and light holes. All these details of
bulk band structure can be described within the framework of k - p theory
(Sect. 2.1) and its generalization in terms of the EFA (Sect. 2.2). It is an
important advantage of these methods that not only can they cope with ex-
ternal electric and magnetic fields but also they can describe, for example,
the modifications in the band structure due to strain (Sect. 2.3) or to the
paramagnetic interaction in semimagnetic semiconductors (Sect. 2.4). The
“bare” k- p and EFA Hamiltonians are infinite-dimensional matrices. How-
ever, quasi-degenerate perturbation theory (Appendix B) and the theory of
invariants (Sect. 2.5) enable one to derive a hierarchy of finite-dimensional
k - p Hamiltonians for the accurate description of the band structure E,, (k)
close to an expansion point k = k.

2.1 Bulk Band Structure and k - p Method

The most elementary model for the band structure of a direct semiconductor
close to the fundamental energy gap is an isotropic parabolic dispersion for
the conduction band (E.(k)) and for the valence band (E,(k))
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E h2k?2
E.;(k) =+ (f +5 = ) , (2.1)
c/v

where k is the wave vector, E, is the band gap, and m} and m} are the
effective masses for the conduction and the valence band, respectively. In a
more accurate and realistic model for the dispersion E(k), we have to take
into account details such as nonparabolicity, anisotropy, and the coupling
between heavy holes (HH) and light holes (LH). A powerful and flexible ap-
proach for the investigation of these questions is the k- p method [4,5,(].
This method enables one to calculate with arbitrary precision the semicon-
ductor band structure E, (k) in the vicinity of a given point k¢ in reciprocal
space.

The derivation of the k - p method is based on the Schrodinger equation
for the Bloch functions e*"u,k(r) = e*7(r|vk) in the microscopic lattice-
periodic crystal potential Vg (r)

2
{p_ + Vb(’r)} e T UL (r) = B, (k) e* u,u(r) . (2.2)
2m0
Here mg denotes the free-electron mass and v is the band index. We can
easily evaluate the effect of the kinetic-energy operator on the plane-wave
part of the Bloch functions. In this way we obtain a Schrodinger equation for
only the lattice-periodic parts |vk) of the Bloch functions,

2 h2k> h

0

2my 2mg

If we include the Pauli spin—orbit interaction (1.1) in (2.2), the lattice-
periodic parts of the Bloch functions are two-component spinors |nk) and
the Schrodinger equation reads

2 27.2

P h*k h h
A °r L Yk " h. Vi k
[2m0+%+2m0+m0 7T+4m(2)czp o x (VVo)| [nk)

— Bu(k) [nk) . (24)
where
h

Ti=p+-——=oxVy, (2.5)

4mgc?

and o = (0,,0y,0.) is the vector of Pauli spin matrices. Note that in the
presence of SO interaction the spin quantum number o is, by itself, not a good
quantum number. We have only a common index n for the orbital motion
and the spin degree of freedom, which classifies the bands according to the
irreducible representations of the double group.

For a fixed wave vector kg, the sets of lattice-periodic functions {|vkg)}
and {|nko)} provide a complete and orthonormal basis [7] for (2.3) and (2.4),
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respectively. Therefore we can expand the kets {|nk)} in terms of band edge'
Bloch functions {|~0)} times spin eigenstates |o):

k) =Y (k) Vo), (2.6a)

/=1,
where
|V'a') = [V0)® |o'). (2.6b)

Here we have deliberately chosen as a basis the eigenfunctions of (2.3) without
SO interaction, because it is often helpful to treat the SO interaction as a
small perturbation (see (2.7) below). Now we multiply (2.4) from the left
by (vo|. By using the eigenvalue equation for |vo), we obtain an algebraic
eigenvalue problem for the dispersion E, (k), which depends only explicitly
on the wave vector k:

h2k? h
Z EV’(O) + — 61/1/’ 60’0’ + —k- P,’;Z? + AZZ; Cnulo’ (k)
2m0 mo

= En(k) crwo (k) ,  (2.7)

where
P, = (vo|w|Vo') , (2.8a)
Avy = _h (vo|lp-ox (VV)] |V ') . (2.8b)

4mic?

In the coupled equations (2.7), the off-diagonal terms (%/mg) k- Py, result in
a mixing of the band edge states |0) that becomes stronger the larger k is and
the closer in energy the band edges F, (0) are. Often we can neglect the SO
interaction in (2.5) and (2.8a) so that we have m = p and Pyy, = 650 P,u.

In general, the matrix elements of the SO interaction Aw»; result in a
splitting of the degenerate energy levels E, (k) even at k = 0. However, a
more careful analysis requires that we take into account the symmetries of
the bands (see Chap. 3). For example, without spin the p-like states at the
valence band edge of a semiconductor such as GaAs are threefold degenerate
(orbital angular momentum [ = 1). Including spin, the SO interaction splits
the sixfold degenerate states into a fourfold degenerate subspace, with total
angular momentum j = 3/2 for the HH and LH states (I'y) and j = 1/2 for
the spin-orbit split-off states (I¥). For the s-like conduction band (I§), we
have A ¢, =0.

A diagonalization of (2.7) yields the exact dispersion relation E, (k) and
expansion coefficients ¢, (k) for all values of k and all band indices n.

! In many semiconductors, the valence band maximum and the conduction band
minimum are at the I" point ko = 0. Therefore it is advantageous to expand the
band structure about this extremal point. However, it is straightforward to apply
the method to any other expansion point ko # 0.



12 2 Band Structure of Semiconductors

However, in many applications of the k-« p method we are interested only
in a few adjacent bands (n = 1,...,N), for which we want to know the
dispersion relation E, (k) only in the close vicinity of the expansion point
ko =0 (i.e. |k| < 27/a where a is the lattice constant). Therefore, the k - p
interaction and SO interaction are fully taken into account only for those
N bands, whereas the contributions of the remote bands are considered by
means of Lowdin perturbation theory (see Appendix B) with the off-diagonal
terms (i/mo) k- Pry; taken as small perturbations. This approach results in
an N-dimensional k- p Hamiltonian which contains extra terms of higher
order in k.

If we restrict ourselves to a diagonalization of (2.7) by means of second-
order perturbation theory we obtain (neglecting spin)

E(k:)—E(O)—i-ik2 (29)
124 - 1% 2mz 9 .
where
mo 2 P2 ’
=14+ — _ 2.1
= e 2 B0 B (0) (2.10)

The dominant contribution in the sum stems from the coupling P,,, of the
band v to nearby bands v'. Thus, for the effective masses m Jp D (2.1), it is
often a good approximation to use

mo - 2 P2

~ = Lo 2.11
mz/v mo Eg ( )

i.e. the effective masses m} ~ m} are proportional to the fundamental band
gap E;, = E. — E,. Here E. denotes the minimum of the conduction band
and E, is the maximum of the valence band.?

2.2 The Envelope Function Approximation

The envelope function approximation allows one to describe electron and hole

states in the presence of electric and magnetic fields that vary slowly on the

length scale of the lattice constant (see, however, Sect. 4.1.2). These fields

can be internal, such as the fields of crystal defects [3], or the fields can be

applied externally, by means of gates and external magnets, for example.
By analogy with (2.2), we consider the Schrédinger equation

(—ihV +eA)?

S + Vo(r) +

—5 (1Y +eA) - x (VW)

4mic?

+V(r)+ 92—0u13 oc-B|¥(r)=E¥(r), (2.12)

2 Within the Kane model discussed in Chap. 3, (2.11) can be a useful approxima-
tion for the I'§ conduction band and for the LH valence band. See also (4.39a).
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Fig. 2.1. Qualitative sketch of
a wave function (2.13) in the
envelope function approximation.
The lower part shows the crys-
tal potential Vo(r). The upper

° ° . ° . part shows the slowly varying
envelope function ,,(r) that
modulates the quickly oscillating
lattice-periodic part u,o(r) of the
Bloch function

with a microscopic lattice-periodic crystal potential Vj(r), an additional,
slowly varying potential V(7), and a vector potential A = A(r), which gives
rise to a magnetic field B = V x A. The symbol ug = efi/(2my) denotes
the Bohr magneton, e is the electron charge, and gy = 2 is the g factor of
a free electron. Note that the dominant contribution to the SO interaction
originates in the strong Coulomb potential V() of the atomic core regions
(see Sect. 3.4). Therefore, we need not include V(r) in the SO interaction
in (2.12).

Similarly to the derivation of the k - p method in the preceding section,
we expand the wave function ¥(r) in terms of band-edge Bloch functions
uyo(r) = (r|v/0) times spin eigenstates |o'):

U(r) = Z Uyrgr (1) upro(r) |0') . (2.13)

The position-dependent expansion coefficients ¢, (r) modulate the quickly
oscillating Bloch functions u,/(r). As this modulation is slowly varying on
the length scale of the lattice constant, the expansion coefficients 1,/ ()
are called envelope functions [3]. We insert (2.13) into (2.12), multiply from
the left by (0| u,io(r), and integrate over one unit cell of the lattice. If V(r),
A(r), and ¥, (r) are slowly varying within one unit cell, we can take them
out of the integral as constant factors. We obtain

3 { {E (0) + % + V(r)] St B

v o’ 1
+ —(*lhv + GA) . Pr(;gj
mo

+ Avy + % pp o - By }W,, (r) = Etpyo(r). (2.14)
This multiband (or EFA) Hamiltonian is a system of coupled differential equa-
tions, the eigenfunctions of which are the multicomponent envelope functions
or spinors ¥(r) = (Y, (r)). A wave function (2.13) is sketched in Fig. 2.1.
Once again, we can use quasi-degenerate perturbation theory (Appendix B)
to convert the infinite-dimensional eigenvalue problem (2.14) into a tractable
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finite-dimensional eigenvalue problem. Apparently, we have here a close sim-
ilarity between the k - p Hamiltonian (2.7) and the multiband Hamiltonian
(2.14), because both Hamiltonians depend on the same set of parameters
Py and Avy; . It is often argued that one can obtain the EFA Hamiltonian

from the corresponding k - p Hamiltonian by setting®
hk =p = —ihV +eA (2.15)

and adding the potential V(r) and the Zeeman term (go/2)up o - B to the
diagonal. Here, hk = p is the operator of kinetic momentum. It must be
distinguished from the operator of canonical momentum

he=p = —ihV . (2.16)

If A = 0 we have, of course, k = €. If also V(r) = 0, the operator k is
equivalent to the vector k in Sect. 2.1.
It is important to note that in the presence of a magnetic field B the
components of the operator k no longer commute, i.e. we have
e

ka:E}

independent of any particular gauge for the magnetic field B. Likewise, the
operator k and the potential V' (r) do not commute:

k,V(r)=[V(r)]=-1VV(r)=—ie&(r), (2.18)

where £(r) is the electric field.* In the finite-dimensional EFA Hamiltonian
obtained by Lowdin partitioning, we thus have to distinguish between terms
that are symmetric and antisymmetric in the noncommuting quantities k and
V' (r). While the former are present in both the finite-dimensional k - p Hamil-
tonian and the finite-dimensional EFA Hamiltonian, the latter are present
only in the EFA Hamiltonian. The effective masses (2.10) that can be de-
fined for the k - p Hamiltonian (2.7) become (the inverse of) the prefactors of
the second-order terms symmetric in k. In agreement with (2.17), the second-
order terms antisymmetric in k are proportional to the magnetic field B like
a Zeeman term, so that the corresponding prefactor can be identified with
an effective g factor g* [11]. Similarly, higher-order terms antisymmetric in
the wave vector k and in the potential V' (r) give rise to the Rashba term; see
Sect. 6.3. Obviously, the antisymmetric terms are not present in a decomposi-
tion of the k - p Hamiltonian (2.7). Therefore, the simple substitution (2.15)
is valid only for the infinite-dimensional EFA Hamiltonian (2.14). A detailed
discussion of the new terms that emerge from the noncommutativity of k and
V(r) will be given in subsequent chapters.

B, (2.17)

3 We follow the common practice whereby k denotes both the wave vector and
(apart from #) the operator of kinetic momentum.

* In layered structures, the effective mass m* and the other band parameters be-
come position-dependent (cf. Sect. 4.1.2), so that k and m* do not commute
either; see [9,10].
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In second-order Lowdin perturbation theory a nondegenerate, isotropic,
parabolic band (2.9) gives rise to the effective-mass Hamiltonian [3]
(—ihV +eA)? gk
— 4V == -B 2.19
Y +V(r)+ S uso- B, (2.19)

n

H =

i.e. we treat the crystal electrons in the nth band like free particles with
an effective mass m} and an effective ¢g factor ¢, which are moving in an
external potential V(r). We note that a justification of the effective-mass
Hamiltonian (2.19) from a many-particle standpoint is given in [12].

In general, (2.8) provides only a formal definition of the momentum matrix
elements Pvv; and SO energies Avv: . In real applications these parameters,
as well as the band gaps FE,(0), are usually chosen such that they give the
best agreement with experimental data such as optical spectra, cyclotron
resonance data [13], and the hydrogenic spectra of shallow acceptor and donor
states [14]. The energy gaps E,(0) and spin—orbit gaps Aw» can often be
extracted directly from the experimental data. The appropriate numerical
values of the momentum matrix elements Prx: can be derived from relations
such as (2.11) by using the measured values of m}, and g, which are tabulated
for all important semiconductors [15]. When the Hamiltonian (2.14) is applied
to semiconductor quantum structures it can be regarded as parameter-free
once these quantities are known, e.g. by fitting the parameters to independent
experimental data obtained for the bulk material.’

2.3 Band Structure in the Presence of Strain

When stress is applied to a semiconductor, the deformation of the crystal
results in shifts and splittings of the energy levels. External pressure and
strain are thus powerful tools to study the band structure of semiconductors
[16,17]. Another example is provided by lattice-mismatched semiconductor
heterostructures, where the internal biaxial strain results in a characteristic
modification of the subband levels. Here we discuss how pressure and strain
can be included in k - p theory in a systematic way [18].

Application of stress to a crystal lowers the symmetry of the crystal po-
tential V. But the space group G’ of the strained crystal is, in general, not
a subgroup of the space group G of the unperturbed system. Therefore, a

simple perturbation expansion is not possible [18]. However, it is possible to
introduce a “deformed” coordinate system
ri = 325 (05 —eig) i (2.20a)

which implies

5 Strictly speaking, in semiconductor quantum structures new parameters, which
characterize the heterointerfaces, enter the multiband Hamiltonian. The most
important new parameter is the band offset (see also Sect. 6.5 and [9, 10]).
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pi = 225 (0i +€ij) pj (2.20D)
ki =325 (6u +2i) s - (2:20c)

Here € denotes the strain tensor. The Bravais lattice of the strained crystal
in the new coordinate system then coincides with that of the unstrained
crystal in the old coordinate system. Therefore G’ is a subgroup of G. We
obtain a splitting of energy levels, which follows from the decomposition of
the irreducible representations of G in terms of the irreducible representations
of the subgroup G’ [13].

Returning to the old notation, i.e. making the change ' — r, the de-
formed crystal potential V.[(1 + ¢)r] has the same periodicity as the unper-
turbed potential Vj(r). Therefore, we can expand V.(r) in a series in terms
of g,

V.[(14¢e)r] +-§:mj ey 4 . (2.21a)
where
Vi = = i YL O] ZTo(r) (2.21b)

2 — 51‘]’ e—0 Eij

Restricting ourselves to the terms linear in the strain €, we obtain, instead

of (2.4)
{ p? k% h

—+Vo+ k-t

VW) xp-
2m0 2m0 mo O) pra

422(

+Z( Dipj —‘,—V;])E”—h—k k_jl_’zkgﬂ-

" W%& {Zij eij(VVij) x (p+ k) - &
~ (VW) xp-o (VW) x (ep) - } nk).
— En(e, k) |nk). . (2.22)

We can solve this equation analogously to (2.4). The most important new
matrix elements proportional to € are

') (2.23)

they are called deformation potentials. The elements of the strain tensor e;;
are c-numbers (not operators). Accordingly, we can express the matrix ele-
ments (vo|(2h/mo)k e w|v'o’) and (h/dmic?)(vo|(e Vo) x p-a + (V) x

Vijyy, = <V0 ’ PP+ iy v
mo

(ep) - o|V/0’) in terms of the matrix elements (2.8a) and (2.8b), thus ap-
parently reducing the number of independent parameters in the k - p model
(2.22) [19,20]. However, we would like to note that such an approach must

be used with caution. First, little can be said concerning the magnitude of
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the remaining strain-dependent term in the SO interaction. Second, Léwdin
partitioning results in additional terms proportional to k-e, the magnitude of
which can be estimated only unsatisfactorily [16]. In general, it is necessary
to evaluate the weight factors of the strain-induced terms independently from
the terms present in the absence of strain.

2.4 The Paramagnetic Interaction
in Semimagnetic Semiconductors

If manganese ions Mn?* are introduced into II-VI or III-V semiconductors a
huge Zeeman splitting is observed for conduction and valence band electrons
that cannot be explained by conventional k - p theory (¢* ~ 100; as a lowest-
order approximation we can often neglect the Landau-level splitting here).
The enhanced Zeeman splitting stems from the exchange interaction between
the extended electronic states in the conduction and valence bands and the
magnetic moments of the localized Mn 3d® electrons. It can be described by
a Kondo-like Hamiltonian [21]

Hex=—> J(r—Ry)Sm-0o. (2.24)

Here o is the spin operator of the electrons in the conduction and valence
bands, S, is the operator for the total spin of an Mn 3d shell at the po-
sition R,,, the function J(r — R,,) describes the exchange interaction, and
the sum runs over all Mn atoms m. Such systems are called semimagnetic
semiconductors or diluted magnetic semiconductors (DMS).

In the framework of the k - p method we can take (2.24) into account as
an additional term in (2.4). Similarly to the case of (2.8), we must evaluate
the matrix elements of Hey, with respect to band-edge Bloch functions |vo).
These wave functions extend over the whole crystal, so that we can assume
approximately that they feel the mean magnetic moment of all Mn 3d shells
(the mean-field approzimation), oriented parallel to the external magnetic
field B:

(vo|Hex|v' o)

Q

—(va |3, J(r— Ry)|Vd') (S) (vo|o|ve')  (2.25a)
~ — (vo |J|V ') Nox (S) (vo|o|v o) (2.25b)
= — 0y (V|J| V) Noz (S) (o|o|d’) . (2.25¢)

The exchange integrals (v |J|v) are material-specific parameters, Ny is the
number of unit cells per unit volume, and z is the mole fraction of Mn?*
ions.

The expectation value (S) of the spin of the Mn 3d shells can be described
by a modified Brillouin function [22] for a spin j = 5/2:
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5 gopB
2 kBTeff .

Here pp is the Bohr magneton, go = 2, kg is Boltzmann’s constant, and é
is a unit vector parallel to the direction of the external magnetic field B.
The effective spin Sy and the effective temperature Teg := T + Ty take into
account the antiferromagnetic interaction between the Mn?* ions. For higher
Mn concentrations x, the antiferromagnetic coupling results in a saturation

(8) = eSoBss < (2.26)

of the Zeeman splitting [22]. In the paramagnetic limit of small z, we have
To =0 and Sy = 5/2. The Brillouin function B;(y) is defined as
j+1/2 (j+1/2) 1 (y)
B;i(y) = —— coth ——y | — —coth | = |. 2.27

2.5 Theory of Invariants

Using Lowdin perturbation theory, described in Appendix B, the infinite-
dimensional eigenvalue problems (2.7) and (2.14) can be transformed into
finite-dimensional eigenvalue problems. The k - p interaction with the remote
bands that are not taken exactly into account will then result in new terms
of higher order in k.

A second, very systematic approach to the construction of the finite-
dimensional k - p Hamiltonian is based on the theory of invariants [18,23].
This approach utilizes the fact that, independent of microscopic details, the
Hamiltonian must be invariant under all symmetry operations of the problem.
(For example, for an unperturbed zinc blende structure, we have the point
group Tj.) Solely on the basis of this rather general symmetry argument,
the theory of invariants allows one to decide which terms may appear in the
Hamiltonian and which terms must vanish. Moreover, we can take additional
terms into account that, for example, describe the effect of strain and exter-
nal electric and magnetic fields. Here we shall summarize the main results of
the theory of invariants, which are important in the present context.

In the following, H(KC) denotes an N-dimensional multiband Hamilto-
nian, where /C represents a general tensor operator, which can depend on the
components of the wave vector k, the external electric and magnetic fields
€ and B, and the strain tensor €. The symmetry of the Hamiltonian H(XC)
is characterized by a point group G. Assuming that the basis functions of
H transform according to an N-dimensional (irreducible or reducible) ma-
trix representation {D(g) : g € G}, the invariance of H under the symmetry
operations g reads

D(g9) H(g *IC) D~ (g) = H(K) Vgeg. (2.28)

Obviously, the matrix equation (2.28) represents N? equations for the el-
ements H;;(K) of H(IC). Indeed, these constraints allow one to construct

H(K) [15].
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First, the general tensor operator IC can be decomposed into irreducible
tensor operators 1) that transform according to the irreducible represen-
tation I'5 of G. The index u distinguishes between different irreducible tensor
operators that transform according to the same irreducible representations
I's. Furthermore, H(XC) can be decomposed into blocks Hag(KC), where o and
B denote the spaces of the n,- and ng-fold degenerate band-edge Bloch func-
tions, which transform according to the irreducible representations I', and
I'g, respectively, of G. For each block Hag(KC), one can find a complete set
of linearly independent n, x ng-dimensional matrices X l('i’)‘) that transform
according to those irreducible representations I'; (of dimension L,;) which are
contained in the product representation I'y x I';. The index A distinguishes
between different subsets of matrices that transform according to the same
irreducible representations I'y,. Then each block H,z(IC) can be expressed in
terms of invariants

Ly
Toay = 3 X"V (2.29)
=1

consisting of products of matrices X l(ﬁ’)‘) and irreducible tensor components
K" % One can casily show that each invariant Z,, indeed satisfies (2.23)
for all g € G. Equation (2.29) reflects the well-known fact that the unit repre-

sentation occurs only in a product of mutually conjugate representations I’

and IF [18]. Finally, we can expand Hqg(IC) in terms of the invariants Z,x,:
Hop(K) = Y aly T, (2.30a)
Ky A\, 14
L,
« KyA Ky lb) *
=3 a2, S x VK (2.30b)
Ky A\, 14 =1

where the expansion coefficients agf are material-specific parameters.® In

the diagonal blocks Hao(KC), only those invariants Z.,, are allowed that
are also invariant under time reversal. No such restriction exists for the off-
diagonal blocks Hag(KC), o # 5 [18].

If H denotes the finite-dimensional multiband Hamiltonian derived by
means of Lowdin partitioning, obviously we must have H = H(IC), so that
in ‘H we have the same dependence on the general tensor operator K as in

the invariant expansion (2.30). Therefore, we can obtain explicit formulas
af
KAWL

expansion (2.30) with undetermined coefficients a

for the coefficients a in the following way. First we derive the invariant

apf

KA Then we carry out the

Lowdin partitioning, so that we can match H against (2.30): when we collect

5 In the language of group theory, the coefficients azm are closely related to re-
duced matrix elements as defined by the Wigner—Eckart theorem.
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terms in H that have the structure of an invariant Ziap, the common

prefactor of these terms is the coefficient aif .- We would like to note that
the important advantage of the invariant expansion (2.30) lies in the fact that

oft

en it is easier to derive (2.30) than to evaluate explicitly the perturbation

theory (B.15). Nevertheless, solely on the basis of the invariant expansion

2.

30), it is possible to predict many qualitative features of the Hamiltonian,

and numerous examples of this can be found in subsequent chapters.
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3 The Extended Kane Model

In the present work we are interested in quantum structures made of direct
semiconductors with an inversion-asymmetric zinc blende structure (point
group Ty). All important semiconductors in this category, such as GaAs, InSb,
and CdTe, have qualitatively a very similar band structure with the smallest
gap between the valence and conduction bands occurring at the I" point
k = 0. A detailed description of the band structure of these semiconductors
is possible by means of the extended Kane model [1,2,3].1

We start in Sect. 3.1 with some general symmetry considerations. Next we
discuss in Sect. 3.2 the invariant decomposition for the point group Ty which
allows us to give in Sect. 3.3 the invariant expansion for the extended Kane
model. Section 3.4 is devoted to a brief discussion of the spin—orbit gap Ag.
In Sect. 3.5 we discuss the relation between the extended Kane model and
smaller k - p models such as the Kane model and the Luttinger Hamiltonian.
Finally, we establish in Sect. 3.6 a symmetry hierarchy for the various terms
in the Kane Hamiltonian.

3.1 General Symmetry Considerations

In a tight-binding picture, the extended Kane model takes into account the
topmost bonding p-like valence band states (X, Y, Z) and the antibonding
s-like (S) and p-like (X', Y’, and Z’) states in the lowest conduction bands.
In the language of group theory,” the s-like states (orbital angular momen-
tum ! = 0, representation Dy of the full rotation group R = SU(2) x C;)
transform according to the irreducible representation I of the point group
Ty (conduction band I'7), and the p-like states (I = 1) transform according
to Is (valence band I'Y and conduction band I¥). Note, however, that in
a diamond structure the bonding p-like states in the valence band are even
(Df of R, I's" of Op), whereas the antibonding p-like states in the conduc-

! The valence band block of this model is also appropriate for calculating hole
states in Si and Ge (diamond lattice, point group Or); see Sect. 8.3.

2 We denote the irreducible representations of the crystallographic point groups
in the same way as Koster et al. [1]; see also Chap. 2 of [5]. Superscripts “£”
denote whether the representation is even or odd with respect to parity.

Roland Winkler: Spin—-Orbit Coupling Effects
in Two-Dimensional Electron and Hole Systems, STMP 191, 21-33 (2003)
© Springer-Verlag Berlin Heidelberg 2003
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Table 3.1. Symmetry classification of the bands in the extended Kane model

Single group Double group
On/Tq Full rotation group R Oy /Ty
| =3/2 (D — Iy
&/ po =1 oy T P
5~ . -
p antibonding ) B _
No12 (0n) — I

\/ o 120D D) - Ty

s antibonding

j=3/2 (Df,) — Iy
ry . 1=l e 7 W 8
p bonding \ j=1/2 (DY) — It

1/2

NN S
S NN

tion band are odd (D] of R, Iy of Op). The symmetries of the bands are
summarized in Table 3.1.

When SO coupling is taken into account, I = 0 becomes the total angular
momentum j = 1/2 so that the states transform according to I's of Ty (Dy /2 of
R). The I's bands split into fourfold degenerate j = 3/2 states, transforming
according to I'g of Ty (D;’[/2 of R), and j = 1/2 states, transforming according

to Iy of Ty (D%, of R). As the splitting between the valence bands I and

1/2
I? is a direct consequence of SO coupling, the band I} is sometimes called
the spin—orbit split-off valence band [6]. The resulting 14 basis functions are

listed in Table C.1.

3.2 Invariant Decomposition for the Point Group Ty

Before discussing the details of the extended Kane model, we shall study the
general features of a multiband Hamiltonian for the point group T, according
to the theory of invariants.

For the point group Ty, there are three double-group representations, de-
noted I, 7, and I's. They provide the building blocks for any spin-dependent
multiband Hamiltonian for T,. For the two-dimensional representations I§g
and I7, we need four basis matrices. Here we can use the unit matrix Toyxo
and the Pauli spin matrices ;. For the four-dimensional representation Iy,
we need 16 matrices, which can be constructed from the three angular-
momentum matrices Jy, Jy, and J, for j = 3/2 and properly symmetrized
powers thereof. The construction of basis matrices for the off-diagonal sub-
spaces between Ig, I, and g is described in [7]. All basis matrices are listed
in Table C.3.



3.3 Invariant Expansion for the Extended Kane Model 23

The wave vector k and electric field € transform according to the irre-
ducible representation I's of T, whereas the magnetic field B transforms
according to I'y. We remark that the wave vector k and the magnetic field
B are odd with respect to time-reversal symmetry, while the electric field
€ is even. We can construct irreducible tensor components ICl((S’” ) of higher
order in k, B, and £ by using the Clebsch-Gordan coefficients (§l|ai, 55) for
the point group Ty, which are tabulated in [4]. More explicitly, from tensor
A1) that transform according to the irreducible rep-
(8,
l

components K{**) and ICJ(

resentations I, and Iz we obtain new irreducible tensor components
given by

KON =S (otad, 57) {0 KL (3.1a)
,J
3, . a, v
KON = (tad, B7) [k KT (3.1b)
9
where {...} and [...] denote the symmetrized and antisymmetrized products,

respectively, of their arguments. Up to fourth order in the wave vector k and
second order in B and &, we obtain the irreducible tensor components listed
in Table C.4. Note, however, that the definition of these tensor operators is
not unique, because any linear combination of sets of tensor operators that
transforms according to the irreducible representation Iy also transforms
according to I'5. As remarked at the end of Sect. 2.5, using Tables C.3 and C.4
we can derive many important features of the Hamiltonian without the need
to explicitly carry out the cumbersome perturbation theory which is necessary
to determine the prefactors of the invariants.

3.3 Invariant Expansion for the Extended Kane Model

The extended Kane model takes exactly into account (up to infinite order
in k) all k - p and SO interactions between the bands I'§, I'¢, I§, Iy, and I}.
The k - p interactions with the other bands are taken into account by second-
order perturbation theory (see Fig. 3.1). The 14 x 14 matrix Hamiltonian of
the extended Kane model falls into blocks with respect to the five bands
under consideration:

H&:SC H8c7c HSCGC HSC&J H807v
H7CSC H7c7c H7CGC H768’U H7c7v
Hisxia = | Hecse Hocre Hecse Heesv Heerw | - (3:2)
H8v8c 7_l8v7c HS'UGC H8v8v H8U7U
H7v8c H?v?c H7’U60 H7v8v H?v?v

The invariant expansion for these blocks is given in Table C.5.



24 3 The Extended Kane Model

E remote

Fig. 3.1. Schematic band structure for the
14 x 14 extended Kane model. Besides the
energy separations at the I' point, the cou-
plings within the model are indicated. Taken
form [2]. © (1991) by the American Physical
Society

The irreducible matrix elements of the momentum and the SO interaction
occurring in the extended Kane model are defined as follows (see Fig. 3.1):

P = L (S]palX). (3.30)
P = L (S]pal X' (3.3)
Q@ = - (XIn|2). (3.3
80 = = s (X[[(VV0) x Pl 1 2). (3.34)
8y = = oz (X' 1Y) x Bl 2). (3.3
A7 = o (XI(VV0) x5, Z). (3:30)

Using the phase conventions listed in Table C.1, the matrix elements P, @,
A, and Af are real, whereas the matrix elements P’ and A~ are purely
imaginary. Furthermore, the SO interaction is diagonal between the p-like
valence and conduction band states. Thus, Ag and Afj can be interpreted as
the SO splittings between I'y’ and I'7 and between I'g and I'7, respectively; see
Fig. 3.1. Other phase conventions yielding off-diagonal SO matrix elements
between the p-like valence band states are discussed in [3].

In subsequent chapters we shall focus on the effects of SO interaction.
For this reason, we wish to point out that besides the matrix elements Ay,
Aj, and A, the prefactor Cj of the terms linear in k in the valence band
block Hagusy is also a direct consequence of SO interaction [9]. The main
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contribution to C} stems from the bilinear terms consisting of k - p and SO
interactions, with remote I's-like intermediate states [10]. Unlike the higher-
order terms for spin splitting induced by bulk inversion asymmetry (BIA, see
Sect. 6.2) that can be expressed in terms of the momentum matrix elements
and energy gaps (3.3), the coefficient Cj is an “elementary” parameter of
the extended Kane model. In semiconductors with a diamond lattice (point
group Op) we have P’ = A~ = Cy = 0, consistent with the symmetry of the
bands with respect to parity listed in Table 3.1.

The remaining parameters m*, g*, B;, D, ~;, k, and ¢ describe remote-
band contributions of second order in k. However, the classification of valence
and conduction bands in terms of “near” and “remote” bands depends on the
particular k-« p model. Usually, the above parameters refer to smaller k - p
models that comprise only a subspace of the five bands of the extended Kane
model. Accordingly, these parameters contain the k - p interactions between
this subset and the other bands of the extended Kane model in second-order
perturbation theory. Therefore, in order to take these interactions into ac-
count only once, we use reduced band parameters m’, g', BL, D', 4!, k', and
q', where we subtract the second-order contributions from those interactions
that are taken exactly into account [11,12]; see also Sect. 3.5. The definition
of the reduced band parameters is given in Table C.9.

In Table C.5 we have included in the off-diagonal blocks Hgcs, and Heero
the terms proportional to Kane’s parameter B [13] (following [14], we dis-
tinguish Bgtv and Bz, ). These terms contribute to the inversion-asymmetry-
induced spin splitting in the conduction and valence bands (Sect. 6.2). A
treatment of Zeeman splitting at the same level of accuracy requires that
we take into account also the analogous terms antisymmetric in k, which
contribute to the anisotropic Zeeman splitting in the conduction and valence
bands [14]. The prefactor of these terms has been denoted by D.

We have included in Table C.5 also the strain-induced terms that will
be used in Sect. 8.3. The deformation potentials C;, Dg, D, and D! are
explained in [7]. Several common alternative notations for deformation po-
tentials are listed in Table C.6. The paramagnetic interaction is characterized
by the s-d and p-d exchange integrals

a=—(S[J]S) and B=—(X|J|X). (3.4)

As an example, we show in Fig. 3.2 the (spin-split) dispersion E(k) of
electrons in the lowest conduction band [1] and of holes in the highest valence
bands in bulk GaAs, calculated by means of the 14 x 14 extended Kane
model. The dispersion in the valence bands is strongly nonparabolic and
anisotropic. Even for electrons we have significant nonparabolic corrections,
but the anisotropic terms are fairly small (see Sect. 3.6). BIA spin splitting
in bulk semiconductors will be discussed in detail in Sect. 6.2.1.
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Fig. 3.2. Spin-split dispersion E(k) (a) of electrons in the lowest conduction band
and (b) of holes in the highest valence bands in bulk GaAs. The calculation was
based on the 14 x 14 extended Kane model. Different line styles correspond to
different directions in k space as indicated. The solid line in (a) indicates the
parabolic dispersion based on the effective mass at the band edge. (a) taken form [1].
© (1984), with permission by Elsevier

3.4 The Spin—Orbit Gap A,

The SO gap Ag (and Af) defined in (3.3) is of fundamental importance for
the discussion of SO-related phenomena in subsequent chapters. Therefore,
the present section is devoted to a discussion of this quantity.

The matrix element Ay reflects the Pauli SO interaction (1.1) caused by
the strong Coulomb potential in the innermost region of the atomic cores.
Theoretical values of Ay in a binary semiconductor AB can be estimated
from [15]

Ao(AB) = 1(1— fi)Aa + 3(1 + f1)As, (3.5)

where A; is the atomic SO splitting of constituent j = A, B. The symbol f;
denotes the ionicity of the semiconductor AB, and we have assumed that A
is the cation and B is the anion. Similar formulas have been derived by other
authors [16]. In (3.5), the anions are weighted more than the cations. This
reflects the general trend that the anions in a binary semiconductor contribute
more strongly to the topmost valence band states than do the cations. Atomic
SO splittings A; are listed in Table 3.2. We see that in each row of the periodic
table, the splittings A; increase from left to right in much the same way.



3.5 Kane Model and Luttinger Hamiltonian 27

Table 3.2. Contribution A; of atom j to the SO splitting Ap (in eV). Taken
from [15]

Be B C N (0] F
0.002 0.004 0.006 0.009 0.010 0.010
Mg Al Si P S Cl
0.01 0.024 0.044 0.08 0.09 0.09
Zn Ga Ge As Se Br
0.10 0.18 0.29 0.43 0.48 0.49
Cd In Sn Sb Te 1
0.10 0.36 0.80 1.05 1.10 1.11
Hg Tl Pb
0.5 0.9 2.0

Likewise, they increase in each column from top to bottom.? A comparison
of experimental SO gaps AG® with theoretical SO gaps AP estimated
by means of (3.5) is given in Table 3.3. In the present context, it might
appear trivial to achieve good agreement between experimental SO gaps and
theoretical estimates based on (3.5) because, for every binary semiconductor
AB, we could choose the ionicity f; appropriately. However, in early models
of semiconductor band structure the ionicity f; was a fundamental parameter
that was used to explain many different properties of binary semiconductors
[15]. We see in Table 3.3 that for Si we have Ay = 44 meV, whereas for Ge we
have Ag = 290 meV. Therefore, we can readily understand why SO effects in
Si quantum structures are rather small [18, 19].

The SO gap A4, is typically smaller than Ag. Lawaetz [20] estimates A, ~
0.644.

3.5 Kane Model and Luttinger Hamiltonian

The 14 x 14 matrix of the extended Kane Hamiltonian provides an accurate
description of the band structure of semiconductors close to the fundamental
gap [1]. Nevertheless, it is often convenient to consider smaller k - p models
such as the 8 x 8 Kane model [21],

7_(6060 HGCSU HGC?U
Hsxs = | Hsvee Hsvse Hsvro | - (3.6)
H7v60 H7v8v H?U?U

3 The atomic SO splittings A, are effective quantities that should not be con-
fused with splittings of atomic energy levels. Nevertheless, the trends of A; are
qualitatively consistent with the results of atomic physics, where it is known
that the SO coupling varies roughly as the fourth power of the (effective) atomic
number [17].
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Table 3.3. Comparison between experimental SO gaps A and theoretical SO
gaps A estimated by means of (3.5) using the ionicities f;. Taken from [15]

Compound AP (eV) AP (eV) fi

C 0.006 0.006 0

Si 0.044 0.044 0

Ge 0.29 0.29 0
a-Sn 0.80 0
AIN 0.012 0.449
AlP 0.060 0.307
AlAs 0.29 0.274
AlSb 0.75 0.80 0.250
GaN 0.011 0.095 0.500
GaP 0.127 0.11 0.327
GaAs 0.34 0.34 0.310
GaSb 0.80 0.98 0.261
InN 0.08 0.578
InP 0.11 0.16 0.421
InAs 0.38 0.40 0.357
InSb 0.82 0.80 0.321
Zn0O —0.005 0.03 0.616
7nS 0.07 0.09 0.623
ZnSe 0.43 0.42 0.630
ZnTe 0.93 0.86 0.609
CdSs 0.066 0.09 0.685
CdSe 0.42 0.699
CdTe 0.92 0.94 0.717
HeS 0.13 0.79
HgSe 0.48 0.68
HgTe 0.99 0.65

In subsequent chapters we shall often describe hole states by means of the 4x4
Luttinger Hamiltonian Hg,s,, which is the simplest model for the fourfold
degenerate topmost valence band [22]. We would like to remark that even
though Hg,s, does not depend on the SO gap Ay, it corresponds to the limit
of strong SO interaction Ay — oo.

In fact, we can establish a hierarchy of k - p models, starting from the full
14 x 14 extended Kane Hamiltonian and going down through models with a
successively reduced size. These smaller models can be derived from Hisx14
by means of Lowdin partitioning so that they contain terms of higher order in
k. Here, our definition of the reduced band parameters in Table C.9 ensures
that, to leading order in k, the smaller models yield the same results as the
14 x 14 extended Kane model. Only higher-order terms in a Taylor expansion
of the dispersion E, (k) differ from each other if a larger or smaller model

4 Often the 6 x 6 valence band Hamiltonian containing the bands I'¥ and I'¥ is
also called the Luttinger Hamiltonian [23,24].
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is used. Therefore, the higher-order terms of E,, (k) provide a direct measure
of the accuracy of different k - p models [1]. For example, the effective-mass
approximation (2.9) is sometimes called parabolic approximation, because it
yields the correct second-order term in a Taylor expansion of E, (k), but it
neglects all higher-order terms. Obviously, such simplified models are most
accurate if only small wave vectors k are relevant.

Strictly speaking we must distinguish between, for example, the 4 x 4
Luttinger Hamiltonian for the I'y’ valence band and the block Hg,g, in the
extended Kane model (3.2) or Hsysy in the Kane model (3.6) because the
blocks of the latter kind contain reduced band parameters as given in Ta-
ble C.9; see Sect. 3.3. However, for brevity of notation we shall use the same
symbols H,p, and we assume that each block contains the appropriate re-
duced band parameters as given in Table C.9.

3.6 Symmetry Hierarchies

For the interpretation of the band structure of both bulk semiconductors and
quasi-2D systems, it is very helpful to decompose the full Hamiltonian H
into terms with higher and lower symmetry. Typically, the terms with higher
symmetry have larger prefactors than have the terms with lower symmetry,
so that we have a symmetry hierarchy for the terms in H.

Bulk semiconductors with a diamond structure have the point group Oy,
which is the point group of a cube. Bulk semiconductors with a zinc blende
structure have the point group T, which is the point group of a tetrahedron.
We obtain Oy, from Ty by adding the inversion to the latter group, i.e. Ty is
a subgroup of Oy = T; ® C;, where C; is the point group that contains only
the identity and the inversion. It has long been known that the additional
terms in the band structure of a semiconductor with a zinc blende structure
are rather small when compared with the terms that are present also in
semiconductors with a diamond structure [22]. (Obviously, the latter terms
are symmetry-allowed also in zinc blende structures because T; C Oy,.)

Lipari and Baldareschi [25] generalized this idea by noting that O, is a
subgroup of the full rotation group R:

R DO Oh D) Td. (3'7)
Thus one can write H in the form
H= Hspher + chb + Htetra 5 (38)

where Hgpher is the spherical part of H that transforms according to R,
Heub is the cubic part that transforms according to Oy, and Hietra denotes
the remaining terms with tetrahedral symmetry that transform according
to Ty only. In the spherical approximation, we replace the full Hamiltonian
‘H by Hspher.- This implies that the eigenstates of the Hamiltonian are also
eigenstates of the angular-momentum operator J (both J? and jz) Similarly,
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we can define the cubic approzimation, where the second term in (3.8) is
also taken into account. It is a general property of the cubic approximation
that H (i.e. the operator for the kinetic energy) commutes with the parity
operator.” The cubic and tetrahedral terms in (3.8) reflect the fact that in a
crystal structure, angular momentum is merely an “almost good” quantum
number.

The symmetry hierarchy (3.7) is very general. In particular, it does not
distinguish between electrons and holes. On the other hand, we saw in Fig. 3.2
that anisotropic corrections are significantly more important for holes than
for electrons. The reason for this is that the dispersion of electrons basically
depends on the off-diagonal k - p coupling between the lowest conduction
band I'§ and the topmost valence bands I'y and I} (proportional to Kane’s
momentum matrix element P) [21]. These terms have spherical symmetry.
Therefore they contribute only to nonparabolicity and not to the anisotropy
of E(k). Cubic contributions to the dispersion E(k) result from k - p coupling
to the higher conduction bands I'§ and I'¥ and to remote bands. For holes,
they are proportional to & = 3 — 2 [25] and give an important contribution
to Ep (k). If I'S and I'¢, as well as remote-band contributions, are neglected,
both E.(k) and Ej(k) become isotropic. From Tables C.3 and C.4, we find
that to lowest order in k the anisotropy of the conduction band I is caused
by terms of fourth order in k (Fig. 3.2a and [26]), while for the valence band
I'Y these terms are of second order in k (Fig. 3.2b and [25]).

In semiconductor QWs the growth direction is a predefined symmetry
axis, so that the point group of these systems is given by the subgroup of
Oy, or Ty that keeps this symmetry axis fixed. The resulting point groups for
different crystallographic growth directions are listed in Table 3.4. In general,
the symmetry reduction due to the subband quantization is the most impor-
tant effect, i.e., instead of the full rotation group R, we start the symmetry
hierarchy from the axial point group Du,, (if the confining potential V'(z)
is inversion-symmetric) or from the group C, (if the confining potential
V(z) is inversion-asymmetric). We obtain D, from Coo, by adding the in-
version to the latter group.® Analogously to (3.8), we can decompose the full
Hamiltonian H into

H = Hax + chb + Htetra 5 (39)

5 The part Hietra contains the effect of bulk inversion asymmetry to be discussed

in Sect. 6.2. The cubic approximation to H thus allows us to analyze the effect
of structure inversion asymmetry (i.e. the broken inversion symmetry of the
confining potential V' (z)) independently of BIA.
The axial point group Cs contains all rotations about an axis fi. The point
group Coo, contains C'ws plus a mirror plane that includes 7. This is the point
group of an electric field. The point group Coop contains Coo plus a mirror plane
perpendicular to 72. This is the point group of a magnetic field. The point group
Doop, contains C'so plus both a mirror plane that includes 72 and a mirror plane
perpendicular to fi. We have Doop, = Coon ® C; = Cooy Q Ci.

[=2]
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Table 3.4. The point group of a QW for different growth directions, starting
from a bulk semiconductor with a diamond structure (point group Oj) or zinc
blende structure (point group Ty), for B = 0 and B = B, > 0. The upper and
lower values correspond to a QW the geometry of which is inversion-symmetric or
inversion-asymmetric, respectively. See also Sect. 6.5

[001] [111] [110] [mmn] [0mn]  [imn] aﬁgﬁg;
On Dyp, D34 Doy Can Can Ci Deon
B—0 Cuy Csy Cay Cs Cs C1 Coov
T Doy Csy Cay Cs Co Ch Doon
Cay C3sy Cs Cs Cy (o Coow
o, Can Csi Cap, C; C; C Coon
B.>0 Cy Cs Cy (o C1 Cy Coo
Td S4 03 CS C1 Cl Cl Cooh
Cy Cs 4 Cy C1 Ch Coo

where H,x contains the terms with axial symmetry (point group D or
Coov), Heub contains the terms with cubic symmetry (invariant under inver-
sion), and Hietra contains the remaining terms with tetrahedral symmetry
(not invariant under inversion).”

In the azial approximation we replace the full Hamiltonian H by Hax. The
eigenstates of H,x are also eigenstates of the angular-momentum operator jz
with the quantization axis of angular momentum parallel to the symmetry
axis of the axial point group. Indeed, we can use [Hax, jz] = 0 as an alterna-
tive definition of the axial approximation, consistent with the fact that the
irreducible representations of the axial point groups are commonly labeled
by the quantum numbers of J,.

We can use the symmetry properties of H,x in order to perform the de-
composition (3.9). We start by making a unitary transformation of the basis
functions {|jm)} in Table C.1, such that the quantization axis of angular mo-
mentum is parallel to the growth axis (see e.g. (3.5.42) in [27]). In addition,
we make a transformation of the wave vector k such that the transformed
component k. is parallel to the quantization axis (see Sect. 4.1.5). We ex-
press the components k; and k, of the transformed wave vector in terms
of k+ = k, £ iky. As we can identify £y and k_ with raising and lowering
operators for angular momentum, we can readily decide which terms in the
transformed Hamiltonian have axial symmetry:® if the matrix element H,,,/
of the multiband Hamiltonian H connects the basis function |n) = |j,my,)
with [n’) = |jn/my,), only those terms which contain products k4" k”»*" are
allowed in H2%,, where the exponents fin,/ and v, obey the condition

" The symmetry hierarchy (3.9) was developed first for bulk semiconductors in the
presence of an external magnetic field and uniaxial strain [8,7].
8 This decomposition is not unique. We follow footnote 35 in [8], here.
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Hnn' — VUnn/ = My, — My’ . (310)

More explicitly, if we specify the direction of the symmetry axis by means
of the polar angle ¢ and azimuthal angle # with respect to the direction
[001] (see Fig. C.1), we can write the axial approximation for the 8 x 8 Kane
model as a function of ¢ and € only. The results are given in Table C.10.
Only the prefactors, not the functional form of H,y, change as a function of
¢ and 6, because the terms in Table C.10 represent the invariant expansion
H(K) for the point groups Doop and Coop. Note that the k-linear coupling
between I'§ and I, as well as the terms proportional to m*, ¢g*, 71, and &,
has spherical symmetry, so that these terms remain unaffected by a rotation
of the coordinate system. We have restricted ourselves to a magnetic field
in the z direction because any other direction of B would break the axial
symmetry [3,7]. Our general formulas in Table C.10 include the results listed
in Table VI of [7] for the particular cases of a growth direction parallel to
[001] (¢ = 6 = 0), [111] (¢ = 7/4, 6 = arccos(1/+/3)), and [110] (¢ = /4,
0=m/2).

For the calculation of Landau levels described in Sect. 4.4.4, we also need a
complete decomposition of Heyb (P, 8) and Hietra (@, 8) with respect to powers
of k4, k—, and k,, which we obtain likewise from the above analysis. The
cubic part Heun (¢, 0) for the most frequently needed case ¢ = w/4 is given
in Table C.11. However, we omit here the rather lengthy expressions for the
tetrahedral terms. Note that all cubic terms in H% g, and H§,;, depend
only on the parameter § = 3 — vz [25]. We see from Table C.11 that the
axial approximation is most accurate for the high-symmetry growth directions
[001] (¢ = 6 = 0) and [111] (¢ = 7/4, 6 = arccos(1/+/3)), as we have here
Heun (R = 0) = 0, i.e. we obtain the correct subband edges from using Hax
only.” On the other hand, the cubic corrections in Heup are very important
for low-symmetry growth directions such as [113] and [110].

The reader might ask why we present in Tables C.10 and C.11 the sym-
metry hierarchy for the 8 x 8 Hamiltonian but not for the more complete
14 x 14 Hamiltonian. This is because for the 14 x 14 extended Kane model
a symmetry hierarchy is less meaningful than for the 8 x 8 Hamiltonian, be-
cause in the smaller model Lowdin partitioning results in a sequence of terms
we can interpret and classify individually,'? whereas in the larger, more accu-
rate model such a separation of qualitatively different terms is not possible.
For example, the k - p coupling between the lowest conduction band I'§ and
the higher conduction bands I'Y and Iy has tetrahedral symmetry, consis-
tent with P’ = 0 in semiconductors with a diamond structure. Accordingly,
a cubic 14 x 14 Hamiltonian must neglect the k - p coupling between these
bands. On the other hand, in the smaller Hamiltonians we can distinguish

9 The effect of Hietra on the subband edges is rather small.
10 The same holds for even smaller models, such as the 2 x 2 Hamiltonian for

electrons in the I'§ conduction band, which contains terms up to fourth order in
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between the contribution of P’ to the isotropic effective mass (Table C.9) and
the contribution of P’ to the tetrahedral terms of third order in k (Sect. 6.2).
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4 Electron and Hole States
in Quasi-Two-Dimensional Systems

In Chaps. 2 and 3 we introduced the general concepts for characterizing the
semiconductor band structure and a model for calculating it. In the present
chapter we shall discuss the applications of this model to quasi-2D semicon-
ductor quantum structures.

In Sect. 4.1 we present a general, numerical approach for solving the EFA
Hamiltonian based on a quadrature method. We then review for later refer-
ence the density of states of a 2D system (Sect. 4.2) and the most elementary
model within the EFA, the effective-mass approximation, which assumes a
simple nondegenerate, isotropic band (Sect. 4.3). In subsequent chapters the
EMA is often used as a starting point for developing more elaborate models.
The case of a perpendicular magnetic field differs conceptually from the case
of B =0 or of an in-plane B, so it will be discussed separately in Sect. 4.4.
As an example of the concepts introduced in this chapter, we discuss next the
subband dispersion of quasi-2D hole systems with different crystallographic
growth directions (Sect. 4.5). The results obtained by numerical calculations
are usually very accurate, but sometimes less intuitive. In Sect. 4.6 we there-
fore complement the numerical schemes by a fully analytic approach based
on Léwdin partitioning.

4.1 The Envelope Function Approximation
for Quasi-Two-Dimensional Systems

The application of the EFA to semiconductor quantum structures has been
discussed extensively in the literature [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16].
In [15,16], a general approach for the numerical solution of multiband enve-
lope function problems for a magnetic field B = 0 was presented which was
based on a quadrature method. Here we rederive the formulas in a way that
shows that this approach can include also an in-plane or perpendicular mag-
netic field B. In Sect. 4.1.1 we make some preliminary remarks concerning
the solution of an EFA Hamiltonian for the case of B = 0 or of an in-plane B.
In Sect. 4.1.3 we briefly discuss the general concepts and the technical prob-
lems related to a numerical solution of arbitrary multiband Hamiltonians.
In Sect. 4.1.4 we show how a general solution of these eigenvalue problems,
including the case of an in-plane magnetic field, can be obtained by means
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of a quadrature method. Finally, we discuss in Sect. 4.1.5 how we can de-
scribe electron and hole states in QWs with different crystallographic growth
directions.

4.1.1 Envelope Functions

In semiconductor heterostructures and QWs we have V(r) = V(z), with the
z axis in the growth direction, so that for B = 0 the in-plane wave vector
k| = (kz,ky,0) is a good quantum number. Therefore, we can write the
eigenfunctions (2.13) of the multiband Hamiltonian in the form

eik| 7 »
Lpaku (7’) = T Zgak“ (Z) un’O(r) ) (41)
where a is the subband index and 7| = (x,y,0). In the following, we need

not consider explicitly the spin index o of the band-edge Bloch functions.
Thus for brevity, we have included the index o in the band index n’. The
energy eigenvalues that correspond to the eigenfunctions (4.1) represent the
subband dispersion E, (k|).

In order to take into account a homogeneous, in-plane magnetic field
B = (B, By,0), we choose the asymmetric gauge

A(2) = (2By, —2Ba,,0) . (4.2)

The advantage of this gauge lies in the fact that the multiband Hamiltonian
‘H depends only on the z component of the position vector r and not on «
and y. Thus, even for B > 0, we have a strictly one-dimensional eigenvalue
problem. The kinetic wave vector k reads (see (2.15))

t, + (e/h) 2B,
k=%t —(e/h)zB; |, (4.3)
—i0,

where the c-numbers £, and £, are the eigenvalues of the in-plane canonical
wave vector €. Therefore the eigenfunctions of H are still of the form (4.1),
with k| replaced by €. Note that the eigenvalues (£;,%,) depend on the
gauge that is used. If we were to choose, for example, the symmetric gauge
A = (1/2) B x r, we would not be able to factorize the wave functions as
in (4.1), anymore.

4.1.2 Boundary Conditions

For layered semiconductor structures, we need to take into account the inho-
mogeneity of the system. In the EFA, this is commonly achieved by consid-
ering bulk band parameters which vary discontinuously at the interfaces [1].!

! This implies that we neglect any microscopic effects of the interfaces (see, how-
ever, Sect. 6.5).
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In particular, the position-dependent band edges act like effective step-like
potentials for the electrons and holes. According to Sect. 2.2, discontinuous
band parameters go beyond the range of validity of the EFA. Nevertheless, it
has been observed that such an ansatz is capable of describing electron and
hole states in QWs in very good agreement with experiment [1]. Recently,
several authors have established elaborate derivations of the EFA showing
that it is indeed justified to apply the EFA in cases where the potential is
not slowly varying [14, 17].

In (2.14), the off-diagonal k - p coupling results in terms linear in k, =
—i0, while the effective-mass-like terms are of second order in k.. The step-
like position dependence of the band parameters implies that the prefactors
of these differential operators vary discontinuously. Therefore, we have to use
matching conditions at the interfaces for the envelope functions and their
first derivatives which ensure hermiticity of the kinetic-energy operator. The
question of finding the proper Hermitian formulation has been discussed in
the literature [14,18] but remains a controversial problem [19]. In the present
work we use the Hermitian forms that are most frequently found in the lit-
erature [18],

kof — —500-f(2)+ f(2)0:] (4.4a)
kg — —0.9(2)0. . (4.4b)

Here, the term k. f corresponds to, e.g., an off-diagonal k - p term or a second-
order term proportional to k. k., whereas k2g always represents a second-
order term.

4.1.3 Unphysical Solutions

Obtaining a general solution to the multicomponent envelope function prob-
lem is a difficult problem. Several methods have been suggested, each of them
suited to certain problems but always requiring additional simplifications.
Hence this section is devoted to a short review of the existing approaches,
outlining their underlying physical approximations, their limitations of valid-
ity, and the numerical difficulties which they entail. In the past these aspects
have been mixed up to some extent.

In the bulk conduction band, the effect of nonparabolicity has been taken
into account by explicitly considering terms up to fourth order in k [20,21,22].
This yields a simple model that has proved its worth for the conduction
band in large-gap semiconductors. Furthermore, it can easily be applied to
the subband problem. Commonly this is done by calculating the envelope
functions from a standard effective-mass Hamiltonian, and then nonparabolic
corrections are taken into account by first-order perturbation theory [13,23,

]. However difficulties may arise when dealing with expectation values of
higher order in k, = —id,. In numerical calculations, these quantities can
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be rather large. Using generalized Fang-Howard trial functions, appropriate
for MOS structures and heterostructures, one can show analytically that the
expectation values of all higher orders in k, diverge [15]. In these cases a
perturbative treatment is not possible.

Frequently, a simplified multiband k-p model is used which neglects
remote-band contributions and the free-electron term [11, 1,2 3,12, 25, 20].
Thus this model is mainly justified for narrow-gap systems. The correspond-
ing subband problem is a set of coupled first-order differential equations.
By eliminating the valence band envelope functions, it can be reduced to
two second-order equations solely for the conduction band envelope func-
tions (spin up and down). However, the price to be paid is a kinetic-energy
operator that has singularities due to zeros of the effective mass as a function
of energy and position (cf. Sect. 5.2).

White and Sham [27] and Schuurmans and ’t Hooft [10] examined the so-
lution k%(E) of the secular equation for a multiband Hamiltonian at a fixed
energy. They showed that, if the Hamiltonian contains both the conduction
and the valence band, unphysical “wing band” or “spurious” solutions may
occur. These are large imaginary or real k vectors which, in k space, lie
far beyond the range of validity of the corresponding Hamiltonian. Likewise,
they occur in the case of single-band Hamiltonians if the Hamiltonian con-
tains terms of higher than second order in k. In contrast to many physical
problems that are characterized by differential equations we have to exclude
these solutions independently of boundary conditions. However, the problem
is that, owing to numerical instabilities, these unphysical branches prevail in
the standard numerical integration schemes (e.g. the Runge-Kutta method).
This makes it impossible to solve multiband Hamiltonians along these lines.

In the case of hole subbands, the degeneracy of the topmost valence band
I'Y must be taken into account by a multicomponent formalism. When we
restrict ourselves to the Luttinger Hamiltonian [28], spurious solutions do not
occur. But it is still a considerable task to solve the corresponding subband
problem for the four-component spinor function ¥(z) by means of a numerical
integration scheme [29], since we have to fix the energy E and the initial
values for ¥(zg), 0,¥(2)|,=z, in order to determine a bound state.? Most
often, variational procedures have been used with differently chosen trial
functions [5,30,6,7,9].

By using the analytical solution of the bulk secular equation, Andreani
et al. [31] showed that the eigenvalue problem for the 4 x 4 Luttinger Hamil-
tonian (I'y) can be solved exactly in the flat-band case. Valadares [32] and
Chao and Chuang [33] extended the approach to the 6 x 6 valence band
Hamiltonian (I'¢, I'Y). However, besides the restriction to a piecewise con-
stant potential, these Hamiltonians do not include nonparabolicities beyond

2 A posteriori, one of the initial values can be fixed by means of the normalization
condition for the envelope functions.
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the valence band mixing. These effects can be substantial even for subbands
in a large-gap material [15].

A general approach to the numerical solution of multiband envelope func-
tion problems is provided by a quadrature method in reciprocal space [15].
The central idea is that a plane wave expansion in reciprocal space gives pre-
cise control over the desired, physical, and undesired, unphysical, solutions of
a multiband Hamiltonian. Simultaneously, one can incorporate the Hermitian
boundary conditions (4.4) in a natural way. The authors of [15] considered
the case B = 0. Here we rederive the formulas in a way that shows that this
approach can include also an in-plane or perpendicular (Sect. 4.4) magnetic
field B.

4.1.4 General Solution of the EFA Hamiltonian
Based on a Quadrature Method

We begin by establishing a compact notation for the coupled differential equa-
tions that is more appropriate for the numerical solution of this eigenvalue
problem. We write the Schrédinger equation in the form

Hz)¥(z) = E¥(z) , (4.5)

where an N x N matrix Hamiltonian H acts on the N -component spinor ¥. If
we use (4.3), the symmetrized expressions (4.4) in the matrix elements Ay,

of H can be decomposed in terms of subexpressions with equal powers of z
(due to the vector potential (4.2)) and k, = —i0,:

b = HOO L ROD L O

+ A0 R 4

+ R+ (4.6)

where
) = 2 g (). (4.7)
ot = = 3[0:2" 94 (2) + 2 g (2)0:] (4.7h)
WG = —0.2" gt (2)0- (4.7¢)
i.e. the superscript u in ﬁf{;’,’j) counts the powers of k, = —i0,, and v counts

the powers of z. In the above equations, g(“’y)(z) = [gfﬁ,’f)(z)]* are complex

nn’

functions which describe the position dependence of the band parameters.

In general, ilglc"r;?) contains terms which result from the in-plane dispersion;

in addition we have band edge energies and the potential V' (z) in the diago-

nal elements h'o;”). The matrix elements %)

nn’

with v > 1 stem from terms
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proportional to the vector potential due to the in-plane B. The matrix ele-
ments iLSn?) represent off-diagonal terms proportional to momentum matrix
elements multiplied by k, = —i0,, and i‘ffl?) results from remote-band con-
tributions of second order in k,. Note that in a k - p multiband Hamiltonian
with terms up to second order in k, we can restrict ourselves in (4.6) to terms
ﬁi’;’f’) with g + v < 2 because, according to (4.3), the operators z and —id,
occur only in different Cartesian components of k. It is straightforward to
include in (4.6) higher orders ﬁ;’:{l’% 1, v > 2, which occur, for example, in the
2 x 2 Hamiltonian of [20]. Equation (4.7) corresponds to the most commonly
used Hermitian formulation (4.4) of the operator H, other formulations are
given in Table I of [15].

For the numerical solution of the eigenvalue problem (4.5), we use the fact
that the differential operator —id, in (4.7) becomes a simple, multiplicative
operator k, in reciprocal space [15]. Therefore, a Fourier transform leads to
the set of coupled integral equations

H(k) @ (k) = /_OO Y {g<°v">(k — k) + Lk + )Gk~ k)

o v

+EKGEW) (k — k’)} o (k')
— EWw(k), (4.8)

where for brevity we have used k = k.. The symbol G(**) (k) denotes the ma-

trix of the Fourier transforms of z¥ gg;’,y)(z); the prefactors of these matrices

G¥) (k), which depend on k and &/, result from transferring the differential
operators in (4.7) into reciprocal space. Strictly speaking, a Fourier transform
of (4.7) turns all terms proportional to z”, v > 0, into differential operators
in reciprocal space. However, if the Fourier transform of z” is implemented by
means of a discrete Fourier transform on a finite, discrete mesh, this provides
a sufficiently accurate approximation to the differential operator in recipro-
cal space. The integral kernel in (4.8) is obviously Hermitian. Integral kernels
corresponding to other Hermitian formulations of H are given in Table I
of [15].

Equation (4.8) can be readily solved by means of a quadrature method
[34], i.e. by discretizing the integral kernel H(k, ) in (4.8) and diagonalizing
the resulting finite-dimensional matrix. This approach yields eigenfunctions
¥ (k) in reciprocal space, which must be Fourier transformed into real space
individually. Therefore, it turns out to be efficient to perform another discrete
Fourier transform of the integral kernel H(k, k) back into real space so that a
diagonalization of the resulting matrix provides the multicomponent envelope
functions on a discrete mesh in real space (see [35] and the Appendix in [15]).
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4.1.5 Electron and Hole States
for Different Crystallographic Growth Directions

The extended Kane model described in Chap. 3 was given for a coordinate
system where k., k,, and k, correspond to the principal crystallographic axes
[100], [010] and [001], respectively. In order to calculate subband states for
an arbitrary growth direction, it is convenient to use a symmetry-adapted ro-
tated coordinate system k' = (ki, ky, k), where k_ = —i0., (2’ is the growth
direction). We have k' = Rk, where R is an orthogonal matrix. Therefore we
can express the components of k in terms of those of k' using

E=R K. (4.9)

As we want to insert (4.9) into the general ansatz (4.6), we see that we have
to evaluate this coordinate transformation separately for the components k7,
k;,, and k’ = —i0,/, as well as for the vector potential (4.2).

4.2 Density of States of a Two-Dimensional System

For use in the discussion in subsequent chapters, we shall summarize in this
short section several formulas concerning the density of states of a 2D system.
We consider a finite system with area £? and a subband dispersion E,q (k).
In reciprocal space, every state occupies an area (27/L£)2. Accordingly, the
number A of states below the energy F is

d%k
Z/ 27’(/2 (E - Eaa(kH))] ’ (410)

where the upper and lower signs stand for electrons and holes, respectively,
« is the subband index, and ¢ = =+ is the spin index. The density of states
(DOS) D(FE) is the number of states per unit energy range dE and unit area
L2

D(E) = 22 =N Z/ ¢ k“ §[+ (E = Eao(ky))] - (4.11)

For an isotropic dispersion Eq(k|), we can easily evaluate the angular part
of the integration. We obtain

kB

27T Z |dEag k}H /dk”| (412)

We define (as a generalization of (4.18) below) the DOS effective mass,

m ., (E) h? _ 1 h? 9
ag =4 D.,(E kyd|£(F — Eqo(k . (4.1
mo 7r2mo 2m0 /d I ( H))} (4.13)
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We shall see in subsequent chapters that m*(E) shows clearly the influence of
band structure effects. Our definition of m*(E) corresponds to the cyclotron
effective mass (8.5) in the limit B — 0.

Finally, we note that it follows from (4.10) that the charge density Nyo
in the spin subband ao is given by (assuming temperature 7' = 0)

d2k
Noo = / (277')"2 e[i(EF - Eaa(kl\))} ) (414)
where Er is the Fermi energy. For an arbitrary nonparabolic and anisotropic
subband dispersion E,,(k|), one can evaluate (4.11) and (4.14) by means
of analytic quadratic Brillouin zone integration [36]. The advantage of this
scheme is that it fully takes into account the anisotropy of Eu. (k) as well
as van Hove singularities of D(E).

4.3 Effective-Mass Approximation

The simplest model for the subband structure of a quasi-2D system is

based on the effective-mass Hamiltonian (2.19) for a nondegenerate, isotropic,
parabolic bulk band n which becomes?

27.2

h? 0% Ik

C2m 92 2m

+ En('z) + V(Z) waku (T) = anaku (r) ’ (415)

where E,(z) is the position-dependent band edge of the bulk band n. The
envelope functions (4.1) are fully factorized, i.e.

etk
waku (T) = 2—604(2) ) (416)
7r
and we obtain a strictly parabolic subband dispersion,
hzkﬁ
Ea k)= Eoz . 4.17
(k) + 5 (4.17)

n

The density of states for every (spin-degenerate) subband is a step function

m*
D,(E) = ﬂ{; 0(E — E,). (4.18)
The effective-mass approximation provides basic insight into the electronic
structure of inversion layers, heterojunctions, QWs, and superlattices. For
a more quantitative interpretation of experiments, we must take into ac-
count the subtleties which occur in semiconductor band structure, such as

3 In (4.15) we have neglected the position dependence of the effective mass mj, =
my,(z) because, strictly speaking, this effect results in a weak coupling between
the in-plane and perpendicular components of the motion so that (4.16) and
(4.17) are no longer valid.
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nonparabolicity, anisotropy, spin splitting, and heavy-light-hole coupling. In
subsequent chapters we compare the EMA with results based on the more
accurate multiband Hamiltonians introduced in Chap. 3.

4.4 Electron and Hole States
in a Perpendicular Magnetic Field: Landau Levels

Electron and hole states in the presence of a perpendicular magnetic field
B = (0,0, B) differ conceptually from the eigenstates at B = 0 or for an
in-plane field B, because the motion is fully quantized into Landau levels.
Most publications on the calculation of Landau levels in 2D hole systems have
restricted themselves to the axial approximation (see Sect. 3.6) to Luttinger’s
4x4 k- pmodel [7,8,37]. In [38], the split-off valence band I'} was taken into
account with a 6 x 6 k + p model. For undoped rectangular QWs, calculations
of Landau levels and matrix elements for interband optical transitions have
been performed using a 6 x 6 k- p model, which includes the lowest con-
duction band [39,40]. Few publications [38,41,42, 23] have analyzed Landau
levels beyond the axial approximation. Here, we present a general scheme
for calculating Landau levels, assuming an arbitrary growth direction and
taking into account all cubic and tetrahedral corrections beyond the axial
approximation.

4.4.1 Creation and Annihilation Operators

We want to describe Landau levels by means of an algebraic approach be-
cause this type of approach is the easiest to apply to an arbitrary multiband
Hamiltonian [43,44]. For the perpendicular field B = (0,0, B), we use the
symmetric gauge

B
A(z,y) = 5 (-y,2,0) . (4.19)
We define the operators
PE = —ihV+eA. (4.20)

Obviously, we have P™ = p = hik. In generalization of (2.17), the operators
pE obey the commutator relations

[P, P*] = FiehB | (4.21a)
[Pf,?,jc] =0, ok e{z,y z}. (4.21b)

Next we define the creation and annihilation operators
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Ae . Ac
A A
== (P} —-iP}) = =k_, 4.22b
var Pe = 1P) = 5 (4220)
Ae o
pt = 7% (P, —iP;) . (4.22¢)
Ae il
_— P, 4.22d
\/571( > +iPy) ( )

where the magnetic length is

Ao = \/g . (4.23)

These operators obey the usual commutator relations
[a, a'] = [b, bT] =1
[CL, b] = [a7 bT]

, (4.24a)
[aT, b] = [af, bT] = 0. (4.24b)

These relations show that the sets {a,a’} and {b,b'} define two decoupled
oscillators. The operators a, a', b, and b' form a set of four conjugate vari-
ables, just as z, y, ps, and py do, so that we can express the EFA Hamiltonian
H in terms of the new variables. However, (4.22a) and (4.22b) show that H
depends on a and a' only, and not on b or bf. It follows from (4.24b) that
‘H commutes with the number operator b'b. Therefore, we can choose the
eigenfunctions of H such that they are also eigenfunctions of the oscillator
associated with b (the “b oscillator”).

As 'H does not depend on b or bf, the b oscillator behaves like an oscillator
with zero frequency. The quantum number ny, of the b oscillator can take inte-
ger values 0,1,2, ..., so that the Landau levels must be infinitely degenerate.
The degeneracy per unit area of the spin-split Landau levels amounts to [45]

eB

G= 5 (4.25)
Using the asymmetric gauge of the classic paper by Landau [15], it can readily
be shown that (4.25) holds for an arbitrary multiband Hamiltonian. Amaz-
ingly, we are not aware of a general proof of (4.25) based on the symmetric
gauge (4.19) underlying the operator formalism outlined in this section.

The operator for the component of angular momentum along the magnetic
field L, = TPy — YD can be expressed in terms of the operators a and b as

L. ="h(ata—0b'). (4.26)

As discussed by Suzuki and Hensel [43], we can visualize the system as an
assembly of two types of harmonic oscillators. Each oscillator in the a system
has a frequency w, and an angular momentum 7% along B. Each b oscillator
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has zero frequency and an angular momentum —#A along B. For a system with
opposite charge (holes instead of electrons), it follows readily that the role
of the a and b operators must be interchanged, i.e. the a oscillators become
oscillators with zero frequency, while the b oscillators have a, frequency wc.*

4.4.2 Landau Levels in the Effective-Mass Approximation

Similarly to (4.15), the effective-mass Hamiltonian (2.19) for the nth bulk
band acquires a particularly simple form,

w0’ 9n

H, = “omr 32 + En(2) + V(z) + hw} (ala+ 1) + SonsB . (4.27)
where the cyclotron frequency is
. eB
wWe = (4.28)

n

and the spin index is ¢ = +1. The perpendicular, in-plane, and spin compo-
nents of the motion are completely decoupled, so that the eigenfunctions can
be written in a factorized form

VYare = |L)|0) £ (2) . (4.29)
The kets |L) are eigenstates of the number operator a'a, where a'a |L) =
L|L) and the Landau quantum number is L = 0,1,..., so that the eigen-
energies of (4.27) read

E(a, L,0) = Eo + hw? (L+3) + %O—MBB . (4.30)
Here « is the subband index for the perpendicular motion with subband
edge E,,.

The general solution for the multiband EFA Hamiltonian in the presence
of a perpendicular field is significantly more difficult to obtain owing to the
coupling between the quantized perpendicular motion and the quantized in-
plane motion. We shall achieve this goal in three steps. First, we decompose
the multiband Hamiltonian H into a dominant part H,x with axial symmetry
and a second, smaller part H’ containing the terms of lower symmetry (see
Sect. 3.6). Then we solve the problem for H,y. Finally, we can solve the
problem for the full Hamiltonian by expanding its eigenfunctions in terms of
the eigenfunctions of H,x.

4 Multiband Hamiltonians such as the extended Kane Hamiltonian yield electron
and hole states simultaneously. We thus use here only the a operators and not the
b operators. Strictly speaking, the states below the fundamental gap are valence
band states for electrons. The corresponding hole states are obtained by complex
conjugation [10].
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4.4.3 Landau Levels in the Axial Approximation

In the axial approximation (Sect. 3.6), the total Hamiltonian H,x commutes
with F = h (afa — bTh) + J.., which corresponds to the conservation of the z
component of the total angular momentum [14,47]. Here, J, is the operator
for the z component of the angular momentum of the basis functions g ()
in (2.13). Therefore we can write the eigenfunctions of Hax in the form

Yano(T) =Y |Ln =N —mn+3) &N (2) o (r) (4.31)

which contains the subband index «, the Landau quantum number N =
0,1,..., the spin index o = +, and Landau oscillators |L). The symbol m,,
denotes the z component of the angular momentum of u,q(7), i.e. Jtno (r) =
Mpuno(r). From a group-theoretical point of view, the index N labels the
irreducible representation of the axial point group. We have no rigorous rule
for choosing the quantum numbers a and o. In general, they reflect the
dominant character of the wave function (4.31) which can change as a function
of B. Strictly speaking, o and ¢ must be replaced by one common index.

In the basis (4.31), the Schrédinger equation falls into blocks correspond-
ing to fixed Landau quantum numbers N, for which we can readily specify
the effect of a and af. Therefore, each block can be treated in the same way
as the subband problem for B = 0; see Sect. 4.1.4. In (4.31), we have the
restriction that L, > 0. This implies that for small Landau quantum num-
bers NV, not all spinor components n contribute to the multicomponent wave
functions (4.31) [7]. For electron systems the N = 0 Landau levels vanish
completely, i.e., in our notation, electron Landau levels have N > 1.

4.4.4 Landau Levels Beyond the Axial Approximation

The calculation of Landau levels with inclusion of the cubic and tetrahedral
terms is more difficult, in particular for low-symmetry growth directions such
as [113] and [110], the reason being that the explicit expressions for Hcyp, and
Hietra are very complicated for these cases. On the other hand, such a refined
model is most urgently needed for the proper characterization of these low-
symmetry growth directions, as here the axial model is a particularly poor
approximation; see the end of Sect. 3.6.

The cubic and tetrahedral parts of the multiband Hamiltonian result in
a coupling between different Landau levels ¥4 n, (7). Thus we expand the
eigenfunctions of the full Hamiltonian H in terms of the eigenfunctions (4.31)

of Hax:
Tono(r) = D o Yarng (r) (4.32a)
a’,N,o’

= Y AR IN—mn+3) €087 (2)uno(r) . (4.32D)

a',N, o’
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Here o, N, and o denote the new subband, the Landau level, and the spin
index, respectively. In order to increase the variational freedom, we sum also
over different subbands o/.

Strictly speaking, we should use instead of the indices o, N/, and ¢ an in-
dex (3 that labels the irreducible representation I' according to which |aNo)
transforms, and a second index that counts the Landau levels that transform
according to I'g. For pairs of Landau levels |aNo) and |o/N’¢’) that trans-
form according to different irreducible representations I's and I'sr we obtain
crossings between these levels, whereas for pairs that transform according to
the same irreducible representation I's we obtain anticrossings (irrespective
of the subband indices @ and o). According to Table 3.4, for the growth
direction [001] we have (at least) the point group Cs, with two double-group
representations I's and I'y [48], so that pairs of Landau levels with one level
that transforms according to I's and another level that transforms according
to I'y cross each other. On the other hand, for low-symmetry growth direc-
tions such as [110] and [113] we obtain the trivial point group Cy, with only
one irreducible double-group representation, so that all pairs of Landau lev-
els show anticrossings. Owing to these anticrossings between Landau levels
originating in different subbands, the proper interpretation of the indices «,
N, and o requires a careful analysis of the eigenfunctions |a«N'c) with respect
to the dominant expansion coefficients cg;\]/vfl as a function of the magnetic
field B.

4.5 Example: Two-Dimensional Hole Systems

Electrons in bulk semiconductors (conduction band I'§) have an almost
isotropic and parabolic dispersion E(k) (Fig. 3.2a) that is passed on to
the electrons in quasi-2D systems. For quasi-2D electron systems, the EMA
(4.17) is thus often a useful starting point. Higher-order corrections beyond
the EMA can be incorporated in a perturbative scheme [13]. The dispersion
E(k) of holes in the bulk valence band I'Y, on the other hand, is highly
anisotropic and nonparabolic (Fig. 3.2b). Accordingly, it is not possible to
describe quasi-2D hole systems by a simple effective-mass Hamiltonian. As
an example of the general concepts introduced in the previous sections, we
shall therefore discuss the anisotropic and nonparabolic dispersion E(k)) of
quasi-2D hole systems.

4.5.1 Heavy-Hole and Light-Hole States

Electrons in the I'§ conduction band have a spin j = 1/2 that is not affected
by subband quantization. Hole systems in the I'§ valence band, on the other
hand, have an effective spin j = 3/2. Size quantization in quasi-2D systems
lifts the fourfold degeneracy of the j = 3/2 states. We obtain heavy-hole (HH)
states with a z component of angular momentum m = +3/2 and light-hole
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E

Fig. 4.1. Qualitative sketch of an HH-LH anti-
crossing

(LH) states with m = +1/2, separated in energy by the HH-LH splitting.
The terms “heavy hole” and “light hole” refer to the large and small effective
masses, respectively, of these states for the bound motion in the growth di-
rection. However, for the in-plane motion the “heavy hole” and “light hole”
characters of the HH (m = £3/2) and LH (m = £1/2) states is reversed, i.e.
the HH states have a smaller effective mass characterizing the in-plane motion
than the LH states have. If we neglect all off-diagonal terms in the Luttinger
Hamiltonian, then the HH and LH states are characterized by the following
effective masses for the perpendicular and in-plane motions (see Table C.10):

Mo Mo

mHH =71 — 2’? ) mLH =m+ 2:5/ ) (433&)
mo - m ~
=+, =7, (4.33D)
M )
where
Y=0-nr+ 473 ; (4.33c)
¢ =sin®0 {3 — Zsin® 0 [7 + cos(4¢)] } . (4.33d)

The angles 6 and ¢ are defined in Fig. C.1. Equation (4.33) includes the
well-known results 4 = v, for the growth direction [001] and 4 = 3 for [111]
(Ref. [44]). According to (4.33), we obtain a steep subband dispersion E(k)
for the strongly bound HH states, whereas we have a flat dispersion for the
weakly bound LH states. The off-diagonal HH-LH mizing in the Luttinger
Hamiltonian thus gives rise to HH-LH anticrossings as sketched in Fig. 4.1.

4.5.2 Numerical Results

In Fig. 4.2 we show the hole subband dispersions E(kj) for symmetric 150 A
wide GaAs—Alp 3Gag.7As QWs with growth directions [001], [113], [111], and
[110]. For comparison, we also show E(k ) in the axial approximation (dotted
lines), i.e. when the in-plane anisotropy is neglected in the Hamiltonian. The



E (meV)

E (meV)

-100}

=120 —==

(c)

4.5 Example: Two-Dimensional Hole Systems 49

GaAs [001]

GaAs [111]

0 Lht —[112]

AN NS
0 0.04 0.08

Ky (A7)

GaAs [113]

E (meV)

GaAs [110]

—[boT]_
- [110]

(d) kp (A7)

Fig. 4.2. Anisotropic hole subband dispersion E(kj) for 150 A wide GaAs—
Alp.3Gao.7As QWs with growth directions (a) [001], (b) [113], (c) [111], and
(d) [110], calculated by means of an 8 x 8 Hamiltonian (I§, Iy, and I7). Dot-
ted lines correspond to the axial approximation

DOS effective mass (4.13) for the topmost subbands is displayed in Fig. 4.3.
The calculations were based on the 8 x 8 k - p Hamiltonian (3.6) using the
cubic approximation. We have neglected the tetrahedral terms, which will be
discussed in detail in Sect. 6.2.
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20— 1.2
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Fig. 4.3. DOS effective mass as a function of energy FE for the topmost hole
subbands of 150 A wide GaAs—Alg.sGag.7As QWs with growth directions (a) [001],
(b) [113], (c) [111], and (d) [110], calculated by means of an 8 x 8 Hamiltonian (I,
I'g, and I'7). Note the different scale of the vertical axis in (a) as compared with
(b), (¢), and (d)

In Fig. 4.2 we have labeled the subband states as HH-like (h) or LH-like
(1) according to their dominant spinor component at kj = 0. This is an accu-
rate scheme for the growth directions [001] and [111], where the off-diagonal
coupling between HH and LH states vanishes for k| = 0 (see Tables C.10
and (.11).% For nonzero in-plane wave vectors, the off-diagonal terms yield
a mixing of HH and LH states. This is illustrated in Fig. 4.4, where we show

5 For kj = 0, we have a weak coupling of HH and LH states even for the growth
directions [001] and [111] due to the terms with tetrahedral symmetry that we
are neglecting in this section. For a discussion of this aspect, see Sect. 6.5.
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the HH character® as a function of k| of the four topmost hole subbands for
the same QWs as in Fig. 4.2. Obviously, the relevance of HH-LH mixing de-
pends on the magnitude of the Fermi wave vector. Although the calculations
were based on the 8 x 8 Hamiltonian (3.6), the contribution of I§ and I¥
bulk band-edge states to the multicomponent wave function (4.1) is smaller
than 1% for the subband states analyzed in Fig. 4.4. HH-LH anticrossings
are clearly visible in Fig. 4.2. They can also be recognized in the two lowest
panels of Figs. 4.4c,d, where the character of the subbands /3 and hs changes
abruptly at k| ~ 0.007 A and k ~0.01 A, respectively.

In the EMA, the density of states is a simple step function (4.18) for each
subband. On the other hand, we see from Fig. 4.3 that the DOS effective mass
m*(E) of a 2D hole system is a complicated function of energy, where HH-LH
coupling gives rise to pronounced van Hove singularities. Furthermore, m*(E)
depends sensitively on system parameters such as the crystallographic growth
direction. Therefore, an effective-mass-like model such as that suggested by
(4.33) is not appropriate for a quantitative interpretation of quasi-2D hole
systems. Nevertheless, it can be useful for estimating qualitative trends, in
particular for the h; subband close to the subband edge.

There are significant differences between the subband dispersion curves
for the various growth directions shown in Fig. 4.2. For the growth direction
[110], the anisotropy of E(k) is the most pronounced. Moreover, the average
spacing between the HH subbands is considerably smaller than for [001] and
[113]. This is related to the bulk dispersion shown in Fig. 3.2b, which for
the HH branch of the I'Y valence band is the flattest in the [110] direction.
The LH subbands depend less sensitively on the growth direction than do
the HH subbands, which is again consistent with the bulk dispersion shown
in Fig. 3.2b. The total number of hole subband states in a QW must be
independent of the growth direction. Therefore the density of states of the
few subbands in the [001] and [113] QWs is larger than the density of states
of the many subbands in the [110] QW. Thus, on average, the dispersion in
the [001] and [113] QWs is flatter and frequently even has a positive slope.
The reciprocity between the effective masses for the perpendicular motion
and for the in-plane motion can be seen also in the ¢ dependence of m* in
(4.33). The axial approximation (dotted lines in Fig. 4.2) is most accurate
for the high-symmetry directions [001] and [111], where at kj = 0 it yields
exactly the same results as does the cubic model.

Finally, we show in Fig. 4.5 the Landau-level structure for the QWs with
growth directions [001] and [113]. The left panels are based on the axial
approximation. In the calculations for the right panels, both cubic and tetra-
hedral terms were taken into account. For the [001]-grown QW, the cubic

6 For the calculation of Fig. 4.4, the multicomponent envelope functions (4.1)
have been expressed in a basis of band-edge Bloch functions uno(r) that are
eigenstates of the z component of the angular momentum, with J. in the growth
direction.
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Fig. 4.4. Heavy-hole character as a function of the in-plane wave vector k| of the
four topmost hole subbands of 150 A wide GaAs—Aly.3Gag.7As QWs with growth
directions (a) [001], (b) [113], (c) [111], and (d) [110], calculated by means of an
8 x 8 Hamiltonian (I'5, I'y, and I'7). The line styles have the same meaning as in
Fig. 4.2

and tetrahedral terms are far less important than for the [113]-grown QW.
Likewise, these terms are very important for the hole Landau levels in QWs
grown in the [111] and [110] crystallographic directions (not shown).
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Fig. 4.5. Landau levels as a function of magnetic field B for the topmost hole
subbands in 150 A wide GaAs—Alg.3Gag.7As QWs with growth directions (a) [001]
and (b) [113], obtained by means of an 8 x 8 Hamiltonian (I, Iy, and I'7). The
left panels are based on the axial approximation. In the calculations for the right
panels, cubic and tetrahedral terms were taken into account

4.5.3 HH-LH Splitting and Spin—Orbit Coupling

In subsequent chapters, we shall discuss subtle SO coupling effects such as
the B =0 spin splitting in inversion-asymmetric systems and the Zeeman
splitting at B > 0. In this brief section, we point out that in 2D hole systems
these SO coupling effects are always competing with HH-LH splitting.
Electrons in the I§ conduction band have a spin j = 1/2 that is not
affected by subband quantization. Therefore, the spin dynamics of electrons
are primarily controlled by the SO terms for the B = 0 spin splitting and
the Zeeman term. Hole systems in the I'y’ valence band, on the other hand,
have an effective spin j = 3/2. Size quantization in quasi-2D systems lifts
the fourfold degeneracy of the j = 3/2 states. As discussed above, we obtain
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HH states with a z component of angular momentum m = £3/2 and LH
states with m = 41/2, separated in energy by the HH-LH splitting. The
quantization axis of angular momentum that is enforced by HH-LH splitting
points in the growth direction of the quasi-2D system, even though at finite in-
plane wave vectors we obtain a mixing of HH and LH states. The quantization
axis perpendicular to the 2D plane is a direct consequence of the symmetry
hierarchy (3.9) discussed in Sect. 3.6.

In general, the effective Hamiltonians for B = 0 spin splitting and Zeeman
splitting tend to orient the spin vector in a direction not parallel to the
growth axis of the quasi-2D system. But, of course, it is not possible to have a
“second quantization axis of angular momentum” on top of the perpendicular
quantization axis due to HH-LH splitting.” This is the common reason why,
in Chaps. 6 and 7, we shall find that in 2D HH systems both the B = 0 spin
splitting and the Zeeman splitting for an in-plane B are essentially higher-
order effects.® In order to overcome the quantization of angular momentum
in the direction perpendicular to the 2D plane, we would need B = 0 spin
splittings or Zeeman energies of the order of the HH-LH splitting. Note that
these arguments apply only to HH states (m = £3/2) but not to LH states
(m = £1/2). For arbitrary orientations of the quantization axis, the two LH
states can always be combined such that they form eigenstates of angular
momentum.

It is illuminating to discuss HH-LH splitting in a language where the
bulk SO coupling is introduced as a small perturbation. Without bulk SO
coupling, holes in the valence band have an orbital angular momentum [ = 1.
Size quantization splits the threefold degeneracy of the [ = 1 states. We obtain
twofold degenerate (fourfold degenerate with spin) HH states with m = +1
and a nondegenerate (twofold degenerate with spin) LH state with m = 0.
The quantization axis of the orbital angular momentum is perpendicular to
the plane of the 2D system. The SO interaction couples the s = 1/2 spin
vector to the quantized (“frozen”) orbital angular momentum of the 2D hole
states. B = 0 spin splitting and Zeeman splitting of HH states are thus always
competing with HH-LH splitting. They are largest in those 2D hole systems
where HH-LH splitting is small [49].

4.6 Approximate Diagonalization
of the Subband Hamiltonian: The Subband k - p Method

In the preceding sections, we have outlined the elaborate scheme which was
used for the numerical analysis of the physical questions investigated in the

" The effective Hamiltonians for B = 0 spin splitting can be interpreted as a
Zeeman term with an effective magnetic field B; see Sect. 6.6. No such effective
magnetic field can be defined that would characterize HH-LH splitting.

8 See the introduction of Chap. 5, which compares the importance of SO coupling
effects for electron and hole states.
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work described in this book. In the subsequent chapters, we give several ex-
amples of the good agreement between theory and experimental data that has
been obtained along these lines. Nevertheless, it is often difficult to interpret
these numerical results correctly and to derive the qualitative trends which
underlie the numerically calculated results. In the context of k - p theory and
the EFA, the qualitative trends can be explained by means of Lowdin per-
turbation theory (Appendix B) applied to the subband problem, the subband
k - p method [7,41]. As we are interested here in subtleties such as Rashba spin
splitting at zero magnetic field and anisotropic Zeeman splitting at B > 0,
we have to evaluate the third, fourth, or even fifth order in the perturbative
expansion (B.15) in order to obtain the lowest nonvanishing term.

4.6.1 General Approach

Lowdin perturbation theory can be applied not only to the bulk k - p Hamil-
tonian but also to the subband problem [7,41]. We note that one standard
approach to the approximate diagonalization of a Hamiltonian H is based
on an expansion of the eigenfunctions |u) of H in terms of some finite set
of basis functions {|v) : v = 1,..., N}. Frequently, the functions {|v)} are
the exact eigenfunctions of some dominant part Hy of H. We obtain approx-
imate eigenfunctions {|f)} of the full Hamiltonian H by a numerical (exact)
or perturbative (approximate) diagonalization of the matrix H, with matrix
elements

H,, = W|H|V) . (4.34)

The eigenvalues and eigenvectors of the (finite) matrix H are approximate
eigenvalues and eigenvectors, respectively, of the full Hamiltonian H.

We can use this approach for an approximate, fully analytical diagonal-
ization of the EFA multiband Hamiltonian H. We choose for Hg the diagonal

terms of H that are proportional to k2 = —d?, plus the confining potential
V(z) and the band edge energies F,,(0):
h20?
(Ho) sy = Onn _W:’ +V(z)+ En(0)]. (4.35)

n

Here m;‘; is the reduced effective mass for the nth bulk band of H. The
eigenfunctions of Hy are denoted |nay), with a bulk band index n and subband
index a. We expand the eigenfunctions of H in terms of {|na)}. We can then
use Lowdin perturbation theory to diagonalize the matrix with elements

ﬁna,n/a’ = <n04 |H| n’o/> . (436)

Often, it is reasonable to assume that we can describe the electron and
hole subband states by the same set of mutually orthogonal subband wave
functions

(naln'a’) = baar (4.37)
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independent of the bulk band indices n and n’. Equation (4.37) is exactly
fulfilled in a rectangular QW with infinitely deep barriers, where the subband
wave functions are independent of the effective mass m). We shall often
compare the analytical results for an infinitely deep rectangular QW with
those for a parabolic well. Here we assume that the “width” w of the QW is
given by the usual length scale of a harmonic oscillator,

h

m*w

w— (4.38)

For the calculation of electron states, it is often a good approximation to
neglect completely the diagonal remote-band contributions of second order in
k [50]. In this case one might ask in what sense the unperturbed Hamiltonian
Ho represents the dominant part of the total Hamiltonian H. When the
kinetic and potential energies in (4.35) are small, all subband states {|na)}
originating in one bulk band n must be treated as quasi-degenerate, i.e. they
are to be included either in Lowdin’s set A or in set B. But subband states
for different bulk bands n and n’ are separated by the bulk band edge energies
E,(0) — E,/(0), which are large when compared with the off-diagonal k - p
terms coupling the bands n and n/. Therefore, Lowdin partitioning is still
well defined even if H does not contain diagonal terms of second order in k.

We emphasize that it is not our goal to achieve the best quantitative
agreement between the numerical and analytical calculations. The main goal
of the subband k - p method is a qualitative and intuitive understanding of
the relative importance of competing effects and of the physical mechanisms
that give rise to these effects, which, on the other hand, we can quantify by
means of accurate numerical calculations.

4.6.2 Example: Effective Mass and g Factor
of a Two-Dimensional Electron System

As an example of the subband k - p method, we shall compare Kane’s well-

known expression for the effective mass m* [50] and Roth’s formula for the
effective g factor g* [51] at the bulk conduction band edge,’
mo mo 2m0 P2 2 1
_mo Ly (C RN 4.39
m* m/ + h2 3 <E0 * Eo + A0> ( a)
* ! 2
g 2mg P 1 1
g 9 el (- 4.39b
2 2 n? 3 <Eo Eo+ 24y )’ ( )

9 For compactness of the formulas, we do not explicitly consider the higher conduc-
tion bands I's and I'; here. Instead, we include these bands in the remote-band
contributions m’ and g’ (see Sect. 3.3 and Table C.9). If I's and T'¥ are explicitly
taken into account, these bands give rise to expressions that are similar to the
contributions from the coupling to the valence bands I's and I'7.
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with the corresponding results for m* and g* of 2D electron states at the
edge of the ath subband. We obtain the following for the in-plane effective
mass and the in-plane effective g factor:

mo _ Mo 2m0 p? K¢ ca|h3 | ca|lﬁ
TR R O ey ROV

+ QZ | C“|Sﬁ ) , (4.40a)

gal _ g _ 2mo i(z <Ca|kz\lﬁ><lﬁ|2|0a> — (cal2|ls) {lg|kz|ca)

2 c _ il
2 T2 0w 3 \4 B — B,
-3 (calkz|sp)(sp|zlca) — <Ca|2|5ﬁ><sﬁ|kz0a>) _
. B - E
(4.40b)

Here {|ca)}, {Ihs)}, {|l5)}, and {|sg)} are the unperturbed electron, HH, LH,
and SO subband wave functions, with eigenenergies EY, Eg, Elﬂ7 and Ej,
respectively. We can see clearly from these equations that g* emerges from
terms antisymmetric in the components of k. Moreover, (4.40) shows that
subband confinement increases the effective mass and decreases the effective
g factor. We obtain (4.39) from (4.40) in the limiting case where the subband
confinement energies are small compared with the bulk band gaps Ey and 4.

We refer to the modifications of m* and g* due to subband confine-
ment as nonparabolic corrections. This terminology stems from an alter-
native approach to the solution of the subband problem [I3], where we
first diagonalize the multiband Hamiltonian to obtain the bulk dispersion
E, (k) (including nonparabolic corrections of higher order in k). In a sec-
ond step, we obtain the subband states by solving the one-band Hamiltonian
H, = E,k = (ks,ky,—10,)] + V(2). As the ath subband state is roughly
a standing wave with k, ~ ar/w, where w is the QW width, we can have
significant contributions from terms in E, (k) of higher order in k. In the
subband k - p method, we perform these two steps in the opposite order:
first we evaluate the subband states, and then we diagonalize the multiband
Hamiltonian. Obviously, these two approaches are equivalent.

If we use the approximation (4.37), the resulting expression for the effec-
tive mass closely resembles (4.39a):

mo mo 2m0 P2

Y R

Mo ™M h? 6 \ES—EM ES—E!  ES—ES
In order to further simplify (4.40b), we must choose a particular set of basis
functions for which we can evaluate the matrix elements of z and k, = —i0,.
Here the eigenfunctions of an infinitely deep rectangular well and also the
eigenfunctions of a harmonic oscillator have the advantage that matrix ele-
ments of z and k, = —i0, couple only subband states |a) with |+ 1). We
obtain for the lowest subband (o = 1)

(4.41)
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g _ g 2mo 1 1
— == P — 4.42
2 2w “\E-E E-E)’ (4.420)
where a = 1/3 for the parabolic well and a = 256/(8172) ~ 0.320 for the
rectangular well.
A similar analysis for a perpendicular magnetic field shows that we obtain
an effective g factor

g1 ¢ 2mg P? 3 1 2
gz _J i — — . 4.42b
2~ 2 R2 6 \E_E} FE_E  Ei-E (4.42b)

Note the different subband indices in (4.42a) and (4.42b). Equation (4.42)
implies not only that subband confinement reduces the magnitude of g*, but
also that we obtain an in-plane/out-of-plane anisotropy of ¢g*, as first noted
by Ivchenko and Kiselev [52]. A more detailed discussion of the anisotropic
g factor of quasi-2D electron and hole systems will be given in Chap. 7.
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5 Origin of Spin—Orbit Coupling Effects

The microscopic driving force for spin—orbit coupling effects such as the B = 0
spin splitting in inversion-asymmetric systems and the Zeeman splitting at
B > 0 is the Pauli SO interaction (1.1) due to the strong Coulomb potential
of the atomic core regions, and it is illuminating to see how it affects the
dynamics of the spin degree of freedom within the k - p theory and the EFA.
In (2.7) and (2.14), we have expanded the eigenfunctions of the Hamiltonian
in terms of the eigenfunctions of the bulk Hamiltonian without SO interac-
tion. Therefore, we obtained in (2.7) and (2.14) the matrix elements Avy; of
the SO interaction explicitly. We can make a unitary transformation of the
Hamiltonian H so that the transformed Hamiltonian H’ has the 2 x 2 block
structure

Hip 0O g HSE
H’( e >+< o SO>T, (5.1)
0 Hiep Hso' —Héo ) |

where Hg.p is the k - p Hamiltonian without spin, i.e. the upper left block of
the first term in (5.1) corresponds to spin-up, and the lower-right block cor-
responds to spin-down. The SO blocks Hgo coupling spin up and spin down
states contain the matrix elements Avv/, as well as those matrix elements of
7 that are nonzero only because of the SO interaction in (2.5).
For the extended Kane model, we can derive the unitary transformation
H — H’' from the Clebsch—Gordan coefficients entering into the definition
of the basis functions in Table C.1. The blocks Hgo contain the SO matrix
elements Ag, Aj, A~, as well as the k-linear terms proportional to Cj which
occur in the valence band blocks HE ¢, and HE, ;.. It follows from (5.1) that
only these SO-interaction-induced terms control the SO coupling effects.
In general, SO coupling effects are more important for holes than for elec-
trons. As shown in Fig. 3.1, the SO interaction acts via the gaps Ay and
¢ within the valence band and the higher conduction bands, respectively
(subspaces of p-like atomic orbitals). But there are no matrix elements Avy;
within the lowest (s-like) conduction band. Thus one might expect that SO
interaction would have a stronger effect on the hole states than on the elec-
trons in the lowest conduction band because the latter are affected by SO
interaction only as a result of the k - p coupling to neighboring bands, so that
spin phenomena in the conduction band are suppressed by energy denomina-

Roland Winkler: Spin—-Orbit Coupling Effects
in Two-Dimensional Electron and Hole Systems, STMP 191, 61-67 (2003)
© Springer-Verlag Berlin Heidelberg 2003
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tors of the order of the fundamental gap. The detailed analysis in subsequent
chapters shows, however, an astonishing symmetry in the analytical expres-
sions for the SO coupling terms for electrons and holes: for both electrons
and holes, we need to take into account the k- p coupling of the state to
its counterpart.! Accordingly, SO coupling effects have the same order of
magnitude for electron and hole states. We must compare, however, the SO
coupling energies with the kinetic energies of the particles. As holes typically
have larger masses (i.e. smaller kinetic energies) than electrons, SO coupling
is more important for holes than for electrons.

5.1 Dirac Equation and Pauli Equation

Before we discuss SO coupling effects in semiconductors in detail, it is help-
ful to recapitulate, from relativistic quantum mechanics, the derivation of the
Pauli equation from the Dirac equation [1]. The Pauli equation emerges from
the Dirac equation in much the same way as we derive effective Hamiltonians
for the conduction or valence band from more complete multiband Hamilto-
nians. Furthermore, the well-known Pauli equation provides a good example
for demonstrating the concepts of the theory of invariants.

Assuming a time-independent problem, the Dirac equation can be written
in the form

(co-p+Bmoc® +V)1p = Evp, (5.2)
where
(0 o
a=|_0)" (5.3a)
ﬁ _ (1120><2 _]102><2> , (5.3b)

and ¢ denotes a four-component spinor. We rewrite the coupled equations
for the upper and lower pairs of components, ¥4 and ¥, as follows:
o-pyp=—(E-V)ya, (5.4a)

o-pYa =

Al ol

(E —V + 2moc?) ¢s , (5.4b)

where E = E — mgc?. Using the second equation, we can eliminate g in the
first equation to obtain

1 If we describe 2D holes by means of the 14 x 14 extended Kane Hamiltonian the
energy gaps are explicitly visible in the expressions for the Zeeman and B = 0
spin splittings. If we use a smaller k - p Hamiltonian such as the 4 x 4 Luttinger
Hamiltonian, the energy gaps are hidden in the definition of the Luttinger coef-
ficients ~;; see Table C.9.
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02

azﬂE—V+mm8}Tpm (E=V)a. (5:5)
Up to now, we have made no approximation. Nevertheless, we do not say
that (5.5) is equivalent to (5.2), because, unlike the four-component spinors
1, the functions ¥ are not normalized to unity. We still need (5.4b) to obtain
the solution ¥ of the full problem. Furthermore, we note that (5.5) is not a
conventional eigenvalue problem, because the denominator on the left-hand
side of this equation depends on the energy eigenvalue E.

The Pauli equation emerges as a nonrelativistic approximation from the
Dirac equation in the sense that we make a power expansion in the small
quantity (E — V)/(2mec?) ~ (v/c)?, where we keep only the lowest-order
terms. Moreover, we want to replace the four-component spinor ¥ by a two-
component wave function ¢ that corresponds to the dominant part of 1.

Equation (5.5) has already the two-component form we are looking for.
Two steps are required to convert it into the Pauli equation. First we expand
the energy denominator on the left-hand side of (5.5):

2 1 [1 E-V
E—V +2moge2  2mg

where we keep the zeroth- and first-order terms in (v/c)?. The probabilistic
interpretation of the Dirac theory requires that

/ Pty = / Pr (s + dhp) = 1. (5.7)

— 5.6
2mgc2 + ’ (5.6)

So, even when we keep only the first and second term in (5.6), we cannot
identify 1o with the full wave function ¢ anymore, because a fraction of the
probability density

2 2
. +eho - B v
Broyl (TN 2 — 5.8
/ MpA( 4mic? YA c? (5.8)

has “escaped” into wgwg. Therefore, in the second step we replace 1A in
(5.5) by a new two-component wave function

2
~ p°+eho-B
Y= <1+8m7302) YA, (5.9)

which is correctly normalized to unity. We then obtain from (5.5), up to order
(v/c)?, the Pauli equation [1]

2 2
P eh eho -px & eh
oy B - V-
{27710 TV 2mo 4m3c? 8mac?
4 2 2
D ehp (ehB)*] -~ - -
— — .B — = Ev, 5.10
8mgc?  4dmdc? 8mic? v v (5.10)

where € = (1/e) VV is the electric field. The third term on the left-hand side
of (5.10) is the Zeeman term, the fourth term is the Pauli SO coupling (1.1),
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Table 5.1. Tensor operators for the point group SU(2)

Do: Vi p% p' B V-E
D : Ba, By, Bz; szzaPQBy:pQBZ§ Epy — Eypz, Expr — ExPuy EyDa — Eay

Table 5.2. Invariants with prefactors p;; for a Hamiltonian that transforms ac-
cording to the irreducible representation D; /5 of SU(2)

Po1V + Po2p® + Posp® + PoaB> +pos V- €
+p110-B+pipo- (€ xp)+pizp’o-B

and the fifth term is called the Darwin term. Finally, in the second line we
obtain higher-order corrections to both the kinetic energy p?/(2mg) and the
Zeeman term.

We can rederive (5.10) using Lowdin partitioning (in the present con-
text known as the Foldy-Wouthuysen transformation [2]) and the theory of
invariants. The wave function ¢ transforms according to the irreducible rep-
resentation Dy /o of SU(2). From the fact that Dy /5 x Dy /5 = Do+ D1, we see
that we have two sets of basis matrices, the unit matrix T2, transforming
according to Dy and the Pauli spin matrices o;, transforming according to
D;. The tensor operators that can be formed from the components of p, B
and the gradient of V are listed in Table 5.1. The invariants that can be
formed by combining the basis matrices and tensor operators are given in
Table 5.2.

By applying fourth-order Lowdin perturbation theory to the Dirac equa-
tion (5.2), we obtain (5.10), so that we can readily identify the expansion co-
efficients p,; appearing in Table 5.2 with the prefactors of the various terms
in (5.10). More specifically, we obtain the kinetic-energy term p?/(2mg) and
the Zeeman term in second-order perturbation theory. We see here the fact,
well known in k « p theory, that the terms symmetric in the components of p
are weighted by the inverse of the (effective) mass, whereas the Zeeman term
stems from the terms antisymmetric in the components of p, in accordance
with p x p = —iehB. In third-order Lowdin perturbation theory, we obtain
the Pauli SO coupling and the Darwin term. These terms reflect the non-
commutativity of p and V, i.e. [p, V] = —iefi€. In fourth-order perturbation
theory, we finally obtain higher-order corrections to the kinetic energy and
the Zeeman term (as well as corrections to the Pauli SO coupling and the
Darwin term which are of second order in (v/c)?).
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5.2 Invariant Expansion for the 8 X8 Kane Hamiltonian

In the previous section, we discussed the derivation of the Pauli equation
from the Dirac equation. We shall compare these well-known results with
the effective Hamiltonians we obtain from a decoupling of conduction and
valence band states starting from an 8 x 8 Kane Hamiltonian that takes into
account only the k - p coupling between the I'{ conduction band and the Iy
and I'Y valence bands [3]. Although this is a rather simplified model for the
bulk band structure, the final results capture a large part of the physics that
we want to discuss in this work.
The EFA Hamiltonian reads (see Table C.5)

(EC+V)]J.2><2 \/ngk 7\}§P0‘~k3
Hexs = | V3PTT -k (E,+V)lixs 0 (5.11a)
—\/LgPO' -k 0 (EU_A0+V)]].2><2
-1 2 1 —1 —1
EcAV 0 APk \[2Pk. £Pk. 0 APk SLPE
0 EAV 0 APk \[2Ph 1Pk SiPE. PR
-1
Pk 0 EAV 0 0 0 0 0
2 —1
| EPR SRR 0 BV 0 0 0 0
1 2
L Pk, \/2Pk. 0 0  EA4V 0 0 0
1
0 LPk 0 0 0 EA4V 0 0
—1 1
APk, SLPk. 0 0 0 0 E,~A+V 0
—1 1
“LPk, LPk. 0 0 0 0 0 E,—AgtV
(5.11b)
Here hk = —ihV+e A denotes the kinetic momentum and we have introduced

the symbols F, and E. denoting the valence and conduction band edges,
respectively. In this section we ignore the position dependence of F,, and E..
For a detailed discussion of this aspect, see Sect. (.3.2.

We shall transform (5.11) into an effective equation for electron states
that depends only on the conduction band spinor components . of the eight-
component envelope function 1. By eliminating the valence band components
from the Schrodinger equation for ¢, we obtain [4, 5]

2 2
Tk—L  pikiek— L0 o
E-V + E E-V+ Ey+ 4

=(E-V)4e, (5.12)

k| e
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where we have used E = E — E, and Ey = E, — E,,. Analogously to (5.5), no
approximation is involved here.

Next we expand the first and second denominators on the left-hand side
of (5.12) up to first order in terms of the small quantities (E — V)/Ey and
(E —V)/(Eo + Ap), respectively. Note, however, that as compared with the
expansion (5.6), we have no strict equivalent to the order parameter (v/c)?.
The speed of light, ¢, in the Dirac Hamiltonian corresponds roughly to the
quantity P/A in the Kane Hamiltonian (5.11), and mg corresponds roughly
to h?Ep/(2P?). However, unlike the parameters P and Fy (and Ag) in the
Kane model, the velocity of light ¢ appears both on the diagonal and off the
diagonal. In k - p theory, we usually label different terms by the order of the
energy denominators with which they appear in the decoupled Hamiltonian.
This terminology is equivalent to the order of Lowdin perturbation theory
that is necessary to derive a particular term.

As a second step, we choose new two-component conduction band enve-
lope functions

p2 (ka_(e/h)g.B+k2+(€/h)U'B>] Ve (5.13)

oL P
Ve [ 12 Eo Eo + Ao
to ensure norm conservation. This step, which is similar to (5.9), has been
overlooked by several authors when deriving an effective 2 x 2 conduction

band Hamiltonian from (5.11). After some rearrangements, we obtain

P2l 2 1 P21 1 e
s eev- |- —— _|t5.B
{ 3 [EO +E0+A0:| * 3 |:E0 E0+A0:| ha

eP?2 T 1 1

e S P
3 {Eé’ (E0+Ao)2}a €

eP2 [ 2 1 .

_ L v.elg. = Ed,. 5.14
6 {E§+(EO+A0)2} }w‘ v (5.14)

Here, the first term is the kinetic energy using Kane’s expression (4.39a) for
the effective mass, the third term is the Zeeman term using Roth’s formula
(1.39b) for the effective g factor, the fourth term is the Rashba term [0],
analogous to the Pauli SO coupling in (5.10), and the fifth term is analogous
to the Darwin term. In (5.14) we have neglected those terms that contain the
fundamental gap Ey more than twice. We shall give a more detailed discussion
of the Rashba term in Sect. 6.3. The Zeeman splitting will be discussed more
thoroughly in Chap. 7.

Alternatively, we can derive (5.14) using Lowdin partitioning and the the-
ory of invariants. Here, the kinetic energy and the Zeeman term stem from
second-order perturbation theory, while the SO coupling and the Darwin term
require third-order perturbation theory. We remark that (5.13) is “built-in”
in Léwdin perturbation theory because we have required that e= in (13.2) is
a unitary operator. Note also that the invariant expansion in Table 5.2 applies
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to the Pauli equation (5.10) as well as to the conduction band Hamiltonian
(5.14) because the basis functions |T) and |]) of both 2 x 2 Hamiltonians
transform according to Dy /5 of SU(2). In the latter case, this is due to the
fact that already the simplified Kane Hamiltonian (5.11) has spherical sym-
metry. All invariants in the conduction band Hamiltonian (5.14), including
the higher order terms not considered here, thus have a “partner” of the
same functional form in the Pauli equation (5.10) (with p = %ik). Ounly the
prefactors differ in these equations.

Similarly to the Pauli equation (5.10), the Zeeman splitting in (5.14)
originates in the noncommutativity (2.17) of the components of k, while the
Rashba term can be traced back to the noncommutativity (2.18) of k and V.
We remark that the converse is not always correct: not every antisymmetric
term gives rise to spin splitting. The Zeeman and Rashba terms are merely the
lowest-order invariants that can be constructed from the antisymmetric vec-
tors B and k x €. The spin-diagonal Darwin term also originates from (2.18).
The higher-order terms include, for example, a diamagnetic shift oc B214y9
(see Tables C.3 and C.4).

In this section, we have worked out the formal similarities between rel-
ativistic quantum mechanics and the simplified Kane model. Nevertheless,
there is an important difference: while the Pauli SO coupling (1.1) is an
intrinsic part of the Dirac—Pauli theory, SO coupling enters into the Kane
model (5.11) only via the SO gap Ag of the bulk band structure. We can see
in (5.14) that both the effective g factor and the Rashba term disappear in
the limit Ay — 0. This general result will be confirmed by the calculations
presented in subsequent chapters that are based on more realistic multiband
Hamiltonians. Consistently with our arguments in the preceding paragraph,
antisymmetric invariants that are diagonal in the spin degree of freedom can
“survive” even in the limit Ag — 0.
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6 Inversion-Asymmetry-Induced
Spin Splitting

Spin degeneracy of electron and hole states in a semiconductor is the com-
bined effect of inversion symmetry in space and time [I1]. Both symmetry
operations change the wave vector k into —k, but time inversion also flips
the spin, so that when we combine both we have a twofold degeneracy of the
single-particle energies, E (k) = E_(k); see Table 6.1. When the potential
through which the carriers move is inversion-asymmetric, however, the spin
degeneracy is removed even in the absence of an external magnetic field B.
We then obtain two branches of the energy dispersion, F, (k) and E_ (k).
In quasi-2D quantum wells (QWs) and heterostructures, this spin splitting
can be the consequence of a bulk inversion asymmetry (BIA) of the under-
lying crystal (e.g. a zinc blende structure [2]), and of a structure inversion
asymmetry (SIA) of the confinement potential [3,4]. A third contribution to
B = 0 spin splitting can be the low microscopic symmetry of the atoms at an
interface [5]. We emphasize that even in inversion-asymmetric systems with
B = 0 spin splitting we still have the Kramers degeneracy; see Table 6.1.

For a given wave vector k, we can always find a spin orientation axis S(k),
local in k space, such that we have spin-up and spin-down eigenstates with
respect to the axis S(k). But we do not call the branches E. (k) spin-up and
spin-down, because the direction of S varies as a function of k such that, when
averaged over all occupied states, the branches contain equal contributions of
up and down spinor components. This reflects the fact that in nonmagnetic
materials we have a vanishing magnetic moment at B = 0. While we shall
focus on the effect of B = 0 spin splitting on the energy dispersion E(k) and
the spin degree of freedom, it has been investigated in [6] how B = 0 spin
splitting affects also the orbital parts of the wave function.

In Sect. 6.1, we start with some general remarks on B = 0 spin splitting.
In Sect. 6.2 we discuss BIA spin splitting in zinc blende semiconductors.

Table 6.1. B = 0 spin degeneracy is due to the combined effect of inversion
symmetry in space and time [1]

Space inversion symmetry: FEi (k) = E,(—k) B = 0 spin degeneracy:
Time inversion symmetry: E (k) = E_(—k) By (k) = E_(k)

(Kramers degeneracy)

Roland Winkler: Spin—-Orbit Coupling Effects
in Two-Dimensional Electron and Hole Systems, STMP 191, 69-129 (2003)
© Springer-Verlag Berlin Heidelberg 2003
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In Sect. 6.3 we present a detailed discussion of STA spin splitting in the
conduction band I’ and in the valence bands. It turns out that Rashba spin
splitting of 2D hole systems is very different from the more familiar case of
Rashba spin splitting in 2D electron systems [7]. In Sect. 6.4 we focus on the
interplay between BIA and STA and on the density dependence of B = 0 spin
splitting. A third contribution to B = 0 spin splitting is discussed in Sect. 6.5,
which can be traced back to the particular properties of the heterointerfaces
in quasi-2D systems. Next we analyze in more detail the spin orientation of
the single-particle states due to B = 0 spin splitting (Sect. 6.6). In Sect. 6.7
we give a brief overview of common experimental techniques for measuring
B = 0 spin splitting. As an example, we compare in Sect. 6.8 calculated spin
splittings [3] with Raman experiments by Jusserand et al. [9].

6.1 B = 0 Spin Splitting and Spin—Orbit Interaction

How can we visualize the fact that the electron spins are “feeling” the inver-
sion asymmetry of the spatial environment? In the EFA the full wave function
(2.13) is the product of the quickly oscillating lattice-periodic part w,o(r) of
the Bloch functions times a slowly varying envelope function v, (r). When
we have SIA spin splitting, the Bloch part “feels” the atomic fields that enter
into the Pauli SO term (1.1) and the envelope function “feels” the macro-
scopic environment, see Fig. 2.1. Therefore, we obtain STA spin splitting only
if we have both a macroscopic electric field and a microscopic electric field
from the atomic cores. This is consistent with the explicit expressions for
STA spin splitting derived in the sections below, where the splitting is always
proportional to the macroscopic field times a prefactor that depends on the
matrix elements Av»: of the microscopic SO interaction. BIA spin splitting is
independent of any macroscopic electric fields. It depends only on the matrix
elements Avvr of the microscopic SO interaction. Both SIA and BIA spin
splitting disappear in the limit of vanishing bulk SO gaps Awv; =0.!
Several authors [11, 12,13, 14] have suggested an intuitive picture for the
B = 0 spin splitting, which is based on the idea that, for the Rashba term
(6.10) discussed below, the electrons are moving with a velocity v = hk/m*
perpendicular to the macroscopic electric field € = (0,0, &.). It was argued
that in the electron’s rest frame, £ is Lorentz transformed into a magnetic
field B, so that the B = 0 spin splitting becomes a Zeeman splitting in the
electron’s rest frame. However, this magnetic field is given by B = (v / e,
(SI units) and for typical values of £, and v we have B ~ 2 — 20 x 1077 T,
which would result in a spin splitting of the order of 5x 1079 —5 x 10~° meV.
On the other hand, the experimentally observed spin splitting is of the order

! The spin degree of freedom can be affected also by exchange—correlation effects
[10]. This can give rise to an exchange-induced enhancement of B = 0 spin
splitting; see Sect. 6.4.3.
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of 0.1 — 10 meV. It is clear from the discussion above that this discrepancy
is due to the fact that the idea of a Lorentz transformation neglects the
contribution of the atomic cores to the SO interaction felt by a Bloch electron
in a solid (see Sect. 3.4).

6.2 BIA Spin Splitting in Zinc Blende Semiconductors

Unlike Si and Ge, which have a diamond structure, the zinc blende structure
of III-V and IT-VI compounds such as GaAs, InSh, and Hg,Cd;_,Te does
not have a center of inversion.? Therefore, SO interaction gives rise to a spin
splitting of the bulk energy dispersion. This BIA spin splitting is well known
from early theoretical studies [2,15,106,17]. It has been observed experimen-
tally by analyzing the Shubnikov—de Haas effect in uniaxially strained bulk
InSb [18] and by detecting the precession of the spin polarization of electrons
photoexcited from a GaAs (110) surface [19].

6.2.1 BIA Spin Splitting in Bulk Semiconductors

We can use the theory of invariants to identify the terms in the conduction
and valence band blocks of H(K) which give rise to a spin splitting of the
electron and hole states. We remark that both the wave vector k and the
electric field € are odd with respect to parity (while B is even). For the
symmetrized basis matrices, the transformation with respect to parity is listed
in Table C.3. Only those invariants that are odd with respect to parity can
contribute to BIA spin splitting. An invariant that contributes to STA spin
splitting can be either even or odd with respect to parity. Those invariants
proportional to £ that are odd with respect to parity reflect the combined
effect of BIA and STA.

Up to third order in k, we obtain the invariants listed in Table 6.2 [20,21].
BIA spin splitting in the I'§ conduction is characterized by the invariant
weighted by b$$%¢. Using an explicit matrix notation, we have

Hb *bSCGC %{k?‘r +k%’k2} %{ki 7k273k—} - {kzak—Q—}
6c6c — VY41 s
LR k) - () R R R

(6.1)

2 Strictly speaking, the diamond structure does not have a center of inversion
either. It has a nonsymmorphic space group with point group Oy, i.e. the sym-
metry operations in Op must be combined with a nonprimitive translation of
the translation subgroup of the diamond structure in order to map the diamond
structure onto itself. Nevertheless, from all points of view we are interested in
it is sufficient that the point group Oj of the diamond structure contains the
inversion as a symmetry element.
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Table 6.2. Invariants for the Kane model up to third order in k which give rise
to BIA spin splitting

Heeoe = b3i% ({kz: ki - k2}o. + cp)
Heoso = ﬁck (kx { S Jg — J2} + cp]
+b8v8v ({kw7k2 kZ}J +Cp) +b8v8u ({kz, . k2}J3+Cp)
+ b8 ({ko, b + K2} {Jo, J2 — J2} +cp)
+ 055 (k2 {Ja, J] — J2} + cp)
Heyro = b7 ({ka, k — k2}ou + cp)
Héoro = —iVBCx (kaUy- + cp) + b5™ ({ka, kj — k2}Us + cp)
+ 37 ({ko, k2 + k2}Uy + cp) + bES™ (K2 Uy + cp)
HGbc 8v — ist (Tu{kyk:} +cp)
+ 3By [(Tow = Tyy) (K2 — 347) = Toa(kz — )] }
Heero = =5 Bro (0u{kyk:} + cp)

where ky = kg £ ik,. This invariant is often called the Dresselhaus term [2]
or the k% term [22]. It is the lowest-order term that characterizes BIA spin
splitting in the I'§ conduction band. For k parallel to [100], BIA spin splitting
vanishes for both electrons and holes in all orders of k (see Fig. 3.2), because
here the group of the wave vector is Cs,, which has only one irreducible
double-group representation, I's, which is two-dimensional [23,24].> When k
is parallel to [111], BIA spin splitting vanishes for electron and LH states, be-
cause these states transform according to the two-dimensional double-group
representation Iy of Cs,, whereas HH states transform according to the one-
dimensional double-group representations I's and Ig of Cs,, [23,24].

As noted in Sect. 3.3, the main contribution to the prefactor Cj of the k-
linear spin splitting in the Iy valence band stems from the bilinear terms
consisting of k-p and SO interactions, with remote [3-like intermediate
states [17]. The coefficient Cy, is thus an “elementary” parameter of the ex-
tended Kane model. We can express the remaining coefficients in Table 6.2
in terms of the parameters of the extended Kane model. We obtain, in third-
order perturbation theory,

4 1 1
bSs6e — ——pp’ { - , (6.2a
579 o+ 2oy B~ By — A BolBo — B » 2
' 1 13 5
pvse — Lpprg — |2 2 92
6 QEO {E{) E6+A6] : (6.2b)
psese — Hppr Q 1 i S (6.2¢)
23 Ey Ej+4,]°

3 For the same reason we have no BIA spin splitting for k || [001] in symmetric
QWs grown in the crystallographic direction [110].
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80 1 1
b8 8v _ —PP Q _ [E/ n A’ E_é] , (6.2d)
4i 1 1 1
bS'US'U — _PP/ = - - 2
o TPC R, [Eé E6+A6] ’ (6:2¢
4i 1
b7v7v — _Pp/ 6.2f
3 Q (Eo 4+ Ao)(Ao + Ej + A)) ' (620
1 1
b8v7v — -PP/ |: + :| s 6.2
41 iPP'Q Eo(Ej+ A))  (Eo+ Ao)(Ao + E} + Ap) (6.2¢)
1 1 1
b8v7v — __pp _ .2h
PP\ RE - mE T (020
. 1 1 }
(Eo + A0)(Ep + Ao)  (Eo + Ao)(Ao + By + A7) ]
bSv?v b?iﬂv . (621)

The formulas for Kane’s off-diagonal parameters B; can be found in Ta-
ble C.9.# In the extended Kane model, the prefactors characterizing the BIA
spin splitting are proportional to the product PP’'Q, i.e., for both electron
and hole states, BIA spin splitting originates in the k - p coupling between
the valence bands I'y and I'7, the conduction band I§, and the conduction
bands I'y and I¥. Accordingly, BIA spin splitting has the same order of mag-
nitude for electron and hole states, consistent with our general remark at the
beginning of Chap. 5.

For the limiting case of zero SO splitting of the bulk bands, Ay = A} = 0,
we still have nonzero coefficients b§¥%, b7¥7?, and b3Y™. This reflects the
fact that even for the valence band I Wlthout SO interaction we have one
invariant which is cubic in k, namely ({kg, k2 — k2} L, + cp). Nevertheless,
Ap = A} = 0 implies that we have zero BIA spin splitting because the above
cubic invariant is then acting within the block Hg.p defined in (5.1). On the
other hand, we have no cubic terms at all in materials with an inversion-
symmetric diamond structure where parity conservation requires P’ = 0.

Numerical values for the coefficients (6.2) are given in Table 6.3. The most
important coefficients are Cy, b§¥%?, b77?, and b3, which are nonzero even
if we set Ag = A, = 0. In the valence band block Hgygy, for typical values of
k, the cubic 1nvar1ant proportional to b¥8¥ has the same order of magnitude
as the k-linear term proportional to Cy. It was observed by Cardona et al. [17]
that when k is parallel to [110] the spin splitting of the HH states in bulk

4 The coefficients defined in (6.2) refer to a model which does not explicitly take
into account k - p coupling between the conduction and valence bands. In an
8 X 8 k - p Hamiltonian (3.6), Kane’s off-diagonal parameters B; as defined in
Table C.9 supersede the coefficients in (6.2), i.e. we have to set the coefficients
(6.2) to zero if the parameters B; are used; see the discussion of reduced band
parameters in Sect. 3.3.
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Table 6.3. Expansion coefficients for the invariants in Table 6.2 evaluated for var-
ious semiconductors using (6.2) and Table C.9 (all in eV A®, except for Cj, in eV A

and B; in eV A?). C}, was taken from [17]. Band parameters were taken from [25,20]
GaAs AlAs InAs InSb CdTe 7ZnSe
bSgse 27.58 18.53 27.18 760.1 43.88 14.29
Ch —0.0034 0.0020 —0.0112 —0.0082 —0.0234 —0.0138
biysY —81.93 —33.51 —50.18 —934.8 —176.93 —62.33
biy8v 1.47 0.526 1.26 41.73 1.668 0.375
b8y 0.49 0.175 0.42 13.91 0.556 0.125
by8v —0.98 —0.35 —0.84 —27.82 —1.11 —0.250
by —58.71 —27.27 —22.31 —146.8 —38.44 —50.71
bgy™ —101.9 —44.30 —51.29 —709.5 —82.46 —83.86
by —1.2551 —0474i —0.910i —23.92i —1.215i  —0.335i
By, —21.32 —34.81 —3.393 —32.20 —22.41 —32.05
Bg, —0.5175  —1.468 —0.09511 —1.662 —0.6347  —0.2704
B, —20.24 —32.84 —3.178 —27.77 —20.47 —31.15

GaAs changes its sign, see Fig. 6.1. By means of the invariant expansion in
Table 6.2 and the numerical values in Table 6.3, it can be understood that this
surprising behavior is due to the fact that for k || [110] the prefactors b§y%?
and C} contribute to the HH spin splitting with opposite signs so that they
cancel each other for some small value of k || [110]. In AlAs, the coefficient
CY, is positive [17], so that there is no sign reversal of the HH spin splitting.
For the LH states, the dominant contribution to BIA spin splitting is given
by the invariant proportional to b§}%”, i.e. the BIA spin splitting of LH states
is essentially proportional to k3.

In Fig. 6.1, we show the absolute value |AE| of the BIA spin splitting of
hole states in GaAs for k parallel to [110]. We use a double-logarithmic plot,
as it allows us to distinguish between the k-linear and the cubic splittings.
The solid lines were obtained by means of a diagonalization of the extended
Kane model (3.2), whereas the dashed lines are the results obtained from the
4 x 4 Hamiltonian Hgyg, With terms up to third order in k. The invariant
expansion is in good agreement with the more complete 14 x 14 Hamiltonian.

Finally, we note that the expressions (6.2) represent only the leading order
terms contributing to the coefficients in Table 6.2. We obtain (rather lengthy)
additional terms proportional to Cy and A~. Although these two parameters
are often known less accurately than the energy gaps and momentum matrix
elements entering (6.2), the new terms can be significant for a quantitative
analysis of BIA spin splitting. For example, the Dresselhaus coefficient b§¢6¢
of GaAs is reduced from 27.58 eVA? [22] to 19.55 eVA3 [27] if the parameter
A~ (and CY%) is taken into account in fourth-order perturbation theory. For
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| Gahs, k||[110]

Fig. 6.1. Double-logarithmic plot of
the absolute value |AE| of the BIA
spin splitting of hole states in GaAs
for k || [110]. The solid lines were ob-
tained by means of a diagonalization
of the full 14 x 14 matrix of the ex-
tended Kane model, and the dashed
lines are the results obtained from
the 4 x 4 Hamiltonian Hs,s, with
terms up to third order in k

consistency, all numerical values in Table 6.3 have been calculated using (6.2)
and Table C.9.

6.2.2 BIA Spin Splitting in Quasi-2D Systems

For quasi-2D systems, we can readily estimate the BIA-induced spin splitting.
In first-order perturbation theory, we replace the nth power of k, = —id, by
the expectation value ((—i9,)™). (Note that for odd n we have ((—id,)™) = 0.)
For example, for a quasi-2D electron system in a QW grown in the crystal-
lographic direction [001], the Dresselhaus term (6.1) becomes [22, 28]

0 ko (k2 —K2) — ky (k2
Hege =05 L, 0 ‘ 2( # k) R (6.3)
Lho(R2 —k2)—k_(2) 0
This equation can easily be diagonalized. We obtain a spin splitting
Efuge(Ry) = £(055%) kyy/(k2)2 + (27 — (k2)) k7 sin? (2¢0) (6.4a)
+(b55) [<k§> By — Sk sin®(2¢) + Ok} (6.4b)

where k| = k| (cosg,sing,0). We have used angle brackets to indicate that
(b55%¢) corresponds to an average over the coefficient b§$%¢ of the well and
barrier materials. For small k| the BIA spin splitting is linear in k| and
independent of the direction of k. For larger values of k| the BIA spin split-
ting becomes anisotropic, with energy surfaces that have a fourfold rotational
symmetry, consistent with the fact that the point group is Ds4. Note also that
for o =0 (kj || [100]) and ¢ = 7 /4 (K || [110]), (6.4b) is exact. Within the
Dresselhaus model (6.3) we thus have zero BIA spin splitting for ¢ = 7/4
and kﬁ = 2(k?) independent of the material specific coefficient (b3$5¢) (see
also Sect. 6.6.2).

Strictly speaking, the invariant expansion for the BIA spin splitting of
quasi-2D electron systems in a QW grown in the crystallographic direction
[001] (point group Daq) yields
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Hig. = 057 (ko + ko)
+20855¢ ({k—, k% — k2 Yoy + {ky, k2 — k3 }oo)
+1095% (K2 + 3{k—,k1}) o + (kL +3{ks,k*}) 0]  (6.5)

(see Tables 6.7 and 6.8). In this equation, we have a third invariant, weighted
by bg5%¢, which goes beyond (6.3). We can evaluate the prefactors in (6.5) by
means of the subband k + p method. For the ath electron subband, we obtain

2i L
bgiﬁc _ glPP/Q Z [<ca|:;|5ﬁ> (<5ﬁ|EZ|Ha> + ( ﬁ|92|ca>>
B#a of

ag Az
(calt:|Sp) (<S,3|EZ|ha> <lﬂézca>>
- + (6.6a)
cS c cl
Aaﬁ Ach, Aaﬁ
+<Ca|Ez|Lﬁ><L[3|JEZ|hOA> _ <Ca‘EZ|lﬁ><lﬁ‘EZ|Ha>
Al A, Aty NG ’
1 1 1 1 1 1
6¢c6e — PP/ _
o = Q{Aa% (Aala i 3Aa’a> Az, <Aaﬁ i 3Aa’z€>
1 1
T ) (o0

bove 1 /1 1 1 /1 1
b = §PPIQ[A3% (Aa’a - Aala) T as \ A T A

1 1
AL AT ALAR (6.6c)

Here we have used

o= B BT (6.7)

(76

with bulk band indices n,n’ and subband indices «, /. In (6.6), we have
assumed that the subband wave functions are orthogonal, (na|nj) = dag,
independent of the bulk band indices n,n’. The indices n = H, L, and S
denote subbands in the higher conduction bands I'§ and I'Y. In (6.6), we
have used ¢, = —i0., the operator of canonical momentum (2.16), in order
to emphasize that this equation is valid even for B > 0.

For the terms in (6.2a), we can readily identify the corresponding terms
in (6.6). The remaining terms in (6.6) (the last line of (6.6a) and (6.6b)
and all terms in (6.6¢)) are a consequence of HH-LH splitting in the bands
I'Y and I'§. This is the reason why the coefficient b%55¢ is usually rather
small, so that the corresponding invariant can be neglected [29]. Typically,
the fundamental gap Ej is smaller than the gap E} — Ey between the band I'§
and the higher conduction bands I'§ and I¥. Thus it follows from (6.6) that
subband confinement reduces the prefactors of BIA spin splitting as compared
with the bulk formula (6.2a). Finally, we remark that similar results can be
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obtained for other growth directions [20, 28] and for other systems such as
HH and LH systems.

6.3 SIA Spin Splitting

In semiconductor quantum structures, the spin degeneracy can be lifted not
only because of a bulk inversion asymmetry of the underlying crystal struc-
ture, but also because of a structure inversion asymmetry of the confining
potential V' (r). This potential may contain a built-in or external potential,
as well as the effective potential from the position-dependent band edges. Re-
cent experiments have shown that the STA spin splitting can even be tuned
continuously by means of external gates [12,30].
We can perform a Taylor expansion of the potential V(r),

Vir)=Vo+e&E-r+..., (6.8)

i.e. to lowest order the inversion asymmetry of V(r) can be characterized by
an electric field €. The importance of (6.8) lies in the fact that we can include
the electric field € in the invariant expansion (2.30), and examples will be
given below. We begin in Sect. 6.3.1 with a discussion of the Rashba model
for the I'S conduction band. Then we discuss the less familiar case of SIA
spin splitting in the I'y’ valence band. In Sect. 6.3.4 we discuss the similarities
between SIA spin splitting and Zeeman splitting.

6.3.1 SIA Spin Splitting in the I'{ Conduction Band:
the Rashba Model

To lowest order in k and €, the SIA spin splitting” in the I'§ conduction
band is given by the Rashba term [4,31],

chGc = T‘?ﬁﬁca’ kxE 3 (69)

with a material-specific prefactor r§§5¢ [32,33]. Both k and £ are polar vectors

(transforming according to the irreducible representation I's of T,), and k x €
is an axial vector (transforming according to the irreducible representation
I'y of Ty) [33,34]. Likewise, the vector o = (0, 0y, 0,) of Pauli spin matrices
is an axial vector. The dot product (6.9) of k x € and o therefore transforms
according to the unit representation I, in accordance with the theory of
invariants described in Sect. 2.5. We see from Tables C.3 and C.4 that the
scalar triple product (6.9) is the only term of first order in k and £ that is
compatible with the symmetry of the band.

5 It has become common practice to use the term “Rashba effect” both for the
Hamiltonian (6.9) and for STA spin splitting in general, even though we can have
substantial quantitative differences between (6.9) and the SIA spin splitting as
determined by means of a more complete multiband Hamiltonian; see Figs. 6.3
and 6.4.
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SIA spin splitting of 2D electron states has been studied theoretically
for many years. Research has focused mainly on the prefactor of the Rashba
term [ ? b K ) ) k) ) k) ) 9, ) ) ) ) ) ) 9, ) ) b }' Here
we shall show that an analysis of the Rashba model can be very illuminating
because this model can be completely solved analytically. We then present
two different approaches for calculating the prefactor of the Rashba term.

General Features of the Rashba Model. For £ = (0,0,&,), (6.9) be-
comes (using an explicit matrix notation)

ch 6c — Tgiﬁcgzi (k}_0+ - k+0—) ) (610&)
c6e 0 ik_
= ‘rglG gZ <_1]€+ 0 ) ) (610b)

where ki = ky+ik, and 01 = (0, %ioy). In this section we shall assume that
in the subband dispersion E(kj), we can neglect nonparabolic corrections of
higher order in kj. Combining (6.10) with the kinetic energy uckﬁ 13x2, where

e (times 2/R?%) is the reciprocal effective mass, we obtain for the spin-split
subband dispersion E+ (k)

Ba(ky) = (uo)k? & (1559°€. )k (6.11)

We use angle brackets to indicate that (r§$5¢€.) corresponds to an average

of the Rashba coefficients of the well and barrier materials. Note, however,
that the details of any microscopic model for (r§5°¢€,) are irrelevant for the

following discussion. Thus we shall use in this section the abbreviation
a = (r§i*¢E.). (6.12)

Equation (6.11) predicts an SIA spin splitting which is linear in k). For
small k|, the Rashba term +ak) thus becomes the dominant term in the
energy dispersion £ (k). In particular we obtain a ring of minima for the
lower branch E_ (k) at finite wave vectors ky, where

(67

e 2 (phe) (6.13)
from which we obtain
(k) = — 2 (6.14)
F_(ky) = ———. 6.14
4 (pe)

The ring of minima is sketched in Fig. 6.2. As a more quantitative example,
we show in Fig. 6.3 the subband dispersion E (k) for an MOS inversion
layer on InSb according to (6.11). If the total density Ny is smaller than the
“quantum density”

C(2kn)? 1 o2

N, = - , 6.15
4 A (pe)? (6.15)
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kx Fig. 6.2. Qualitative sketch of the spin-split

dispersion E.(k|) according to (6.11). We ob-
tain a ring of minima (dashed line at bottom) at
finite wave vectors kn, given by (6.13). Arrows
indicate the spin orientation of the eigenstates
(see Sect. 6.6.1)
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Fig. 6.3. Subband dispersion E+ (kH) (lower right) and DOS effective mass m*/mg
(lower left), spin splitting Ey (k) — E_ (k) (upper right), and subband dispersion

E4(ky) in the vicinity of kj = 0 (upper left) for an MOS inversion layer on InSb
calculated by means of (6.11) and (6.20). We have used the same value of the electric
field £, as that obtained from the self-consistent calculation shown in Fig. 6.4

only the lower spin subband is occupied. We remark that even for a large
electric field £, = 50 kV/cm, the density Ny, is fairly small. Using the nu-
merical values for T6“6" given in Table 6.6, we find that Vy, is of the order
2 x 10 cm~—2 (GaAb) to 8 x 10% cm~2 (InSb). The corresponding energy
E_(ky) is of the order —3 x 107° meV (GaAs) to —6 x 1072 meV (InSb).

We can determine the unequal populations Nz of the two branches E.4 (k)
from the conditions

Ny =N, +N_, (6.16a)

1
Ne = ki, . (6.16b)
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and
Er = Ey(kps) = (pe)ki L + akpy . (6.16¢)

Here N is the total 2D density in the system, kp4 are the Fermi wave vectors
of the spin-split branches, and EF is the Fermi energy. We obtain the following
expression for the Fermi energy Er as a function of the total density Ng:

o

2 (ue) .

From these equations, we can derive the populations N1 of the spin-split
branches,

Ny o}
Ni="rg——— )2Ng — a? . 1
+=5 T Y PRE V8m(pe)? Ny — v (6.18)
We can solve these equations for the Rashba coefficient « as a function of Ny
and AN = |N. — N_|

a = V21 (1) <\/NS TAN - /N, — AN) (6.19a)

= (pte) [kpy — ke[, (6.19D)

where kpy are defined in (6.16b). This equation can be used directly for the

interpretation of Shubnikov—de Haas experiments [50,
,58,59]; however, see also Chap. 9.

The density of states (4.12) of the spin-split branches is given by

Ep = 27N, (o) — (6.17)

) ) ) ) ) ) )

1 lo'
Di(E) = (i) (1 F \/W) , E>0, (6.20a)
1 «

D_(E)

L) \/m , E<0, (6.20b)
which becomes singular when F = E_(ky,); see Fig. 6.3. This divergent van
Hove singularity of the DOS at the bottom of the subband [60] is characteris-
tic of a k-linear spin splitting. The presence of this singularity indicates that
SIA spin splitting of electron states is most important for small 2D densities
(see also Sect. 6.4.2).

We can compare the results obtained from (6.11) with a more accurate,
fully numerical diagonalization of an appropriate multiband Hamiltonian.
As an example, we present in Fig. 6.4 the self-consistently calculated [60]
subband dispersion E. (k|), DOS effective mass m*/myg, and spin splitting
AE(ky) = Ey(k))— E_(kj) for an MOS inversion layer on InSb, obtained by
means of the 8 x 8 Kane Hamiltonian (3.6). For small k|, the spin splitting
increases linearly as a function of kj, in agreement with (6.11). Owing to
nonparabolicity, the spin splitting AE(k)) increases sublinearly for larger k|
[60]. Note that in Fig. 6.3 we have used the same value of the electric field £, as
that which was obtained from the self-consistent calculation shown in Fig. 6.4.
Therefore we can clearly see the limitations of the approximate model (6.11)
as compared with the more complete Kane multiband Hamiltonian Hgxs.
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Fig. 6.4. Self-consistently calculated subband dispersion Ex (k) (lower right),
DOS effective mass m™/mo (lower left), spin splitting E (k) — E_(kj) (upper
right), and subband dispersion E+ (k) in the vicinity of kj = 0 (upper left) for an
MOS inversion layer on InSb with Ny = 2 x 10" ¢cm™2 and |[Na — Np| = 2 x 10'°
em™2. The dotted line indicates the Fermi energy Er. Taken from [7]. © (2000) by
the American Physical Society

Calculation of the Rashba Coefficient. In the following, we present two
methods for evaluating the Rashba coefficient in quasi-2D systems: (i) Lowdin
partitioning for the quasi-bulk Hamiltonian, and (ii) Lowdin partitioning for
the subband Hamiltonian.

Léwdin Partitioning for the Quasi-Bulk Hamiltonian. The Rashba term
Héz6e in (6.9) is an effective Hamiltonian for the spin splitting of electron
subbands, which is implicitly contained in the full EFA multiband Hamilto-
nian for the subband problem [60,37]

HeEra = H(k — —iV) +e&-rl. (6.21)

Here we have restricted ourselves to the lowest nontrivial order in the Taylor
expansion (6.8). The effective Hamiltonian (6.9) stems from the combined
effect of H(k) and the term e€ - r1.

We can use Lowdin partitioning to separate the conduction band block
Heeoe from all other bands. While the k- p coupling appears in the off-
diagonal parts of H(k), the perturbation e€ - r appears only on the diagonal
of Hera. We see in (B.15) that second-order Lowdin perturbation theory
depends only on matrix elements that connects states from set A with states
from set B. We need at least third-order perturbation theory if we are in-
terested in effects due to matrix elements within set A or set B. It follows
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that, independently of the details of H(k), SIA spin splitting requires at least
third-order perturbation theory to describe it.

If we use the extended Kane model for H(k), third-order perturbation
theory for the block Hgcse vields the Rashba term (6.9), where [61]

6c6e eP? [ 1 1
T = o |72 T (R L A2
3 Ej (Eo + Ao)
eP” 1 1
- . 22
5w 02
Here we have used the commutator relation [r,,k,] = id,,. The present

approach to evaluating 14§ is similar to the derivation of Roth’s formula

(4.39b) for the effective g factor of electrons in a bulk semiconductor. There-

fore, we call the first approach to calculating r§$%¢ “Lowdin partitioning for

the quasi-bulk Hamiltonian”.%

Numerical values for T§5¢ obtained according to (6.22) are given in Ta-

ble 6.6. Similarly to the effective g factor, the coefficient T§%¢ is largest

for narrow-gap semiconductors, as these materials also have a large SO gap

Ag [39].

Rashba Coefficient for Quantum Wells. Next we calculate the Rashba coef-
ficient of a quantum structure using the subband k - p method. Using the
8 x 8 Kane model (3.6) for H(k),” we obtain the following for the Rashba
coefficient of the ath electron subband:

6o6e _ 2ieP? (calz|lp)(lplt:|ca) — {(caltz|ls){ls]2]ca)
Tar = 3 Z Acl Acl

[ aa “af

-y (calz]sp)(splt:|ca) — (calt:|sp)(spl2]Ca)

Acs cs ’
aa

ap

(6.23)

B

where we have used (4.37) and (6.7). We can evaluate (6.23) further using the
eigenfunctions of an infinitely deep rectangular well and the eigenfunctions of
a harmonic oscillator. We obtain the following for the lowest electron subband

(=1):

1 1

r5¢0¢ = eP?q { - } : (6.24)
! Afy A, Af AR

where a = 1/3 for the parabolic well and a = 256/(8172) ~ 0.320 for the

rectangular well, in complete analogy with (4.42a).

5 It might appear problematic that we assume that the electric field £ has an infi-
nite range. However, this does not cause problems, because we use the multiband
Hamiltonian in order to calculate bound states, the spatial dimensions of which
are small compared with the dimensions of the crystal.

" We obtain similar terms from the k - p coupling to the higher conduction bands
I'§ and I'5.



6.3 SIA Spin Splitting 83

Table 6.4. Tensor operators for the conduction and valence band Hamiltonian
when we explicitly take into account the position dependence of the band edges E.
and E,

N Ve Vi k2; (Ve —Vi,k?}; V-E; V-E,
25 (2k2 — k2 — ky), k2 — ks

s o{ve Vv,2k2 k2 — k23 Ve — Vi k2 — k2 )
55 [20:65 — 0.5 — 0,E5],0.E5 + 9, €5

Bz, By, B; (Vc—Vv) 27(V V) y’(v V)
Ty ESky — ESks, ESks — ECka, ECka — ECky;
Elky — EJks, Ek: — EDke, EJke — ELRy
{ky, kot {kz, ko by {ka, Ry b5
Is  {V.— Vi, ky,k:3,{Ve = Vo, bz ko b, {Ve — Vi, ko, by}
0yE:,0:E5,0:Ey;  0yE,,0:E;,0:E,

6.3.2 Rashba Coefficient and Ehrenfest’s Theorem

For many years, there has been an intense discussion in the literature concern-
ing the Rashba prefactor (r§§5¢£.) [3,35,4,31,36,37,32,22,38,30,33,40,41,42,

,A4,45,46,47,48,19,8,7]. Ando et al. [35] argued that Rashba spin splitting
must be very small because, for a bound state, we have (£,) = 0 (Ehrenfest’s
theorem: on average, there is no force acting on a bound state [62]).% In fact,
this controversy was resolved by Lassnig [37], who pointed out that Rashba
spin splitting in the conduction band results from the electric field in the
valence band.

Lowdin Partitioning. We can understand most easily why Rashba spin
splitting of electrons is controlled by the field in the valence band by explicitly
taking into account the position dependence of the band edges E. and E,
in the simplified Kane Hamiltonian (5.11). It is convenient to define effective
potentials and effective fields for the conduction and valence band

Vo(r) = V(r) + Ee(r) = (B;) and €. = 1VV. = 1V(V. + E.), (6.25a)

Vo(r) =V(r)+ Ey(r) — (E,) and &, = 1VV, =1V(V, + E,).(6.25b)
Here (E.) and (F,) denote the mean values of the position dependent con-
duction band and valence band edges, respectively, such that

Bo = (B) - (B) (6.25¢)
is independent of 7. The relevant tensor operators are listed in Table 6.4.

8 Ehrenfest’s theorem applies to nondegenerate states only. This is the reason why
in (3.3) we have matrix elements of the Pauli SO coupling between p-like states,
but not between s-like states.



84 6 Inversion-Asymmetry-Induced Spin Splitting

We obtain, instead of (5.14), the following effective Schrodinger equation
for the electron states in the conduction band:

. [%m}”'kxgvﬁ{%*m}v“
T [ ) )
+%2 [Eig—m] %(vc—vv)o-B}icquﬁc. (6.26)

We see here that both the Rashba SO coupling and the Darwin term depend
on the effective electric field £, = (1/€)VV,, in the valence band. We obtain
two additional terms in (6.26) that depend on the difference V, — V,, between
the effective potentials in the conduction and valence bands. They have no
equivalent in (5.14), and they yield corrections to the kinetic energy and the
Zeeman term. We neglect these additional terms in the remaining discussion
in this work. We note, however, that these terms were always taken into
account in the numerical calculations presented in this work.

A similar analysis for the valence band states shows that the Rashba SO
coupling depends only on the electric field in the conduction band. We remark
that a similar analysis can also be performed for the Dirac equation. If we
assume that we have different potentials for the particles and antiparticles,
the Pauli SO coupling (1.1) and the Darwin term for the particles depend
only on the potential for the antiparticles.

Discussion. What is the difference between the electric fields in the con-
duction and valence band? To illustrate this point, we show in the central
part of Fig. 6.5 an electron wave function bound in a QW in the presence of
an external (or built-in) field £&X* = (1/e)d, V. Within the EFA, the effective
electric field £5 in the conduction band (upper part of Fig. 6.5) is the sum of
the electric field £2** and the contributions due to the position dependence
of the conduction band E.(z),

£ = (1/)0,(V + E.) = £ + (1/€)0.B.(2) . (6.27)

At the left interface, we have a large negative contribution of (1/€)d,E.(z)
to £F. This contribution is weighted with the large probability amplitude
of the wave function at this interface, which cancels the remaining positive
contributions to £Z. Therefore, we indeed have

(EH=0 (Ehrenfest’s theorem) . (6.28)

Of course, we have the same electric field £&X* acting in both the conduc-
tion and the valence band. However, the contributions from the interfaces to
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Fig. 6.5. Qualitative sketch of an elec-

tron wave function bound in a QW in the
presence of an external field (central part).
The upper and lower part show the effec-

tive electric fields £ and £ in the conduc-
1 &, tion and valence bands, repectively. While
the expectation value of the wave function
with respect to £ vanishes, i.e. (£5) = 0
N\ [ 7 (Ehrenfest’s theorem), it is indeed the elec-
tric field &£} in the valence band that controls
the Rashba spin splitting of electron states.
Obviously, we have (£Y). # 0

(1/€)0.E.(z) and (1/e)d,F,(z) have opposite signs, compare the upper and
lower parts of Fig. 6.5. Thus we have

(€0 #0, (6.29)
where
EV = (1/e)0,(V + Ey,) = EX* + (1)) 0. E,(2) . (6.30)

In (6.29), the outer subscript c is used in order to emphasize that we evaluate
the expectation value using the wave function in the conduction band.

We can readily estimate the strength of the electric field £7 for a quasi-2D
system in the presence of an external (or built-in) field £, It follows from
(6.27) and (6.28) that we have

(€2) = —((1/e) 0. Ex) - (6.31)

If the conduction and valence band offsets are Y. and X, respectively, we
have

(1/e)0:E.) = 2 ((1/e)0.E0) = £ (27 (6.32)
Combining (6.30) and (6.32), we obtain
(E%)e = (E4) + ((1/e)0.B,) = =22 (goxty (6.33)

e
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Note that (6.26) and (6.33) imply that the STA spin splitting is proportional
to the external electric field EX.

In a single heterostructure or MOS inversion layer, the electric field £5%°(z)
due to a Hartree potential Vi1(z) is given by

E7(2) = (1/e)0.V(z) = = [de )N / ) dz'p(z’)] (6:30)

where Ny is the acceptor concentration in the depletion layer, with depletion

length zq, and p(z) is the 2D charge density [63]. By partial integration, we
obtain [37]
(& Ns
(£ = — | Na(za — (2)) + —} » (6.35)
€€p 2

where the expectation values are evaluated using the charge density p(z).
Equations (6.33) and (6.35) are very convenient for estimating the electric
field (£Y) in quasi-2D systems.’

6.3.3 The Rashba Model for the I'y Valence Band

The Rashba model (6.9) for STA spin splitting of 2D electron systems is
well established in the literature. For 2D hole systems, on the other hand,
the situation is more complicated because of the fourfold degeneracy of the
topmost valence band I'g. Therefore, most often, hole spin splitting has been
evaluated only numerically [65,606,67,68,69,70,71]. In the following, we show
that the Rashba spin splitting of hole states is very different from the spin
splitting of electron states [7].

Symmetry Analysis of Rashba Spin Splitting of Hole Systems.
By inspection of Tables C.3 and C.4, we see that for a I'y band we have
two sets of matrices which transform like an axial vector (representation Iy
of Ty), namely J = (Jo,Jy, J:) and J = (J3,J3,J2). These matrices can
be combined with the axial vector k x €. We can construct a third invariant
from the symmetrized product of k and £, transforming according to I'5, and
the third-order product of the angular-momentum matrices J, which is odd
with respect to time-reversal symmetry. Finally, we can obtain an invariant
proportional to £, but independent of the wave vector k, by combining the
components of €& with the symmetrized products of the components of J. The
invariants for Hg, g, , together with those for ‘H7, ,, and Hg, -, , are listed in
Table 6.5.'° Corresponding to these invariants, the numerical values of the
Rashba coefficients for various semiconductors are listed in Table 6.6.

® Combined with the well-known analytical solution for the triangular-potential
approximation [63], (6.35) can be used also to obtain a simple self-consistent
estimate of the subband structure and (£5*') in a single heterostructure [64].

10 We obtain similar expressions for the off-diagonal block Hecsw. However, they
contribute to SIA spin splitting in higher order, so we neglect them here.
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Table 6.5. Invariants for the Kane model which give rise to SIA spin splitting

Héwoe = 195°° [(kyE: — k=Ey)o + cp]
Hiyso = 1805 [(kyEs — k=) + cp) + 15557 [(kyEs — k2E,)J2 + cp]

+ 185 [Ea{Jy, o} + cp] + 1855 [(kyE- + k2Ey){Ja, Iy — T2} + cp]
Hivzo = Tat " [(kyEz — k=Ey)0a + cp]

Heyro = 507 (ko — kyEy) (Unw — Uyy) + (2k.E: — kube — kyEy)Usz)
+ iy [(ky&:. — k2E4)Us + cp]
+ nglmj [gzUyz + Cp} + rggm [(ky‘gz + kzgy)Uyz + Cp]

Table 6.6. Rashba coefficients calculated according to (6.22) and (6.40) for the

invariants in Table 6.5, evaluated for various semiconductors (all in eA?, except for

878 and 8Y7%, which are in eA)

GaAs AlAs InAs InSb CdTe 7ZnSe
r§50e 5.206  —0.243 117.1 523.0 6.930 1.057
r§v8v _14.62 —1.501 —159.9 —548.5 —10.79 —4.099
r§s8v  _0.106  —0.0906 —0.162 —0.530 —0.0836  —0.0193
r8ysv 0.00418 0.0362
rSu8v _0.00005 —0.0013
T 9720 —1.387 —43.35 —27.07 —4.124  —3.097
8V 3871 —0.255i @ —87.7i —392.01 —5.161  —0.788i
3V —18.45 —2.336  —152.7 —432.6 —11.34 —5.433
T8y —0.00807 —0.0967
87 8151  —0.8641 —175.9i —785.91 —10.84i  —1.753i

Similarly to the Rashba model for the conduction band I, the first term
in Hg, 5, has axial symmetry, with the symmetry axis being the direction of
the electric field £. The second and fourth terms are anisotropic, i.e. they
depend on the crystallographic orientations of both € and k. Thus it follows,
without explicitly evaluating the perturbation theory, that the prefactors
1398v and 185%¢ are always much smaller than T§8V. This is due to the fact that
the k - p coupling between Iy’ and Iy is isotropic, so that it can contribute to
T398Y but not to T§43 or 1‘%58” The 1atter prefactors stem from k - p coupling
to more remote bands, such as the higher conduction bands I'§ and I’y of the
extended Kane model.

For the conduction band I'§, the Rashba Hamiltonian (6.9) is the lowest-
order invariant proportional to the electric field. It is linear in the wave vector
k. It is remarkable that, in the valence band, we have two invariants, propor-
tional to T8Y%” and r5”7” that are independent of the wave vector k. These

invariants have the same functional form as the so-called interface terms to
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be discussed in Sect. 6.5, so the discussion of r5¥8% and 8Y7% is postponed to

that section.

General Features of the Rashba Model for the Valence Band Iy .
For £ = (0,0,&.), we obtain using an explicit matrix notation,

0 Mp. 0 0
_ivBp Lk
HSTU 8v — T§11)8U ‘SZ 2 - 0 e i 0
0  —iky 0 g
0 0 —-g, o0
0 Op o 3,
7iV3 5i
I e S A L
0 %k, 0 O¥Sp
i 7iv/3
Big_ 0 —O8r. 0
0 -k o B,
Mg, 0o 3k 0
e [ AT e 6.36
52 0 —%k_i_ 0 _%3 k. ( )
“SE. 0 Mg 0

Here the first term couples the two LH states (m = £1/2) and the HH
states (m = +3/2) to the LH states. But there is no k-linear splitting of the
HH states proportional to the dominant coefficient r§y%”. Only the second

and third matrices, with the small prefactors r§3%” and 8%V, contain a k-

linear coupling of the HH states. Assuming r§5%” = r§5%¥ = 0, we obtain the
following for the HH spin splitting to lowest order in kj:
Efiu(ky) oc £(r{7*E) k] . (6.37a)

In particular, we have no k-linear splitting (and 1§38 = 838 = 0) if we
restrict ourselves to the Luttinger Hamiltonian [72], which includes I'§ and
I'¢ by means of second-order perturbation theory. Accurate numerical com-
putations show that the dominant part of the k-linear splitting of the HH
states is due to BIA. However, for typical densities and typical values of &,
this k-linear splitting is rather small (see Fig. 6.6). For the LH states, we
have, to lowest order in k|,

Efy(ky) oc £(ri7* € Ky - (6.37b)

But even in this case it turns out that the cubic splitting often dominates over
the linear term (6.37b). Thus we have a qualitative difference between the
spin splitting of electrons (and LH states), which is proportional to k), and
the splitting of HH states, which is essentially proportional to k‘ﬁ’ A linear
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splitting is most important in the low-density regime, whereas a splitting
proportional to k? becomes negligible for small densities. Note that for 2D
hole systems the first subband is usually HH-like so that the SIA spin splitting
is given by (6.37a) for low densities.

The cubic splitting of holes reflects the general fact that hole states (va-
lence band I'Y) have an angular momentum j = 3/2. In this case subband
quantization (which is usually the dominant effect) results in HH-LH split-
ting, where HH states have a z component of angular momentum m = £3/2,
while LH states have m = +1/2, with the z axis pointing in the growth direc-
tion; see Sect. 4.5.3. Therefore, subband quantization and HH-LH splitting
imply that we have a predefined quantization axis for angular momentum
independent of any B = 0 spin splitting. Similarly to the case of electrons
(see Sect. 6.6.1 and Fig. 6.2), the spin quantization axis implied by the first
term in (6.36) is an in-plane vector. But it is not possible to have an in-plane
quantization axis for angular momentum on top of the perpendicular quan-
tization axis due to HH-LH splitting; see Sect. 4.5.3. Therefore, Rashba spin
splitting of HH states is essentially a higher-order effect. On the other hand,
the small but nonzero k-linear spin splitting of HH states is due to the fact
that angular momentum is merely an “almost good” quantum number; see
Sect. 3.6. A more detailed discussion of the prefactors in (6.37) will be given
later in this section.

From (6.37a), we obtain an HH subband dispersion E(k|) = <,uh>kﬁ +
Bkﬁ’, where p, (times 2/h?) is the reciprocal effective mass and 3 is the
effective Rashba coefficient for the cubic splitting. This dispersion implies
that the densities N1 in the spin-split subbands are given by

N, o Ne 0N,

> F Box TN, (6 — 4/X) (6.38a)

where

X1+\/14sz <%)2. (6.38D)

The spin-split densities according to (6.38) are substantially different from
(6.18) for a linear splitting. For electrons and a fixed electric field £, but

a varying Ny the difference AN = |[N; — N_| increases like NSI/Z, whereas
for HH subbands it increases like N2/ (see also (6.51) and (6.54)). Using a
fixed density Ny but a varying &, it is more difficult to detect the difference
between (6.18) and (6.38). In both cases a power expansion of AN gives
AN = a1|&.| + as]&:)® + O(JE.]°), where a3 < 0 for electrons and ag > 0 for
HH subbands.

Solving (6.38) for the Rashba coefficient 8, we obtain

Ny(Ny — N_)+AN(Ny + N_)
b= \/7 6 N2 +2AN? ’ (6:39)
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where N+ = /N = AN. This result should be compared with (6.19) for a
linear splitting.

Lowdin Partitioning for the Quasi-Bulk Hamiltonian. Once again, we
can use Lowdin partitioning to evaluate the Rashba coefficients in Table 6.5.
For the quasi-bulk Hamiltonian, we obtain, in lowest order,

P? e [ 10 7
W=t {— - 7} ; 6.40a
. 3EZ 9 |ER (Ej+ A2 (6.40a)
o8 4eQ? [ 1 1
Sv8v
=9 |E2 (Eranz|’ 6.40b
== - m ) (6.400)
e 21 eQA
=S Er A 6.40
T51 9 (E(l) ¥+ A/O)z ) ( C)
2v31 eQA~Cy
Sv8v _ 0d
o2 9 (Ey+4Ap)3° (6.40d)
TvTv __ _E P2 _ Q2
TR {(Eo +A0)2 (Ao + EL+ Ap)2]° (6.40e)
SvTv i€P2 1 1
T3 = |Tm T T T a3
4 [E§  (Eo+ Ao)
ieQ2 1 1
+ - ) 6.40f
1 LE&MW (A0+E0+A0)2] (6.40f)
SvTv __ _g i ;
T =Ty [Eg + (Eo + A0)2 |’
6Q2 1 1
T + : 6.40
4 {(E6+A6)2 (Ao +E0+A0)2} (6.40g)
SvTv ieQAi 1 2
B - =3 6.40h
T51 3 {(AO T Ey+ A2 Ep ( )
T.Sv?v _ _iep2 i . ;
52 — 9 E§ (Eo + Ap)?
i€Q2 1 1
a B : 6.40i
2 LE() A (4 +E0+A0)2] (6.40i)

These formulas have been evaluated in Table 6.6 for various semiconductors.
Similarly to BIA spin splitting, we obtain the largest numerical values for
those coefficients (r§¥8V, r7¢7 and r§¢7") which are nonzero even if the SO
gaps of the bulk bands, Ag, Aj, and A~ are set to zero. But we obtain STA
spin splitting only because of the nonzero matrix elements Ag, Af, and A~
(and also Cy) of the SO interaction; see Sect. 6.1.

The formulas in (6.40) have been obtained by means of third-order per-

turbation theory, except for the coefficient 1§53, which requires fourth-order
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perturbation theory. We can see in Table 6.6 that 555" is several orders of
magnitude smaller than all the other coefficients, so that often this term can
be neglected. Our expressions for the coefficients 878V 1838V and r8Y™ van-
ish for systems with a diamond structure. While the invariants weighted by
898V and r8Y™ are due to the combined effect of BIA and SIA, the invari-
ant weighted by T858¥ would be symmetry-allowed even in a system with a

diamond structure.

Rashba Spin Splitting of HH and LH States. Quantum confinement
in a quasi-2D system (or strain applied to a bulk crystal) gives rise to a
finite gap between HH and LH states. This HH-LH splitting corresponds to
a quantization of angular momentum j = 3/2 perpendicular to the plane of
the 2D system, with a z component of angular momentum m = +3/2 for the
HH states and m = +1/2 for the LH states. The point group of the system
is reduced from Ty to a subgroup of T, that depends on the crystallographic
orientation of the quantization axis. In the following we shall focus on 2D
systems grown in the direction [001], so that the point group becomes Dagy
(see Table 3.4). We remark that we obtain similar results for other growth
directions.

The theory of invariants provides a natural language to describe the HH—
LH splitting and the accompanying phenomena in quasi-2D systems. The 2x 2
subspaces of LH states and electron states transform according to the double-
group representation I'g of Doy, whereas the HH states transform according
to I'7. The symmetrized basis matrices for these bands are listed in Table 6.7.
In Table 6.8, we have listed the irreducible tensor components for the point
group Dsg. Finally, we give in Table 6.9 the invariants that characterize STA

spin splitting. Note that the invariants proportional to rg6e r8sbe rfcte

TIRTh 86U SISL and 185! have axial symmetry; see (3.10). As usual, we can
match the results of Lowdin perturbation theory against the invariants in
Table 6.9. However, it turns out that the results for the expansion coeflicients

depend qualitatively on the model for the bulk k - p Hamiltonian.

Rashba Coefficients of 2D Holes in the Extended Kane Model. Starting from
the extended Kane Hamiltonian, we obtain the following in fifth-order pertur-
bation theory for the coefficients of the HH and LH states listed in Table 6.9:

ThTh eQQ 1 1
o1 3 (AiQLL A}21S 7 ( )

Tt =0, (6.41Db)

nin _ eP?Q? ( 1 1 ) N eQ* < 1 1 )
T 6w \ALAw Ajdws) T 6 \ALAY ARALs)
(6.41c)
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Table 6.7. Symmetrized matrices for the matrix expansion of the blocks Has for
the point group Dag

Block Representations Symmetrized matrices
7{&3 I% X [E IH: ﬂgxg
=Ih+1I+1I5 Iy oz
I5: Oz, —0y
Hrr Iy xI'7 I Toxo
=In+1I2+ 15 Iy oz
Is5: Oz, 0y

Table 6.8. Irreducible tensor components for the point group D24

Iy k2+k k2 Edke ky}
L (K2 — K2kl Eo{ku+ by ke — Ky}
I's k.. &

kw>ky§ {kzykx}>{k37ky}§ {kgykw}y{k27ky}§ k27k2§
Is  E.ky Ekw;  EAKE ky}, EA{K2 ka);
EAky + K3, ky}, EAks + Ky ka}y  E{ky — k2, ky}, E{ks — 3k, ka}

Table 6.9. Invariants for the point group D24 which give rise to SIA spin splitting

Hivge = 195 (k—oy — kro-)E, + 15554 ({Icg, k_Yoy — {k2, k+}07) E.
+185% ({ky, k2 Yoy — {k3, k_}Yo_) E. + 1851 (kKoy — k2o ) €.
Hinon = v Mi(k—o- —kyoy) & + 1587 ({2, k_}Yo_ — {kZ, ks }o4) E-
+ 1287 ({ky, k2 Yoo — {k3 k_}oy) E + 18l (koo — K2 oy) &
Hig = 1oti(k—or —kpo )& + 788 ({k2, kYo — {kZ,ky}o_) E.
+ 18804 ({ky, k2 Yoy — {kT, k-}o_) & + 8 (Kloy — K20 ) E.
eP* 1 1 eP?(? 1 1
i = G (A—2 v ) %A <A2 Ans  AZA > , (641d)
he hi hs he hl—hS hs“—hL
2 2
6161 e Q P
— (= _ I 6.41
o =5 (o m) (o41¢)
4 4
6161 epP eQ
W Tsmar YA, (6410
4 22 4
6161 eP < 1 1 > eP*Q eQ
et = - [ —5 | — + , 6.41
W = sm \ @t ;) smacas e, M
2 2 2
6161 eQ) (P Q )
T = ——— + -1, 6.41h
o 6A7 Aig \Aie  Ais ( )



6.3 SIA Spin Splitting 93

where we have omitted those terms that contain the fundamental gap more
than twice. We can clearly see that the SIA spin splitting of HH states is
mediated by the k- p coupling to the LH (and split-off) states, as for each
term of the dominant coefficient TZ7" two of the energy denominators are
Apy or Aps.

Rashba Coefficients of 2D Holes in the Luttinger Model. Frequently, subband
calculations for 2D hole systems are based on the simpler 4 x 4 or 6 x 6 Lut-
tinger Hamiltonian (see Sect. 3.5) instead of the more complete extended
Kane model [65,73,66]. Even though the Luttinger Hamiltonian is able to
describe many important features of 2D hole systems, it is known that sub-
stantial differences can occur between calculations based on Hgug, and on
the Kane model [69]. Therefore we shall investigate the question of to what
extent the Luttinger Hamiltonian can describe STA spin splitting of 2D hole
systems. We obtain the following for the Rashba coefficients in third-order
perturbation theory:

Tt =0, (6.42a)
rihh =0, (6.42b)
3 en? 1 1
ThTh
Thh _ ° — - 6.42
B =g (373 (0420
3 eh? 1 1
ThTh
T = 2 s (2 + 73) < - ) : (6.42d)
o 4 m(2) A}znl A%Lé
e (6.42¢)
4
6l6l eh” v273
=-3— 6.42f
T52 m(z) Al23 ’ ( )
3eht 1 1 y
6161 3
-2 42
# =g (e m) ) (o-42e)
3eh’ 3 (2 — 3)
6161
Ty =——— . (6.42h)
4 mg A7,
In r2#7™" and T8 we have neglected some very small k-linear terms due to

the combined effect of BIA and SIA, which are proportional to C’i. These
terms exist for both HH and LH states. Note that the Luttinger parameters
~v2 and 3 do not distinguish between H, L, and S (see Table C.9). If we
subsume under E the energy gaps between h and [ states on the one hand
and H, L, and S states on the other hand then the coefficients (6.41) derived
from the extended Kane Hamiltonian are exactly equal to those in (6.42)
derived from the 6 x 6 Luttinger Hamiltonian. While we have r8{6! = 0, the
invariant weighted by 185! gives rise to a k-linear spin splitting of the LH
states because k, is quantized. However, it is remarkable that, even for the

LH states, there is no SIA spin splitting linear in k (i.e. 86! = 0) if we
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work with a 4 x 4 Luttinger Hamiltonian that does not take into account the
split-off band I7.

Subband-Dependent Rashba Coefficients of 2D Holes in the Luttinger Model.
A more detailed understanding of STA spin splitting of hole states requires
that we explicitly take into account the subband states. In lowest-order per-
turbation theory, we obtain the following for the Rashba spin splitting of the
HH states in a QW grown in the [001] direction:

i’ =0, (6.43a)

=0, (6.43b)
eh?

i = — 43 (72 — ) DL, (6.43c)
my

nn _ eht h

T = —5 73 (12 +73) Do, (6.43d)
my

where
ph 3 3 {(hazhﬁﬂlﬁlf?zlhd — (halt:|ls) (hs|z|ha)
o 4 AhRR AR

B#a af “af

(halz|hg) (hglt:lla) — (lalt:|hs) (halz|ha)
Al AL
<la|z|lf3><lﬁ|EZ‘ha> — (halt:|lg)(lgl2|ha)
Al Ahlﬂ , (6.43¢)

+

and we have assumed that (h,|lg) = dapg. For the lowest HH subband (o = 1),
we obtain
3a 1 1 1
D =-— -
e e A
where a = 1 for a parabolic QW and a = 256/(2772) ~ 0.96 for an infinitely
deep rectangular well. More explicitly, we have

(6.44)

2 4
mg 256w
- rectangular QW
At 9m2 (71 4 272) (371 — 1072)
DI = , .\ , (6.45)
mg 6w

_ %0 arabolic QW
R tn T 292) (1 — ) P Q

where w denotes the width of the QW.
For LH subbands, we obtain

ySi6l — o | (6.46a)
s =0, (6.46b)
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54

€
13y = gl (v2+73) D, (6.46¢)
0
eh?
oy = R (v2 —73) D, , (6.46d)
0

where D!, has the same structure as D" in (6.43¢) with the HH and LH
indices interchanged.

In (6.43) and (6.46), we have assumed that the crystallographic growth
direction is the high-symmetry direction [001]. For low-symmetry growth di-
rections such as [113], there is a weak, anisotropic k-linear spin splitting of
the HH states proportional to the small quantity J = y3 — 2 (irrespective of
whether the split-off valence band I'? is taken into account or not). The LH
states then have a larger k-linear spin splitting.

Example: STA Spin Splitting in a GaAs—Al10.5Ga0.5As Heterostruc-
ture. As an example, we show in Fig. 6.6 the self-consistently calculated [60]
anisotropic dispersion Ex(kj), DOS effective mass m*/mg, and spin split-
ting Fy (kj) — E_ (k) of the topmost HH subband of a GaAs-Aly 5Gag.5As
heterostructure. The calculation shown in Fig. 6.6a was based on the 14 x 14
extended Kane Hamiltonian (3.2). It took both STA and BIA fully into ac-
count. For comparison, we have used in Fig. 6.6b the 4 x 4 Luttinger Hamil-
tonian, which takes into account BIA spin splitting only via the kj-linear
terms proportional to Cj. The weakly divergent van Hove singularity of the
DOS effective mass at the subband edge indicates that, basically, the spin
splitting is proportional to kﬁ, and the k) linear terms are rather small. This
is clearly visible also in the upper right parts of Figs. 6.6a,b, where we show
the spin splitting. As we observe essentially the same van Hove singularity in
Fig. 6.6a and Fig. 6.6b, the dominant part of the k| -linear splitting must be
due to BIA (i.e. C)). This was confirmed by numerical calculations based on
k - p models that take into account STA but not BIA.

In the upper, right parts of Figs. 6.6a,b, the dotted lines show the spin
splitting of the first LH subband. In Fig. 6.6a, the splitting for small k| is a
linear function of k|, but for larger k| it is dominated by terms of higher order
in k) owing to both HH-LH mixing and nonparabolicity. On the other hand,
for the calculation shown in Fig. 6.6b, which was based on the Luttinger
Hamiltonian, we obtain an LH splitting proportional to kﬁ

Only for the crystallographic growth directions [001] and [111] are the hole
subband states at k| = 0 pure HH and LH states. For low-symmetry growth
directions such as [113] and [110], we have mixed HH-LH eigenstates even
at kj = 0, though often the eigenstates can be labeled by their dominant
spinor components (see Sect. 4.5.3).'1 The HH-LH mixing adds a k-linear

1 In experiments with 2D hole systems, the low-symmetry growth direction [113]
has recently been preferred over the the high-symmetry direction [001] because of
the higher sample mobility that can be achieved with [113]-grown samples [74,75].
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Fig. 6.6. Growth direction [001]: self-consistently calculated anisotropic disper-
sion Ex(ky) (lower right), DOS effective mass m* /mo (lower left), spin splitting
E. (k) — E-(ky) (upper right), and dispersion E4 (k) in the vicinity of kj = 0
(upper left), of the topmost HH subband of a [001]-grown GaAs—Aly.5Gag.5 As het-
erostructure with Ny = 2x10* cm™2 and |[Na — Np| = 2x10* ¢cm™2: (a) calculated
by means of the 14 x 14 extended Kane model, and (b) calculated by means of the
4 x 4 Luttinger Hamiltonian. Different line styles correspond to different directions
of the in-plane wave vector k|, as indicated. In the lower parts of the figures, the
dotted line indicates the Fermi energy Er. In the upper right parts, the dotted line
shows the spin splitting of the first LH subband for k || [100]. (a) taken from [7].
© (2000) by the American Physical Society

term to the splitting (6.37a) of the states that are dominantly HH-like. Often
this term exceeds the contribution of (r§$8v€.) and (r§38VE.) to the k-linear
splitting. However, for typical values of the Fermi wave vector, this effect
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Fig. 6.7. Growth direction [113]: self-consistently calculated anisotropic disper-
sion Ex(ky) (lower right), DOS effective mass m*/mo (lower left), spin splitting
Ei (k) — E-(ky) (upper right), and dispersion E4 (k) in the vicinity of kj = 0
(upper left), of the topmost HH subband of a [113]-grown GaAs—Aly.5Gag.5 As het-
erostructure with Ny = 2x10* cm™2 and |[Na — Np| = 2x10* cm™2: (a) calculated
by means of the 14 x 14 extended Kane model, and (b) calculated by means of the
4 x 4 Luttinger Hamiltonian. Different line styles correspond to different directions
of the in-plane wave vector k|, as indicated. In the lower parts of the figures, the
dotted line indicates the Fermi energy Er. In the upper right parts, the dotted lines
show the spin splitting of the first LH subband for k| || [332] and k; || [110]

is still small when compared with the cubic splitting. This can be seen in
Fig. 6.7, where we show the spin splitting for a quasi-2D hole system in a
GaAs QW grown in the crystallographic direction [113]. Note that HH-LH
mixing [66] at nonzero kj does not affect our general conclusions concerning



98 6 Inversion-Asymmetry-Induced Spin Splitting

the HH spin splitting, because for larger k| the cubic term always dominates.
A significant spin splitting linear in k| can be obtained in 2D hole systems
in strained QWs, where the order of the topmost HH and LH subbands can
be reversed [70].

6.3.4 Conceptual Analogies Between SIA Spin Splitting
and Zeeman Splitting

Both the STA spin splitting and the effective g factors in semiconductors
are a consequence of SO interaction. Lassnig [37] pointed out that, in fact,
the B = 0 spin splitting of electrons can be expressed in terms of a position-
dependent effective g factor g*(z). A striking similarity between Zeeman split-
ting and Rashba spin splitting also became visible in our derivation of the
Rashba coefficient in Sect. 5, as we saw that the Rashba coefficient reflects
the noncommutativity of k and r, while the effective g factor reflects the
noncommutativity (2.17) of the components of k.

In the following we shall discuss the close relationship between Zeeman
splitting and B = 0 spin splitting from a different point of view, focusing
on the invariant expansion of these terms. Note that in the presence of an
external magnetic field B we have k x k = (—ie/h)B, and the Zeeman
splitting in the I'§ conduction band can be expressed as

e =" e kxk=L o B, (6.47)

e 2 2
where pp is the Bohr magneton. Thus, apart from a prefactor, we can obtain
the Rashba term (6.9) from (6.47) by replacing one of the k’s with i€. In the
I'Y valence band, we have two invariants for the Zeeman splitting [34, 72]:

Hi, =—2kugd -B —2qup J - B, (6.48)

where J = (Jy, Jy, J.) and T = (J2, J;’, J2). Once again, this equation has
the same structure as the Rashba Hamiltonian for the I'y’ valence band; see

Table 6.5. (We neglect here the third invariant, proportional to 835V, because

this coefficient is much smaller than t§}%” and r§58¥; see Table 6.6.) Using the
theory of invariants, we can understand that these formal similarities between
Zeeman splitting and STA spin splitting reflect the fact that both the wave
vector k and the electric field £ are polar vectors (transforming according
to the irreducible representation I of Tj), so that the higher-order tensor
components of the wave vector k and the mixed components containing both
k and € must have the same structure. By inspection of Table C.4, we see
that the analogue of the invariant 185" [(kyE. +k.E,){Js, Jg — J2}+c.p] reads
[{ky, ko }{Jz, J; — J2} +c.p]. However, in a diagonal block such as Hsysy, such
an invariant is forbidden by time-reversal symmetry [77].

Finally, we would like to note that in (6.48) the first term is the isotropic
part, and the second term is the anisotropic part. It is well known that
for all common semiconductors for which (6.48) is applicable, the dominant
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contribution to H§, is given by the first term, proportional to x, whereas
the second term is rather small [34,72]. Analogously to r5¢%” and §%8%, the
isotropic k - p coupling between the bands I'y and I'§ contributes to x but
not to ¢. The latter stems from k - p coupling to more remote bands such as
I'§ and I'7.

6.4 Cooperation of BIA and STA

In the preceding two sections we discussed BIA and SIA spin splitting sepa-
rately. While BIA is essentially a fixed property of a given sample, STA can
be changed, for example by external gates. However, the significance of the
two terms varies depending on the material, the density, and the particular
geometry of the sample under investigation. In Sect. 6.4.1 we discuss how the
interference of BIA and SIA changes the B = 0 spin splitting qualitatively
compared with the case where only BIA or SIA is present. Next we discuss
in Sect. 6.4.2 how B = 0 spin splitting changes when the asymmetry of the
sample is changed while keeping the density constant. Finally, we discuss in
Sect. 6.4.3 the density dependence of STA spin splitting.

6.4.1 Interference of BIA and SIA

In quasi-2D systems lifting of the inversion symmetry due to either BIA or
STA results in different point groups for a quantum structure; see Table 3.4.
A symmetric QW with a diamond structure and growth direction [001] has
the point group Dg. BIA reduces the point group to Doy, whereas SIA
reduces the point group to Cy,. If we have both BIA and SIA we obtain
the point group Cs,. These different point groups can manifest themselves
in different spin splitting patterns of B = 0 spin splitting. However, we need
to take into account the fact that the lowest-order invariants for BIA and
SIA spin splitting can have higher symmetries than those we expect from
Table 3.4. For example, the 2 x 2 Hamiltonian for a 2D electron system,
up to second order in k including the Rashba term, has axial symmetry
Coov instead of, for example, Cy, as predicted by Table 3.4 for the growth
direction [001].

More explicitly, the BIA and STA spin splittings of a 2D electron system
are given by (6.4) and (6.11), respectively, and it was seen that, to leading
order in k|, the spin splitting was independent of the direction of k. If we
have both BIA and SIA then the spin splitting becomes anisotropic even in
the linear term [17, 78]. Combining the Rashba term and the Dresselhaus
term, we obtain

Eglohy) =k {a? + an(kf - 2(k2)) sin(2¢)
P[22 + (10— ) kEsino)2] ) (6.400)
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~ £ kva? — 2an(k?) sin(2¢) + n2(k2)2 £ O(k}) ,  (6.49b)

where k| = kj(cosg,sing,0), and we have used for brevity o = (r§56°€.)
and n = (b§$%¢). It will become even more explicit that the interference of
the Dresselhaus and Rashba terms reflects the different symmetries of these
terms when we study in Sect. 6.6.1 the spin orientation due to BIA and SIA.
Expressions similar to (6.49) can be derived for 2D hole systems also.

6.4.2 BIA Versus SIA: Tunability of B = 0 Spin Splitting

What is the relative importance of BIA and STA for the B = 0 spin splitting
in quasi-2D systems from a quantitative point of view? A general answer to
this question is not possible, as we have to take into account both the band
structure parameters of the host materials and the detailed geometry of the
system under investigation.

BIA spin splitting is essentially a fixed material property, though its rele-
vance varies with the well width and Fermi wave vector; see Sect. 6.2.2. SIA
spin splitting, on the other hand, depends on the electric field £, that charac-
terizes the inversion asymmetry of the sample. Therefore, SIA spin splitting
is tunable by means of external gates that change the field £, in the sample.
This was first demonstrated by Nitta et al. [12], who put a gate on the top of
the sample. However, a single front or back gate changes both the asymmetry
of the sample and the 2D density in the well. We can separate these effects
by means of a QW with both a front and a back gate [30] so that the STA
can be tuned continuously while keeping the total density and BIA constant
(Fig. 6.8).

Here we shall explore B = 0 spin splitting for various 2D systems assum-
ing that the asymmetry of the sample is tuned as depicted in Fig. 6.8 while
keeping the density constant. First we shall consider 2D electron systems.
In Fig. 6.9, we show the self-consistently calculated spin splitting AN/N; as
a function of the external electric field £&X* in several QWs (see caption for
details). The external electric field £ is defined relative to the symmetric
configuration in Fig. 6.8. Different line styles in Fig. 6.9 correspond to differ-

E>0 =

£=0 — L=~
L

= Fig. 6.8. In a QW with both a front and a
£<0 - back gate one can continuously tune the in-
version asymmetry while keeping the total
SIe) S) density constant [30]
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Fig. 6.9. Self-consistently calculated spin splitting AN/Ns of 2D electron systems
as a function of the external electric field £ in (a) GaAs—Aly.3Gao.7As, (b) InAs—
AlSb, (c) and (d) Gao.47Ing.53As—Alg.a7Ing.53As, and (e) InSb QWs with well width
w = 150 A except for (d), where w = 200 A. Different line styles correspond
to different densities Ns as indicated. Open circle indicate the spin splitting that
corresponds to the self-consistent field (6.50)
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ent densities Ny, as indicated. Only the lowest subband is occupied for the
densities and well widths considered here.

As expected, the spin splitting increases as a function of £%*'. Further-
more, we see that both the BIA- and SIA-induced spin splittings decrease
when the density Ny is increased. This reflects the fact, discussed in Sect. 5,
that a k-linear spin splitting is most important at small densities. Note that
in Fig. 6.9 we have calculated AN/Ng up to fairly high electric fields £
in order to illustrate the general trends of the B = 0 spin splitting. In ex-
periments with QWs the values of £ are typically of the order of several
kV/cm (see e.g. Fig. 9.6b).

We shall compare Fig. 6.9 with the typical electric fields that can be
achieved by means of asymmetric doping, which gives rise to an asymmetric
self-consistent Hartree potential. If a QW is doped in only one barrier, then
the Hartree potential is essentially flat in the other barrier. In this configu-
ration, the self-consistent mean electric field is given by (6.35) with Ny =0,
i.e. we have

(£2) =

e Ng
— 5 (6.50)

€€Q
The spin splittings that correspond to the field (6.50) have been marked by
open circles in Fig. 6.9. These values are in good agreement with fully self-
consistent calculations for asymmetrically doped QWs. In single heterostruc-
tures with Ny > 0, it is possible to achieve electric fields even larger than
those given by (6.50).

In GaAs electron systems (Fig. 6.9a), we have a significant contribution
to the B = 0 spin splitting from BIA. Only for large electric fields and high
densities is there a large contribution to the B = 0 spin splitting from SIA.
It was the latter regime that was explored by Pfeffer and Zawadzki [40] when
they concluded that B = 0 spin splitting is typically dominated by STA. In
InAs, on the other hand (Fig. 6.9b), low densities and fairly small electric
fields are sufficient to enter the regime where the B = 0 spin splitting is
dominated by STA. Gag 47Ings3As (Figs. 6.9¢,d) is an intermediate system
where, typically, both BIA and SIA must be taken into account. We see
also that BIA is more important in narrow wells (Fig. 6.9¢) than in wide
wells (Fig. 6.9d), consistent with (6.4). For large electric fields 2 30 kV /cm
the well width becomes irrelevant because the tilted QW behaves essentially
like a triangular single heterostructure. In Fig. 6.9e, finally, we present for
comparison the B = 0 spin splitting in an InSb QW. Up to now, only highly
strained InSb-Al,In;_,Sb QWs have been investigated experimentally [79,

]. In Fig. 6.9¢ we have assumed that we have an InSb QW with infinite
barriers. It is remarkable that in the narrow-gap semiconductor InSb, up
to high electric fields, the dominant contribution to B = 0 spin splitting is
from BIA.

Next we shall discuss the interplay of BIA and SIA for quasi-2D hole
systems. In Fig. 6.10, we show the self-consistently calculated spin splitting
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Fig. 6.10. Self-consistently calculated spin splitting AN/Ns of 2D hole systems
in GaAs-Alp.3Gag.7As QWs as a function of the external electric field £, In
(a) and (b) we have considered QWs grown in the crystallographic direction [001];

in (c) and (d) we have assumed that the growth direction is [113]. In (a) and (c)
we have assumed a well width w = 150 A, in (b) and (d) we have used w = 200 A.
The different line styles have the same meaning as in Fig. 6.9. In (b) and (d), note
the different scales on the horizontal axes for small and large absolute values of
EF*. Open circles indicate the spin splitting that corresponds to the self-consistent
field (6.50)
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AN/N; in GaAs-Aly 3GagrAs QWs as a function of the electric field £,
In Figs. 6.10a,c, we have assumed a well width w = 150 A; in Figs. 6.10b,d
we have used w = 200 A. In Figs. 6.10a,b, we have considered QWs grown in
the crystallographic direction [001]; in Figs. 6.10c,d, we have assumed that
the growth direction is [113]. Note that in the latter case, positive and nega-
tive values of £&** are not equivalent. The different line styles have the same
meaning as in Fig. 6.9. For the larger well width w = 200 A, we did not
consider Ny = 5 x 101! cm™2, because here the second subband becomes
occupied. For the wide wells, we have also used different scales on the hor-
izontal axes for small and large absolute values of £X*. We emphasize that
AN/Ny is a smooth function of £2*. The spin splitting that corresponds to
the self-consistent mean electric field (6.50) has again been marked by open
circles in Fig. 6.10.

Unlike the B = 0 spin splitting of electrons, both the BIA and the SIA spin
splittings of holes increase with density, which indicates that the dominant
contributions to spin splitting are cubic in k. While the BIA-induced spin
splitting increases with increasing well width, the SIA-induced spin splitting
decreases. For larger values of £t the spin splitting AN/Ng decreases when
the electric field £ is increased. This negative differential Rashba effect has
the same origin as the anomalous density dependence of the Rashba effect in
2D hole systems discussed in more detail in Sect. 6.4.3: an increasing electric
field increases the HH-LH splitting so that the Rashba coefficient decreases;
see (6.43) and (6.44).

6.4.3 Density Dependence of SIA Spin Splitting

In the preceding section we discussed the tunability of the B = 0 spin splitting
for the conceptually simplest (but experimentally most demanding) case of
a QW where the asymmetry was changed while keeping the density constant
[30]. Next we shall discuss how the B = 0 spin splitting changes with density.
In particular, we shall study the experimentally relevant case where a single
gate changes both the density and the asymmetry of the sample. It turns out
that, while for a 2D electron system in a single heterostructure the Rashba
coefficient and STA spin splitting decrease when Ny and &, are reduced, a
2D hole systems can show the opposite behavior, i.e. the Rashba coefficient
increases when the density is reduced [31].

2D Electron Systems. In 2D electron systems, the energy denominators
in r§%¢ are always of the order of the fundamental gap, i.e. we have no
substantial difference between (6.22) and (6.23) and the Rashba coefficient is
essentially independent of the detailed geometry of the quasi-2D system. In
high-quality samples, the background acceptor concentration N4 is small, so
that it follows from (6.35) that £, oc Ns. In this case, we obtain from (6.18)

AN

electron systems, &, o< Ng: x N2, (6.51a)

S
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For comparison, we note that in electron systems where the electric field &,
is independent of Ny (see Sect. 6.4.2), we have

AN

s

o« N7V2, (6.51b)

electron systems, £, = const: p

In the latter case, the divergence of AN/Ny for Ny — 0 reflects the divergence
of the DOS (6.20) at the subband edge.

Chen and Raikh [10] discussed the enhancement of the Rashba spin split-
ting AE due to exchange—correlation effects,

AE*
AFE

Here AE* denotes the renormalized spin splitting and Ago is the renormal-
ization factor defined via (6.52). In Fig. 6.11, we show Ago as a function of
the dimensionless density parameter

=14+ Xso. (652)

ez m* 1

rg = —— —
dmweey h2 /TN’

(6.53)

which is the radius of a circle (in 2D) containing one electron, measured in
units of the effective Bohr radius. One can see a significant increase in the
Rashba coefficient for ry 2 8. We remark that in 2D electron systems, we
have the largest Rashba spin splitting for semiconductors such as InAs that
have a small effective mass (i.e. small rg). For typical densities we have rs < 3,

so that many-particle corrections to the B = 0 spin splitting can usually be
neglected in 2D electron systems.!?

2D Hole Systems. The density dependence of SIA spin splitting in 2D HH
systems is qualitatively different from that for 2D electron systems because in
2D HH systems the Rashba coefficient depends on the separation between the
HH and LH subbands; see (6.43) and (6.44). A decreasing separation gives

12 For 2D electrons in GaAs, s = 8 corresponds to N; ~ 5.1 x 10° cm™?; in InSb,
this value of rs = 8 corresponds to N = 1.1 X 10% cm™2.
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rise to an increasing Rashba coefficient. The HH-LH splitting depends on
the geometry of the system. We shall show now that the subband structure
in accumulation-layer-like single heterostructures behaves rather differently
with respect to changes of the charge density [31].

In a rectangular QW, a small density Ns and a small asymmetry imply
that the properties of the system are controlled by the effective potential
steps at the interfaces, i.e. changes in Ny or £, have a minor effect in such
systems. In an inversion-layer-like heterostructure, we always have a band
bending of the order of the fundamental gap so that, for small densities, the
Hartree potential and &, are determined by the space charges due to the
given concentration of ionized majority impurities in the system. For accu-
mulation layer-like systems, on the other hand, it was shown by Stern [32]
that the space charge layer is controlled by the much smaller concentration
of minority impurities in the system. Thus, even for a small 2D density, the
dominant contribution to the Hartree potential stems from the charges in
the 2D system itself. Therefore, over a wide range of density Ng, the elec-
tric field &, is proportional to Ng. In a single heterostructure, the subband
separations are approximately proportional to £,. Using the triangular-well
approximation [63], we have, for the subband energies E? measured from the
corresponding bulk band edge, E 522/3, which implies E7} o 52/3. It then
follows from (6.43) and (6.44) that in accumulation-layer-like 2D HH systems

the most important HH Rashba coefficient 227" (like rZ47") is proportional

to Ne */%. The effective HH Rashba coefficient 8 ~ (r7A7h€,) thus increases
in proportion to N;l/s when N and &, are reduced. According to (6.38), we

thus have
AN

HH accumulation layers, £, o Ng: o N6, (6.54a)

S
That is, in spite of the cubic spin splitting of the HH subband dispersion as
compared with the linear spin splitting of the electron subbands, AN/Ny de-
creases much more slowly for HH accumulation layers than for similar quasi-
2D electron systems. On the other hand, in a QW the subband separation is
essentially independent of £,, so that we obtain

HH QWs, £, o« Nq: ?V—N o N3/2. (6.54b)

S
For comparison, we note that in HH systems where the electric field &, is
independent of Ny (see Sect. 6.4.2), we have

AN
HH systems, €. = const:  —— o N2, (6.54c)

S
The exponents in these equations should be compared with those in (6.51).
In order to validate these qualitative arguments, we present next the re-
sults of realistic, fully self-consistent subband calculations [69]. We have used
the 8 x 8 multiband Hamiltonian (3.6). The simpler 4 x 4 Luttinger Hamil-
tonian [72], taking into account only the band I'Y, gives essentially the same
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results. We have checked that the coupling to higher conduction bands has
a minor influence. Many-particle effects have been taken into account on the
basis of a density-functional approach [33]. From these calculations, we ob-
tain the difference AN = |N; — N_| between the spin subband densities Ny
as a function of the total density Ny = Ny + N_.

In Fig. 6.12a we show AN/Nj calculated as a function of Ny for a 2D HH
system in the accumulation layer of a GaAs—Alj 5Gag 5As single heterostruc-
ture on a (001) GaAs substrate.'® As N; is reduced from 5 x 10! cm™2 to
1 x 10'° cm™2, the parameter ry increases from 4.3 to 17. Therefore, one can
expect that many-particle effects will be quite important in this regime of
densities Ng. Indeed, we find that taking exchange—correlation into account
(solid lines) reduces AN/Ng compared with a calculation without exchange—
correlation (dashed lines). This behavior, which is opposite to that of 2D
electron systems (Fig. 6.11), can be traced back to the fact that exchange—
correlation increases the subband spacings [33] so that the dominant Rashba
coefficient T72™" is reduced, in agreement with (6.44).

It is convenient to characterize the numerical results in terms of the ef-
fective Rashba coefficient 3 ~ (rZi"™¢&,) using (6.39). Figure 6.12b shows
that [/{un) increases when N is reduced. For comparison, we have also
calculated AN/N; for a 2D electron system in the accumulation layer of a
Gag.a7Ing 53 As—Alg 47Ing 53As single heterostructure (Fig. 6.13a). Here the
spin splitting is given by (6.11), so that we can analyze the results in terms
of the effective Rashba coefficient o ~ (r§§5¢€,) using (6.19). In Fig. 6.13b
it can be seen that, in contrast to Fig. 6.12b, the spin splitting coefficient
a/(ue) decreases rapidly with decreasing Ng. We remark that, unlike the HH

13 For a concentration of charged minority impurities Npyin < 5 X 1013 cm_3, these
results are essentially independent of Nmin.
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system in Fig. 6.12, exchange—correlation has only a weak influence on the
electron system in Fig. 6.13, consistent with Fig. 6.11.

To further analyze the numerical results, we need to estimate the mean
electric field (€,). In the present context, the difference between (£,) and
(£2¥%) is unimportant because both quantities differ by a constant factor of
order unity so that we can use (6.35). We note that in an accumulation layer,
the contribution of the space charge layer to the Hartree potential Vii(z) is
very small [32]. Therefore, we can approximate (6.35) further by the mean
self-consistent field (6.50). Using these values for (£.) and (u.) = 89 eV A2, we
obtain (r§55¢) ~ 34.3 eA?, independent of Ny, consistent with (6.24). This im-
plies that in Fig. 6.13b the drastic change of «/{u.) merely reflects the change
of the electric field (£,). On the other hand, the weak variation of 3/(us) in
Fig. 6.12b indicates that the “bare” Rashba coefficient (rZ3™") increases by
a factor of 250 when Ny is lowered from 5 x 10! to 1 x 10'°© cm=2.'* This
is in good qualitative agreement with the analytical model discussed above,
which predicts an increase of 2?7 by a factor of 503 ~ 184. Note that
for very low densities the third-order perturbation approach, which under-
lies (6.24) and (6.44), breaks down because the subbands merge together so
that higher-order corrections become important. These higher-order terms
were fully taken into account in the numerical calculations [7,69]. We remark
that for an accumulation layer, the limit of a vanishing electric field implies
also that the HH and LH states become degenerate. Therefore, in this limit
one must go back from (6.43) to the more complex (6.36). However, for very
low densities below 10'° em~2, the Hartree potential and spin splitting are
ultimately controlled by the fixed concentration of minority impurities [82].

4 According to the present numerical calculations, (uy) decreases from 19.1 to
10.7 eV A as N, increases from 1 x 10*° to 5 x 10! em™2.
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It is interesting to compare the spin splittings in accumulation layers with
those in QWs where &, is tuned externally, for example by means of gates [30].
The dotted lines in Figs. 6.12 and 6.13 show the calculated results for a 200 A
wide rectangular QW where the external electric field £¢** was chosen accord-
ing to EX(N;) = e/(2¢e0) Ns (see (6.50)). In an electron system (Fig. 6.13),
we obtain spin splittings very close to the results for the accumulation layer.
In particular, we have (r855¢) ~ 30.6 eA?, independent of Ny. Similarly, for
a 2D HH system in a QW (Fig. 6.12) and Ny < 1 x 10* em ™2, we obtain
(rIh7hy ~ 7.54 x 10% eA*. (For larger densities, higher-order corrections in
E' (k) become important [7].) Since the subband spacings in a QW are es-
sentially determined by the QW width (i.e. they are independent of Nj),
this is consistent with (6.44). These calculations also indicate that for a 2D
HH system in a QW, spin splitting becomes negligible in the regime of low
density [7], which is due to the fact that the spin splitting of E} (k) is pro-
portional to kzﬁ’ However, for 2D HH systems in single heterostructures, spin
splitting can be very important in the low-density regime. A least-squares fit
to the calculated AN/N; for densities Ny < 10 ¢cm™2 gives AN/N; oc N¥
with an exponent = = 0.48 for electrons, x = 0.14 and x = 0.33 for the HH
accumulation layer without and with exchange—correlation, respectively, and
x = 1.6 for the HH QW, in good qualitative agreement with (6.51a) and
(6.54). We note that inversion layers give results similar to those for QWs,
but the specific numbers depend on the details of the doping profile.

Comparison Between Ezperiment and Theory. In order to reinforce our con-
clusions, we present next a comparison between measured and calculated
spin splittings in a GaAs—Aly3Gag.7As single heterostructure grown on a
nominally undoped (311)A GaAs substrate with a weak p-type background
doping. A back gate was used to tune the density Ny from 1.8 x 100 to
4.2 x 100 ¢cm~2. To measure the spin subband densities N4, the Shubnikov—
de Haas (SdH) oscillations at low magnetic fields B were examined [12,30] at
a temperature T' ~ 50 mK (Figs. 6.14c,d). The frequencies fsqu of these oscil-
lations are a measure of the zero-B spin splitting.!® In Fig. 6.14a we present
the measured and calculated spin subband densities, which exhibit remark-
ably close agreement. Figure 6.14b shows (8/{un), determined by means of
(6.39). On average, B/(up) increases as the density is reduced. Taking into
account the orders-of-magnitude varriations that occur for /() in QWs
and for a/{p.) in electron systems, the agreement between experiment and
theory is quite satisfactory.'® We wish to emphasize that it is the anomalous
enhancement of the Rashba coefficient in 2D HH systems in accumulation-
layer-like single heterostructures that allows us to experimentally resolve the

5 This association may not be exact, i.e. fsqm multiplied by (e/h) can deviate
slightly from the spin subband densities; see Chap. 9.

16 We estimate that the experimental error in Ny is of the order of +£4%, giving an
error in AN and 3/(un) of the order of £20%. The apparent increase of 5/(un)
at Ny = 4.2 x 10'° cm™2 might be a result of experimental uncertainty.
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Fig. 6.14. Measured (circles) and calculated (solid lines) spin subband densities
Ny (a) and effective spin splitting coefficient 8/{un) (b) as a function of density
Ns = Ny + N_ for a 2D HH system in a GaAs—Alg.3Gag.7 As single heterostructure
on a nominally undoped (311)A GaAs substrate with a weak p-type background
doping. In (c) we show the measured magnetoresistance Rz, as a function of mag-
netic field B, and (d) the Fourier transform (FT) of Ry, for Ny = 2.75 x 10*° cm ™2

spin splitting in this density regime. Data on QW samples with comparable
densities reveal no measurable spin splitting [34], consistent with the solid
and dotted lines in Fig. 6.12.

6.5 Interface Contributions to B = 0 Spin Splitting

In Sects. 6.2 and 6.3, we discussed the contributions to B = 0 spin splitting
due to BIA and STA. Recently, a third mechanism for spin splitting in semi-
conductor quantum structures has been discussed in the literature, which can
be traced back to the particular properties of the heterointerfaces in quasi-
2D systems [85, 86, 87,88, 89,90,91,92,5,93,94, 95]. In Table 3.4 we listed
the point groups of a quasi-2D system for various crystallographic growth
directions. However, a microscopic analysis of the crystal structure reveals
that, at the heterointerfaces, the local symmetry can be reduced compared
with that given in Table 3.4.

An ideal symmetric QW grown in the crystallographic direction [001] has
the point group Dag (see Table 3.4). In a quasi-2D system with this point
group, the optical absorption must be independent of the crystallographic
orientation of the in-plane polarization vector (Ref. [96]). The reason is that
symmetry requires that two of the principal values of the tensor of the optical
susceptibility must be equal and that the principal axis, which corresponds to
the third value, is parallel to the growth direction of the QW. Using optically
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detected magnetic resonance, van Kesteren et al. [97] observed an unexpected
in-plane anisotropy in the optical absorption of [001]-grown GaAs—AlAs QWs
(see also Ref. [98]). Such an optical anisotropy is compatible with the point
group Ch,. A particularly large optical anisotropy was observed by Krebs
et al. in systems without common atoms in the well and barrier materials
88,89, 90].

In order to explain the experimental findings of van Kesteren et al. [97],
it was noted by Aleiner and Ivchenko [85] that an ideal [001] heterointerface
of a GaAs—AlAs system has the microscopic point group Cs,; see Fig. 6.15.
To lowest order in k, the point group Cy, is compatible with the follow-
ing phenomenological interface term in the valence band block of the Kane
Hamiltonian [85,87]:

H{ e Iy} Us
H = thyyd(z — z) alTe Jub Usy (6.55a)
Ui, 0
i i
0 0 0 0 —
23 V6
0 0 0 —=[0 0
i 2v3
7 0 0 0 0 0
= thyyd(z — 2) 0 i 0 0 i 0 (6.55b)

2V3 V6
0 0

0 O

Here the upper and lower signs refer to a GaAs—AlAs and an AlAs—GaAs
interface, respectively, and z; is the position of the interface on the z axis. In
the notation of [37] we have h,_, = h%t,.,/(moa) = /3 K%,/ (moa), where a
is the lattice constant. By comparing their calculations with the experimental
data of van Kesteren et al. [97], Aleiner and Ivchenko [85] estimated that
Ryy = 3.3 eV A for a GaAs—AlAs interface.

The single heterointerface in Fig. 6.15 has the point group Cy,. If we
have a QW with two such interfaces, we must distinguish between common-
atom and no-common-atom interfaces (Ref. [100]). If the interfaces share a
common atom, such as the As layer in a GaAs—AlAs interface, then the point
group of the QW is D4, consistent with our earlier results in Table 3.4
that did not take into account the details of the atomic structure at the
interfaces. Note also that the presence of two interface terms of the form
(6.55) for opposite interfaces preserves the Doy symmetry. If, on the other
hand, the heterointerfaces do not share a common atom, as in an InAs—
GaSb interface, then the microscopic atomic structure of a symmetric QW
has the point group Cs,. Van Kesteren et al. [97] measured the in-plane
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optical anisotropy of GaAs—AlAs QWs. In order to explain the experimental
data of these authors, we thus need an additional mechanism that gives rise
to a reduction in symmetry from Dsy to Cog,, e.g. an electric field. To the
best of our knowledge, the experiments of van Kesteren et al. have not been
analyzed along these lines.!” Experiments by Kwok et al. (Ref. [101]) have
shown explicitly that the optical anisotropy can be tuned by means of an
external electric field £, (the Pockels effect).

The phenomenological interface term (6.55) describes a coupling between
HH states (m = £3/2) and LH and SO states (m = F1/2). Such a mixing
of HH and LH states that exists even for an in-plane wave vector kj = 0
was observed earlier in tight-binding calculations by Chang and Schulman
[102, 103, 104]; see also the pseudopotential calculations in [105, 100]. Equa-
tion (6.55) allows us to incorporate these tight-binding results into the k- p
method. In particular, we can estimate the magnitude of the weight factor
hz—y in (6.55) by comparing with tight-binding calculations. The results pre-
sented in Fig. 6 of [103] and Fig. 2 of [104] can be reproduced by assuming
hey = 0.2 €V A, see Fig. 6.16 in the present book. Note that the value of
hs-y used here is significantly smaller than the value derived in [87]. An even
smaller value is required to reproduce the results of the pseudopotential cal-
culations in Ref. [100].

Obviously, the coupling of HH and LH states is strongest when the states
are close in energy. If the QW is symmetric, only subband states of opposite
parity are coupled to each other [80]. As the h; subband is always lowest in
energy (unless the order of the subbands is reversed, for example by means of
strain [76]), this subband is only weakly affected by HH-LH mixing. On the
other hand, we can have a stronger mixing of the (usually unoccupied) I; and
hg subbands, which is important for optical interband transitions [85,97], for

17 We are talking here about ideal interfaces. From an experimental point of view,
an important additional aspect is the morphology of the interfaces in real sys-
tems.
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Fig. 6.16. Squared optical matrix elements at k=0 for a GaAs—Alg.3Gag.7As
superlattice with an alloy layer width of 56.5 A, plotted as a function of the width
w of the GaAs layer. The dashed lines are taken from Fig. 2 of [104]. The solid
lines were calculated by means of (6.55). The dotted lines show the squared optical
matrix elements without any HH-LH mixing. The symbols z, y, and z denote the
direction of the polarization vector. In order to reproduce the results presented in
Fig. 6 of [103] and Fig. 2 of [104] we have used 71 = 7.97, 72 = 2.88, valence band
offset X, = 66.7 meV, and hy-y = 0.2 eV A

example. We remark that the existence of a crossing of the unperturbed hs
and [y states as a function of well width depends rather sensitively on the
effective masses of the HH and LH states. Using the Luttinger coefficients
listed in Appendix D, we do not obtain a crossing of the ho and I3 subbands
in a GaAs—AlAs QW. We note also that, to the best of our knowledge, we
are not aware of experiments with (unstrained) GaAs—AlGaAs QWs showing
the existence of a parameter regime that yields an (anti-)crossing of the hq
and [y subbands. On the basis of tight-binding calculations for superlattices,
it was observed in Ref. [103] that a crossing of the unperturbed HH and LH
states can occur as a function of the superlattice miniband wave vector; see
also the pseudopotential calculations in Ref. [100].

Equation (6.55) has the same structure as the lowest-order invariant for
the STA spin splitting of the valence band states in a zinc blende structure,

2 — Z<rgqi)sv{‘]mv‘]y} rgYMUmy)

6.56
5, 0 (650

(see Table 6.5). Clearly, (6.56) applies only if the confining potential is asym-
metric (€, # 0). However, it is possible that an allegedly symmetric QW has
a built-in electric field; see also Ref. [101]. We obtain a third contribution to
HH-LH mixing (even for k = 0) from the k-linear terms in the Luttinger
Hamiltonian,
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ko {Juy J2 — J2} 4+ cp]  —i(koUyz + cp))

) (6.57)
1(kaJZ + cp) 0

2

H=13C, ( 8 [
(see Tables 6.2).

In a symmetric QW, (6.56) couples HH and LH subband states of the
same parity. Like (6.55), the k-linear terms (6.57) couple subband states
of opposite parity. Therefore, we can expect different trends in the HH-LH
mixings described by (6.55), (6.56), and (6.57) if the separation of the HH
and LH subbands is varied, for example by means of strain. The Rashba effect
and BIA, but not (6.55), were taken into account in the numerical calculation
of Zhu and Chang [78]. However, the results were not analyzed with respect
to the importance of the different terms. To the best of our knowledge, a
detailed investigation of the interplay of (6.55), (6.56), and (6.57) has not
been performed so far [95]. Concerning the experimentally observed optical
anisotropy [97, 98], we remark that exciton states can be decomposed into
electron and hole states with in-plane wave vector k > 0 [100], so that a
proper analysis of optical anisotropy should take into account HH-LH mixing
at both kj =0 and k| > 0.

Equation (6.55) refers to the valence band only. In the zeroth order of k,
the electron states are not affected by the lowering of the symmetry at the in-
terfaces. In third-order perturbation theory, the k - p coupling of the electron
states to HH and LH states gives rise to the following mixed terms [5]:

Howse = +ho o (L4 2 5(2 — 2) kuk, 1
6c6c — -y 3 Eg EQ(E0+A0) z Zi) ReRyllax2
iP?2 /1 1
i (= - ) ke, 6(2 — 2)] (k0w — ko) -

(6.58)

The first term in (6.58) results in a spin-independent correction to the sub-
band dispersion E(kj). The second term contributes to the spin splitting of
the subband states in a way similar to BIA. We obtain similar expressions
that are quadratic and linear in the in-plane wave vector k, which describe
spin-independent and spin-dependent contributions, respectively, to the dis-
persions of the HH and LH states. Recently, several authors have discussed
the interface term in the context of spin relaxation [93,94,5].

6.6 Spin Orientation of Electron States

We have pointed out in the introductory remarks of this chapter that the
B = 0 spin splitting in an inversion-asymmetric quasi-2D system does not
give rise to a net magnetic moment. In this section we shall explore in more
detail the spin orientation of electron states in the presence of B = 0 spin
splitting.
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6.6.1 General Discussion

We can always choose a suitably rotated coordinate system with basis vectors
€1, €, and &3 such that a given spin-1/2 state |¢) is oriented in the direction
€3 of this coordinate system. The unit vector és is given by the expectation
value

és = (Ylafy), (6.59)

where o = (04,0y,0;) is the vector of Pauli spin matrices. Using (6.59) we
can readily determine the spin orientation of the spin eigenstates in the pres-
ence of BIA and SIA spin splitting. The quasi-2D eigenstates of a multiband
Hamiltonian can be labeled by the in-plane wave vector kj, see (4.1). It is
important to note here that the spin orientation axis of an eigenstate |¢)) de-
pends on k. This can be seen most easily for the Rashba Hamiltonian (6.10),
for which we can evaluate (6.59) analytically. For kj = k| (cos ¢, sin ¢, 0), the
eigenstates are

ik -7
A ) = S () 5 | e ). (6.60)
so that
(a(k))), = (WS | o |03 (R))) (6.612)
+singp cos (p —7/2)
= | Fcosp | =L | sin(p—7/2) |, (6.61b)
0 0

where the upper and lower signs refer to the upper and lower spin subbands,
respectively, (assuming that the effective Rashba coefficient o = (r§%¢€.) is
positive). Note that (6.61) is independent of the envelope function & (z) and
the magnitude & of the in-plane wave vector. The spin orientation (6.61) of
the eigenfunctions (6.60) as a function of the direction of the in-plane wave
vector is indicated by arrows in Fig. 6.2.

We showed in (6.4) and (6.11) that both the Dresselhaus term (in the
leading order of k) and the Rashba term give rise to apparently the same spin
splitting. Nevertheless, the corresponding wave functions are qualitatively
different owing to the different symmetries of the Rashba and Dresselhaus
terms. If we neglect the terms cubic in k|, the eigenfunctions in the presence
of Dresselhaus spin splitting are

eik‘"r 1
A ) = S () 5 | e ) (6.62)
so that
cos (~)
(o(kp), =7 | sin(—) | . (6.63)

0
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Fig. 6.17. Lowest-order spin orientation (o)
of the eigenstates |/2'*(k|)) in the presence
of BIA. The inner and outer circles show (o)
along contours of constant energy for the upper
> and lower branches F; and E_| respectively, of

0 kx the spin-split dispersion

The spin orientation (6.63) of the eigenfunctions (6.62) as a function of the
direction of the in-plane wave vector is indicated by arrows in Fig. 6.17. For
the Rashba spin splitting, we see in Fig. 6.2 that if we move clockwise on a
contour of constant energy E(k), the spin vector rotates in the same direc-
tion, consistent with the axial symmetry of the Rashba term. On the other
hand, (6.63) and Fig. 6.17 show that in the presence of BIA, the spin vector
rotates counterclockwise for a clockwise motion in k| space. The different
symmetries of the Hamiltonians for BIA and SIA, which become visible in
the quantity (o), is also the reason for the anisotropy of the B = 0 spin
splitting even in the leading order of k|| that was obtained in Sect. 6.4.1 for
the case where both BIA and SIA are present.

In the above discussion we have assumed that the wave functions are two-
component spinors. When the eigenstates |¢)) are multicomponent envelope
functions (4.1), we must evaluate the expectation value of S = o ®1.,1, where
the identity operator 1,1, refers to the orbital part of |¢). For the transformed
Hamiltonian H’ in (5.1), the spin operator S’ has the block form

/ 0 ILorb / 0 _iﬂorb o ]lorb 0
Sr<norb 0 ) Sy(inorb 0 ) 52( 0 —norb)'(6'64)

The inverse unitary transformation that relates H’ to H gives the spin oper-
ator in the unprimed basis. For the extended Kane model, we obtain

27, =20, 0 0 0
—2Uf ~1o0;0 0 0

S; = 0 0 o O 0 , 1=2x,Y,2 (6.65)
0 0 0 2J -2U;

0 0 02U -ig

where the matrices J;, U;, and o; are defined in Table C.2. Once again, the
expectation value (1|S|y)) is a three-component vector that can be iden-
tified with the spin orientation of the multicomponent wave function |¢).
We remark that while the vector (o) of a spin-1/2 system is always strictly
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normalized to unity, this condition is in general not fulfilled for the spin ex-
pectation value (S) of a multicomponent single-particle state (4.1). This is
due to the fact that in the presence of SO interaction we cannot factorize the
multicomponent wave function into an orbital part and a spin part. However,
for electrons, the deviation of |(S})| from unity is rather small (typically less
than 1%), so it is neglected here.

For free electrons in the presence of an external magnetic field B, the unit
vector (o) is parallel to the vector B. Following this picture, we can attribute
the B = 0 spin splitting in quasi-2D systems to an effective magnetic field
B(k)) parallel to (S(kj)). Obviously, the magnitude of this effective magnetic
field should be related to the magnitude of the B = 0 spin splitting. However,
depending on the particular problem of interest, it can be convenient to define
the magnitude of the spin splitting in two different ways: the energy difference
AE = E, (k) — E_(ky) characterizes the magnitude of the spin splitting for
a given wave vector k||, whereas the wave vector difference Ak characterizes
the magnitude of the spin splitting at a fixed energy E. While the former
is relevant for Raman experiments, for example (see Sect. 6.8), the latter
quantity is an important parameter in other situations, for example for spin
relaxation [107] and for the spin transistor proposed by Datta and Das [108].

In the following, we shall explore the second definition, where the effec-
tive magnetic field is given by B = (S)Ak. Our precise definition of Ak is
illustrated in Fig. 6.18. For a given energy F and a fixed direction ¢ of the
in-plane wave vector k| = kj(cos ¢, sing,0), we determine kj + Ak/2 such
that £ = B, (k| — Ak/2) = E_(kj + Ak/2). Here £, and E_ denote the
upper and lower branches, respectively, of the spin-split dispersion. We then
define

B=(S), Ak =—(S)_ Ak , (6.66)

with the sign convention that the field B is parallel to the effective field felt
by the electrons in the upper branch E, (k). We have used the shorthand
notation

(S)+ = (v (ky T Ak/2) | S [ s (ky F Ak/2)) . (6.67)

We remark that for a parabolic band with an effective mass m* plus Rashba
term (6.10), the wave vector difference Ak can be evaluated analytically. It
follows from (6.19) that [108]

2m*a
h2

independent of the magnitude of k. From an experimental point of view, it

should be kept in mind that spin splitting is often measured by analyzing

Shubnikov—de Haas oscillations. Such experiments yield spin subband densi-
ties N+ which are directly related to Ak by

Ak = Vir (/N- —/N3) , (6.69)

Ak’l:{ashba = (668)
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E . .

Fig. 6.18. For a given energy E and a fixed
direction of the in-plane wave vector k|, we de-
> termine k| T Ak/2 such that £ = E (k) —

/ k” \ Ak/2) = E_(kj + Ak/2). Here Ey and E_
denotes the upper and lower branches, respec-
ki—Ak/2 ki+Ak/2 tively, of the spin-split dispersion

provided we can ignore anisotropic contributions to B = 0 spin splitting.
However, see also Chap. 9.

The definition (6.66) presupposes that the spin expectation values (S)
and (S)_ are strictly antiparallel to each other. In (6.61) we saw that for the
Rashba Hamiltonian, this condition is fulfilled exactly. This is closely related
to the fact that for the Rashba Hamiltonian, the spin subband eigenstates

|54 (K))) and [9STA( |)) are orthogonal, independent of the magnitude of

k) and k:"| as long as the wave vectors k|| and kll\ are parallel to each other.'®
In general, [¢y (k) — Ak/2)) and [ (k) + Ak/2)) are only approximately
orthogonal, so that (S)+ and (S)_ are only approximately antiparallel. How-
ever, we find that the angle between the vectors (S); and (S)_ is always very
close to 180°, with an error < 1°, so we neglect this point in the remaining
discussion.

Even though we can evaluate the spin expectation value (S) for each spin
subband separately, we do not attempt to define an effective magnetic field
B for each spin subband. This is due to the fact that B is commonly used
to discuss phenomena such as spin precession [108] and spin relaxation [107],
which cannot be analyzed for each spin subband individually.

The allowed directions of the effective magnetic field B can be deduced
from the symmetry of the QW (Table 3.4). The spin-split states for a fixed
wave vector k| are orthogonal to each other, i.e. the spin vectors of these
states are antiparallel. The spin orientation of eigenstates for different wave
vectors in the star of k|| are connected by the symmetry operations of the sys-
tem [77]. Accordingly, only those spin orientations of the spin-split eigenstates
are permissible for which every symmetry operation maps orthogonal states
onto orthogonal states. In a QW grown in the crystallographic direction [001],
the effective field B is parallel to the plane of the quasi-2D system. Indeed,
the field B due to STA is always in the plane of the well. For growth directions

18 From a group-theoretical point of view, this can be traced back to the fact that
[+ (ky)) and [1—(ky)) transform according to different irreducible representa-
tions of the group of the wave vector k.
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other than [001], the effective field due to BIA has also an out-of-plane compo-
nent. In particular, a symmetric QW grown in the crystallographic direction
[110] has the point group C3,."? Here the BIA induced field B(k)) must be
perpendicular to the plane of the QW (to all orders in k). This situation
is remarkable because D’yakonov-Perel” spin relaxation is suppressed if the
spins are oriented perpendicular to the 2D plane (Refs. [109,110]). Note also
that in [110] grown QWs B vanishes for k| || [001] because here the group
of k| is Cgy, which has only one irreducible double-group representation, I,
which is two-dimensional [23].

6.6.2 Numerical Results

The analytically solvable models discussed in the preceding section allow one
to study the qualitative trends of BIA and STA spin splitting in quasi 2D
systems. The largest spin splitting can be achieved in narrow-gap semicon-
ductors where the subband dispersion is highly nonparabolic. Therefore, we
present next numerically calculated results for B(k) obtained by means of
the 8 x 8 Kane Hamiltonian. First we analyze the BIA spin splitting, that is
always present in zinc blende QWs. In Fig. 6.19a we show the effective field
(6.66) along contours of constant energy for a symmetric GaAs QW grown
in the crystallographic direction [001], with a well width of 100 A. The di-
mensions of the arrows in Fig. 6.19 are proportional to |B| = Ak. We remark
that typical Fermi wave vectors of quasi 2D systems are of the order of the
in-plane wave vectors covered in Fig. 6.19.

For small in-plane wave vectors k|, the effective field in Fig. 6.19a is
well described by (6.63). For larger wave vectors, the effective field becomes
strongly dependent on the direction of k. In particular, we see that for kj ||
[110] the effective field reverses its direction when we increase k. This reversal
reflects the breakdown of the linear approximation in (6.4). For wider wells,
this breakdown occurs at even smaller wave vectors k|, consistent with (6.4).

More specifically, (6.4) predicts for k) || [110] a reversal of the direction
of B(k)) when k:ﬁ = 2(k?), independent of the material specific coefficient
1 that characterizes the strength of BIA spin splitting. Note, however, that
(k?) depends on the material specific band offset at the interfaces. For the
system in Fig. 6.19a, we find in good agreement with (6.4) that the reversal
of B(ky) occurs for kj ~ /2(k2) ~ 0.029 A1, For comparison, we show
in Fig. 6.19b the effective field B(k)) for a symmetric Gag.47Ing.s3As QW
with the same well width 100 A as for Fig. 6.19a. Even though the BIA spin
splitting is smaller in Gag 47Ing 53As than in GaAs, higher-order corrections
are more important in Gag 47Ing 53As owing to the smaller fundamental gap
of this material. Here we have (k2) ~ 3.6 x 10~ A=2, so that /2(k2) ~

19 Note that for a symmetric QW grown in the crystallographic direction [110], the
symmetry axis of the point group Cb, is parallel to the axis [001] in the plane of
the QW.
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Fig. 6.19. Effective magnetic field B(k) for a GaAs-Alp.3Gag.7As QW (a) and a
Gag.47Ing.s3As-InP QW ((b), (c), and (c)), both with a well width of 100 A. In (a)
and (b) we have assumed that we have a symmetric well with BIA spin splitting
only. (c) shows B(k)) due to an external field of £, = 20 kV/cm but neglecting BIA.
Finally, (d) shows B(k)) when we have both BIA and SIA spin splitting (again for
€. =20 kV/cm). The dimensions of the arrows are proportional to |B| = Ak. For
Gag.a7Ing.53As, we have amplified B(k”) by a factor of 100, for GaAs the factor
is 50. All calculations were based on an 8 x 8 Kane Hamiltonian (I'§, Iy, and I7)
including off-diagonal remote-band contributions of second order in k

0.027 A=, On the other hand, the reversal of the direction of B(k)) occurs
for kj ~ 0.021 A~1. This illustrates the effect of the higher orders in the BIA
spin splitting that were neglected in (6.3) but were fully taken into account
in the numerical calculations shown in Fig. 6.19. (Note that in Fig. 6.19a the
effective field B has been amplified by a factor of 50, whereas in Fig. 6.19b
it has been amplified by a factor of 100.)
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Fig. 6.20. Effective magnetic field B(k)) for a symmetric Gag.47Ing 5s3As-InP
QW with a well width of 100 A, grown in the [110] direction. The dimensions of
the arrows are proportional to |B| = Ak, amplified by a factor of 100

Gag.47Ing.53As QWs can have a significant Rashba spin splitting [12], so
that these systems are of interest for realizing the spin transistor proposed
by Datta and Das [108]. In Fig. 6.19c we show the effective field B(k) for
the same well as in Fig. 6.19b assuming that we have STA spin splitting due
to an electric field £ = 20 kV/cm, but here all tetrahedral terms that give
rise to BIA spin splitting have been neglected. The numerical results are in
good agreement with what one would expect according to (6.61) and (6.68).
Finally, Figure 6.19d shows the effective field B(k|) for a Gag.47Ings3As
QW when we have both BIA and SIA spin splitting. Owing to the vectorial
character of B, we have regions in k| space where the contributions of BIA
and STA are additive, whereas in other regions the spin splitting decreases
because of the interplay of BIA and SIA, consistent with (6.49).

In Fig. 6.19 we have considered QWs grown in the crystallographic di-
rection [001], so that the effective field B(k)) is always parallel to the plane
of the QW. For comparison, we show in Fig. 6.20 the effective field B(k)
for a symmetric Gag 47Ing 53As QW grown in the crystallographic direction
[110] with k, || [001] and k, || [110]. Here B(ky|) is perpendicular to the plane
of the QW (Ref. [109]). For asymmetric QWs grown in the crystallographic
direction [110], the effective field B(k|) is given by a superposition of an
in-plane field as in Fig. 6.19¢ and a perpendicular field as in Fig. 6.20.

6.7 Measuring B = 0 Spin Splitting
Spin splitting has been studied by many different experimental techniques.

A detailed discussion of these techniques is beyond the scope of the present
work.
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In an early experimental investigation, Dérr et al. [35] analyzed the elec-
tron spin resonance of an electron inversion layer on InSb in a perpendic-
ular and a tilted magnetic field (see Sect. 8.1). Wieck et al. [111] studied
2D holes in an MOS structure on Si(110). In an all-optical experiment at
B = 0 they observed a splitting of the intersubband resonance transition that
was attributed to B = 0 spin splitting. Gauer et al. [112, 113] studied spin-
conserving and spin-flip intersubband transitions in InAs QWs. Jusserand et
al. [114,9,115] used spin-flip Raman scattering at zero magnetic field to in-
vestigate spin splitting of 2D electrons in GaAs QWs. These experiments will
be discussed in more detail in the next section. In a more indirect approach,
Dresselhaus et al. [116] studied the spin precession of 2D electrons in a GaAs
heterostructure using antilocalization.

Most often, spin splitting has been analyzed by measuring the longitu-
dinal magnetoresistance oscillations in small magnetic fields perpendicular
to the plane of the system, known as Shubnikov—de Haas (SdH) oscilla-
tions [50,51,52,53,54,55,12,13,56,57,58,59, 117, 14, 118, 30]. The classical
experiments by Stormer et al. [117] and Eisenstein et al. [14] focused on 2D
hole systems in GaAs—AlGaAs heterostructures. Luo et al. [50, 53] studied
SdH oscillations of 2D electrons in asymmetric InAs—GaSb QWs. Wollrab
et al. [51] measured the spin splitting of electron subbands in an inversion
layer on narrow-gap HgCdTe. Das et al. [52] studied the spin splitting in
InGaAs—InAlAs heterostructures. In Chap. 9, we shall present a more de-
tailed discussion of SAH oscillations in the presence of SO interaction.

6.8 Comparison with Raman Spectroscopy

Direct evidence of spin splitting of the electron subbands in QW structures
comes from the detection of single-particle spin-flip transitions at the Fermi
energy, which can be probed by inelastic light-scattering experiments with
crossed polarizations of the incident and scattered light. Such experiments
have been performed by Jusserand and coworkers [114,9,115] on asymmetri-
cally n-doped GaAs-Al,Ga;_,As QWs with a growth direction [001]. These
experiments provide clear information about the spin splitting AFE of the
electron subbands at the Fermi energy as a function of the carrier density
and about its anisotropy in k| space. For the growth direction [001], we have
the interesting situation that a symmetric QW with a diamond structure
has the point group Dyy, (see Table 3.4). BIA reduces the symmetry to Cy,,
whereas SIA reduces the symmetry to Dag. Combining both BIA and SIA,
we obtain the point group Ca,. While for Cy, and Dsy we obtain the same
splittings for ky || [110] and k || [110], for the point group Ca, these two in-
plane directions are no longer equivalent (see Sect. 6.4.1). Here we compare
the experimental data of Jusserand et al. [114,9,115] with calculated spin
splittings [8] based on 8 x 8 and 14 x 14 k - p Hamiltonians and find good
quantitative agreement with the Raman data.
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A quantitative calculation of the subband dispersion in a QW has to
take into account both the bulk band structure of the semiconductor and
the geometry of the quantum structure, including the doping profile. The
bulk band structure of GaAs is one of the best-known single-particle spectra
in solid-state physics and is well described by the 14x14 extended Kane
model introduced in Chap. 3. For GaAs, the band parameters of this model
have been determined to high precision by a large number of independent
experiments. An almost as accurate knowledge exists of the parameters for
the barrier material Al,Gaj_zAs (z ~ 0.3) [119]. All band parameters used
in the work described here are listed in Appendix D.

The spin-splitting data obtained from inelastic light scattering [114,115]
provide sufficiently accurate and detailed information to test the different
models. Here we present results from self-consistent subband calculations
based on the 8 x 8 and 14 x 14 k - p models. The sample parameters were those
given in Table 2 of [115]. In the experiments of [114,9,115], the spin splitting
of the lowest electron subband at the Fermi energy and its dependence on
the direction of the in-plane wave vector k|| were detected for several samples
with the same nominal width of the QW of 180 A but for different carrier
concentrations.

In Fig. 6.21, we show the conduction band profile obtained from a self-con-
sistent calculation for a 180 A wide asymmetrically doped GaAs—Al,Ga;_,As
QW with a carrier concentration Ny = 8x 10! cm ™2, together with the lowest
bound subband levels and the Fermi energy. The self-consistent potential does
not depend on whether the 8 x 8 or 14 x 14 model is used. With increasing
carrier density the potential asymmetry increases. According to the present
self-consistent calculations, all carriers can be accommodated in the lowest
subband up to Ny = 1.2 x 10'2 cm~2. These results do not change when we
consider a weak unintentional acceptor concentration in the GaAs layer. (In
the present calculations the depletion charge density was about 10 cm™2,
almost independent of N;.) The spin degeneracy of this subband is lifted at
finite in-plane wave vectors owing to BIA and SIA. In Fig. 6.22, we compare
the calculated spin splittings AE(k)) for different in-plane directions with
the available experimental data. It should be noted that the experimental
data points in Fig. 6.22 are those of Fig. 2 of [115] (converted from cm™ to
meV) divided by a factor of 2, because the latter data points are Raman spin
splittings, which equal twice the subband spin splitting.

In the experiments, the electron densities were determined via the Fermi
velocities vp = dE(k|)/hdk) obtained from the dispersion of the Raman
single-particle excitation spectrum. The high-energy cutoff frequency for a
Raman single-particle excitation of wave vector g varies as vpq and was taken
as the half-maximum point of the high-energy edge of the non-spin-flip single-
particle excitation line shape, measured with the polarizations of the incident
and scattered light parallel to each other. In [9,115], the Fermi velocity was
converted into kr (and the charge carrier density) using an energy-dependent
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Fig. 6.21. Conduction band profile (solid line) of a 180 A wide asymmet-
rically doped GaAs—Gag.e5Alo.35As QW with a carrier concentration of Ny =
8 x 10" em™2. The bottom of the bound subbands (dashed lines) and the Fermi en-
ergy (dotted line) are indicated. Taken from [8]. © (1998) by the American Physical
Society
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Fig. 6.22. Calculated spin splittings at the Fermi energy vs. carrier concentra-
tion for a 180 A wide asymmetrically doped GaAs—Gag.7Alp.3As QW for different
directions of the in-plane wave vector, obtained from the 8 x 8 (dotted lines) and
14 x 14 (solid lines) models. Experimental data from [9, 115] are shown for com-
parison. For the experimental data points indicated by the asterisks, the direction
of the in-plane wave vector was not determined. Taken from [3]. © (1998) by the
American Physical Society
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mass from a 2 x 2 model. The estimated error in the determination of these
Fermi velocities of about 2.5% corresponds to an error in the densities of
about 5%. Owing to the shortcomings of the 2 x 2 model, these densities
turn out to be too large compared with those obtained from the multiband
approach. Therefore, the experimental data points in Fig. 6.22 were shifted
to lower density values, which, according to the present calculation, corre-
spond to the experimentally determined Fermi velocities. The accuracy of
the measured Raman spin splitting (£0.8 cm~1!) gives an error in the sub-
band splittings of +0.05 meV (see Fig. 6.22).

Considering the fact that the calculations are parameter-free, the overall
agreement with the measured spin splittings is striking. While for the [110]
direction the results from both models (curves 2) coincide with each other and
with the experimental data, there is some model dependence and deviation
from the data points for the [100] (curves 1) and [110] (curves 3) directions,
with the results from the 14 x 14 model (solid lines) being closer to the
experiment than the results from the 8 x 8 model (dotted lines). For the data
points denoted by the asterisks, the in-plane wave vector was not determined
in the experiment. By comparison with the present calculation, they can be
assigned to the [110] direction. The calculated spin splittings turned out to be
insensitive to changes in the Al content of the barrier in the range x = 0.30
to x = 0.35, i.e. they would be the same for x = 0.33, the Al content of the
samples in [114,9, 115].

Pfeffer [11] compared the Raman data [114,9,115] with calculations based
on a 2 x 2 model for a single heterojunction. He used the depletion charge
density Ny (which is usually not known from experimental data) as a free
parameter. By changing Ny from 1.5 to 3.5 x 10! cm~2, he increased the
calculated spin splitting, for example for the [110] direction by almost a factor
of 2. Pfeffer compared his calculated subband splittings with the experimental
data shown in Fig. 2 of [115], which are identified as the measured Raman
spin splittings and thus twice the subband splittings.
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7 Anisotropic Zeeman Splitting
in Quasi-2D Systems

An external magnetic field lifts time inversion symmetry so that we can obtain
a finite Zeeman energy splitting AE = ¢g*upB, where g* is the effective g
factor and pup the Bohr magneton of the electron or hole states. It was first
shown by Roth et al. [I] that electrons can have an effective g factor g*
that differs substantially from the free-electron value gy = 2. Similarly to
the B = 0 spin splitting discussed in the preceding chapter, the effective g
factor g* # 2 results from the spin—orbit interaction, which couples the orbital
motion with the spin degree of freedom. This can be understood once again by
means of (5.1): without SO interaction, the motion of spin-up electrons would
be completely decoupled from the motion of spin-down electrons, and there
would be identical Hamiltonians Hg.p, for spin-up and spin-down electrons
except for the trivial Zeeman term +(go/2)up B, so that in this case Zeeman
splitting would be controlled by the g factor go = 2 of free electrons.!

In semiconductors, the orbital motion and the effective Zeeman splitting
of the electrons are closely related to each other. The inverse effective-mass
tensor (times h2/2) is the prefactor of the quadratic terms in the disper-
sion E(k) that are symmetric in the components of the wave vector k. On
the other hand, g* (times ifiup/(2¢)) is the prefactor of the antisymmetric
quadratic terms in E(k) [3, 1]. These antisymmetric terms reflect the non-
commutativity of the components of k for B > 0, which is expressed by the
commutator relations (2.17).

Since the early days of 2D carrier systems in semiconductors, it has been
commonly assumed that the Zeeman splitting is independent of the direction
of the external magnetic field B [4]. Recently, however, calculations and ex-
periments have shown that g* can have different values for B applied in the
direction normal to the plane of the 2D system and for B in the plane of the

QW[77777]'

L It was first noted by Janak [2] that exchange interactions among the carriers in
a (quasi)-2D system can also modify the g factor of the particles. As we want
to focus on anisotropies of g* reflecting the anisotropy of the crystal structure,
we assume that the isotropic exchange—correlation interaction is less important
in this context. However, for a quantitative agreement with experimental data it
can be important that the exchange—correlation interaction is taken into account,
see the discussion at the end of Sect. 7.3.2.

Roland Winkler: Spin—-Orbit Coupling Effects
in Two-Dimensional Electron and Hole Systems, STMP 191, 131-149 (2003)
© Springer-Verlag Berlin Heidelberg 2003



132 7 Anisotropic Zeeman Splitting in Quasi-2D Systems

In Sect. 7.1, we discuss the anisotropic Zeeman splitting in 2D electron sys-
tems. Next we discuss, in Sect. 7.2, Zeeman splitting in inversion-asymmetric
systems. Zeeman splitting in hole systems depends strongly on the crystal-
lographic direction in which the sample is grown. In Sect. 7.3 we discuss
Zeeman splitting in 2D hole systems that have been grown in low-symmetry
directions such as [113]. In Sect. 7.4 we discuss the Zeeman splitting of 2D
hole systems with a growth direction [001]. For this high-symmetry direction,
the results differ qualitatively from the general case discussed in Sect. 7.3.

7.1 Zeeman Splitting in 2D Electron Systems

For electrons in the conduction band I'§ of a bulk semiconductor the Zeeman
splitting AE = g*up B is independent of the direction of the magnetic field B.
This can be traced back to the fact that to linear order in B, the invariant
expansion for the I'§ band contains only one term (see Table C.5),

*

Hivoe =i B0 . (7.1)

In quasi-2D systems, the reduced symmetry gives rise to different invariants
for the in-plane and perpendicular components By = (B, By, 0) and B,. We
obtain

Hivge = 5 1 (Boow + Byoy) + 2 s Baor (7.2)
with effective g factors g and g.. This equation is fully consistent with the
results in Sect. 4.6.2, where we used Lowdin partitioning to obtain the explicit
analytical expressions (4.42a) and (4.42b) for g| and g., respectively.

We have noted already that (4.42) implies that the effective g factor in
a quasi-2D system is reduced in magnitude owing to subband confinement
[11,5]. More specifically, we can see in these equations that g for the lowest
electron subband stems from k - p coupling to the [l and so subbands, whereas
g. originates from the k - p coupling to the A1, l1, and s; subbands. The latter
subbands are usually significantly more strongly bound than the Iy and s
subbands. Therefore it follows from (4.42a) and (4.42b) that, in general,
lgy | < |g.].2 In order to check these qualitative arguments, we shall compare
them with the results of accurate numerical calculations. In Fig. 7.1 we show
the effective g factors g| and g, calculated as a function of the well width
w, for 2D electron systems in the lowest subband of QWs made of different
materials. For comparison, the effective g factor gy ;. of the corresponding
bulk material is marked by arrows. The numerical calculation was based on
an 8 x 8 multiband Hamiltonian (I}, I'y, and I'?). This model contains g*
only implicitly. Therefore, we extracted g from the Zeeman splitting AE
calculated at B = 1 T using gy = AE/(uB). For g., we evaluated the
Zeeman splitting of the lowest Landau level.

? We can have |g|| > |g:| if the order of the HH and LH states is reversed.
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GaAs-AlAs
GaAs-Al DjGOo]AS

Fig. 7.1. Effective g factors g and
g-. as a function of well width w for
a 2D electron system in the lowest
subband (the results for g. also refer
to the lowest Landau level) of sym-
metric GaAs—Alg.3Gag.7As, GaAs—AlAs,
GaoA47In0A53AS*A10A47Il’10A53AS, and InSb
QWs calculated numerically by means of
an 8 x 8 multiband Hamiltonian (I, Iy,
and I7). The effective g factor gf,p of
W (A) the bulk material is marked by arrows
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We see in Fig. 7.1 that we have a substantial decrease of |g*|, which is
strongest in narrow QWs. Moreover, the effective g factor g is significantly
smaller in magnitude than g., in good agreement with the above qualitative
arguments. In GaAs, the effective g factor of the bulk material is rather small
(g* = —0.44). Here we have the interesting situation that nonparabolicity can
give rise to a sign reversal of ¢* in sufficiently narrow QWs. We remark that
bulk AlAs has a positive g factor so that one can expect to find a sign reversal
of ¢g* in sufficiently narrow QWs even without higher-order band structure
effects being taken into account [12].> However, the probability of finding
an electron in the barriers is much smaller than the probability of finding
an electron in the well, so that the g factor of the barrier material is less
important. This can be seen in the upper part of Fig. 7.1, where we compare
g* for a GaAs—Aly 3Gag.7As and a GaAs—AlAs QW. The curves for the two
systems are not far from each other. Note also that an increasing Al content
z in the Al,Gay_, barriers reduces g* both because of the larger contribution
from g* in the barriers and because of the stronger confinement of the electron
and hole subband states.? The latter implies that with increasing x, the band
structure effects become more important, too.

3 Both effects originate in the fact that ¢* — ¢’ is inversely proportional to the
(effective) energy gap; see (4.39b) and (4.42).
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7.2 Zeeman Splitting in Inversion-Asymmetric Systems

A symmetric QW grown in the crystallographic direction [001] has the point
group Dy4 (see Table 3.4), so that for an in-plane magnetic field B the
effective g factor of electrons must be independent of the crystallographic
direction of By . If the confining potential of the QW is inversion-asymmetric,
however, the point group is reduced to Cs, and it is no longer required by
symmetry that the effective g factor is independent of the direction of By [13].
By inspection of Tables C.3 and C.4, we can see that, for the I'§ conduction
band, we have one new invariant that will describe this effect in the lowest
order in the electric field £ and magnetic field B,

Hege = 235" [(€Bx + E:By)oq + cp] . (7.3)
For € = (0,0,&,), this becomes

Heml = 2559, (Byo, + Baoy) . (7.4)
Fourth-order Lowdin perturbation theory gives the following for the coeffi-
cient zgfﬁc:

1 1 1
6c6c __ PP/ -
Z41 3h Q{EO—E(’)—A{J <(E0+A0)2 ES)

wlEmm mar) o

The Zeeman term (7.4) emerges from the combined effect of bulk inversion
asymmetry (BIA), an electric field £, due to structure inversion asymmetry
(SIA), and an in-plane magnetic field B) = (Bx, By, 0). An anisotropic effec-
tive g factor in inversion-asymmetric QWs has been observed experimentally
by Oestreich et al. [14] using spin quantum beat spectroscopy.

In Chap. 6, we discussed the SO terms symmetric in the components of
the wave vector k that give rise to a spin splitting at B = 0. But these
terms also affect the spin splitting of electrons and holes at B > 0, and these
terms complement the Zeeman term (7.4). Before discussing these matters in
detail, we recall the effect of B in the framework of a simple effective-mass
Hamiltonian (4.15). Using the gauge (4.2), this Hamiltonian can be evaluated
perturbatively [15]. Up to second order in B, we obtain for the ath subband

h%ﬁ B,
E.(¥)) = o ((z%) = (2)?)

2m*

e*h? [{alzB) 2
— 5 (6By — b, By) g yop 12

*

uBj , (7.6)

where
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i b, + (e/h) (2) By
b =1t —(e/h)(2) By (7.7)
0

and (...) = (af...]Ja). Equation (7.6) allows a simple interpretation of the
effect of B). The magnetic field shifts the energy parabolas in € space by
(e/h){(z)B). The third term gives rise to a diamagnetic shift of the subband
edge proportional to (z2) — (2)2. The fourth term results in an increased
effective mass in a quasi-2D system in the presence of an in-plane magnetic
field [15]. The mass increase reflects the fact that, ultimately, for large Bj
(i.e. Ae € w), the electron states become dispersionless Landau levels. Note
that this term, which has sometimes been overlooked, depends on ¢ and

not on %”. In a QW symmetric with respect to z = 0, we have (z) = 0 but
(22) # 0 and (a|z|B) # 0 for a # 3.

The intuitive picture underlying the above interpretation of (7.6) should
be used with caution, however, because the c-numbers ¢ and ¢ are not
gauge-invariant quantities.” This can be seen if we choose, for example, the
symmetric gauge A = (1/2) By x r, for which we cannot factorize the wave
functions as in (4.1), anymore.

Similarly to (7.6), we obtain the following from first-order perturbation
theory applied to the Dresselhaus term (neglecting the terms of third order
in g)) [13):

chﬁc = bgi66<k§> (_ Ewgz + Eyay)
cbe (&
+ 050 ((k2)(2) — ({K2, 2})) 7 (Byow + Byoy) (7.8a)
= b?ﬁ?lc(_ Ewaw + Eyay) + b?ﬁ% (Byosz + Byoy), (7.8b)

where the second equation defines the symbols bfﬁ?f and b?ﬁf}f. In (7.8a), the
factor (k2)(z) — ({k2,z}) in the second term vanishes in a symmetric QW,
but it can be nonzero in an asymmetric QW. Therefore the second term
emerges from the combined effect of BIA and SIA. Apparently, we have de-
composed the Dresselhaus term into an “orbital” part depending on %” plus
an anisotropic Zeeman-like term similar to (7.4). However, while in a proper
Zeeman term (including (7.4)) the spin degree of freedom is decoupled from
the orbital motion, no such separation of the spin and orbital degrees of
freedom is possible for (7.8). We note that for any invariant Z(k), gauge
invariance is only achieved if a gauge transformation is applied to the full

4 1t is illuminating to compare the approximate expression (7.6) with the exact
analytical results for a parabolic QW in the presence of an in-plane magnetic
field; see, for example, Sect. 1.6 of [16].

5 In a perturbative treatment of £ and B, gauge invariance can be a rather tricky
issue that is not automatically fulfilled; see, for example, [17,18,19] and references
therein.
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invariant. Accordingly, it is not possible to decompose the Dresselhaus term,
which is symmetric in the components of k, into a Zeeman term antisymmet-
ric in the components of k plus a “reduced” symmetric invariant. Instead we
must always consider both terms in (7.8).

To illustrate the meaning of (7.8) we can include it in the effective-mass
model (7.6). For simplicity, we shall ignore the component of € parallel to
B because it remains unaffected by the magnetic field. Diagonalization of
the resulting expression yields (neglecting for simplicity the coupling to other
subbands)
h%e2  e?B?

L+ L (%) - (2)?)

2m* 2m*

cp g* cbe
+ {Cbgfﬂﬁ + (?NB - b?;l,ﬁ§> Bd - (7.9)

Eoz:l:(EH) =F,+

Here the upper and lower signs refer to the spin-split energy branches. We
have ¢ = +1 for ¢ || [110] and B || [110], whereas { = —1 refers to ¢ || [110]
and B || [110]. While in (7.6) the spin-split parabolas were shifted in £ space
by the same amount (e/h) (z) B we now obtain two parabolas, the minima
of which are at different points €1 in €| space,

e *

e M
b = 5 (2) By F ¢bY% 72 (7.10)
Inserting (7.10) into (7.9) yields
C! 02 m* g* cbc
Bus(ts) = B — b5%” 1 & (G — 5% ) B (7.11)

i.e. the “Zeeman” splitting :t(g*,uB/2 — (bfﬁ%)BH refers to the difference
between the energies of eigenstates at different points in € space. This can be
seen in Fig. 7.2, where we show the dispersion E(¥)) of the lowest electron
subband in a 100 A wide GaAs-AlAs QW in the presence of an in-plane
magnetic field B = 1 T and an electric field £, = 20 kV/cm. The solid
and dashed lines refer to B || [110] and B || [110], respectively, and we
have assumed €| L Bj. The upper part was calculated by means of a 14 x
14 Hamiltonian (I'§, I'Y, I's, I'y, and I¥). The lower part was based on a
simplified 2 x 2 Hamiltonian (17).° The latter calculation results in a splitting
AFE that is substantially larger than the splitting based on the more accurate

5 When comparing the upper and lower parts of Fig. 7.2, the reader might won-
der why nonparabolicity increases the subband energy while it is known that,
for the bulk dispersion, nonparabolicity always lowers the energy of conduction
band states. This can be traced back to a competition between the effect of non-
parabolicity on the conduction band states inside the well — they lie above the
band edge, so that nonparabolicity increases the effective mass — and the effect
of nonparabolicity on the states in the barriers — they lie below the band edge,
so that nonparabolicity decreases the effective mass [20].
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Bj=1T, € =20kV/cm
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42107 . | Fig. 7.2. Dispersion E+(¥)) of the

lowest electron subband in a 100 A

35.25 wide GaAs—AlAs QW in the presence

of an in-plane magnetic field By = 1T

% and an electric field £, = 20 kV/cm.
£ 35.20 The solid and dashed lines refer to
o B | [110] and B || [T10], respectively,

and we have assumed €, L B)j. The

35.15 upper part was calculated by means of
(') . 0'0'01 . 0.002 aldx 11)4 Hamiltonian (s, I'7, I§, ¥,
e and 7). The lower part was based on

K| (A1) a simplified 2 x 2 Hamiltonian (1)

14 x 14 Hamiltonian, consistent with the results in Sect. 7.1. The minima
of E+ (&) occur at finite in-plane wave vectors €, # £, in agreement with
(7.10). For B || [110], the splitting E4 (¢4) — E_(€_) is roughly 10% smaller
than the splitting for B || [110], in agreement with (7.11). The contribution
of the higher-order Zeeman term (7.4) can hardly be resolved on the scale of
Fig. 7.2. The dominant effect is from the Dresselhaus term (7.8).

Figure 7.2 illustrates that in an in-plane magnetic field, the physics in the
presence of the Dresselhaus term (7.8) is qualitatively different from the sit-
uation without such a term. For example, in (7.6), containing only a Zeeman
term, the lowest states in the spin-split branches are connected by vertical
spin-flip transitions. This does not hold anymore for spin-flip transitions in
the presence of the Dresselhaus term (7.8). We remark that, similarly to
(7.10) and (7.11), the Rashba term in the presence of an in-plane magnetic
field also gives rise to shifted minima of the spin-split branches of the sub-
band dispersion E,+(€)). Here a nontrivial, albeit isotropic, splitting similar
to (7.11) requires that we take into account the fourth term in (7.6).

Finally, we note that we derived (7.8) by first-order perturbation theory. In
higher-order perturbation theory, invariants symmetric in the components of
k can give rise to both symmetric and antisymmetric higher-order invariants,
consistent with (3.1). An example will be given in the next section.
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7.3 Zeeman Splitting in 2D Hole Systems:
Low-Symmetry Growth Directions

In this section, we discuss the Zeeman splitting in 2D hole systems that have
been grown in low-symmetry crystallographic directions such as [113]. We
shall show that the Zeeman splitting for an in-plane magnetic field in different
crystallographic directions can be highly anisotropic. In Sect. 7.3.1 we present
the general theoretical results, which will be compared in Sect. 7.3.2 with the
results of magnetotransport experiments.

7.3.1 Theory

In Table C.5, we have two invariants in the valence band block Hg, g4, that
give rise to a Zeeman splitting of holes. The isotropic invariant —2kupB - J,
with an effective g factor k, is always the dominant term. The prefactor g
of the anisotropic invariant —2qupB - J with J = (J2, Jg’, J3), is typically
two orders of magnitude smaller than x and, in the present discussion, is
neglected completely. The smallness of ¢ is in sharp contrast to the orbital
motion of holes, for which we have highly anisotropic effective masses m*
reflecting the spatial anisotropy of the crystal structure (see Sect. 4.5.2).
For the I'y valence band block, the Zeeman Hamiltonian reads as follows,

using an explicit matrix notation:
3 V3
5B. 5B- 0 0
V3 1
By 5B, B- 0
0 By —-i1B.¥B
V3
0 0 LB, -3B

HgvSv - 72/{#3

27 7V3 3
=B, TB, 0 ZBJF

W3p. lp. 5B 0

72q.u“B 8 s 2 V3 ) (712)
0 3By —$B. 2B
$p. 0 TEp, -Zp,

where By = B, £ iB,. Note that the first term is correct for any growth
direction because it has spherical symmetry. The second term refers to the
growth direction [001]. We see from (7.12) that, in the presence of an in-plane
magnetic field B = (B, B,,0), the g factor x couples the two LH states
(m = £1/2). Furthermore it couples the HH states (m = £3/2) to the LH
states [7]. But there is no direct coupling between the HH states proportional
to K, so that the authors of [6,7,8,9] concluded that the Zeeman splitting
of HH states in an in-plane magnetic field is suppressed. This illustrates the
general result in Sect. 4.5.3 that HH-LH splitting corresponds to a predefined
quantization axis of angular momentum that points in the growth direction of
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Fig. 7.3. Coordinate system for QWs grown
in the [mmn] direction (z direction). Here 6 is
the angle between [mmn| and [001], i.e. 6 =
arccos(n/v/2m? 4+ n?). The axes for the in-

X
[nn(2m)] plane motion are [nn(2m)] (z) and [110] (y)

[100]

the QW. An in-plane magnetic field cannot give rise to a second quantization
axis of angular momentum; see also (7.19).

However, owing to the anisotropic orbital motion of holes in a crystal
structure, angular momentum is merely an “almost good” quantum number.
Thus, for crystallographic directions other than the high-symmetry directions
[001] and [111] (neglecting any broken inversion symmetry) and nonzero SO
interaction, it follows that gl* can have significant values. In the following
we show that, in agreement with these symmetry considerations, we obtain
a large and highly anisotropic Zeeman splitting with respect to different
orientations of the in-plane magnetic field B relative to the crystal axes
(Ref. [10]).

We shall discuss QWs grown in the crystallographic [mmn] direction
(where m, n are integers). Hence we use the coordinate system shown in
Fig. 7.3, where 6 denotes the angle between [mmn] and [001]. For growth
directions other than [001] and [111], the point group of these QWs is Cayp
(neglecting terms due to any broken inversion symmetry). We remark that
QWs for 2D hole systems have often been grown in the [113] direction re-
cently, as this yields particularly high hole mobilities (Ref. [21,22]).

In general, the dynamics of 2D holes are rather complicated owing to the
nonparabolic and anisotropic terms in the Hamiltonian. Therefore, a quanti-
tative understanding of phenomena such as the anisotropic Zeeman splitting
can be obtained only by means of accurate numerical computations [23]. In
particular, the Zeeman splitting of 2D hole states depends on higher orders
both of the in-plane wave vector kj and of B). As we shall show next, it is
nevertheless very helpful for a qualitative understanding to identify analyti-
cally the relevant lowest-order terms.

We describe the hole subband states by means of the 4 x 4 Luttinger
Hamiltonian Hg,s,. The anisotropy of the orbital motion can be characterized
by a single parameter § = ~y3 —y2; see Table C.11. For growth directions other
than [001] and [111], the anisotropic motion results in an off-diagonal HH-LH
coupling proportional to §k? (see Table ('.11), which complements the HH—
LH coupling proportional to kB. Treating these terms by means of Lowdin
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perturbation theory, we obtain the following to second order for the Zeeman
term of the topmost HH subband:

HH

= -3 [/C — Gy (2 — sin? 9) + G5 cos? 9} (2 — 3sin? 9) sin’ 0 upByo,
+3[2K — Gasin® 6 — G5 (2 — sin®0) ] (2 — 3sin® ) sin 6 cos  ppByo-

—3[K — Gs] (2 — 3sin®0) sin® 0 up Byo,, , (7.13)
where
_ 12 k6 (malltes 2llla) (al€]ha) + (Pal[E:, 2]lla) (la]€2]ha)
C 2mg i E! — El, ’
¢ (7.14a)
_ 1?6 (l{Ee, 2}la) (al€2100) — (P [E]la) (lal{E:, 2}[Pa)
gj = - —. Z .

2mg i El — EL

(7.14b)

Equation (7.13) is in full agreement with an invariant expansion of the Zee-
man splitting for a system with the point group Cop.” In (7.14), we did not
evaluate the commutator according to [¢,, z] = i, in order to show that both
K and G; have the antisymmetric structure we expect for a Zeeman term.
Nevertheless, we have here two qualitatively very different contributions to
the Zeeman spin splitting, both of which are quite remarkable. The coeffi-
cient K originates from the combined effect of the bulk g factor x and the
anisotropic orbital motion characterized by § = 3 — 2. Typically we have
(h1]la) = 014. It follows that the dominant contribution to K stems from the
coupling between the subband states |h1) and |l1). The coefficients G; rep-
resent a contribution to the Zeeman term that is independent of the bulk g
factor k. This contribution is solely an effect of subband quantization. Using
(h1|la) = 614, it follows that we have (h1|{t., z}|l1) =~ 0, i.e. we obtain the
most important contributions to G; from a coupling to LH subbands |h,)
with > 1. As these subbands are further away in energy, we can conclude
that, typically, the dominant term in (7.14) is I (with o = 1). Note also that
the coefficients K and G; disappear in the axial limit 6 = 0.

It is convenient to diagonalize (7.13) so that we can summarize our results
by an anisotropic effective g factor. We obtain

HH___ — 3 (2 - 3sin?0) sind V4 — 3sin® 0

g
[nn(2m))

X \/(IC—QQ)2 sin? 0 + (K — G3)? cos? 6, (7.15a)

e = —3(2—3sin®0)sin® ¢ [K — Gy . (7.15b)

" Note that the mirror plane of Cap, is the (110) plane; see Fig. 7.3.
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Our sign convention for g* corresponds to the dominant spinor component of
the multicomponent eigenstates (using a basis of angular-momentum eigen-
functions with a quantization axis in the direction of Bj).

We see here that the behavior of g* in (7.15) is fundamentally different
from the in-plane/out-of-plane anisotropy of g* of 2D hole systems visible in
(7.12) (see [6,7,8,9]). It is also very different from the in-plane/out-of-plane
anisotropy of g* of 2D electron systems (see Sect. 7.1), which emerges in a
natural way from Roth’s formula (4.39b) for the bulk electron g factor. In
fact, (7.15) is a clear consequence of subband quantization.®

It is remarkable that though the first term in (7.14) is the dominant one,
we can have a nonzero effective g factor (7.15) even in the limit K = 0. We
have stated above that the effective g factor is a consequence of SO interac-
tion. Therefore, one might ask how it is possible to have a nonzero g* which
apparently depends only on the Luttinger parameters ~y; for the orbital mo-
tion. This can be understood as follows. The 4 x 4 Luttinger Hamiltonian
Hsgypsy which underlies the present calculations corresponds to an infinitely
large SO splitting Ay between the topmost valence band I'y’ and the split-off
band I7. Therefore the SO interaction is not explicitly visible even though,
similarly to Zeeman splitting in bulk semiconductors [1], (7.15) is a conse-
quence of SO interaction. Equation (7.15) shows that in 2D systems, SO
interaction can give rise to a Zeeman splitting even without a bulk g*.

We can evaluate (7.14) analytically, using as unperturbed states the eigen-
functions of an infinitely deep rectangular QW and the eigenfunctions of a
parabolic QW. We obtain

KOU1
K= 77?}1 — T (7.16a)
2’)/]‘6’11,2
G; = i (7.16b)
where
T = =y +2[(1 = )2 + (s (7.17a)
v ==y = 2[(1 = )72 + (s (7.17b)
¢ =sin*6[3— sin0]. (7.17¢)

8 In a biaxially strained bulk crystal we have a lifting of the HH-LH degeneracy,
so that in an invariant expansion for the bulk Hamiltonian including strain, we
find terms similar to (7.15). But in this case the resulting ¢* is much smaller for
the following reason: for a QW, both the numerators and the denominators in
(7.14) are proportional to k2 so that the k. dependence of g* drops out (see the
discussion following (7.16)). In a biaxially strained bulk material, on the other
hand, the corresponding energy denominators are proportional to the strain in
the system and independent of k.. In this case it would be difficult to probe
g* (k) at sufficiently large values of k..
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Here v and M are the reciprocal band-edge effective masses in the z
direction in the axial approximation for the HH and LH subbands, respec-
tively (see Table C.10). In (7.16), we have used the weights u; to distinguish
between our two model systems. The values u; = ug = 1 correspond to a
parabolic QW. For the rectangular QW we have u; = 2 and us = 0, i.e.
for the latter geometry the coefficients G; disappear. For the parabolic well,
the coefficients G; stem from a coupling to the [3 subband. They are small
corrections with respect to K.

Equation (7.16) is independent of the well width w, the reason being that
in (7.14) both the numerators and the energy denominators are proportional
to k2 o< 1/w?, so that the w dependences cancel out. However, similarly to
the case of optical anisotropy in QWs [24], the effective g* depends on w if
the split-off valence band I} is explicitly taken into account. Here, we omit
the rather lengthy modifications to (7.15). They become relevant for narrow
QWs with w < 50 A.

Equations (7.15) and (7.16) are quite important because, in unstrained
QWs, the topmost subband is an HH subband so that often only this sub-
band is occupied. For LH subbands in an in-plane B and for HH and LH
subbands in a perpendicular B, ¢g* contains terms similar to (7.15). How-
ever, the dominant contribution is given by the bulk ¢ factor x. We see in

(7.12) that for LH subbands in an in-plane B we have basically g‘Il“H = 4k,

while for a perpendicular B we have g = 6x and gt = 2k [0, 3].

In Fig. 7.4a we show the anisotropic g* of the h; subband for a 200 A
wide GaAs—Aly 3Gag.7As QW as a function of the angle 6. The analytical ex-
pressions (7.16) (dotted and dashed—dotted lines) are in very good agreement
with the more accurate results obtained by means of a numerical diagonaliza-
tion [7,25] of the Luttinger Hamiltonian (solid and dashed lines). Figure 7.4
demonstrates that g* can be very anisotropic. For example, for the growth
direction [113], g* is about a factor of four larger when B || [332] than when
B || [110]. Moreover, the sign of gﬁim] is opposite to the sign of g[}%lo]. For
comparison, we remark that for the GaAs system considered in Fig. 7.4 we
have gl = 6 ~ 7.2.

Equations (7.15) and (7.16) are applicable to a wide range of cubic semi-
conductors with results qualitatively very similar to Fig. 7.4. For rectangular
QWs (u1 = 2 and us = 0), the relative anisotropy

9?&@] V4 —3sin’0

=— 7.18)
Irmo) sin 0

is independent of the material-specific parameters v; and « (Fig. 7.4b). This
result can be traced back to the fact that the anisotropy for different di-
rections 0 in k-space is always characterized by the single parameter ¢; see
Table C.11. Note that for QWs based on narrow-gap semiconductors, we have
a larger x and smaller effective masses. Thus the absolute values of g* are
significantly larger here than the ¢g* of GaAs shown in Fig. 7.4a, but the
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Fig. 7.4. (a) Anisotropic effective
g factor g* and (b) relative g factor
anisotropy (7.18) of the h; subband for a
200 A wide GaAs—Alp3GagrAs QW as
a function of 0, the angle between [001]

-0.4 § numerical and the growth direction. The results in
=20} analytical (a) (a) are shown for an in-plane B along
,_‘_0‘8 : : the [nn(2m)] and [110] directions. The
*.g 8l (b) solid and dashed lines were obtained by
2 means of a numerical diagonalization of
§ 4} the Luttinger Hamiltonian. The dotted
g and dashed—dotted lines were obtained
S 0 ) ) by means of (7.16). (a) taken from [10].
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g* anisotropy is still given by (7.18) and depends only on 6. The Zeeman
splitting can be enhanced even further if one uses semimagnetic semiconduc-
tors containing, for example, Mn. For these materials, the structure of the
Hamiltonian is identical to that of the conventional Luttinger Hamiltonian
in the presence of a magnetic field, with s replaced by the effective g fac-
tor due to the paramagnetic exchange interaction; see Table C.5 and [3, 9].
Therefore (7.15), (7.16), and the g* anisotropy (7.18) are readily applicable
to semimagnetic materials too.

7.3.2 Comparison with Magnetotransport Experiments

It has been demonstrated [10] that the in-plane anisotropy of g* of a 2D hole
systems can be probed experimentally by measuring the magnetoresistance
of a high-mobility 2D hole system as a function of B). The samples used
were 200 A wide Si-modulation-doped GaAs QWs grown on (113)A GaAs
substrates. These samples exhibit a mobility anisotropy, believed to be due
to an anisotropic surface morphology [22]. They were patterned with an L-
shaped Hall bar to allow simultaneous measurements of the resistivity along
the [332] and [110] directions. Front and back gates were used to control the
2D density in the QW and the perpendicular electric field, which characterizes
the asymmetry of the sample [26].

The left two panels of Fig. 7.5 show the resistivity p measured as a func-
tion of By for three different densities and for different relative orientations of
B and the current I. For easier comparison, we have plotted the fractional
change p(B)/p(B = 0). Apart from an overall positive magnetoresistance,
log(p) shows a change in slope at a particular value of B, which we call
B*. In Fig. 7.5, B* has been marked by arrows. Similar, though sharper
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Fig. 7.5. Left and central panels: fractional change in resistivity p(B)/p(0) due to
an in-plane magnetic field B, measured at T' = 0.3 K for a GaAs 2D hole system
grown on a (113) substrate, for different 2D densities as indicated. The arrows mark
B”, defined in the text. The resistivities at B = 0 in the left panels are from top
to bottom, 7.2, 2.2, and 0.55 kQ2/square. The corresponding values for the central
panels are 4.9, 1.6, and 0.45 kQ/square. Right panels: calculated density Ny in the
upper spin subband as a function of B. Note that the horizontal axes in the left
and central panels have different scales from the right panels. Taken from [27]

features have been observed in systems with several occupied confinement
subbands when a subband is depopulated by means of By [25]. It has been
proposed that the magnetoresistance feature at B* in Fig. 7.5 is related to
a spin-subband depopulation and the resulting changes in subband mobility
and intersubband scattering as B) is increased. This mechanism is sketched
in Fig. 7.6. At B = 0, we have approximately equal populations of the spin
subbands. Small differences are caused by the inversion-asymmetry-induced
spin splitting discussed in Chap. 6. The Zeeman splitting due to an in-plane
magnetic field lowers the energy of the eigenstates in one spin subband, while
the energy of the eigenstates in the other subband is increased. Thus we ob-
tain unequal populations of these subbands. For the low-density samples in
Fig. 7.5, moderate magnetic fields are sufficient to completely depopulate one
Zeeman-split subband. Note that in each panel of Fig. 7.5, B* is the same
for both current directions, even though the magnetoresistance is very dif-
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Fig. 7.6. Depopulation of one spin subband due to an in-plane magnetic field:
(a) At By = 0, we have approximately equal populations of the spin subbands.
(b) Zeeman splitting at B > 0 gives rise to a depopulation of one spin subband.
We have neglected the possibility of a spin splitting at B = 0 caused by an inversion
asymmetry of the system

ferent. This implies that B* depends on parameters which do not depend on
the current direction. This supports our hypothesis, as spin-subband depop-
ulation should not depend on the direction of the current in the sample.

Our interpretation of B* is obviously consistent with B* in Fig. 7.5 becom-
ing larger with increasing density. It is remarkable that B* for the By || [332]
traces is about 4 T smaller than for the [110] traces, regardless of the direc-
tion of I. We associate this with the anisotropy of the in-plane g* discussed in
the preceding section. This interpretation is validated by the self-consistently
calculated results for the density IV of the upper spin subband as a function
of By, shown in the right panels of Fig. 7.5. The density N, decreases much
faster for By || [332] than for By || [110], in agreement with Fig. 7.4a. We
have further support for our interpretation of B* from experiments where
the asymmetry of the confining potential was increased by means of the front
and back gates while keeping the 2D density fixed. We observe an increase
in B*, in agreement with the results of the self-consistent calculations.

One might ask whether the data in Fig. 7.5 could be summarized by a
single value of g* for each trace. Unfortunately, this is not possible, because,
owing to the complicated band structure of holes, g* depends on the in-plane
wave vector k||, and we are averaging over g* (k) for k| up to the Fermi wave
vector kp. (For clarity, we have not included in (7.16) the lengthy additional
terms due to the k| dependence of g*.) Note also that m* depends on B; see
(7.6). The significance of these effects can be readily deduced from the right
panels of Fig. 7.5, as we would have straight lines for N, (B) if g* and the
effective mass m* were not dependent on kj or B.

In Fig. 7.5, the measured B* is significantly smaller than the calculated
By for a complete depopulation of the upper spin subband. We note that
for the low-density samples used in the experiments [10], it can be expected
that ¢g* will be enhanced in magnitude owing to the exchange interaction and
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the spin polarization caused by By [4,29,30]. This effect was not taken into
account in the self-consistent calculations. The overall agreement between the
experimental data and the calculations, however, implies that these many-
particle effects do not qualitatively affect the anisotropy of ¢g*. We suggest
that the anisotropic g* given in (7.16) for an in-plane wave vector kj = 0
without many-body effects could be measured using optical and microwave
experiments such as those described in [14].

7.4 Zeeman Splitting in 2D Hole Systems:
Growth Direction [001]

In a Taylor expansion of the Zeeman splitting AE(B), the g factor g* (times
up) is the prefactor of the term linear in B. Often terms of higher order in B
are neglected because of their relative insignificance. An interesting feature
of Fig. 7.4a is the vanishing of ¢g*(#) for the high-symmetry growth directions
[001] and [111] (Ref. [7]).” For the 2D hole system considered in Fig. 7.4, this
results in a splitting AE which, at By = 1 T, is more than two orders of
magnitude smaller than the value of AE for the growth directions [113] and
[110]. For the high-symmetry directions [001] and [111], the dominant contri-
bution to AFE is proportional to Bﬁ. In second-order perturbation theory, we

obtain the following for the h; subband in a QW grown in the [001] direction:

Higo; [001] = saus (Byoz — Byoy)
+ Z[IS(IJ{l] H% {72 [(Bi - Bng)Ux + (Bj - ByBi)Uy]

+ 273 [BeByow + ByBioy|} (7.19a)
where
_ 6( § U2l s )+ (e )l =% )
h1|z2|loc (lal{t:, 2}|h1) — <h1|{EZ72}|la><la|Z2|h1>)
+ 73 .
> -2
(7.19Db)

These results are fully consistent with an invariant expansion for the point
group Dyp. For an infinitely deep rectangular QW of width w we can evaluate
Z[Iggll] further (neglecting the coupling to LH subbands with o > 3 in the
second sum):

® The small B-linear Zeeman splitting proportional to ¢ was discussed in [6, 31].
Note that for a 200 A wide GaAs QW and a magnetic field By > 4 T the cubic
splitting in (7.19) dominates over the linear splitting due to q.
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gan (L0 8 g g2y 28 ) 7.20

[001] < 32 27 (6 —7°) + 1075 — 47 (7.20)
The first term stems from a coupling between the subbands h; and [y, and
the second term is due to a coupling between h; and l3. We can readily
diagonalize (7.19) (neglecting the small ¢-dependent term)

3 .
AE[ISSIH =2 (usB)) \/’yg cos2(2¢p) + 72 sin®(2¢) ‘Z[Igé{l]’ ) (7.21)
Here ¢ is the angle between B) and the [100] axis. Unlike (7.16), AE[%EI]

increases in proportion to w*, i.e. the Zeeman splitting is most efficiently
suppressed in narrow QWs. The cubic dependence of AE[}O%{I] on By in the
approximate analytical expressions (7.19) and (7.21) is in very good agree-
ment with more accurate numerical calculations. We obtain similar, though
somewhat longer, expressions for the growth direction [111]. The Zeeman
splitting of HH states in a tilted magnetic field was recently discussed with
the use of similar methods by Dorozhkin [32].

Equation (7.19) characterizes the Zeeman splitting for the subband edge
k= 0. For a nonzero in-plane wave vector k|, it is possible to achieve a sig-
nificant Zeeman splitting of HH states linear in B|. The important invariants
are (point group Dag)

H%gll] =z (Byk20, — Byk‘jay) + zZhTh (Bmk:iow — Byk20,)

+ zIhh Lk, ky} (Byoy — Byoy) , (7.22)
where
2™ = —3kya 2 + 3932, (7.23a)
2B = Skv2 21 — 3727322, (7.23b)
2T = Skv321 — 3v3 (2 +73) 22, (7.23¢c)
and
hillk,, z||l1) {l1|h
z, =l f]|1>l<1‘ 2 (7.24a)
EY — B4
hilk |l ) o zlh1) — (halz|la) (Lo |k R
Zzziz< 1lkz|la)(lalzlh1) = (hal2]la) (o |k2|h1) ) (7.24b)

Eh —EL

«
Similarly to G; in (7.13), the terms weighted by Z, represent contributions

to the Zeeman splitting that are independent of the bulk g factor . For an
infinitely deep rectangular QW of width w, we can evaluate Z; further:

w2mo

Zo= 7.25
! 22k, (7:252)

512w?mg
Zy=— : 7.25b
2 27m2h2 (371 + 1072) ( )
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It can be seen that we obtain the largest Zeeman splitting for wide QWs
where the energy denominators in (7.24) are small.
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8 Landau Levels and Cyclotron Resonance

Magneto-optical spectroscopy has proven to be a valuable tool for analyz-
ing the subband structure of electrons and holes in semiconductor quantum
wells [1]. We begin this chapter with a brief general discussion of cyclotron
resonance in semiconductor QWs (Sect. 8.1). In Sect. 8.2 we discuss the spin-
split cyclotron resonance of 2D electron systems in InAs QWs that was mea-
sured by Yang et al. [2] and Scriba et al. [3]. In Sect. 8.3 we present a detailed
comparison between calculated and measured spectra of 2D hole systems in
strained asymmetric Ge-SiGe QWs grown in the [001] direction. Finally, in
Sect. 8.4 we discuss Landau levels in inversion-asymmetric systems.

8.1 Cyclotron Resonance in Quasi-2D Systems

Cyclotron resonance denotes the resonant absorption of light due to optical
transitions between Landau levels in the presence of a quantizing magnetic
field. In semiconductors, the typical frequencies of the absorbed light are in
the far infrared (FIR) range. In this section we shall discuss the selection rules
and the absorption coefficient for cyclotron resonance in 2D systems. We fol-
low closely [4,5], where these quantities were derived for bulk semiconductors
(see also Sect. 5.7 of [0]).

We consider the absorption of FIR radiation with an electric dipole field
£ = e, where é = (e, ey, €-) denotes the polarization vector. We can
associate the vector potential A = [£y/(iw)] &e'“! with € so that € = 9, A. If
the vector potential A is included in the multiband Hamiltonian H, it gives
rise to a perturbation

H' = H(hk + eA) — H(hk) ~ A - OH/hOk = eA - v, (8.1)

where we have omitted terms of order O(A?) and the last expression defines
the velocity operator v with matrix-valued components.

In the following, we shall use the symbols |s) and |t) as a shorthand no-
tation for the Landau levels |aN o) with subband index «, Landau quantum
number N, and spin index o. The transition probability between levels |s)

Roland Winkler: Spin—-Orbit Coupling Effects
in Two-Dimensional Electron and Hole Systems, STMP 191, 151-170 (2003)
© Springer-Verlag Berlin Heidelberg 2003
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and |t), with eigenenergies E; and E}, due to the perturbation H' is given by
Fermi’s golden rule! [, 6],

me2&2
2hw?
Here Ey; = Es— E is the cyclotron resonance energy. Following [4], we obtain
the following for the matrix elements in (8.2):

)\cEts
h

Wit (w) = | (s|é-v|t) |2 [6(Es — hw) + 6(Eqg + hw))] . (8.2)

(s|é-v|t) = <5}e+a—e,aT+ez/\Cl<;z|t> , (8.3)
where a' and a are the creation and annihilation operators for Landau har-
monic oscillators (see (4.22)), and ex = (e, +ie,)/v/2. Equation (8.3) yields
the selection rules

AN = +1, (8.4a)
Aoc= 0 (8.4b)

for the + polarizations. The first selection rule (8.4a) is rigorously valid only
within the axial approximation, when A/ = N. The second selection rule
(8.4b) is strictly fulfilled only within the EMA, when the orbital motion is
fully decoupled from the spin degree of freedom. When we take cubic and
tetrahedral corrections into account we obtain weak additional transitions
between the generalized Landau levels W, (see (4.32)). The hierarchy of
optical transitions in bulk systems with diamond and zinc blende structures
has been developed in [4] and [5], respectively. We obtain similar results for
2D systems. Note that (8.3) remains valid even in such a generalized scheme.
In accordance with (8.4a), the cyclotron effective mass is defined by
heB

m; = . 8.5
|Ea./\f:t10 - aNa'| ( )

For the effective-mass Hamiltonian (4.27) we have m* = m*; see (8.10) below.
In the limit B — 0, the cyclotron mass equals the DOS effective mass (4.13)
evaluated at the Fermi edge F = Er [8].

The 2D absorption coefficient «(w) is defined as the energy absorbed per
unit time and area divided by the energy flux of the radiation field, and hence
it is dimensionless. If we denote the energy density of the radiation field by
U = &,?/(87) and the index of refraction by n, the energy flux is ncU. Thus
we obtain

G
== Zfs Wa(w) (8.6)

! Previously, intraband and interband transitions were discussed separately in the
literature [7]. In a multiband approach, the matrix-valued velocity operator in-
cludes both the intraband and interband components of the dipole operator.
Thus we can treat these two contributions on the same footing [4].
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where G is the degeneracy of the Landau levels (4.25), and fs and f; are the
occupation factors, which depend on the 2D electron or hole concentration,
on the temperature, and on the magnetic field. Finally, we obtain

o0 e?

a(w) = —

n 4rhe

> (fs = f) Ers6(Ers — hw)

T ’<s’e+a—e_aT —|—ez)\ckz|t>|2. (8.7)
In the calculations presented in this chapter, the J-function in (8.7) has
been replaced by a Lorentzian broadening with the same phenomenologi-

cal linewidth for all transitions. As we show below, the absorption coefficient
a(w) obtained can be compared directly with experimental data.

8.2 Spin Splitting in the Cyclotron Resonance
of 2D Electron Systems

Within the effective-mass Hamiltonian (4.27) the energies of the Landau lev-
els are given by the following (neglecting the subband index):

Eeua(N,0) = hof (N +3) + S op B (8.8)

where the Landau? quantum number is N = 0,1, ..., the spin index is ¢ =
+1, the cyclotron frequency is w} = eB/m* and the effective g factor is g*.
Thus we find that the cyclotron resonance energy?

AE(N,o0)=E(N+1,0) — E(N,o0) (8.9)
is independent of the quantum numbers N and o:
heB
ABpa(N, o) = hwf = — . (8.10)

The EMA is most appropriate for electrons in the conduction band. But
even for electrons, (8.10) is only approximately correct. Owing to nonparabol-
icity, both the effective mass m* and the g factor g* depend on energy, so that
the Landau levels as a function of B are not straight lines, but are typically
bent downwards (see Fig. 8.1). For a given value of B, we usually have three
transitions that contribute simultaneously to the absorption coefficient a/(w).
In Fig. 8.1, these transitions are marked by arrows. Nonparabolicity thus im-
plies that, even for electrons, the transition energies AFE depend on both N
and o. The N dependence reflects the energy dependence of m*. It results

2 We use here the more general Landau quantum number N and not the quantum
number L of a Landau harmonic oscillator (4.29) because, in order to take into
account band structure effects beyond the EMA, we work with (4.31).

3 In an effective-mass-like system at a temperature 7' = 0 we have absorption for
only the + polarization.
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N=2

E

N=1

Fig. 8.1. Qualitative drawing of the Landau-

_ Olevel fan chart of a 2D electron system with
a nonparabolic dispersion E(k)). The bold line
marks the Fermi energy. The arrows indicate the
three cyclotron transitions that are simultane-
ously possible at a given value of B (assuming a
temperature 7' = 0)

in the Landau splitting of the cyclotron resonance [3]. The o dependence, on
the other hand, reflects the energy dependence of g*. It gives rise to the spin
splitting of the cyclotron resonance [3].

For a long time, attempts to observe the spin splitting of the cyclotron res-
onance in a nonparabolic 2D electron gas failed and various arguments were
put forward to explain its suppression; see [2,3,9] and references therein. Here
we show that the spin splitting of the cyclotron resonance spectra observed
by Yang et al. [2] and Scriba et al. [3] can be reproduced quantitatively by
using the k - p parameters known for the corresponding bulk materials. The
samples investigated by Yang et al. and Scriba et al. were InAs—AlSb QWs
with well widths of 149 A and 125 A and 2D electron densities Ny of 6.5x 101!
cm™2 and 1.41 x 10'2 cm ™2, respectively. The measured cyclotron masses are
reproduced in the lower right panels of Figs. 8.2a,b. We see clearly both the
Landau splitting and the spin splitting of the cyclotron masses. We note that
the InAs samples used by Yang et al. and Scriba et al. were good candidates
for observing the spin splitting of the cyclotron resonance because InAs is
a narrow-gap semiconductor with a strongly nonparabolic dispersion in the
conduction band, even for moderate wave vectors k.

In Fig. 8.3, we show the self-consistently calculated DOS effective mass
(4.13) for the samples investigated by Yang et al. and Scriba et al. The bulk
band parameters used in the calculation are listed in Appendix D. In Fig. 8.3,
we see van Hove singularities of m*(E) at the subband edges that originate
from the k-linear terms in E, (k) due to Rashba B = 0 spin splitting (see
(6.20)). The k-linear terms are most important close to the subband edge. For
larger wave vectors (higher energies), we have a strictly linear dependence of
m™* on the energy F. This is due to the fact that the numerical calculations
yield highly nonparabolic subband dispersion curves E,, (k| ), which, basically,
can be parameterized by the Kane formula

Ea(k)) = Ea(0) +/ad + bakf — aq (8.11)
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Fig. 8.2. Landau fan chart (upper panels) and cyclotron masses (lower left panels)
calculated for the samples (a) of Yang et al. [2] and (b) of Scriba et al. [3]. The
measured cyclotron masses are reproduced in the lower right panels of (a) and (b).
The bold lines in the upper panels represent the Fermi energy. The dashed lines
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Fig. 8.3. DOS effective mass and subband dispersion calculated (a) for the 149 A
wide InAs-AlSb QW and (b) for the 125 A wide InAs-AlSb QW, with 2D charge
densities Ny, = 6.5 x 10'* cm™2 and 1.41 x 10'? em™2, respectively, which were
investigated experimentally by Yang et al. [2] and Scriba et al. [3]

where a,, and b, are constants. Such a dispersion relation is well known for

narrow-gap bulk semiconductors [11]. For a 2D dispersion (8.11), we can solve
(4.13) analytically, to obtain
mi(E) Rh* 1
Mal®) _ 2 1B~ B, (0)+au] 6[E — E.(0)], 8.12
2D~ LB £0(0) + aa] 01F — E.,(0) (8.12)

which is indeed a linear function of E.

For the calculation of Landau levels, we have used the Hartree potential
obtained at B = 0. In Figs. 8.2a,b (upper panels), we show the nonparabolic
and spin-split Landau levels calculated for the samples of Yang et al. [2]
and Scriba et al. [3]. The calculated cyclotron masses are displayed in the
lower left panels of the same figure. The parameter-free calculations are in
excellent agreement with the experimental data. In particular, we would like
to note that the samples investigated by Yang et al. and Scriba et al. have
very different well widths and very different 2D densities Ns. Accordingly,
these samples also have very dissimilar cyclotron masses, which differ by
approximately 20%. This feature is clearly reproduced by the parameter-
free calculations. An FIR spectrum measured by Scriba et al. is displayed in
Fig. 8.4a. The calculated absorption coefficient a(w) shown in Fig. 8.4b is in
very good agreement with the measured spectrum.

8.3 Cyclotron Resonance of Holes
in Strained Asymmetric Ge-SiGe Quantum Wells

Since the first successful growth of Si,Ge;_, layers on a Si substrate us-
ing molecular-beam epitaxy (MBE) [12], this technique has been developed
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Fig. 8.4. (a) FIR spectrum measured by Scriba et al. (b) FIR spectrum calculated
for the sample of Scriba et al. (a) taken from [3]. © (1993), with permission by
Elsevier. (b) taken from [10]. © (1996), with permission by Elsevier

with the objective of making band structure engineering in Si-based tech-
nology possible [13, 14]. This endeavor is motivated by the fact that, com-
pared with the metal-oxide-semiconductor (MOS) structures of the standard
Si—SiO5 technology, MBE-grown interfaces have higher perfection, allowing
much higher mobilities of the confined carriers, i.e. faster devices. The price
for this advantage is the lattice mismatch between Si and Ge, which lim-
its the pseudomorphic growth of strained layers to a critical thickness of a
few atomic layers for the pure materials. Using Si,Ge;_, alloys, however,
the critical thickness can be increased to several hundred A [I15]. The high
quality of recently grown heterostructures, QWs, and superlattices using Si,
Ge, and Si;Ge;_,, has been demonstrated in a series of optical and transport
experiments [13,16,17,18,19,20,21].

The starting point of the present investigations is the experiments by
Engelhardt et al. [18] on cyclotron resonance of holes in strained Ge layers
confined between Si, Ge;_, barriers of various compositions z. The lower bar-
rier was a graded Si,Ge;_, buffer layer [14] grown on a Si substrate, with a
final Ge content of (1 — ) = 0.7. The upper Si,Ge;_, barrier was §-doped,
with a spacer between the doping layer and the 2D hole gas in the Ge well.
The structures were overgrown with a Si cap layer. All relevant parameters
for the two samples C1072 and C1116 of [18] are given in Table 8.1. The
experimental cyclotron resonance spectra for the two samples, measured at
T = 4.2 K with a Fourier spectrometer, are reproduced in Fig. 8.5. From these
spectra, one can extract the cyclotron resonance energies hw} or cyclotron
masses (8.5), which uncover the complex structure of the Landau-level spec-
trum of holes in strained QWSs. The different Si contents in the two barriers
and the -doping layer in the upper barrier result in an inversion asymmetry
of the QW, which removes the spin degeneracy. Thus, even the single peak
observed in the “classical” limit of low magnetic fields consists of a spin-split
doublet [18]. With increasing magnetic field, the doublet splits into several
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Table 8.1. Parameters of the two samples C1072 and C1116 of [18]

Sample C1072 C1116
Upper SiGe barrier Ge content 0.5 0.6
5-doping (10'% cm™?) 5 5
spacer width (A) 75 100
Ge well width (A) 75 168*
Ns (102 ecm™2) 1.78 1.10
Lower SiGe barrier Ge content 0.7 0.7

aThe well width of sample C1116 of 168 A was obtained by TEM measurements.
It deviates from the nominal width of 125 A [18].

(a) C1072

(b) C1116
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Fig. 8.5. Experimental cyclotron resonance spectra at different magnetic fields for
the two samples (a) C1072 and (b) C1116, as specified in Table 8.1. Taken from [3].
© (1996) by the American Physical Society

components, whose evolution is characteristic of the sample (depending on
the hole concentration and the geometry of the QW) as the Fermi energy is
moved to Landau levels with lower quantum numbers. In bulk p-type semi-
conductors with uniaxial stress applied in the direction of B, these Landau
levels are known to be quite irregularly spaced as a consequence of the com-
plex valence band structure [22,4,5]. The corresponding cyclotron transitions
have been called “quantum resonances” [4]. The experimental data of [18]
provide evidence of such quantum resonances in strained 2D hole systems.

8.3.1 Self-Consistent Subband Calculations for B = 0

Unlike many III-V and II-VI semiconductors, Si and Ge are indirect semi-
conductors, with their conduction band minima at the A point and L point,
respectively. But the valence band maxima are located at the I" point, so that
for the description of holes in Si and Ge we can use the 6 x 6 Hamiltonian
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with the blocks H,g taken from Table C.5. However, owing to the inversion
symmetry of the diamond lattice, we do not have terms linear in k that are
proportional to Ci. We apply the axial approximation given in Table 3.6.
The lattice mismatch between Si and Ge results in a biaxial strain in the
plane of the QW. Therefore, Hgxg is augmented by the strain Hamiltonian
listed in the lower part of Table C.5.

For k| = 0 and biaxial strain, the total Hamiltonian Hexe is diagonal in
the 4 x 4 block Hgys, of the j = 3/2 states and in the 2 x 2 block Hr,7, of the
Jj = 1/2 states. But the LH and the spin—orbit split-off states have the same
z component of angular momentum (m = £1/2), so that they are coupled to
each other. The z dependence of E, and Ag and the strain-induced offsets
define the carrier-free potential profiles of the layered structures; these profiles
are different for LH, HH and spin—orbit split-off states. The hole subbands
were calculated for zero magnetic field by self-consistently solving Hgxg and
the Poisson equation to obtain the Hartree potential, which was superimposed
on the z-dependent band edge energies.

The samples of [18] were d-doped in the upper barrier, with a spacer
between the doping layer and the 2D hole gas. Investigations on d-doped
GaAs:Si have shown that during the growth process the impurity atoms will
diffuse, and widths of the actual doping layer of up to 200 A have been
reported [23]. This has been considered in the self-consistent hole subband
calculations by assuming several different widths of the doping layer. It turns
out that the calculated FIR spectra do not depend sensitively on this param-
eter.

For the hole densities of the samples in [18], only the topmost HH subband
is occupied. In Fig. 8.6, we show the self-consistently calculated potential
profiles for the two samples, together with the subband energies at k| = 0.
We remark that for the topmost subband in the wider sample, C1116, the
probability of finding a hole in the lower barrier (the barrier on the left-hand
side in Fig. 8.6) is negligible. Therefore the calculations are rather insensitive
to the exact value of the width of the QW, which was somewhat uncertain
for sample C1116 [I158]. The hole subband dispersion E(k) is displayed in
Fig. 8.7. Note the spin splitting of the subbands due to the asymmetry of the
potential profile [24]. In Fig. 8.8, we show the DOS effective mass (4.13) of
the topmost subband.

In the experimental work [18], it was not well known whether the well ma-
terial was fully strained in accordance with the lattice mismatch between the
well and the barrier material or whether the well had relaxed to some extent.
We found that the calculations depended rather sensitively on this effect;
the relaxation tends to increase the calculated cyclotron masses. Therefore,
we have used the strain as a fitting parameter. The best agreement was ob-
tained when the strain had 90% (sample C1072) and 80% (sample C1116) of
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Fig. 8.6. Self-consistent potential profiles and hole subband energies at k) = 0 for
the two samples (a) C1072 and (b) C1116. Owing to the biaxial strain in the QW
and in the upper barrier, different potential profiles result for heavy holes (solid
lines) and light holes (dashed lines). Taken from [8]. © (1996) by the American
Physical Society
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Fig. 8.7. Hole subband dispersion E(k) for the two samples (a) C1072 and
(b) C1116. Taken from [8]. © (1996) by the American Physical Society
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its value in a fully strained system. We note that it is reasonable to have the
larger relaxation in the wider sample.
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Fig. 8.8. DOS effective mass of the topmost subband for the two samples (a) C1072
and (b) C1116. Taken from [8]. © (1996) by the American Physical Society

8.3.2 Landau Levels and Cyclotron Masses

In the upper parts of Fig. 8.9, we show the fan chart of Landau levels evolving
from the topmost HH subbands, together with the Fermi energy Er obtained
from the hole density, calculated for the samples C1072 and C1116. From top
to bottom, the Landau levels have increasing Landau quantum numbers N,
and m = +3/2 (according to the dominant component of the eigenvectors),
with m = —3/2 being the higher level at small magnetic fields. With in-
creasing magnetic field, the spin-split states tend to change their order. The
spin splitting of the Landau levels is a consequence of the Zeeman splitting
and the Rashba SO coupling due to the asymmetry of the Hartree poten-
tial [25,206,27,28]. The nonlinear dependence of the Landau levels on B cor-
responds to the nonparabolic dispersion E (k) of the topmost HH subband
(see Fig. 8.7).

From the fan chart in Fig. 8.9, we can obtain cyclotron masses by con-
sidering pairs of Landau levels between which dipole transitions are possible,
taking account of the occupation factors and the selection rule AN = +1 for
the + polarization of the circularly polarized FIR radiation. The cyclotron
mass (8.5) refers to different pairs of Landau levels as the magnetic field is
varied, as visualized in the lower parts of Fig. 8.9. For small magnetic fields
(large filling factors), we obtain two spin-split cyclotron masses. As expected,
for B — 0 these masses are close to the values of m*, which, in the classical
limit of large Landau-level quantum numbers, can be read from the DOS ef-
fective mass at Ex (see Fig. 8.8). With increasing magnetic field (decreasing
filling factor), the transitions take place between Landau levels with smaller
N. These Landau levels show irregularities that are inherent in the top of the
valence band.
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Fig. 8.9. Fan chart of Landau levels evolving from the two topmost heavy-hole sub-
bands (upper parts) together with the Fermi energy (bold line), and the correspond-
ing cyclotron masses (lower parts) for the two samples (a) C1072 and (b) C1116.
Taken from [3]. © (1996) by the American Physical Society

8.3.3 Absorption Spectra

For the present case of an electric dipole field with a circular polarization
in the + direction, we have e_ = e, = 0 in (8.3). In the calculation, the
d-function in (8.7) was replaced by a Lorentzian broadening with the same
phenomenological linewidth for all transitions. The best agreement with the
experimental data was obtained for a linewidth of 0.7 meV.

The calculated spectra for the two samples C1072 and C1116 are shown
in Fig. 8.10 and allow direct comparison with the experimental spectra in
Fig. 8.5. All essential features of the experimental data are reproduced by
the calculation: the wavelength and magnetic-field dependence of the res-
onances, the intensities of the absorption lines, and the characteristic dif-
ferences between the two samples. A striking difference between the two
samples is that at high magnetic fields up to 18 T the cyclotron transition
(N =0) — (N = 1) at wavenumbers between 140 and 180 cm™! becomes
possible only for the sample C1116, with the lower 2D charge density. These
results are in close agreement with the experimental data (see Fig. 8.5 in the
present work and Fig. 4 of [18]), although the interpretation in [18] in terms
of Landau levels of bulk Ge is not correct.
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Fig. 8.10. Cyclotron absorption spectra calculated from the Landau levels of
Fig. 8.9 for the two samples (a) C1072 and (b) C1116. A phenomenological broad-
ening of 0.7 meV has been assumed for all transitions. Taken from [8]. © (1996)
by the American Physical Society

As already mentioned in Section 8.3.1, the calculated FIR spectra of
Fig. 8.10 are not sensitive to the position and profile of the J-doping for
a given hole concentration, and for the sample C1116 the spectra do not de-
pend on the assumed well width either. However, as shown in Fig. 8.11, for
both samples the results change dramatically if calculated on the basis of the
4 x 4 Luttinger Hamiltonian Hg,s,, which neglects the spin—orbit split-off
valence band I'7: the cyclotron masses decrease, the crossing of the spin-split
Landau levels shifts to higher magnetic fields, and the FIR resonances move
by up to 20 cm ™! towards higher energies. Thus, taking the coupling to the
band I} into account is essential for the agreement with the experimental
data.

8.4 Landau Levels in Inversion-Asymmetric Systems

If the B = 0 spin splitting is dominated either by the Dresselhaus term or
by the Rashba term, an analytical approach to the Landau-level structure at
B > 0 is possible. We discuss these two cases separately. Finally, we discuss
the more general and realistic case where both terms are present. Throughout
this section, we assume that the crystallographic growth direction of the
quasi-2D system is [001].
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Fig. 8.11. Fan chart of Landau levels evolving from the two topmost heavy-hole
subbands (upper parts) together with the Fermi energy (bold line), and correspond-
ing cyclotron masses (lower parts) for the two samples (a) C1072 and (b) C1116
calculated by means of the 4 x 4 Luttinger Hamiltonian. Use of this simplified model
results in substantial discrepancies compared with the results shown in Fig. 8.9,
which were obtained by means of the more complete 6 x 6 Hamiltonian

8.4.1 Landau Levels and the Rashba Term

In the presence of a perpendicular magnetic field B, we replace k1 by the
Landau raising and lowering operators af, a defined in (4.22). We add the
Rashba term to the EMA Hamiltonian (4.27), so that we obtain the following
2 x 2 Hamiltonian for the in-plane motion:

N 1 g* [2eB 0 ia
H = hwc (aTa+ 5)]12><2 + 7/14]330'2« + T « (—ICLT 0> s (814)

where w¥ = eB/m*, ¢g* is the effective g factor, up is the Bohr magneton,
and o = (r§§5¢£.). We can solve the problem for H by expanding the eigen-
functions® [N'%) in terms of Landau oscillator states |L) and spin eigenstates
|o). For the Hamiltonian (8.14), the eigenstates [N'+) contain only two states
L) @ o):

Wt) =c1x[L=N) ®lox) +cox [L=N£1) ® o%) , (8.15)

* The Rashba Hamiltonian (8.14) (but not the Dresselhaus Hamiltonian (8.18))
has axial symmetry, so that here we have N = N; see (4.31) and (4.32).
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where o =1, 0_ =, and ¢;1 are expansion coefficients. Equation (8.15)
illustrates that in the presence of SO coupling, the eigenstates of the Hamil-
tonian H are not simultaneously eigenstates of the spin operator (unlike the
Landau levels of a simple EMA Hamiltonian (4.27)). The energies of the
Landau levels are [29]

1 B
Ene=hw!(N+1+1)7F 5\/@; — g*upB)? + 8a2 %(Au Lydy,
(8.16)

where N' = 0,1,2,... We can explore (8.16) in the limit of small and large
magnetic fields at a fixed Fermi energy, i.e. we vary both B and N such that
the density Ny ~ [e/(7h)] BN is kept constant. In the limit of large magnetic
fields, we obtain the following for the spin splitting at the Fermi energy:

AE =Enx+ — Env-=g"usB. (8.17a)
In the opposite limit B — 0 we have, consistent with (6.11),
AE = -2 |a|kr, (8.17b)

where kp = /27Ny is the Fermi wave vector. We see here that, within the
model (8.14), we have a smooth transition from the Rashba spin splitting
(8.17b), which dominates in the limit B — 0, to the opposite limit (8.17a),
where the spin splitting AFE is controlled by the Zeeman term. It can be
shown that, consistent with (8.17), the eigenvectors (8.15) converge to (6.60)
for B— 0 and to |[L = N) ® |ox) at large B.

8.4.2 Landau Levels and the Dresselhaus Term

In the preceding section, the Rashba model could be solved exactly in the
presence of a quantizing magnetic field B. An analytical model for the Landau
levels in the presence of the Dresselhaus term is possible only if we neglect
the terms cubic in the in-plane wave vector k (see (6.3)).” This results in a
Hamiltonian similar to (8.14),

. * 2¢eB _ {0 af
H:nwc(afﬁé)]lgmr%NBBoZﬂ/%n(a 0 ) : (8.18)

where 7 = (b3$%k2). The energies of the Landau levels are

* 1 2 - GB
En:=hol(N+17F3) ii\/(hw;‘Jrg*uBB) +81P —(N+3F3),
(8.19)
where N =0,1,2,... In the limit of large magnetic fields, we again obtain

5 For the anomalous Shubnikov-de Haas oscillations discussed in Chap. 9, the
higher-order terms are of crucial importance.
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AE = g*upB, (8.20a)
whereas in the opposite limit B — 0, we now have
AE =2 |7 kr . (8.20b)

Similarly to (8.17), we obtain a smooth transition from the pure Dressel-
haus spin splitting (8.20b), which dominates (8.18) in the limit B — 0, to
the opposite limit (8.20a), where the spin splitting AE is controlled by the
Zeeman term. However, as the effective g factor g* is often negative, (8.20)
implies that we can have a zero of the spin splitting AFE at some intermediate
magnetic field By [30,31]. For a 2D system with a Fermi wave vector kr and
g* < 0, the spin splitting at the Fermi energy vanishes at

*

m Qﬁkp
eh o\ 2 ’
1- (1 +2 )
2m0

8.4.3 Landau Levels in the Presence of Both BIA and SIA

B()%

(8.21)

We can understand the different results in the two preceding sections by
means of Fig. 8.12, where we have sketched the off-diagonal couplings between
spin-split Landau oscillators |L) ® |o) due to the Dresselhaus term (D) and
the Rashba term (R). In Fig. 8.12, we have assumed a negative effective g
factor, consistent with many common semiconductors. In this case, because of
level repulsion, the off-diagonal Rashba term increases the splitting between
levels |LY ® ||} and |L) ® |T), whereas the Dresselhaus term competes against
the Zeeman splitting. As the Zeeman term dominates the spin splitting for
large B, whereas (without the Rashba term) the Dresselhaus term dominates
for B — 0, we obtain a zero of the spin splitting AF at some intermediate
value of B [30,31].

In a typical experiment with, for example, a GaAs-AlGaAs QW, we
have contributions to AE from both the Rashba and Dresselhaus terms (see
Sect. 6.4.1). Nevertheless, it is possible to have a true zero of AE at some
finite value of B even with a more realistic multiband Hamiltonian [5, 32]
that includes both BIA- and STA-induced higher-order couplings, not shown
in Fig. 8.12. This is due to the fact that for the growth direction [001] and
B > 0, the point group of the system is Cs (see Table 3.4), which has two
irreducible double-group representations [5, 33], and for fixed A/ the Landau
levels IN+) and |N—) transform according to different irreducible represen-
tations. Accordingly, we have no mixing between |L) ® ||) and |L) ® |1) for
fixed L.

As an example, we show in Fig. 8.13 the Landau levels Ex+ and the
positive energy difference AE = |Exn4 — Ex—| between the Landau levels
at the Fermi energy in a 150 A wide GaAs-Aly3GagrAs QW with Ny =
2 x 10* ¢cm~2 in the presence of an external electric field £, = 50 kV /cm.
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Fig. 8.12. Off-diagonal couplings between spin-split Landau harmonic oscillators
|L) ® |o) (¢ =T,]) in an inversion-asymmetric electron system. Matrix elements

due to the Dresselhaus and Rashba terms are marked by the letters D and R,
respectively
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For this calculation, we used an 8 x 8 Hamiltonian that takes BIA and SIA
into account fully. We see that the spin splitting vanishes at about B = 0.8 T,
consistent with the results in Sect. 6.4.1, where it was shown that in GaAs
QWs the spin splitting is usually dominated by the Dresselhaus term.
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Table 8.2. Selection rules at temperature 7' = 0 for the spin-flip transition
IN=) < |N+) due to the Dresselhaus and Rashba terms. The entries & indi-
cate that the transitions induced by the Dresselhaus or the Rashba term are visible
in the 4+ polarization

Dresselhaus Rashba
En- > En+t + —
En— < En+ - +

In the presence of the Rashba or Dresselhaus term, the dipole operator can
probe the spin-flip transition |[N'—) < |[N+) because the mixing sketched in
Fig. 8.12 gives rise to a finite transition amplitude (8.3) between these eigen-
states [34].° Indeed, it follows from (8.3) and Fig. 8.12 that, for the spin-flip
transition |JN—) < JN'+), we have the selection rules listed in Table 8.2. As
we usually have g* < 0, the spin-flip transitions for large B are characterized
by the selection rules in the upper row of Table 8.2. For small B, the lower
row is relevant if the B = 0 spin splitting is dominated by the Dresselhaus
term, and the upper row is relevant if it is dominated by the Rashba term.
In general, both the Dresselhaus and the Rashba term contribute to the spin
splitting at B > 0, so that the ratio between the oscillator strengths for +
and — polarizations reflects the relative importance of these terms.

For the system considered in Fig. 8.13, we show in Fig. 8.14 the calculated

5 These transitions are often called electric-dipole spin resonances [34].
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Fig. 8.14. Absorption spectrum for the spin-flip transitions due to BIA and SIA in
a 150 A wide GaAs—Aly.3Gaog.7As QW with Ny = 2x 10! ecm ™2 in the presence of an

external electric field £. = 50 kV /cm, calculated by means of an 8 x 8 Hamiltonian.
The left and right parts show the absorption of — and + polarized light, respectively
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absorption spectrum for the spin-flip transitions. We see that above B =
0.8 T the dominant absorption line has the + polarization, whereas below
B = 0.8 T the dominant line has the — polarization, in agreement with the
above arguments. Note that the peak positions are the same for the two
polarizations; only the intensities change.
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9 Anomalous Magneto-Oscillations

In the year 1930, an oscillatory magnetic-field dependence was first observed
in the electrical resistance of bismuth (the Shubnikov—de Haas effect [1])
and in the magnetization (the de Haas—van Alphen effect [2]). Since then,
magneto-oscillations have been found in a large number of other observables,
including the sample temperature, the velocity of sound, and the thermoelec-
tric power [3]. These phenomena became of great interest and importance
when Onsager showed, by means of a semiclassical argument [4], that the
frequencies of the magneto-oscillations for B > 0 are related to extremal
cross sections of the Fermi surface at B = 0. Since then, magneto-oscillations
have proven to be a powerful tool for analyzing the Fermi surface of various
materials, for example metals, semiconductors, and heavy-fermion systems.

For 2D systems, Onsager’s argument predicts a simple relation between
the frequency fsqu of magneto-oscillations and the 2D charge density Ng in
the system,’

e
Ng = — . Nl
ﬂ_hdeH (9.1)

Here e is the electron charge and /i is Planck’s constant. Following (9.1),
longitudinal magnetoresistance oscillations in small magnetic fields perpen-
dicular to the plane of the system are frequently used to measure the charge
density Ny in 2D systems [5].

In Chap. 6, we have discussed the fact that inversion-asymmetry-induced
spin splitting results in unequal populations N1 of the spin subbands at
zero magnetic field, so that Ny = N4 + N_. For such systems, it has been
observed by many groups studying different materials [6,7,8,9,10,11,12,13,

, 15,16, 17,18,19,20,21] that the SAH oscillations exhibit a pronounced
beating pattern, indicating that we have a superposition of two frequencies
2. One can assume [7] that the Landau levels at B > 0 can be partitioned
into two independent sets that correspond to the two spin subbands at B = 0.

! In this chapter, we shall always assume that only the lowest confinement subband
is occupied. Otherwise we obtain a superposition of SAdH frequencies according
to the occupation of each confinement subband. We use the term “confinement
subband” in order to distinguish it from the spin subbands discussed in this
chapter.

Roland Winkler: Spin—-Orbit Coupling Effects
in Two-Dimensional Electron and Hole Systems, STMP 191, 171-194 (2003)
© Springer-Verlag Berlin Heidelberg 2003
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Fig. 9.1. Magnetoresistance oscillations of a 2D electron system in an asymmetric
Ing.52Gao.4gs As—Ing.50Alp.48 As QW measured by Das et al. [10]. Node positions in

the SdH oscillations are marked by arrows. The magnetoresistance oscillations for
B < 0.25 T are shown in the inset. The total 2D density according to Hall exper-
iments was Ny = 16.5 x 10" ¢cm™2. Taken form [10]. © (1989) by the American
Physical Society

Each set gives rise to SAH oscillations so that, by analogy with (9.1), the spin
subband densities N1 are given by

e
Ny = —fPH . 9.2
=7 omnE (9:2)
This relation has often been used to analyze B = 0 spin splitting in 2D
systems [6,7,8,9,10,11,12,13,14,15,16,17,18,19,20]. As an example, we show

in Fig. 9.1 the SAH oscillations measured by Das et al. [10] for a 2D electron
system in an asymmetric Ing 50Gag 4sAs—Ing 50Alp 48As QW. From (9.2), we
obtain N, = 8.9 x 10 em™2 and N_ = 7.6 x 10! em™2, in good agreement
with Ny = 16.5 x 10! cm ™2 obtained from independent Hall experiments.
In this chapter, we shall present the results of a detailed analysis, where
we have tested both theoretically and experimentally the validity of (9.2). We
obtain good agreement between the experimental and calculated SdH oscilla-
tions. On the other hand, the calculated B = 0 spin splitting differs substan-
tially from the predictions of (9.2) [22]. Using a semiclassical trace formula for
particles with spin, we shall show that the anomalous magneto-oscillations
reflect the nonadiabatic spin precession along the cyclotron orbits [23].
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9.1 Origin of Magneto-Oscillations

In this section, we shall briefly review the origin of magneto-oscillations peri-
odic in 1/B. First we shall use a quantum mechanical approach. Then we shall
use a semiclassical point of view. Note that the two approaches complement
each other by focusing on different aspects of this phenomenon.

We saw in Sect. 4.4 that in the presence of a magnetic field perpendicular
to the plane of a 2D system, the electrons or holes condense into highly
degenerate Landau levels, i.e. each Landau level corresponds to a peak in
the density of states, as sketched in Fig. 9.2. The degeneracy G of each
Landau level is proportional to the magnetic field B (see (4.25)), so that
with increasing field B, the Landau levels are pushed through the Fermi
surface. Magneto-oscillations thus reflect the oscillating DOS at the Fermi
energy Er. As many observables, such as the conductance, are proportional
to the DOS at Er, we can examine magneto-oscillations by measuring the
magnetoresistance of the sample, for example.

While the above approach gives us, in general, a precise explanation of
the origin of magneto-oscillations, the intuitive semiclassical approach due
to Onsager [41] allows us to relate the frequencies of the magneto-oscillations
to the Fermi surface at B = 0. This approach is based on the semiclassical
model of the dynamics of Bloch electrons in a solid [24]. In the presence of a
perpendicular magnetic field, the 2D electrons move on (classical) cyclotron
orbits. In k| space, these orbits follow contours of constant energy, consistent
with the fact that the Lorentz force does not change the energy of a parti-
cle. Semiclassically, the electrons are forced onto quantized orbits given by
the Bohr-Sommerfeld quantization condition (Fig. 9.3). The area enclosed
by the Fermi contour is proportional to the 2D density Ny of electrons. As
discussed above, with increasing magnetic field, the quantized cyclotron or-
bits are pushed one by one through the Fermi contour, which gives rise to
magneto-oscillations. Thus it can be shown [4] that, semiclassically, we ob-
tain the relation (9.1) between the density Ny and the frequency fsqm of the
magneto-oscillations irrespective of the detailed shape of the Fermi contour.
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9.2 SdH Oscillations and B =0 Spin Splitting
in 2D Hole Systems

The subject of our investigation was 2D hole systems in modulation-doped
GaAs QWs. We have used GaAs because the band-structure parameters are
well known [25,26], so that accurate numerical calculations can be performed,
and because high-quality samples can be grown which allow the observation
of many SdH oscillations [15]. As discussed in Chap. 6, the crystal structure
of GaAs is zinc blende, which is inversion-asymmetric. This bulk inversion
asymmetry provides a fixed contribution to spin splitting that cannot be
altered in the experiments. In the classic experiment by Das et al. [10], the
results of which are reproduced in Fig. 9.1, the structure inversion asymmetry
of the sample was determined by an asymmetrically grown sequence of layers.
Therefore the SIA spin splitting was fixed too. Recently, it has been shown
that one can tune SIA spin splitting by means of one [21] or two [16] external
gates. The B = 0 spin splitting in these systems thus has a fixed part due to
BIA, and a tunable part due to SIA.

A single front or back gate changes both the asymmetry of the sample and
the 2D density in the well. Such an experiment will be discussed in Sect. 9.2.4.
First we shall focus on the conceptually simpler (but experimentally more
demanding) case of a sample with both a front and a back gate so that
one can continuously tune the inversion asymmetry while keeping the total
density constant. The setup of such a system was sketched in Fig. 6.8.

9.2.1 Theoretical Model

Our calculations of magneto-oscillations were based on the methods discussed
in Chap. 4. First, the 8 x 8 Kane Hamiltonian containing the bands I, I'g,
and I} was used to self-consistently calculate hole states in the QW at zero
magnetic field. The Hamiltonian fully takes into account the spin splitting
due to BIA and STA. From this calculation, we obtained the spin subband
densities (4.14) at B = 0.
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We compare these results for the B = 0 spin splitting with a fully quan-
tum mechanical calculation of magneto-oscillations at B > 0. For (9.2), we
are interested only in the frequencies of these magneto-oscillations. There-
fore we have analyzed directly the oscillatory DOS at Er as a function of
the magnetic field, instead of, for example, the magnetoresistance in a 2D
system, which could be obtained from Kubo’s formula. In [27] it was explic-
itly shown that the magnetoresistance in a 2D system is directly related to
the oscillatory DOS at Er. We assume that the positions of the peaks in
the Fourier spectrum of the SAH oscillations are not affected by details of
magnetotransport that go beyond the scope of the present work.

For the calculations at B > 0, we used the very same Hamiltonian as
that discussed above, so that the results for B = 0 and B > 0 are directly
comparable. In particular, for B > 0 we used the Hartree potential that
was calculated self-consistently for B = 0. We introduced the magnetic field
by replacing the in-plane wave-vector components with Landau raising and
lowering operators (see Sect. 4.4). From the Landau levels Enr,(B), we ob-
tained the Fermi energy Er(B) by an iterative solution of the equation for
the (fixed) total density N of the system

1
1+exp[(E— Erp(B))/(ksT)]’

where D(E, B) is the DOS, for which we assumed a phenomenological Gaus-
sian broadening

N, = / dE D(E, B) 9.3)

1 [E — Eno(B)]?
D(E,B) =G —— ex :

with linewidth I'. The prefactor G in (9.4) is the degeneracy per unit area
(4.25). From the Fermi energy Er(B), we obtained the DOS at Ep, for which
we shall use the shorthand notation Dg(B) = D[Er(B), B]. Finally, we ob-
tained the frequency fsqu by means of a Fourier transform of Dp(B) as a
function of the reciprocal magnetic field.

As we were interested only in the frequencies of Dg(B), we usually as-
sumed temperature T = 0 in (9.3), because in the present context a finite,
phenomenological broadening I" and a finite temperature T have essentially
the same effect [3]. The results depend neither on the width I" nor on the
functional form of the broadening in (9.4) (a Gaussian versus a Lorentzian,
for example).

(9.4)

9.2.2 Calculated Results

We have considered a 200 A wide GaAs-Aly3Gag.7As QW grown in the
crystallographic direction [113] with a 2D hole density Ny = 3.3 x 10! cm~2.
In Fig. 9.4, we show the self-consistently calculated B = 0 spin splitting
AN = |N4 — N_]| as a function of the electric field £, in the growth direction.
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Even around £, = 0, we have a significant spin splitting due to BIA. We
obtain slightly different spin splittings for £, < 0 and £, > 0 because these
directions of &£, are not equivalent for a QW grown in the low-symmetry
direction [113].

As an example, we present in Fig. 9.5 the Landau fan chart for the sym-
metric configuration (£, = 0). In Fig. 9.5a we show the fan chart obtained
by means of the axial approximation; in Fig. 9.5b we show the fan chart ob-
tained by including cubic corrections and BIA. We see that these terms are
very important for a proper calculation of Landau levels for the low-symmetry
growth direction [113].

axial approximation full Hamiltonian
1.0 T T T T T T T T

E (meV)

2005 1.0 15 20

B (T) B (T)

Fig. 9.5. Landau fan chart of a symmetric, 200 A wide GaAs—Aly 3Gag.rAs QW
grown in the crystallographic direction [113] with Ny = 3.3 x 10'* cm™2: (a) cal-
culated by means of the axial approximation, and (b) calculated using the full
Hamiltonian, including cubic corrections and BIA. The bold lines indicate the Fermi
energy
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Fig. 9.6. Fourier spectra of the (a) calculated and (b) measured magneto-
oscillations versus magnetic field B for different values of the electric field £, for a
200 A wide GaAs—Aly.3Gag.7As QW with growth direction [113] and 2D hole den-
sity Ns = 3.3 x 10* ¢cm™2. The open circles show the expected Fourier transform
peak positions (27h/e) N+ according to the calculated spin splitting N+ at B = 0.
In (c) we show several measured magnetoresistance traces [16]. (a) and (b) taken
form [22]. © (2000) by the American Physical Society

o b

In Fig. 9.6a, we show the Fourier spectra of Dp(B), the oscillating DOS at
Er. In order to match the experimental situation discussed below, the Fourier
spectra were calculated for B between 0.20 and 0.85 T (B~! between 1.17
and 5.0 T~1). The expected peak positions according to the calculated B = 0
spin splittings (Fig. 9.4) are marked by open circles. It is very surprising that
the calculated splittings of the magneto-oscillations are significantly smaller
than the splittings expected from the calculation for B = 0. In particular,
we obtain only one peak for the symmetric case £, = 0, whereas we would
expect two peaks from Fig. 9.4 owing to the BIA spin splitting that is present
even for £, = 0. We would like to emphasize once again that the calculations
for B=0 and B > 0 were based on the very same Hamiltonian.

So far, we have neglected completely in our discussion the Zeeman split-
ting of the Landau levels (though it is present in the numerical calcula-
tions). In fact, Zeeman splitting affects only the amplitude and phase, but
not the frequency, of the oscillating DOS, because (in a perpendicular field)
both the Landau-level splitting Aw} and the Zeeman splitting g*upB de-
pend linearly on the magnetic field B. Accordingly, Zeeman splitting mod-
ifies the height but not the position of the peaks in the Fourier spectra in
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Fig. 9.6.2 On the other hand, an amplitude- and phase-sensitive modeling of
the magneto-oscillations allows one to extract both the B = 0 spin splitting
and the Zeeman splitting from the measured magneto-oscillations. However,
the magneto-oscillations measured in most experiments are magnetoresis-
tance oscillations. The amplitude and phase of these oscillations depend not
only on the oscillating DOS but also on the details of the magnetotrans-

port [27].

9.2.3 Experimental Findings

Shubnikov—de Haas oscillations for the system investigated theoretically in
Figs. 9.4 and 9.6a were measured by Papadakis et al. [16]. These authors
used Si-modulation-doped GaAs QWs grown by MBE on the (113)A surface
of an undoped GaAs substrate. The well width was 200 A. Photolithography
was used to pattern Hall bars for resistivity measurements. The samples had
metal front and back gates, which controlled both the 2D hole density and &,
(see Fig. 6.8). Measurements were done at a temperature of 25 mK. In order
to vary &, while maintaining a constant density, Papadakis et al. first set the
front-gate (V) and back-gate (Vig) biases and measured the resistivity as a
function of B. The total 2D hole density Ny was then deduced from the Hall
coefficient. Then, at small B, Vi, was increased and the change in the hole
density was measured. V;,; was then reduced to recover the original density.
This procedure changes £, while maintaining the same density to within 3%,
and allows calculation of the change in £, from the way the gates affect the
density. These steps were repeated until the whole range of Vi, and Vi¢ that
was accessible without causing gate leakage had been probed.

The Fourier spectra of the measured SdH oscillations are shown in
Fig. 9.6b. Several measured magnetoresistance traces are reproduced in
Fig. 9.6c. Keeping in mind that we may not expect a strict one-to-one corre-
spondence between the oscillatory DOS at the Fermi energy (Fig. 9.6a) and
the magnetoresistance oscillations (Fig. 9.6b), the agreement is quite satis-
factory. However, the measured peaks confirm the result that the peaks in the
spectra of the magneto-oscillations deviate substantially from the expected
peak positions according to the zero-B spin splitting: for nearly all values of
&. the splitting (27h/e) AN is significantly larger than Af = f34H — fSdH,
In particular, near £, = 0 only one SdH frequency is visible in both the
measured and the calculated spectra, whereas we would expect to obtain two
frequencies. Note that the calculated values of AN near £, = 0 would imply a
beating pattern of the SAH oscillations with two nodes within the range of B
investigated. No indication of a beating pattern was observed near £, = 0,
neither in the calculated nor in the measured SdH oscillations.

2 In the particular case where the Zeeman splitting equals half the Landau-level
splitting, all intensity in the Fourier spectra is shifted to the total-density peak
at f = (2wh/e)Ns.
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It is interesting that, in spite of this anomalous behavior of the magneto-
oscillations, we always find, in both the calculations and the experiments,
that the sum of the two SAH frequencies correctly gives the total density,
i.e. Ny = [e/(2mh)] (f29H + f59) We remark that, experimentally, the total
density can be measured independently by means of the quantum Hall effect.

9.2.4 Anomalous Magneto-Oscillations in Other 2D Systems

We have performed extensive calculations and further experiments which
have confirmed that the results in Fig. 9.6 are typical for 2D hole systems.
In Fig. 9.7, we show the results for 150 A wide QWs which have only a front
gate [15]. Here the gate voltage changes both the total density Ny = Ny +N_
in the well and the asymmetry in the sample. Therefore we have plotted A f
and AN versus Ny. For Ny = 3.8 x 10! cm™2, the QW becomes symmetric,
which corresponds to a minimum of AN. Again we have good agreement
between the measured and calculated differences Af. However, there is a
significant difference between A f and the predicted splittings based on AN.

For different crystallographic growth directions, the spin splitting and
SdH oscillations behave rather differently. Moreover, these quantities depend

5 T T T T T T T 12
L o fi-f. Sample A
4L O 2(f-f-) Sample A K 10
A 2(1‘7 f,) Sample B/ D>
B /
- 3t - Aftheo 18 =
Y— B T 6 5
< )
2 i (@l
I 14 3
“ 4 B 2 ~
L R
N (10" em™)

Fig. 9.7. The difference Af between the two frequencies of the magneto-oscilla-
tions (left) and the difference AN between the two spin-subband densities (right),
plotted against the total hole density Ns. The symbols represent experimental data
and the curves the results of calculations. The frequencies f = (7wh/e)Ns used to
determine the values of Af, marked by squares and triangles were measured by
means of the quantum Hall effect observed at higher fields [15]. The samples were
two 150 A wide GaAs—Alg 3Gag.7As QWs whose charge distribution was symmetric
at N5 = 3.8 x 10" cm™2. The right and left vertical axes are scaled according to
AN = [e/(2wh)]Af, so that AN and Af can be directly compared. Taken from [28].
© (2001), with permission by Elsevier
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Fig. 9.8. Calculated Fourier spectra of magneto-oscillations versus magnetic
field B for different values of the electric field &, for a 150 A wide GaAs—
Aly.5Gag.sAs QW with crystallographic growth direction [110] and 2D hole den-
sities (a) Ns = 3.0 x 10" cm™2 and (b) N; = 3.3 x 10" cm™2. The open circles
show the expected Fourier transform peak positions (27h/e) N+ according to the
calculated spin splitting N+ at B = 0. Taken from [22]. © (2000) by the American
Physical Society

il

sensitively on the total 2D hole density Ny = N, + N_ in the well. In Fig. 9.8,
we have plotted the calculated SAH Fourier spectra versus £, for a GaAs
QW with a growth direction [110] and Ny = 3.0 x 10" ¢cm™2 (Fig. 9.8a)
and Ng = 3.3 x 10'* cm™=2 (Fig. 9.8b). Open circles mark the expected peak
positions (27fi/e) N1 according to the spin splitting N1 at B = 0. Again, the
peak positions in the Fourier spectra differ considerably from the expected
positions (2whi/e)Ny. Close to £, = 0, there is only one peak at (7fi/e)Ns.
Around &, = 1.0 kV/cm we have two peaks, but at even larger fields &, the
central peak at (7w/i/e)Ns shows up again. At £, ~ 2.25 kV/cm we have a
triple-peak structure, consisting of a broad central peak at (wh/e) Ns and two
side peaks at approximately (27//e)Ny. In Fig. 9.8, we have a significantly
smaller linewidth than in Fig. 9.6. Basically, this is due to the fact that for
the Fourier transforms shown in Fig. 9.8 we used a significantly larger interval
of B7! (10.0 T~! as compared with 3.83 T~1) in order to resolve the much
smaller splitting for the growth direction [110]. We note that for £, = 0 the
SdH oscillations are perfectly regular over this large range of B~!, with just
one frequency, which makes it rather unlikely that the discrepancies between
Af and (27h/e)AN could be caused by a B-dependent rearrangement of
holes between the Landau levels.
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Fig. 9.9. Calculated Fourier spectra of magneto-
oscillations versus magnetic field B for different val-
2 ues of the electric field &, for a 200 A wide GaAs—
Alp.3Gag.sAs QW with crystallographic growth di-
rection [001] and 2D hole density Ny = 3.0 X
0 10'* ¢cm™2. The open circles show the expected
4 6 8 10 peak positions (27h/e) N+ according to the calcu-
lated spin splitting N+ at B = 0. Taken from [28].
fsan (T) © (2001), with permission by Elsevier
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In Fig. 9.9, we have plotted the calculated SAH Fourier spectra versus &,
for a GaAs QW with a growth direction [001] and Ny = 3.0 x 10'* cm™2.
Open circles mark the expected peak positions (277/e) Ny according to the
spin splitting N1 at B = 0.? For £, = 0, we have two peaks in the Fourier
spectra that match exactly the positions expected according to the B = 0
spin splitting. However, for small £, > 0 the B = 0 spin splitting increases
continuously, whereas the separation of the SAH frequencies stays constant.
For larger &£,, the separation of the side peaks is significantly smaller than
(2wh/e)AN. Around &£, = 3 kV/cm we have a triple-peak structure, consist-
ing of a dominant central peak at (wh/e)Ns and two smaller side peaks at
approximately (27wh/e)Nx. For larger €., the central peak disappears again.

Our calculations for holes were based on the fairly complex multiband
Hamiltonian Hgxs. In Sect. 9.3.2 below, we show that qualitatively the same
results can be obtained by analyzing the simpler 2 x 2 conduction band Hamil-
tonian of [29] that contains nonparabolic corrections up to fourth order in k.
However, this model is appropriate for electrons in large-gap semiconductors,
where the spin splitting is rather small, so that it is more difficult to observe
these effects experimentally.

9.3 Discussion

The common interpretation [7] of SAH oscillations in the presence of inver-
sion asymmetry is based on the intuitive idea that for small B, the Landau

3 In Fig. 9.6 (growth direction [113]), we have distinguished between £, < 0 and
&. > 0. For the growth directions [110] (Fig. 9.8) and [001] (Fig. 9.9,) £, < 0
and &, > 0 are equivalent.
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levels can be partitioned into two sets which can be labeled by the two spin
subbands. Each set gives rise to an SdH frequency which is related to the
population of the respective spin subband according to (9.2). However, a
comparison between the (partially) spin-polarized eigenstates at B > 0 and
the unpolarized eigenstates at B = 0 shows that in general such a partition-
ing of the Landau levels is not possible. This reflects the fact that the orbital
motions of the up and down spinor components are coupled in the presence
of SO interaction, i.e. they cannot be analyzed separately.

9.3.1 Magnetic Breakdown

For many years, anomalous magneto-oscillations have been explained by
means of magnetic breakdown [3]. In a sufficiently strong magnetic field B
electrons can tunnel from an orbit on one part of the Fermi surface to an orbit
on another, separated from the first by a small energy gap. The tunneling
probability was found to be proportional to exp(—By/B), with a breakdown
field By, similar to Zener tunneling [3]. This brings into existence new orbits
which, when quantized, correspond to additional peaks in the Fourier spec-
trum of the SdH oscillations. However, if the anomaly in the SdH oscillations
reported in Fig. 9.6 were due to magnetic breakdown, for £, = 0 we would ex-
pect several frequencies f5 with different values rather than the observed
single frequency. In a simple, semiclassical picture a single frequency could be
explained by two equivalent orbits in k| space, as sketched in Fig. 9.10. This
would imply that the tunneling probabilities at the junctions j; and j» were
equal to one (and thus independent of B). We remark that de Andrada e Silva
et al. [30] studied anomalous magneto-oscillations for spin-split electrons in a
2D system. Their semiclassical analysis based on magnetic breakdown could
not predict the breakdown field By satisfactorily (see Table IIT in [30]).

In order to understand the deviation from (9.2) visible in Fig. 9.6, we
need to look more closely at Onsager’s semiclassical argument [4], which un-
derlies (9.2). This argument is based on Bohr-Sommerfeld quantization of
the semiclassical motion of Bloch electrons, which is valid for large quan-
tum numbers. However, spin is an inherently quantum mechanical effect, for

j1 Fig. 9.10. Qualitative sketch of the spin-split

TS Fermi contours in k| space for a QW with
growth direction [113] (solid lines). In a simple
semiclassical picture, the observation of a sin-
gle peak near £, = 0 in the Fourier spectra of

" Fig. 9.6 can be explained by two equivalent tra-
jectories in k) space, a left one and a right one,
which follow the dashed lines at the breakdown
junctions ji and jz. Taken from [22]. © (2000)
by the American Physical Society
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which the semiclassical regime of large quantum numbers is not meaningful.
Therefore Bohr—-Sommerfeld quantization cannot be carried through in the
usual way for systems with SO interaction. In a semiclassical analysis of such
a system, we have to keep spin as a discrete degree of freedom so that the
motion in phase space becomes a multicomponent vector field [31], i.e. the
motions along the spin-split branches of the energy surface are coupled to
each other and cannot be analyzed separately.

One may ask whether we can combine the older idea of magnetic break-
down with the more recent ideas on Bohr—Sommerfeld quantization in the
presence of SO interaction. Within the semiclassical theory of [31], spin-flip
transitions may occur at the so-called mode-conversion points, which are
points of spin degeneracy in phase space. Clearly, these points are related to
magnetic breakdown. However, mode-conversion points introduce additional
complications into the theory of [31], so that it was noted by the authors of
that paper that their theory is not applicable in the vicinity of such points.
Nevertheless, a semiclassical analysis of a particular model has shown [32]
that spin flips are possible at these points for certain trajectories. However, we
cannot expect that the probability for spin-flip transitions can be expressed
as a conventional tunneling probability which does not take into account the
spin degree of freedom for the two bands participating in the breakdown
process. In the following section we shall discuss an alternative semiclassical
approach based on a trace formula for particles with SO interaction.

9.3.2 Anomalous Magneto-Oscillations and Spin Precession

In this section, we shall use a semiclassical trace formula for particles with
spin, which has only recently been developed [33,34] in the context of quan-
tum chaos, in order to show that the anomalous magneto-oscillations reflect
the nonadiabatic spin precession along the cyclotron orbits [23]. While spin
is a purely quantum mechanical property with no immediate analogue in
classical physics, the present analysis reveals that our understanding of spin
phenomena can be greatly improved by investigating equations of motion for
a classical spin vector.

General Theory. Onsager’s semiclassical analysis of magneto-oscillations

was based on a Bohr—Sommerfeld quantization of cyclotron orbits [41]. How-
ever, for systems with spin, there is no straightforward generalization of Bohr—
Sommerfeld quantization [35,36]. The Gutzwiller trace formula [37,38] pro-

vides an alternative and particularly transparent semiclassical interpretation
of magneto-oscillations that is applicable even in the presence of SO inter-
action. Rather than giving individual quantum energies, the trace formula
relates the DOS D(E) of a quantum mechanical system to a sum over all
topologically distinct primitive periodic orbits I" of the corresponding classi-
cal system. We decompose D(E) into a smooth average DOS D(E) and an
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oscillating part D(FE). We then have, in the semiclassical (SC) asymptotic
limit 2 — 0,

D(E) = D(E)+3D(E) (9.50)
f:c D(E —1—2 ZApk coS L_]Z Sr(E) — ggom ) (9.5b)
I k=1

Here Sp(E) is the classical action of the orbit I', k counts the number of
revolutions around I', and the Maslov index ¢y is a phase that depends
on the topology of I'. The amplitudes Arg(E) depend on the energy, time
period and stability of the orbit, as well as on whether the orbit is isolated
or nonisolated.

We now briefly reformulate the theory of magneto-oscillations of 2D elec-
trons without SO interaction using the language of periodic-orbit theory [38].
Here, the sum over k-fold repetitions of the classical periodic cyclotron or-
bits corresponds to a Fourier decomposition of the DOS as a function of the
energy E. Within the EMA, we have (see (4.30))

D(E) G{ié[Eth (L+%)]} (9.6a)

L=0

=G {h:}: + hi* Z( 1)* cos (% 2;T*E) }, (9.6b)

Ck‘ 1 C

where G denotes the degeneracy per unit area (4.25) and w} = eB/m* is the
cyclotron frequency. The first term in (9.6b) is the average DOS, and the sec-
ond term is the oscillating part. Equation (9.6b) can be derived in two ways.
Starting from (9.6a), it can be obtained by purely algebraic transformations
using the Poisson summation formula. Alternatively, we can evaluate (9.5b)
for the periodic cyclotron orbits. Both methods yield identical results, i.e.,
in the particular case of a harmonic oscillator, the trace formula (9.5) is an
identity.

We see in (9.6) that the action of a k-fold revolution corresponds to the
kth harmonic (k/h) 2rE/w} = 2rkm*E/(heB) of the DOS. The DOS, for a
fixed energy F, thus oscillates as a function of the reciprocal magnetic field
1/B, which is the origin of magneto-oscillations. In an SdH experiment we
have E = Ep ~ h%k%/(2m*), where k% = 2w N5. Thus we obtain Onsager’s
formula (9.1) from the first harmonic k£ = 1. Longer orbits k£ > 1, which give
rise to higher harmonics in the oscillating DOS, are exponentially damped
for small but nonzero temperatures [39], so that in the present analysis it
suffices to consider k = 1.

Trace Formula for Systems with SO Interaction. In order to incor-
porate the effect of SO interaction into the trace formula (9.5), we follow
the recent analysis by Bolte and Keppeler [33,34]. We decompose the full
Hamiltonian H into an orbital part Hy., plus the SO interaction Hgo:
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H = Hyp + Hso - (97)

For simplicity, we shall restrict ourselves to spin-1/2 systems so that Hgo is a
2 x 2 matrix. The orbital part He,p, yields the classical orbits I" that enter into
the trace formula (9.5). Bolte and Keppeler showed that, to leading order in
h, the SO interaction Hgo results in weight factors

trdp(kT) (9-8)

for the orbits in the trace formula (9.5). These factors can be determined by
integrating the spin transport equation

ihdr(t) = Hso(r,p) dr(t) (9.9)

using the initial condition dr(0) = 1. Here dr(t) is a 2 x 2 matrix in SU(2),
trd denotes the trace of d, T' denotes the period of I', k counts the number
of revolutions around I, d is the time derivative of d, and Hgo(r,p) is the
SO interaction along the orbit I" = [r(t), p(t)]. Combining (9.5) and (9.8) we
obtain

Sl k 0
6Dsc(E) = ; ;Apk(E) trdr(kT) cos |+ Sr(E) = 5 ere| . (9:10)
It follows that the spin degree of freedom is determined by the orbital motion.
On the other hand, in the lowest order of A, the orbital motion remains
unaffected by the motion of the spin [33,34].

The weight factors trdp(kT') allow an intuitive, classical interpretation.
We write the SO interaction in the form

Hso(r,p) = 5 o Blr.p). (0.11)

where B(r,p) is an effective magnetic field. Here we use the same symbol
as for the effective field B in Sect. 6.6 because, in the present analysis, B
represents a classical analogue of the previously defined B. The spin transport
equation (9.9) for the matrix d € SU(2) is locally isomorphic to the motion
of a trihedron 7 € SO(3) attached to a classical spin vector s, where s obeys
the equation of motion of a classical precessing spin,

$=sxB(r,p), (9.12)

and B(r,p) is the effective field along the orbit I" = [r(t),p(t)]. After k
periods of the orbital motion, the spin vector s has been rotated by an angle
kp about an axis n; see Fig. 9.11. We remark that the axis n (but not p)
depends on the starting point of the periodic orbit. The angle p contains
both a dynamical phase and a geometric phase similar to Berry’s phase [40)].
Finally we have (see e.g. (3.2.45) in [41])*

trdr(kT) = 2cos(kp/2), (9.13)

4 The relation between the angle p and the previously [34] defined angles  and 1
is given by cos(p/2) = cos(6/2) cosn.



186 9 Anomalous Magneto-Oscillations

Fig. 9.11. Classical spin precession (bold green line) about the effective field
B (bold red line) along a cyclotron orbit (black) for a GaAs QW. The thin lines
represent the momentary vectors of the effective field B (red) and the spin s (green)
along the cyclotron orbit. The momentary vectors for B are normalized with respect
to the maximum of |B| along the orbit. At the starting point, we have chosen s || B.
After one cycle the motion of the spin vector can be identified with a rotation by an
angle p about an axis n, as shown in the blow-up on the left. The initial and final
directions of the spin vector s are marked in blue. The system considered is a 100 A
wide GaAs—Alp.5Gag.sAs QW grown in the crystallographic direction [113] with a
2D density Ns = 5 X 10* em™? in the presence of an electric field £, = 100 kV /cm
and a magnetic field B = 0.05 T. Taken from [23]. © (2002) by the American
Physical Society

Fig. 9.12. C(Classical spin precession
for the same system as in Fig. 9.11 but
assuming an external magnetic field
B = 0.004 T. Here the spin precession
is adiabatic

i.e. for evaluating the trace, the two-to-one correspondence between d €
SU(2) and 7 € SO(3) is unimportant.

Example: 2D Electrons in a GaAs QW. We have analyzed magneto-
oscillations for quasi-2D electron systems in semiconductors such as GaAs
where we have two contributions to the SO coupling. The Dresselhaus term
(6.1) reflects the bulk inversion asymmetry of the zinc blende structure of
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GaAs. If the inversion symmetry of the confining potential of the quasi-2D
system is broken, we obtain an additional SO coupling given by the Rashba
term (6.10). While the Dresselhaus term is fixed, the Rashba SO coupling
can be tuned by applying an electric field £, perpendicular to the plane of
the quasi-2D system (Fig. 6.8).

We shall investigate a 2D system grown in the crystallographic direction
[113] where the effective field B has an out-of-plane component B,. Using
the rotated coordinate system defined in Fig 7.3, the Dresselhaus term (6.1)
reads

cee (M2 M
H6bc6c = béﬁllG (Hb_T _Hg) ’ (914&)
where
MY = Y2 (32 —1) (K> + {kyh ki) — 2k3k?)
—6cs” ({k—kyh_} — 2k_k2)] , (9.14b)
ML= (L5 (24 1) (K — 1Y)
+ 35 (32 — 1) ({k—kyhk_} — {kyik_ki})], (9.14c¢)

where s = sinf and ¢ = cosf. For the growth direction [113], we have § =
arccos(3/+/11). Note that we have neglected all terms containing odd powers
of k, because we have (k') = 0 for n odd. The Rashba term (6.10) remains
unaffected by the change of the coordinate system.

In the quantum mechanical calculation, we added the Dresselhaus term
(9.14) and the Rashba term (6.10) to the EMA Hamiltonian (4.27), which
then was diagonalized numerically. In the semiclassical calculation, we in-
serted the Dresselhaus term (9.14) and the Rashba term (6.10) into the spin
transport equation (9.9). The operator of the in-plane momentum hk) was
replaced by the classical kinetic momentum p(t) along the cyclotron orbit:

coswit
hkj — p(t) = V2m*E | sinwt |, (9.15)
0

where E is the energy of the classical orbit. We then integrated the classical
equations of motion (9.9) in order to evaluate (9.13). It follows from (9.6) and
(9.13) that in the semiclassical calculation, apart from higher harmonics k& >
1, the oscillating part of the DOS at the Fermi energy Er is proportional to

cos(p/2) cos [2mrm* Er/(heB)] . (9.16)

Both in the quantum mechanical calculation and in the semiclassical calcula-
tion, we replaced k2 by its expectation value (k?), i.e. we have assumed that
the perpendicular component of the motion is completely decoupled from the
in-plane component.

In Fig. 9.13, we compare the Fourier spectra of the magneto-oscillations
of the DOS calculated quantum mechanically and semiclassically as outlined
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(a) quantum mechanical (b) semiclassical
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Fig. 9.13. (a) Quantum mechanical and (b) semiclassical Fourier spectra for dif-
ferent values of the electric field £, for a 2D electron system in a 100 A wide GaAs—
Alp.5Gao.s As QW grown in the crystallographic direction [113] with constant total
density Ny = 5 x 10* em™2. The open circles show the expected Fourier transform
peak positions (277i/e) N+ according to the calculated spin subband densities N4
at B = 0. Taken from [23]. © (2002) by the American Physical Society

above, assuming a 2D electron system in a 100 A wide GaAs-Aly 5Gag 5As
QW grown in the crystallographic direction [113] with a constant total density
Ny = N;y+N_ =5x10" em~? and a varying £,. For comparison, the circles
mark the peak positions which one would expect according to (9.2) for the
spin subband densities N1 calculated quantum mechanically at B = 0. The
Fourier spectra in Fig. 9.13a,b are in strikingly good agreement. On the other
hand, the peak positions deviate substantially from the positions expected
according to the B = 0 spin splitting. In particular, the semiclassical analysis
based on (9.16) reproduces the central peak, which is not predicted by (9.2).
The asymmetry in Fig. 9.13 with respect to positive and negative values of
&, reflects the low-symmetry growth direction [113] (Ref. [22]).

Adiabatic and Nonadiabatic Motion. An analysis of the classical spin
precession along the cyclotron orbit reveals the origin of the anomalous
magneto-oscillations. The spin-split states at B = 0 correspond to fixing
the direction of the spin parallel and antiparallel to the effective field B(p)
along the cyclotron orbit. However, in general, the precessing spin cannot
adiabatically follow the momentary field B(p). This can be seen in Fig. 9.11,
where we have plotted the momentary field B(p) and the precessing spin s
along a cyclotron orbit. Both the direction and the magnitude of B change
along the orbit. In particular, the Dresselhaus term reverses the direction
of B when |B| has a minimum. A spin vector that is no longer parallel or
antiparallel to B implies that the system is in a superposition of states from
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both spin subbands, so that the magneto-oscillations are not directly related
to the B = 0 spin splitting.

For the spin, in order to be able to follow the momentary field B(p) adi-
abatically, the orbital motion must be slow compared with the motion of the
precessing spin, i.e. we must have (e/mg)B < |B(p)| for all points p along
the cyclotron orbit. Therefore, it is the smallest value Bpi, = min|B(p)|
along the cyclotron orbit which determines whether or not the spin evolves
adiabatically. This is illustrated in Fig. 9.11, where the parameters were cho-
sen such that initially the spin is parallel to the effective field B. First s can
follow B, but after a quarter period of the cyclotron orbit the effective field
B reaches its minimum B,,;, and s starts to “escape” from B. Subsequently,
the spin vector s is no longer parallel to B, even in those regions where B
becomes large again. For comparison, a completely adiabatic motion is shown
in Fig. 9.12. We remark that adiabatic spin precession does not imply p = 0,
but only that the rotation axis n is approximately parallel to the initial (and
final) direction of the effective field B. At ¢ = 0 and ¢ = T, a trihedron
attached to s can be oriented differently.

We noted in Sect. 9.3.1 that for many years, anomalous magneto-oscil-
lations have been explained by means of magnetic breakdown [12,30]. Un-
derlying this approach is a rather different semiclassical picture, where each
spin-split subband is associated with an energy surface with separate clas-
sical dynamics. In the present treatment, on the other hand, there is only
one energy surface, complemented by the dynamics of a classical spin vector.
It is the essential idea within the concept of magnetic breakdown that, in
a sufficiently strong external magnetic field B, electrons can tunnel from a
cyclotron orbit on the energy surface of one band to an orbit on the energy
surface of a neighboring band separated from the first one by a small energy
gap. For spin-split bands, the separation of these bands is proportional to the
effective field B, i.e. magnetic breakdown is most likely to occur in regions of
a small effective field B. This approach implies that the anomalous magneto-
oscillations are essentially determined by the breakdown regions only. (These
breakdown regions can be identified with mode-conversion points [35].) Here
the present approach differs fundamentally from these earlier models: in the
present ansatz, the spin precesses continuously along the cyclotron orbit, i.e.
the angle p in (9.16) is affected by the nonadiabatic motion of s in the regions
of both small and large B (see Fig. 9.11).

In the adiabatic regime, where the spin precession is fast compared with
the orbital motion, we can readily evaluate the angle p. First we shall derive
two-component vectors ¥ (t) that are adiabatic solutions of

iW)(t) = o - Bi(t) . (9.17)

Then we shall combine the vectors ¥(t) to form a matrix d(¢) that is an
adiabatic solution of (9.9). We write B using polar coordinates 6 and ¢:
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sin @ cos ¢
= |B| | sinf sing | . (9.18)
cosf

The momentary eigenvalues A+ and eigenvectors y+ of o - B are

ae=l8l = (G ). (9.190)
18| : X_:(_ec;if’;r/lgg)/2)>. (9.19b)

In the adiabatic limit, we can use the ansatz

P (t) = exp [:F [ Bwyar imw} e lt), (9.20)

i..e we assume that the solutions 14 (t) of (9.17) stay in the subspaces defined
by x+(t). By inserting (9.20) into (9.17), we find that the Berry phase 4 (¢)
amounts to

i (t) = q:%/o [1— cos6(t)] $(t') dt’ . (9.21)
Finally, we use 94 (t) to construct an adiabatic solution d(t) of (9.9),
v1(0)
d(t) = ( wim) (V). =), (9.22)

which obeys the correct boundary condition d(0) = 1. Evaluating the trace
yields tr d(T') = 2 cos(p/2), where

p/2 = /0 |B(t’)\dt’+% /O [1— cosO(t')] $(t') dt’ (9.23)

and T = 27 /w is the period of the cyclotron motion.

In the limit of small external fields (B — 0), the Berry phase in (9.23)
converges towards a constant. In addition, the integrand |B(t')| can be ex-
panded with respect to a small Zeeman term, i.e. |B| ~ By + B1 B, where the
coefficients By and By are T-periodic in time. Note that neither the Dressel-
haus nor the Rashba term depends explicitly on the external field B. Thus,
in the limit of small external fields, we obtain p(B) & po/B+ p1 where py and
p1 are constants, independent of B. Inserting the last relation into (9.16), we
obtain

2rm*Er | po\ 1 | p1
6D (E ZcosK + 2) =+ 2], (9.24)

i.e. only in the limit of adiabatic spin precession are magneto-oscillations
directly related to the B = 0 spin splitting.
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By varying the crystallographic growth direction of the QW, it is possible
to tune the value of Bi,. In particular, for a QW grown in the crystallo-
graphic direction [110], the Dresselhaus term vanishes when p is parallel to
the in-plane directions [001] and [001]; see Fig. 6.20. Thus, for a symmetric
QW without Rashba SO coupling, we have |B(p)| = (e/mo)B for these values
of p, which implies that there is no adiabatic regime and one always observes
anomalous magneto-oscillations.

Analytical Treatment of the Rashba Model. For a system with Rashba
SO coupling but no Dresselhaus term, we can estimate the accuracy of the
approximate semiclassical approach by comparing with the exact eigenvalue
spectrum (8.16). Using the P01sson summation formula, we obtain from (8.16)
the exact trace formula |

k=1 c
(9.25)
where
_ o? m*
C

On the other hand, we can also evaluate analytically the spin transport
equation (9.9), which yields

2
g m > = (9.27)

1
“(1-Z 5
trd(kT) = (—=1)* 2 cos QkW\/4< 5 me :

Using (9.10), we then obtain the following for the oscillating part of the DOS:

2G E 1 gt m*\> 2E
0Dsc(E 2k +4/-=(1 =
ol = M:ZZCOS "\ et \/ (1-%5) o

£ k=1
(9.28)
Equation (9.28) is a good approximation to (9.25) if
E
=) 9.29
et > (9.29)

In an SdH experiment, we have FE ~ h?kZ/(2m*), where k% = 2w Ns. Thus
(9.29) is equivalent to
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N> N, (9.30)

where Ny, is the “quantum density” (6.15) below which only the lower spin
subband is occupied at B = 0. We have seen in Sect. 5 that for realistic
parameter values (9.30) is always fulfilled in quasi-2D systems. This justifies
the approach based on (9.9) which in the present context of an h expansion
corresponds to the regime of weak SO coupling.” For k = 1, and using the
above approximate expression for Er, (9.28) yields the SAdH frequencies

2mh [ Ny a 2m*
FodH - — (7 + e \/27TNS) , (9.31)

which represent the leading order in « of the exact B = 0 spin subband
densities (6.18). We remark that a similar calculation based on the k =1
component of the exact level density (9.25) and using the exact Fermi energy
(6.17) yields the exact B = 0 spin subband densities (6.18). The above anal-
ysis also illustrates that Onsager’s interpretation of SAH oscillations is not
affected by Zeeman splitting.

Other Systems. We note that the concepts developed here are rather gen-
eral and, in particular, are not restricted to spin-1/2 systems. Indeed, an anal-
ogous semiclassical analysis can be carried out for any system with (nearly)
degenerate subbands. These bands can be identified with a single band with
an SO coupling acting on an effective spin degree of freedom, similarly to Li-
pari and Baldareschi’s treatment [14] of the multiply degenerate valence band
edge in a semiconductor with a diamond or zinc blende structure. In particu-
lar, we expect that the present approach can be applied to the interpretation
of de Haas—van Alphen experiments on ultrahigh-purity samples [45] that
had called into question the established concepts of magnetic breakdown.

9.4 Outlook

Few approaches allow realistic, fully quantum mechanical calculations of
magneto-oscillations that can be compared with band structure calculations
at B = 0. This is due to the fact that, unlike the k - p method and the enve-
lope function approximation, other methods for band structure calculations
are often unsuitable for taking a quantizing magnetic field into account. In
particular, the semiclassical concept of magnetic breakdown introduced in the
early 1960s in order to explain anomalous SAH oscillations in metals, in spite
of its wide use, has rarely been compared with fully quantum mechanical
calculations. More recent experiments with metal samples of extremely high
purity revealed unresolved discrepancies between these semiclassical concepts

5 A semiclassical treatment of the Rashba model in the limit of strong SO coupling
has been given in [43].
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and experimental data [45]. Later, the experiments and the semiclassical con-
cepts were critically assessed by Pippard [46]. We expect that the present
surprising results on anomalous magneto-oscillations in 2D electron and hole
systems represent merely a starting point for more detailed investigations of
these questions.
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10 Conclusions

Spin—orbit interaction gives rise to fascinating phenomena in quasi-2D sys-
tems, such as a spin splitting of the single-particle states in inversion-
asymmetric systems even at a magnetic field B = 0 and a Zeeman split-
ting characterized by an effective g factor that is significantly enhanced in
magnitude over the g factor gg = 2 of free electrons. The analysis presented
in this book has focused on a systematic picture of these spin phenomena
in quasi-2D systems using the theory of invariants and Lowdin partitioning.
Often, the present approach allows one to discuss different SO coupling phe-
nomena individually by adding the appropriate invariants on top of a simple
effective-mass model. These analytical models that capture the important
physics have been complemented by accurate numerical calculations.

We have seen that SO coupling effects in 2D electron systems differ qual-
itatively from those in 2D hole systems. Electrons have a spin j = 1/2 that
is not affected by size quantization. Therefore, the spin dynamics of elec-
trons are primarily controlled by the SO term for B = 0 spin splitting and
the Zeeman term. Hole systems, on the other hand, have an effective spin
j = 3/2. Size quantization in a quasi-2D system yields a quantization of an-
gular momentum with a z component of angular momentum m = +3/2 for
the HH states and m = £+1/2 for the LH states (“HH-LH splitting”). The
quantization axis of angular momentum that is enforced by HH-LH splitting
points perpendicular to the plane of the quasi-2D system. On the other hand,
in general the effective Hamiltonians for B = 0 spin splitting and Zeeman
splitting in an in-plane magnetic field B > 0 tend to orient the spin vector
parallel to the plane of the quasi-2D system. However, it is not possible to
have a “second quantization axis for angular momentum” on top of the per-
pendicular quantization axis due to HH-LH splitting. Therefore, both the
B = 0 spin splitting and the Zeeman splitting in an in-plane field B > 0
represent higher-order effects in 2D HH systems.

It is interesting to trace back the origin of SO coupling in quasi-2D systems
by comparing it with the Dirac equation in relativistic quantum mechanics.
Indeed, in k - p theory, we describe the Bloch electrons in a crystal by means
of matrix-valued multiband Hamiltonians that possess remarkable analogies
to, as well as noteworthy differences from the Dirac equation in relativistic
quantum mechanics. The Pauli equation, including the Zeeman term and the
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196 10 Conclusions

SO coupling, is obtained from a nonrelativistic approximation to the Dirac
equation where we decouple the particles from the antiparticles. In k - p the-
ory, the effective Hamiltonians for electrons and holes, including the effective
Zeeman term and the Rashba SO term, are obtained from a Kane multiband
Hamiltonian that includes both the conduction and the valence band. In both
cases, the mass is the inverse prefactor of the terms symmetric in the com-
ponents of the momentum p = hk, while the g factor is the prefactor of the
terms antisymmetric in the components of p. Finally, the SO coupling (the
Rashba SO term) corresponds to the terms antisymmetric in the components
of p and the potential V. However, in the Pauli equation, the SO interaction
is automatically built in. In k - p theory, it is parameterized by the bulk SO
gap Ag.



A Notation and Symbols

lattice constant, inter-Landau-level ladder operator
vector potential
intra-Landau-level ladder operator

AR

magnetic field

effective magnetic field

index for conduction band state (I), speed of light

density of states

elementary charge

unit vector, polarization vector

energy

electric field

frequency, occupation factor

group element

g factor of free electrons

effective g factor

eB/(2nh) areal degeneracy of spin-split Landau levels
(point) group
index for heavy-hole state (m = £3/2, I'Y)
Planck’s constant
Hamiltonian, index for “heavy-hole state” (m = £3/2, I'§)
multiband k - p Hamiltonian

\Y
o

SR O T L ORI v

I
O

imaginary unit

total angular momentum
(kinetic) wave vector
canonical wave vector
Boltzmann’s constant
tensor operator

A TES T ImITQASS

orbital angular momentum,

index for light-hole state (m = +1/2, I'Y)
Landau-oscillator index,

index for “light-hole state” (m = +1/2, I'S)

h
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97 ¢
A = /] (eB)

pB = eh/(2mo)

£ €6 49 ™=

z component of angular momentum
free-electron mass

effective mass

bulk band index (including spin), index of refraction
number of bands in multiband Hamiltonian,
Landau-level index (axial approximation)
Landau-level index (beyond axial approximation)
acceptor charge density

donator charge density

depletion charge density

2D charge density

spin subband density

kinetic momentum

canonical momentum

density parameter (6.53)

position vector

full rotation group

index for spin split-off state (I7¥)

index for spin split-off state (I7¥)
generalized spin operator (6.65)
temperature

lattice-periodic part of Bloch function
confining potential

velocity operator

quantum well width

absorption coefficient

subband index, index for irreducible representations
irreducible representation

dielectric constant

strain tensor

(see Fig. C.1)

magnetic length (cyclotron radius)

Bohr magneton

bulk band index (no spin)

z component of subband wave function

spin index, Pauli spin matrices

band offset

direction of in-plane vector

3D wave function

excitation frequency
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we = eB/m* cyclotron frequency
[A,B] = AB— BA commutator
{A, B} = 1(AB + BA) symmetrized product

We denote the irreducible representations of the crystallographic point groups
in the same way as Koster et al. [1]. The band parameters and basis matrices
characterizing the extended Kane model are defined in Appendix C. Through-
out this work, we use a coordinate system for quasi-2D systems where the
x,y components correspond to the in-plane motion (represented by an index
“|I”) and the z component is perpendicular to the 2D plane. We use SI units
for electromagnetic quantities.

Abbreviations
2D two-dimensional
BIA bulk inversion asymmetry
cp cyclic permutation of the preceding term (in formulas)

DOS  density of states

EFA envelope function approximation
EMA  effective-mass approximation
FIR far infrared

HH heavy hole

LH light hole

MBE  molecular-beam epitaxy

MOS  metal-oxide-semiconductor

QW quantum well

SC semiclassical
SdH Shubnikov—de Haas
STA structure inversion asymmetry

SO spin—orbit
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B Quasi-Degenerate Perturbation Theory

Quasi-degenerate perturbation theory (“Lowdin partitioning”, [1,2,3])! is a
general and powerful method for the approximate diagonalization of time-
independent Hamiltonians H. It is particularly suited for the perturbative
diagonalization of k - p multiband Hamiltonians, but it can also be used for
many other problems in quantum mechanics. Quasi-degenerate perturbation
theory is closely related to conventional stationary perturbation theory. How-
ever, it is more powerful because we need not distinguish between nondegen-
erate and degenerate perturbation theory. As this method is not well known
in quantum mechanics, we include a more detailed description of it here.

The Hamiltonian H is expressed as the sum of two parts: a Hamiltonian
H° with known eigenvalues E,, and eigenfunctions |¢,,), and H’, which is
treated as a perturbation:

H=H"+H. (B.1)

We assume that we can divide the set of eigenfunctions {|¢,)} into weakly
interacting subsets A and B such that we are interested only in the set A and
not in B. Quasi-degenerate perturbation theory is based on the idea that we
construct a unitary operator e~ such that for the transformed Hamiltonian

H=e¢%HeS, (B.2)
the matrix elements (,,|H|t);) between states |1,,,) from set A and states
|t;) from set B vanish up to the desired order of H’. We can depict the
removal of the off-diagonal elements of H as shown in Fig. B.1.

We begin by writing H as

H=H'+H =H"+H'+ H?, (B.3)

where H! has nonzero matrix elements only between the eigenfunctions |1/, )
within the sets A and B, whereas H? has nonzero matrix elements only
between the sets A and B as shown in Fig. B.2. Obviously, we must construct

! Quasi-degenerate perturbation theory has been applied to various physical prob-
lems. It was used by Van Vleck to study the spectra of diatomic molecules [1].
Furthermore, it is essentially equivalent to the Foldy—Wouthuysen transfor-
mation [5] used in the context of relativistic quantum mechanics and to the
Schrieffer-Wolff transformation [6] used in the context of the Anderson and
Kondo models. A general discussion of unitary transformations is given in [7].
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202 B Quasi-Degenerate Perturbation Theory

H

Fig. B.2. Representation of H as H° + H' + H?

S such that the transformation (B.2) converts H? into a block-diagonal form
similar to H' while keeping the desired block-diagonal form of H? + H'. In
order to determine the operator S, we expand ¢° in a series

1 1
5 _ o2, * a3
f1+5+2!8 +3!S... (B.4)
and construct S by successive approximations. Substituting (B.4) into (B.2),
and noting that the operator S must be anti-Hermitian, i.e. ST = —S, we
obtain
o 1 0 1 - (J)
H= Z]'HS Z—'H + H, Z . (B5)
=0 j=

where the commutators [A, B] @) are defined by
()
[A,B]Y =[...[[A,B],B],...D] . (B.6)
—_—
7 times
Since S must be non-block-diagonal like H 2. the block-diagonal part Hy of
H contains the terms [Ho—i—Hl, S] @) with even j and [HQ, S] @) with odd J:

oo

Uorg0 gt g1 g 2 o1 (25+1)
2(:)2— +H', S +;W[H,S] . B

Conversely, thQ non-block-diagonal part ffn of H must contain the terms
[HO + H', 5] with odd j and [H?,S]" with even ji:

_ as 1 2j41) = 1 2 (29
H, = ——  [H'+H! / —H . B.
o S ] )

=0
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Now S is defined by the condition that the non-block-diagonal part H, of H
vanishes:

H,=0. (B.9)
Choosing the ansatz
S=8048@ 5G4 (B.10)

we can use (B.8) and (B.9) to derive the following equations for the successive
approximations S to S:

[H,5W] = —H? (B.11a)
[H°,§®] = —[H', W], (B.11b)
[H,8®] = —[H',§P)] - 1[[H?, W], sV, (B.11c)

Solving (B.11) for ) we obtain

Sl = -7, B.12a
mi Em El ( )
(2) _ mm’ H m’l ml/ Hl’l

B.12
Snzl Z Em’ _ El Z E . El’ ) ( b)
(3) L
x| — Hpyymor Hyprr oy Hiry - Z H,i Hyg Hyg
m’, m’ (Em” - El)(Enl/ - El) o (Em - El//)(Eﬂl - El/)
Hmm’ Hm’ /H/ Hmm’ Hm’ ,H/
+ Z A1 1 Hyg
I, m’ (Em/ o El)(Em/ - El/) U, m' (Em - El/)(Em’ - El/)
+1 Hml’Hl’m’Hm’l + 1 Hml’Hl’m’Hm’l
3, (B — Ev)(Eq — Er) 3 =, (Ep — Ev)(Boy — Ey)
2 Hml/ Hl’m/ Hm/l
3 B.12¢
3 &= (Ep — E0) (B — ) ( )

Here the indices m, m’,m"” correspond to states in set A, the indices ,1’,1”
correspond to states in set B, and

Hy = (Y| Hlty) - (B.13)

Inserting (B.12) into (B.7), we finally obtain the desired equations for the
successive approximations to H
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H=HO 4+ O Lt H® + gO& L O 4 (B.14)

where HY) up to j = 4 are given in (B.15). We would like to emphasize
that all the energy denominators in (B.15) refer to pairs of states with one
state from set A and the other state from set B. The sets A and B will
always be choosen such that they are separated in energy. Therefore, unlike
the situation for conventional stationary perturbation theory, we can apply
(B.15) to systems where the states in set A may contain arbitrary (possibly
unknown) exact or approximate degeneracies.” It is thus particularly suited
to computer algebra systems such as Maple®? and Mathematica.*

It is important to note that the derivation of the final equation (B.15)
remains valid when the Hamiltonian H contains a matrix of operators H),
plus some diagonal energies E,, 6,y

Hyn = Epbpp + H,po (B.16)

In this case, S is also a matrix of operators the elements of which are still
defined by (B.12). Likewise, the unitary transformation (B.2) can still be
defined via (B.5). However, it becomes clear from (B.5) and (B.11) that
when H),, are operators we must take into account the noncommutativity
of different matrix elements H/, ,. Therefore, in (B.12) and (B.15), we have
to evaluate the products of matrix elements H/ , in the given order.
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C The Extended Kane Model: Tables

In this appendix, we tabulate various quantities needed for the extended Kane
model. Table C.1 gives the basis functions. Consistent with the phase con-
ventions used in Table C.1, we list in Table C.2 the matrices that are used in
Table C.3 to construct symmetrized basis matrices for the matrix expansion
of the blocks Hqg of the point group Ty. The corresponding irreducible tensor
components are given in Table C.4. In Table C.5, we combine the basis ma-
trices and tensor operators in order to obtain the invariant expansion for the
extended Kane model. Table C.6 sets out the relations between commonly
used notations for deformations potentials. In Table C.7 we give the explicit
matrix form of those blocks in the extended Kane model, which describe the
coupling with the conduction bands I'§ and I%¥. The explicit matrix form of
the 8 x 8 Kane model is given in Table C.8. The reduced band parameters
for the extended Kane model are summarized in Table C.9. Finally, in Ta-
bles C.10 and C.11 we give the axial approximation and the cubic terms for
the 8 x 8 Kane model.
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208 C The Extended Kane Model: Tables

Table C.1. Basis functions |jm) of the extended Kane model. The quantization
axis of angular momentum is the crystallographic direction [001]. In accordance
with time reversal symmetry, we have choosen the phase convention that | X), |Y),
and |Z) are real and |S), |X'), [Y'), and |Z’) are purely imaginary. Note that our
definition of the basis functions |jm) agrees with common definitions of angular-
momentum eigenfunctions (see e.g. [1])

303y _ 1| 3oLy 1) 27
e 122/ V20 2 2/, e |-X -1V
8

31y LYo 3.3y L]0

2 2/, V6| 27 2 2/, 2 X' -iY
re (LN __ 1| 7 L1y L X
o2 o2/, VBIX' 41 2 2/, 3| -7
e |11\ _ S o1\ 0
wlsa - o) 2 3), - 3)

308\ _ L |X+i 31\ _ 1| 27
oo 12 2/, V2| O 2 2/, V6|-X-1iY
8

3Ly 1 |X - 3.3y - L]0

2 2/, V6| 22 2 2/, 2 |X-iY
RN E R A I 4 L N
T2 2/, T\ BIXA+IY 2 2/, 3| -Z




C The Extended Kane Model: Tables 209

Table C.2. Matrices for the invariant expansion of the extended Kane model.
The matrices o; are the well known Pauli matrices. The matrices J; are angular-
momentum matrices for angular momentum j = 3/2 in the order m = +3/2, +1/2,
—1/2, and —3/2. The 2 x 4 matrices T; and 4 X 2 matrices U; are needed for the
off-diagonal blocks Hes and Hsr, respectively. The construction of these matrices is

discussed in [2]. As we have (U;)mm: = (T3)1/m, We give here only the matrices T;

(01 (0 i (10 1. _(10
9 = \10 v=\i o0 7= = \o -1 2=\ 01

0 vV3 0 0 0 —v/3 0 0
Jo_L1lv3 o 20 o1 Vv3 0 =2 0
T2l 0 2 0 V3 v 721 0 2 o0 -3

0 0 V3 0 0 0 V3 0

30 0 0 10 00

110 1 0 0 01 00
=310 0 -1 0 Laxa=1¢ 09 1 0

00 0 -3 00 0 1
T_1_\/§o1o T_—i\/§010
T 3/2\0 0 —-10 V3 Y 73,200 103
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Table C.3. (a) Symmetrized matrices for the matrix expansion of the blocks Hap
for the point group Ty [2]. The matrices o, J;, T3, and U; are given in Table C.2.
For the diagonal blocks, we also give the symmetry with respect to time reversal.
Notation: {4, B} = 1(AB + BA)

Block Representations Symmetrized matrices rg/ier?seal
Heo I's x I'g I : Tax2 +
=1I1+1}4 Iy Oz,0y,0z —
Hrr I'm x I'7 I : Toxo +
=11+ 1}y Iy Oz,0y,0z —
Hss Iy x I N laxe J? +
=TI +1I+1I3 Is: JodyJ. + JJyJe -
+2Iy + 2@ Is: (202 = J2 = J3), J7 — I} +
Iy Joy Iy, Jz; -
J3 a3, 3 -
Is: {Jy, L} {Jz, o} { Ty Iy 5 +
{J$7J§_J3}7{JH7J22_J3}7 -
{J.,J2 = J2}
Her Is xI7 Iy Loxo
=Iy+ 15 Is: Ox,0y,02
Hes Is x I} Is: Tz — Tyy, —V/3 T
=13+ 14+ 1TI% Iy Tyz,Tzz,sz
Is: 1,7y, T.
Hsz Iy x Iy I3t V3BU.z,Use — Uy,
=I5+ 14+ I} Iy Uz,Uy,Uz
Is: Uyz, Uz, Uy

(b) Abbreviations for

matrices

o = (Uz,ay,az)
J = (Jo, Ty, J2)
T = (J2,J3,J2)
T = (Tx,7y,T%)
U = (Us,Uy,U,)

(c) Symmetry of the matrices with respect
to parity (space inversion), where ‘+’ denotes

even and ‘—’ denotes odd (see also Table 3.1)
re- re- e rytooopt
+ + o+ - - I
+ + - - I
+ - re-
+ + g7
+ T
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Table C.4. Irreducible tensor components for the point group Ty. Notation: {...}
denotes the symmetrized product of its arguments, e.g. {4, B} = 1(AB + BA)

ro b k% ko ky koY kY {Re, ky 3+ {ky, ko Y2+ {ks Rl Y2 =B
1
V; 8 ° k; gl{klhkz} +€y{kzakz} +€Z{k17ky}7 v ° g
B -

I

T (2K — kI —ky), ki — kY 52k — Ky — k), K — Ky

S5 (20k2 Ky} — {ky, k2} — {K2,k23), (K}, K2} — (K2, K2}
Byks — Byky, %(—szkzz + Beka + Byky);

I's Bafky,k:} — Byfks,ka}, 05 (—=2B:{ka, ky} + Ba{ky, ko } + By{kz, ka});
55(2B2 — B — BY),B: — By 5(2E:ks — Ecka — Eyky), Ecka — Eyky;
5 (28:{ka, ky} — Eulky ka} — Ey{kes ko)), Eafby, ke} — Eyfks, ko )s
Ex By — EyBy, %(—Z&Bz + ExBy + EyBy)
{ka, ky — k23, {ky, K2 — K2}, {k=, k2 — K3}
{k37k2} - {kyakg}v {kgakw} - {kZ7 kg}v {k:%vky} - {kﬂwkg}%
B, By, B.; Byk. + B.ky, B.ks + Buok., Boky + Byka;
k*Be,k*By,k*B.;  k2Bg, kiBy, k2B.;

Iy {ks,ky}By + {ko,k:} Bz, {ky, k:} Bz + {ky, ko } Bz, {kz, ko } Be + {k=, ky}By;
Eoky — Eykz, Exkz — Eskin, Eyka — Exky;
Eolky — K2}, E (k2 — K2}, E4KT — k)
Eylka, by} — EAka, kz}, E{by, ko } — Ealky, ka}t, Exlke, kot — Ey{kz, ky b
EyB. + E.By,E.By + E:B.,E:By + EyBa
ko ky, k= {ky, ket {kz, kot {kas by b5
{ka, by + K2}, {ky, k2 + k23, (K=, k2 + K )
ko kg k2 k2 Ky, ko b, (kG ey ko b k2, ks Ky )
(ko R} + ks K23 (k2 ko } + {kay K2}, (RS, ky b + {Ras K3 )
Byk. — B.ky, B.ky — Byk., Boky — Bykz;

I's By(ky — k2), By(kZ — k2), B2 (k3 — k});
By{ka,ky} — BoAka, kz}, B2{ky, k:} — Ba{ky, ka}, Bo{kz, kot — By{k:, ky };
ByB.,B.B., B:By; E1,Ey,E;  Eiky + Eyks, Ecky 4+ Eoka, Eyke + Ecky;
Eylka, by} + EAba, kz}, Edby, kz} + Ea{by, ka}, Exlbiz, ka} + Ey{kz, ky };
Eo(k2 +K2), Ey (k2 + k2), E.(K2 + k2);  Euk2,E k2, EK2;
EyB. —E.By,E.By — E:B.,E.By — E,B.

k; Bu{ky,k.} + By{k:,ke} + B:{ks,ky}; E-B
1
V3
V3




212 C The Extended Kane Model: Tables

Table C.5. Invariant expansion for the extended Kane model [2,3,4,5]. We have
{A,B} = %(AB + BA), and cp denotes the cyclic permutation of the preceding
terms. The matrices o, Ji, Ti, and U; are given in Table C.2

k - p interactions
He.se = Eo+ Ay
Hifre = Ep
Héeoe = Eo + h*k?/(2m)
M50 = —(0%/2mo){ ik — 295[(J7 — 5J°) k2 + cp]

— 494 { e Ty} (Ko Ry} 4 epl} + ZCx [{ T2, I2 = J2} ks + cp]

Hiyro = = Ao = (h?/2mo)1k?
Heere =0
Hg6c = —V/3P'(Usks + cp)
Heoogo = —2Q({Jy, J:} ka +cp) + 347

H8kc7v =-2Q (Uyzkﬂf + Cp)
H7kc60 = %Pl (UIkI + Cp)
H7kc 8v — 72@ (Tyzkz + Cp)
H7kc7v = 7§A7

Hégo = V3{PT -k +iBg, (To{ky, k:} + cp)
+ 3B, [ (Tow — Tyy) (K2 — 34°) — Toa (k2 — k7)) }
Hch'?'u = 7% [PO' . k + iB7'U (Jz{kya kz} + Cp)]
Hey 70 = _(hg/QmO) [_675((]:696]‘33 +cp) = 1295 (Usy{ka, ky} + CP)]
— V3 C (Uyzks + cp)

Magnetic interactions
Héeoe = %QIMB c-B Hé. g0 = %/JBD' (Ty-Bz + cp)
Héyso = —2us k' J-B+¢ T - B Hy7o = —3usr'U - B
H7y7o = —2upr'c - B

Strain-induced interactions

Héeee = Crtre

HSpso = Datre+ 2Dy [(J7 = 3J°) €2a + cp] + 2D, [2{Ja, Jy} €2y + cD]
+ [Ca (eyy — €22) ko + C§ (enyky — €22k2)] Jo + cp

Hrp7o = Datre

Héoso = V3 [iC2 (Toey- + cp) — 2P (T0 2o €xsk;j + cp)]

Héero = —% [iCs (0zey= 4+ cp) — 2P (022_; €xjkj + cp)]

Hso 70 = 2Dy (Ugzaz + cp) + 2Dy (2Uzyezy + cP)
+ % [Ca (eyy — €22) ka + C5 (exyky — €22k2)] Uz + cp

Paramagnetic interactions
Hé.6. = 3Noaz ({Sz) o0 + cp) HE 2 = *éNoﬁx ((Sz) o0z + cp)
Héu'v 8v — %NO/B‘T; (<S95> Jf + Cp) H8p'u v T _NO/B]; (<Sx> Ua: + Cp)
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Table C.6. Relations between frequently used notations for deformation
potentials®

Ref. [0] Ref. [2,7] Ref. [8]
a' = Cl
y l4+2m 1
= = D = —d
a 3 d ek
l—m 2 1
p =2 - _ZIp, —d
3 3 V3
n 2 1
d = — = —-—D, = —d
V3 V3 V2
*In [3] we have a” = —(I + 2m)/3.

213

Table C.7. Explicit matrix form of those blocks in the extended Kane model, which
describe the coupling with the conduction bands I's and Iy (see Table C.5) [2,5]

2 1
13 3. 13 3). 13-3). 13-3). 3 2). 13730,
Eo+Ey+4A), 0 0 0 0 0
0 E,+E)+A, 0 0 0 0
0 0 E,+E)+4, 0 0 0
0 0 0 E, + Ej + A 0 0
0 0 0 0 E, + E} 0
0 0 0 E, + E}
1 /% 2 1% 1 /% 1 /% 1 1%
L Pk, —\/;P R 0 Pk Pk
1 /* E 1% 1 /% 1 23 1 1 *
0 1Pk —\/§P ke~ Pko | PR PR
%A_ ﬁ@k+ ﬁka 0 _ﬁQk‘F —i %ka
i 1 A4S i i
*ﬁ@k— 34 0 ﬁ@kz 0 ﬁQk'F
—%ka 0 A —%Qm —%Qk, 0
0 —=Qk: - Qk 1A° —i\/§ka 2 Qk
ﬁQk, 0 %Qm i/ 2 Qk- —2A 0
iV2Qk  —-Qk- 0 — - Qky 0 2
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Table C.8. Explicit matrix form of the 8 x 8 Kane model (see Table C.5) [2,

We have used

C The Extended Kane Model: Tables

2 T,],

K =kl4+ky+k2,  ki=kitks,  ki=khkotik,, K=k —k
7 3 2-3). 3 3 3 3
E, + E _L 2 1
ﬁ2k20 0 valks \/;sz + 758
’ +L By k k. . [2pt
2m/ ‘/_ : + lﬁBgkak
E, + Ey _ 1 pk
\/E +
0 h2k2? 3\/— (k2 2k5§) 1 pt
5 + T Bk k
2 1
_ 1 E, — —— (7} +vh)k? sCk
5Pk B - 2 22mo( 1+ )k 2 Gk
3 v z . k k
+ JaBuksk R T
2myg
1 hz 2
2 1 p- R _ 1 — — (! Nk
\/;sz + LBy K 1Pk QECQIL g (1~ 2k
/ 2
- i\/gB;rvkzky fBgvk k. + 2\/§2mo Y3k ks — _Z;Zn (v + 27§)kf
0
L pk \/2Pk. - LB, \/§—h ¥ K+Ck
N alias Sv 2 2 QCIC
B0k
fBS'Uk*k *H/;stkmky +21\/— 'y,‘k' k‘
V3
L Pk 3—72K Ck.,
3\/_B8’U(kﬁ - 2k2) e —‘/7§Ck+ 2m
+ fBSUk k +21f "ng' k
_1 _1 Ck h?
Mok vk V25—
+ ﬁBﬁ)k‘zky + th,k k‘ — \/_—’ydk k X(kﬁ _ 2kz)
_1pp 1 pk —f 72K+ +=Ck. - ﬁCk
Vel V3l
1 i
— 5 Brok_k. ~ o5 Brokak, _21\[ %k Ky +3\/' 731@ k.
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Table C.8 (continued).
13-2), 13-3), 3 ), 13-2),
1 1
Z5Pk- . — %Pk, —Lpk
+ LBy k. k. ava Do (] — 282) — 4By ks k — L Br k. k
\/— V3 Tvlzhvy V3 Tolg vz
2 1 p- § 1 1 1
3Pk - B K L Pk ~ 2Pk, 1Pk,
+ i
+ i\/ngkaky + %B&;]ﬂkz \[B7vk k- + ﬁBWkwky
VB i + . R Ly SR
2m, 72 * _Bop 2\/_ 2771072 , vz
2 _ h
lef vsk Fy f 3mg 3H-kz + 265 sk
Bk - ek h? L3 Ck,
Lk, 27n07;2 ; *ﬂrmoﬁ 2\/_
— 23 —kk, X (k? — 2k2) + 3f o ok ks
0
E —5—2( k2 ka 3 o) n?
T o T R 2 Vg
n? 2\/_— tk_k, A
= g (1 2R g F3VIGIk (2 - o)
1 hZ 2 hz % 1 1
! ! ! —
_§Ck, E»U - Tno(’yl + "/Q)kH \/E%VQK + ﬁCkz 2%%016,
fzf ks R R 6tk ks
3 - m(’h — 295)k2 + 21\/6Tn0’¥3kmky 2myg Tl
SVENg) \/E'iw‘( + LCk, E, — Ao
sl Vg e 0
- X h? 1k
+ 3\/§2m073k*kz — 21\/6%7§k1ky " 2mg 2mp
0
/3 h? WV —#Cm E, —Ag
2my 2 f ek 0 12 "
x (k2 — 2k2) VO T ome L




Table C.9. Reduced band parameters in multiband k - p models: m*, g*, B;, D, v;, k, and g contain remote-band contributions of
second order in k. If we explicitly take into account the k - p interactions with a band I, we have to subtract the quantities listed in
the corresponding column of this table from the band parameters. We ignore higher-order terms proportional to C;, and A~

rs ry rs ry ry
mo 22mg __|P'P 12my _|P'° 22mo P 12mo P
e om 3 h2 Ey— E)— A 3 h2 Ey— E} 3 h2 Ey 3 h? Eo+ 4
g _Llo2me PP 12me _|Pf _Ll2me P21 2mg P2
2 3 h? Eo— Ej— A, 3 h? Eo— E| 3 K2 Eo 3 h? Eo+ Ao
12me Q72 1 2mo Q2 1 2mg P?
m 32 E)+ A 372 E 3 12 Eo
1 2mo Q? 1 2mo P?
n” 8 E 6 72 Eo
2 2
Iy 3 éQ;ZOQ_(/) %22;0];_0
. 7 2me  Q° 5 2mo Q° 12mo P?
18 h2 E\+ A) 9 n? E| 6 h2 Eo
2 2mo Q2 2 2mgy Q?
? 9 2 Byt A 9 h? E)
T e O =y
sv 2i \Eo—E)— 4, Ej+A4, 2i \Eo—E), FE
. _ P’ 1 1 P’ 1 1
for s B 2?(E0fEafA5‘Ea+As) ‘T?(EOfEa‘E_a)
5 mP'Q( 1 1 ) _mP’Q( 1 _L)
2 i \Eo—E,—A, E,+A4 2 i \Eo—E), E,

PQ 1 1
I¥+ 1Y B -
s tl7 B = (EO—E(/)—A() AO+E6+A’O>

91¢

SO[qRL, {[PPOJN PURS] POPUSIXE YT, D
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Table C.10. Axial approximation for the 8 x 8 Kane model. We have used the
abbreviations

F=01-v+¢s, G =(¥-304d,
Fo =50+ (1= 307, @ =(s+30)4d,
5 =3:B=-0Ov%+ B+,

where ¢ = sin® 6 {3- %sin2 0 [7 + cos(4¢)]} . The angles 6 and ¢ are defined in
Fig. C.1, and

Ji = 5(Jo£idy); Ust = J5(Usw £1Uy2) 5 Us = 5(Usa — Uyy £ 2iUsy) -

1
-
The matrices oy, J;, T;, and U; are given in Table C.2 (see also [2])

k - p interactions
Heooc = Fo+ h2E*/(2m”)
HE, 50 = —(h?/2mo) [y1K* + 71 (k] — 2k2)(JZ — 5/4)

=234 ({k=, ke 2o J-} + Lk k- M2, T4 }) — 35 (B2 + K2 T3]
Hfy 7o = —Ao — (7 /2mo) 71 k>
He.so =V3PT -k
Hol'ccm = —%PU”‘?
HE, 70 = —(1%/2mo) [ 371 (kT — 2k2)U...
—695 ({kz, by YU-— + {k=, k-}U.1) — 335 (K2U- + K2 Uy )]

Magnetic interactions

Héeoe = %Q/MBJsz

Hioso = —ps[26" T2 + 21 (J2 — J./4) +2¢(2 J. — J2)] B.
Hiy 7o = —2uBK 0. B.

Héeso =0

Hgy 7o = —3usr'U.B:

Fig. C.1. Definition of the angles 6 and ¢
used in Tables C.10 and C.11
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Table C.11. Cubic terms in the 8 x 8 Kane model as a function of 8 for ¢ = 7 /4,
see Fig. C.1. Here, §' = 5 — 73,

Jir = %(Jz + IJy) s U.+ = %(Uzz + lUyz) s Ut = %(Ua:z - Uyy =+ 21U€Ey) s

and “adj” denotes the adjoint of the preceding term with indices + and — inter-
changed. The matrices o;, J;, T3, and U; are defined in Table C.2

k - p interactions
Hey g0 = — (B /2mg) 6’ (2 — 3sin® ) sin 0
x[—4cos O ks (ks + k_) +sin 0 (k2 + k2)](JZ — 5/4)
+ (h*/2mo) &' { % sin O[4k- (3sin” § — 2)(ky sin§ — k- cos 6)
+cos0(2k+k_(3sin? 0 — 2) + k3 (3sin? 0 + 2)
+ k2 (3sin?0 — 2))] {J., J+}
+ 55 [4k- sin @ cos 0((3sin® 0 + 2)ky + (3sin® 6 — 2)k_)
+ 4k2 sin? 9(3sin? 0 — 2)
— k1 (3sin? 0 — 2)(k+ (sin® 0 + 2) + 2k_sin? )] J2 + adj}
HE, 70 = — 22 (h?/2mo) ' (2 — 3sin® 0) sin 0
x[—4cos O ks (ks +k_) +sin6 (k2 + k%) U,
+ (h?/2mo) 6’ {2+/2sin 04k (3sin® 6 — 2) (k4 sin @ — k- cos 0)
+ cos 0(2k1 k—(3sin® 6 — 2) + k2 (3sin? 0 + 2)
+ k2 (3sin?0 — 2))| U+
+ 2[4k sin 0 cos 0((3sin® 0 + 2)ky + (3sin® 6 — 2)k_)
+ 4k2 sin? 0(3sin? 0 — 2)
— k1 (3sin® 0 — 2) (k4 (sin? 0 + 2) + 2k_ sin?0)] U+ + adj}
magnetic interactions
Hgyso = —sin6 upq’B-{ cos 0(3sin® 0 — 2) (& J4 J.Jy — 22 J.J4J2)
+2sin0(3sin® 0 — 2)J4 J. J4
+ 1= cos 0(3sin” 0 + 2)J3 + adj}
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D Band Structure Parameters

We list here the k- p band structure parameters used in the present work
(Table D.1). Apart from the parameters for the “pure” materials, we often
need also the parameters of binary or ternary alloys. Only in few cases do
we have sufficiently detailed information available about the band structure
parameters that are appropriate for these alloys. When this information was
not available, we used a linear interpolation scheme for the reduced band
parameters of the extended Kane model (Table C.9).

GaAs—Al,Ga;_,As

For the interpolation of the energy gap of Al,Ga;_,As, we have used the
relation [1]
Eo(z) = (1.519 + 1.087x + 0.43827) eV . (D.1)

For the valence band offset, we have used a value of 35% [2].

Si1_»Ge,
The interpolation formulas for Si;_,Ge, were taken from [3]. These formulas
are in good agreement with a simpler scheme developed in [1]. The valence

band offset was likewise taken from [3].
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Table D.1. Band structure parameters used in the present work

GaAs AlAs InSb InAs AlSb
[1,5,6] [1,6] [7,1,6]  [1,8,0] [1,6]
Eo (eV) 1.519 3.13 0.237 0.418 2.384
Ey  (eV) 4.488 4.540 3.160 4.390 3.5
Ao (eV) 0.341 0.300 0.810 0.380 0.673
Ay (eV) 0.171 0.150 0.330 0.240 0.3
AT (eV) —0.0501
P (eVA) 10.493 8.97 9.641 9.197 8.463
P (eVA) 4.780i  4.780i  6.3251  0.873i
Q (eVA) 8.165 8.165 8.130 8.331
Cr (eVA) —0.0034  0.002  —0.0082 —0.0112  0.006
m*  (mo) 0.0665  0.150 0.0139  0.0229  0.120
g* —0.44 1.52  —51.56  —14.9 0.843
T 6.85 3.25 37.10 20.40 4.15
Yo 2.10 0.65 16.50 8.30 1.01
v3 2.90 1.21 17.70 9.10 1.71
K 1.20 15.60 7.60 0.31
q 0.01 0.39 0.39 0.07
C1 (eV)
Dy (eV)
D, (eV) 3.0 2.7
D, (eV) 4.67 3.18
ci1 (10" dynem™2) 11.81 12.02 8.329
ciz (10" dyn ecm™2)  5.32 5.70 4.526
caa (10 dyn ecm™2)  5.94 5.89 3.959
a (A) 5.65325  5.660 6.47937  6.0583  6.1355
€ 12.4 10.06 17.9 14.6 12.04

7. F. Malcher: “Subbandzustdnde in III-V-Halbleiter-Heterostrukturen”, Ph.D.
thesis, University of Regensburg (1988) 220

8. R. Winkler, U. Kunze, U. Réssler: Surf. Sci. 263, 222 (1992) 37, 86, 220, 221

9. H. Mayer, U. Réssler: Solid State Commun. 87(2), 81-84 (1993) 221
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Table D.1 (continued).

Gag.a7Ing.s3As Alg.a7Ings3As  InP CdTe ZnSe
[1,8,0] [1,8,0] (1,9,6]  [1,9,6]  [1,9,0]
Ey  (eV) 0.8166 1.693 1.423 1.606  2.820
Ey  (eV) 4.436 4.461 4.720 5360  7.330
Ay (eV) 0.362 0.342 0.110 0949  0.403
Ay (eV) 0.208 0.198 0.070  0.250  0.090
AT (eV) —0.130i 0.0 0.0
P (eVA) 9.81 9.09 8.850  9.496  10.628
P (eVA) 2.711 2711 2.866i  6.4631  9.1651i
Q (eVA) 8.25 8.25 7216  7.873  9.845
Cr (eVA) —0.0075 —0.0050  —0.0144 —0.0234 —0.0138
m*  (mo) 0.0380 0.0779 0.0803  0.090  0.160
g —4.38 0.600 1.26 —1.77 1.06
M 11.97 6.17 4.95 5.30 4.30
Yo 4.36 1.62 1.65 1.70 1.14
V3 5.15 2.31 2.35 2.00 1.84
K 3.56 0.88 0.97 0.61 0.20
q 0.21 0.21 0.0 0.04 0.0
C1 (eV) —3.7 -5.9
Dy (eV) -1.0 -1.0
D, (eV) 2.84 2.49 1.65 1.71
D, (eV) 3.88 3.07
ci1 (10" dyn cm™?) 9.97 10.06 5.33 8.10
ciz (10" dyn cm™2) 4.90 5.08 3.64 4.88
caa (10" dyn cm™2) 4.90 4.87 2.04 4.41
a (A) 5.86793 587110  5.8687 6.484  5.6596

€ 12.9 12.4662 12.4 10.125 9.14
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Table D.1 (continued).

Si [1] Ge [1]

Ey (eV)

Ey  (eV)

Ao (eV) 0.0441  0.296
Ay (eV)
AT (eV)

P (eVA)

P’ (eVA)

Q (eVA)

Cr (eVA)

m”  (mo)

7

" 4.285  13.38
Ve 0.339 4.24
73 1.446 5.69
K —0.42 3.41

q 0.01 0.06
C1 (eV)

Dy (eV)

D, (eV) 3.3 3.3195
D, (eV) 4.42 5.7158
ci1 (10" dyn cm™?) 16.0 12.40
ciz (10" dynecm™2) 6.0 4.13
caa (10" dyncm™2) 7.9 6.83
a (A) 5.430 5.65791
€ 12.1 16.5
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accumulation layer, 106

analytic quadratic Brillouin zone
integration, 42

Anderson model, 201

angular momentum, 1, 21, 89, 91, 138,
159

— axial approximation, 31, 46

— of HH and LH states, 47, 54

— of Landau levels, 44, 46

— spherical approximation, 29

anisotropy

2D hole systems, 47

— B = 0 spin splitting, 99, 122

— BIA spin splitting, 75

— bulk band structure, 25, 30

— optical, 111, 142

— Zeeman term, see Zeeman term

antilocalization, 122

atomic spin—orbit splitting, 26

axial approximation, 31, 142, 152, 159

— 2D hole systems, 48

— Kane model, 32, 217

— Landau levels, 43, 46, 51, 176

axial point group, 30, 46

band edges

— k - p theory, 11

— position dependence of, 37, 42, 55,
77, 83

BIA spin splitting, 30, 70-77, 90, see
also Dresselhaus term

— 2D hole systems, 88, 95

2D systems, 7577

— bulk semiconductors, 25, 71-75

— cooperation of BIA and SIA

— interference, 99-100

—— tunability, 100-104

— diamond structure, 71, 159

— spin orientation due to, 115

— zinc blende structure, 69, 71

Bloch functions

— B = 0 spin splitting, 70

— envelope function approximation, 13,
36

— k - p theory, 10

— Landau levels, 46

— semimagnetic semiconductors, 17

— spin degeneracy, 2

— theory of invariants, 19

Bohr-Sommerfeld quantization, 173,
182, 183

Brillouin function, 17

canonical momentum, 14, 36, 76
charge density per 2D subband, 42
classical action, 184

Clebsch—Gordan coefficients, 23, 61
common-atom interfaces, 111

crystal potential

— envelope function approximation, 13
— k - p theory, 10

— spin—orbit interaction, 26

— stress and strain, 15

cubic approximation, 30

— 2D hole systems, 49

cyclotron frequency, 45, 153
cyclotron orbits, 173, 183, 184, 188
cyclotron resonance, 15, 151-169

— 2D systems, 151-153

— absorption coefficient, 152, 153, 156
— effective-mass approximation, 153
— hierarchy of optical transitions, 152
— Landau splitting of, 154

— selection rules, 152, 161, 168

— spin splitting of, 154



224 Index

Darwin term, 64, 66, 84

de Haas—van Alphen effect, 171, 192

deformation potentials, 16

— Kane model, 25, 213

density of states

— 2D hole systems, 49

2D systems, 41-42

— effective-mass approximation, 42

— of Landau levels, 173, 175, 177, 178

— Rashba model, 80, 105, 154

— semiclassical, 183, 187

—— average part, 184

—— oscillating part, 184, 187, 191

diamond structure, 2, 122, 192

— B = 0 spin splitting, 91, 99

— BIA spin splitting, 71, 159

— extended Kane model, 21, 25, 32

— hierarchy of optical transitions, 152

— point group of 2D systems, 31

— symmetry hierarchy, 29

diluted magnetic semiconductors, see
semimagnetic semiconductors

dipole operator, 152, 168

Dirac equation, 1, 62-64, 84

Dresselhaus term, 72, 74, see also BIA
spin splitting

— 2D systems, 7577

— anomalous magneto-oscillations, 186

—— growth direction [110], 191

— in rotated coordinate system, 187

— in-plane magnetic field and, 135

— interference with Rashba term, 99

— Landau levels and, 165-169

— nonadiabatic spin precession and,
188

— spin orientation due to, 115

— Zeeman term and, 165-169

effective g factor, 14, 15, see also
Zeeman term

— 2D electron systems, 132—-133

— anisotropic electron g factor, 57

— hole systems, 138

— inversion-asymmetric systems, 134

— nonparabolic corrections, 57, 133,
153

— paramagnetic exchange interaction,
143

— Roth’s formula, 56, 66, 82, 131

effective magnetic field

— along spin quantization axis, 54, 117

— spin precession, 185

effective mass, 38, 55

— cyclotron effective mass, 42, 152, 154,
157, 161

— DOS effective mass, 41, 80, 95, 152,
154, 159

—— 2D hole systems, 49

— in in-plane magnetic field, 135

— Kane’s formula, 56, 66

— k - p theory, 12

nonparabolic corrections, 57, 136,

153

effective-mass approximation, 15, 37,
42-43, 134

— 2D hole systems, 51

— Landau levels, 45, 152, 153

Ehrenfest’s theorem, 83-86

electric-dipole spin resonance, 168

electric field, 63, 134, 143, 166, 187, see
also Rashba term, SIA spin splitting

— density dependence, 104

— envelope function approximation, 12,
14

— estimating its strength, 85

— external vs. internal field, 84

— in the conduction and valence bands,
83, 84

— Lorentz transformation of, 70

— optical anisotropy and, 112

— self-consistent mean field, 102, 108

— SIA spin splitting and, 70, 77

— theory of invariants, 18

— transformation properties of, 23, 30,
71

— tunability of, 100, 175

— tuning spin orientation, 121

electron spin resonance, 122

envelope function approximation, 12-15

— 2D systems, 3541

— B = 0 spin splitting, 70

— boundary conditions, 36-37

— EFA versus k - p Hamiltonian, 14

— Landau levels, 44

— quadrature method, 39—40

— subband k - p method, 54-58

envelope functions, 13



— 2D systems, 36

— effective-mass approximation, 42

exchange—correlation interaction, 70,
105, 107, 131

exchange integrals

— envelope function approximation, 17

— Kane model, 25

extended Kane model, 21-33

— band structure parameters, 219

— basis functions, 208

— invariant expansion, 23-25, 212

— tables, 207-218

Fermi velocity, 123

Fermi’s golden rule, 152

flat-band case, 38

Foldy—Wouthuysen transformation, 64,
201

full rotation group, 21

gauge invariance, 36, 44, 135

Hartree potential, 86, 106, 156, 159,
175

heavy holes, 10, 11

— 2D hole systems, 47-54

— B = 0 spin splitting, 95

— BIA spin splitting, 73

— definition of, 47

— Landau levels, 161

— SIA spin splitting, 88, 91-95, 105

— Zeeman splitting, 138

heterointerfaces, see interfaces

HH-LH mixing, 48, 50, 54, 95

— interface-induced mixing, 110, 112

HH-LH splitting, 48, 53-54, 76, 89, 91,
104, 138

— in accumulation layers, 106

— strain-induced, 91, 141

—— sign reversal of, 98, 112

hierarchy

— of k- p models, 28

— of optical transitions, 152

— symmetry hierarchy, 29-33

—— for bulk band structure, 29

—— for quasi-2D systems, 30

interfaces
— B = 0 spin splitting and, 110

Index 225

— boundary conditions at, 37

— HH-LH mixing at, 110, 112

in envelope function approximation,

15, 36

— SIA spin splitting and, 84

intersubband transitions, 122

invariant expansion, 19

— axial approximation, 32, 217

— extended Kane model, 23-25, 212

— Kane model, 65-67

invariants, 19, see also theory of
invariants

inversion symmetry, see space inversion
symmetry, time inversion symmetry

ionicity, 26

k3 term, see Dresselhaus term

Kane model, 27

— axial approximation, 32, 217

— invariant expansion, 65-67

kinetic momentum, 14, 36, 65, 187

Kondo Hamiltonian, 17, 201

k - p method, 9-12

Kramers degeneracy, 69

Kubo’s formula for magnetoresistance,
175

Landau levels, 43-47, see also cyclotron
resonance

— 2D hole systems, 51, 176

— angular momentum of, 44, 46

— axial approximation, 43, 46, 51, 176

— beyond axial approximation, 46-47,
51, 176

— creation and annihilation operators,
43-45, 152

— crossings and anticrossings, 47

— degeneracy, 44, 173

— density of states, 173, 175, 177, 178

— Dresselhaus term and, 165-169

— effective-mass approximation, 45,
152, 153

— in inversion-asymmetric systems,
163, 171, 181

— interplay of BIA and SIA, 166-169

— labeling Landau levels, 46, 47

— magneto-oscillations, 173

— Rashba term and, 164-169

— versus in-plane magnetic field, 135



226 Index

— Zeeman splitting, 132, 177

light holes, 10, 11

2D hole systems, 47-54

— B = 0 spin splitting, 95

— BIA spin splitting, 74

— definition of, 47

— SIA spin splitting, 88, 91-95

— Zeeman splitting, 138

Lorentz transformation

— Rashba term and, 70

Lowdin partitioning, see quasi-
degenerate perturbation theory

Luttinger Hamiltonian, 27, 38, 62

— BIA spin splitting, 113

— Landau levels, 163

— SIA spin splitting, 88, 93, 95

— spin—orbit interaction, 28

— Zeeman splitting, 139

magnetic breakdown, 182-183, 189, 192
magnetic field, see also effective mag-
netic field, Landau levels, Zeeman

term

— B = 0 spin splitting, 69, 70

— envelope function approximation, 12

— in-plane magnetic field, 36

— theory of invariants, 18

— transformation properties of, 23, 30,
71, 131

magnetic length, 44

magnetic moment, 69, 114

magneto-oscillations, 171-194

— B =0 spin splitting, 174

— magnetic breakdown, 182-183

— Onsager’s interpretation, 171, 173

— origin of, 173

— spin precession, 183-192

— Zeeman term and, 177, 192

magnetoresistance, 122, 143, 171, 175,
see also Shubnikov—de Haas effect

Maslov index, 184

mean-field approximation, 17

measuring B = 0 spin splitting,
121-125, 172

metal-insulator transition, 3

metal-organic chemical vapor deposi-
tion, 3

molecular-beam epitaxy, 3, 156, 178

momentum matrix elements, 11, 15

— extended Kane model, 24

multiband Hamiltonian, 13

— quasi-degenerate perturbation
theory, 201

— theory of invariants, 18

no-common-atom interfaces, 111

noncommutativity

— k - p versus EFA Hamiltonian, 14

— of wave vector and m”™, 14

— of wave vector and potential, 14, 64,
67, 82, 98

— of wave vector components, 14, 57,
64, 67, 98, 131, 140

— quasi-degenerate perturbation
theory, 204

nonparabolicity, 136, 153

— 2D hole systems, 47, 161

— bulk band structure, 25

— of m* and g*, 57

of Rashba spin splitting, 80, 95

nonsymmorphic space groups, 71

optical anisotropy, 111, 142

parity, see space inversion symmetry

Pauli equation, 62-64, 84

Pauli spin—orbit term, 1, 10, 26, 61, 63,
66, 84

— Ehrenfest’s theorem and, 83

Pockels effect, 112

pseudopotential, 2

quadrature method, 39-40

quasi-bulk Hamiltonian, 82, 90

quasi-degenerate perturbation theory
(Lowdin partitioning), 201-204

— Dirac equation, 64

— EFA Hamiltonian, 13

— hierarchy of k - p models, 28

— Kane model, 66

— k - p Hamiltonian, 12

— quasi-bulk Hamiltonian, 81-82, 90-91

— strain Hamiltonian, 17

— subband k - p method, 55

— theory of invariants and, 19

Raman spectroscopy, 117
— measuring B = 0 spin splitting,
122-125



Rashba coefficient

— electron systems, 81-82

— hole systems, 90-95

— Shubnikov—de Haas effect and, 80, 89

Rashba term, see also electric field, STA

spin splitting

anomalous magneto-oscillations, 187

— density of states, 80

— Ehrenfest’s theorem, 83-86

— electron systems, 77-86

—— symmetry analysis, 77

— exchange—correlation interaction, 105

— hole systems, 86-98

—— symmetry analysis, 86

— in-plane magnetic field and, 137

— interference with Dresselhaus term,
99

— Landau levels and, 164-169

— Lorentz transformation, 70

— quantum density, 78, 192

— spin orientation due to, 115

— Zeeman term and, 98-99, 164—-169

reciprocal space, 39, 40

reduced band parameters, 25, 28, 29,
55, 216, 219

relativistic quantum mechanics, 62, 201

remote-band contributions, 25

Schrieffer—Wolff transformation, 201

semimagnetic semiconductors

— in envelope function approximation,
17-18

— Kane model, 25, 212

— Zeeman splitting, 143

Shubnikov-de Haas effect, 171, see also
magneto-oscillations

— measuring B = 0 spin splitting

—— in 2D systems, 80, 89, 109, 117,

122, 178

—— in bulk semiconductors, 71

— theory of, 175

SIA spin splitting, 30, 77-99, see also
electric field, Rashba term

— cooperation of BIA and SIA

—— interference, 99-100

—— tunability, 100-104

— density dependence of

—— in electron systems, 104-105

—— in hole systems, 105-110

Index 227

— spin orientation due to, 115

space inversion symmetry (parity), 21,
71

— B = 0 spin splitting and, 69

— extended Kane model and, 25, 30,
210

spherical approximation, 29

spin—orbit gaps, 11, 15

— B =0 spin splitting, 70

— Ehrenfest’s theorem and, 83

— extended Kane model, 24

— spin—orbit gap Ao, 1, 26-27, 134, 141

—— BIA spin splitting, 73

—— effective g factor, 67

—— Rashba coefficient, 67, 82, 90

spin—orbit split-off valence band, 22

spin orientation, 69, 114-121

— Dresselhaus term, 115

— Rashba term, 115

— tuning of, 121

spin precession

— classical, 183-192

—— adiabatic vs. nonadiabatic, 188-191

—— Rashba model, 191-192

— measuring B = 0 spin splitting, 122

— spin transistor, 3, 118

spin relaxation, 114, 117

spin subband, 171

— density, 42, 174

—— from SdH experiment, 109, 117

—— Rashba model, 80, 89, 192

— depopulation of, 144

— magneto-oscillations and, 171, 182

spin transistor, 3, 117, 118

spin transport equation, 185

— Rashba model, 191

spinors, 10, 13, 62

stress and strain

— HH-LH splitting, 91, 141

—— sign reversal of, 98, 112

— in k- p theory, 15-17

— Kane model, 25, 159, 212

— SiGe quantum wells, 157

theory of invariants, 18

subband confinement, 57, 132, see also
subband quantization

subband density, 42

subband dispersion
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— 2D hole systems, 48

— effective-mass approximation, 42

— envelope function approximation, 36

— Rashba model, 78

subband k - p method, 54-58

subband quantization, 30, 89, 140, see
also subband confinement

symmetry hierarchy, see hierarchy,
symmetry hierarchy

tensor operators, 18

— extended Kane model, 23, 211

— higher-order operators, 23

theory of invariants, 1820, 62
tight-binding approximation, 1, 11, 21
time inversion symmetry

— B = 0 spin splitting and, 69

— electric field and, 23

extended Kane model and, 210

— magnetic field and, 23, 131

— theory of invariants and, 19

trace formula, 183

— harmonic oscillator, 184

— Rashba model, 191

— systems with SO interaction, 184—186

unphysical solutions, 38

van Hove singularity

— 2D hole systems, 51

— density of states, 42

— Rashba model, 80, 95, 154
velocity operator, 151

Zeeman term, 2, 54, 131, see also

effective g factor

2D electron systems, 132-133

— 2D hole systems

—— direction [001], 146-148

—— low-symmetry directions, 138-146

— Dresselhaus term and, 165-169

— envelope function approximation, 14

— inversion-asymmetric systems,
134-137

— Kane model, 66

— magneto-oscillations and, 177, 192

— Pauli equation, 63

— Rashba term and, 98-99, 164-169

— semimagnetic semiconductors, 17

zinc blende structure, 1, 192

— BIA spin splitting, 69, 71

— extended Kane model, 21

— hierarchy of optical transitions, 152

— point group of 2D systems, 31

— symmetry hierarchy, 29
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