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Spin physics in semiconductor nanosystems

E L Ivchenko

1. Introduction

The rapid development of nanotechnologies in the past two
decades has aroused sustained interest in semiconductor spin
physics (see Refs [1±3] for a review). The driving factor behind
this interest is the paradigm of using spin, an additional
degree of freedom of an electron, as a tool for the quantum
processing of information. In classical computing, the basic
unit of information is a bit, which, regardless of its particular

physical realization, takes one of the two mutually exclusive
values, either 0 or 1 (yes/no, yin or yang, etc.). A qubit
(q-bit, or quantum bit), similar to a bit, admits two
eigenstates, j0i and j1i. The difference between the bit and
the qubit is fundamentally that, whereas a bit can only be in
one of the available states, a qubit has the possibility of being
not only in one of the two basis states but also in any
normalized superposition of these:

jci � aj0i � bj1i; jaj2 � jbj2 � 1 ;

with the complex coefficients a and b. One of the qubit
implementation scenarios (of which there are many) uses the
spin �1=2 states of a charge carrier (an electron or a hole).
For pure quantum-mechanical states, the coefficients a, b and
the average projections of the electron spin onto the x-, y-,
z-axes of the Cartesian coordinate system are related by the
well-known expressions

sx�Re fa �bg ; sy�Im fa �bg ; sz � 1

2

ÿjaj2 ÿ jbj2� : �1�
The states of a qubit can be described by a vector s on the
Bloch sphere. A qubit can store much larger amounts of
information compared to a bit, the exact amount depending
on how accurately the position of the vector s is known. Spin-
dependent optical and transport phenomena and their
practical applications advancing the prospective technolo-
gies based on electron spin devices and apparatus are the
subject of the field generally known as spintronics. Semi-
conductor spintronics has as its tasks to study the orientation
(injection), accumulation, and detection of spins and their
ability to be optically and electrically controlled. While
spintronics is currently still in its infancy and in need of new
conceptual ideas to realize effective electron spin-based
devices, the attractive and exciting world of spin-dependent
phenomena is definitely worth exploring and, as is often the
case in other fields of physics, basic research will be sooner or
later translated into practical applications. This brief report
starts with a bird's eye view of spin-dependent phenomena
that are explored in the physics of semiconductor nanostruc-
tures, followed by a more detailed review of two groups of
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phenomena related to the optical control of electron spins in
planar arrays of quantum dots and to the magneto-optics of
single quantum dots.

2. Problems in spintronics

In this section we consider one by one the problems
(illustrated schematically in Fig. 1) whose solution will
potentially benefit the practical application of spintronics.
Sections 3 to 5 will provide some illustrative examples of how
electron spins can currently be controlled.

Effective g factor. This parameter, also know as the Land�e
factor, is key to describing the interaction of the electron spin
with the magnetic field (Zeeman effect). In a typical
semiconductor, the effective g factor is highly sensitive to
the band gap width and to the valence band spin±orbit
splitting. The bulk semiconductor values of the g factor vary
from �2 to ÿ50. In nanostructures, superlattices, quantum
wells, quantum wires, and quantum dots, the g factor is
strongly dependent on the shape and geometrical sizes of the
nanoobject. In a magnetic field B, the electron spin rotates
about the vector B with an angular velocity XB � gmBB=�h,
where mB is the Bohr magneton (Larmor precession).

The theory of the Zeeman effect in heterostructures
developed in the 1990s [4] yields the following formula for
the transverse electron g factor (gxx � gyy) in the lower
conduction subband of a quantum well (QW), quantum
wire (QWR), and quantum dot (QD) [5]:

g � g0 �
ÿ
gA�Ee1� ÿ g0

�
wA �

ÿ
gB�Ee1� ÿ g0

�
wB

� ÿgB�Ee1� ÿ gA�Ee1�
�
V3ÿd�R� f 2�R� : �2�

The notation here is as follows: g0 is the free electron g factor
(g0 � 2); d is the nanostructure dimensionality (d � 0; 1; 2 for
a QD, QWR, and QW, respectively); Vn is the generalized
volume (4pR 3

QD=3 for a spherical quantum dot of radiusRQD,
pR 2

QWR for a cylindrical quantum wire of cross-section radius
RQWR, and 2RQW for a quantum dot of width a � 2RQW);
A(B) stands for the composite material the well (barrier) is
made of; Ee1 is the dimensional quantization energy of the
ground state electron (e1) as counted from the conduction
band bottom of material A; wA (wB) is the probability of
finding the electron in material A (B); gA�E� � g�E� and
gB�E� � g�Eÿ DEc�:

g�E� � g0 ÿ 4

3

jpcvj2
m0

D
Eg�Eg � D� � Dg ; �3�

Eg is the band gap width; D is the valence band spin±orbit
splitting; DEc is the conduction band discontinuity at the A/B

interface; pcv � hSj p̂xjX i is the interband matrix element of
the momentum operator calculated between the orbital Bloch
functions G1 and G15; Dg is the remote band contribution to
the g factor treated as a small fitting parameter, and, finally,
f �R� is the boundary value of the electron envelope wave
function.

Figure 2 reproduces a comparison taken from Ref. [6] of
the experimental data on the electron g factor in quantum dot
structures with the calculated results based on the theory
developed in Refs [4, 5]. The theory of the longitudinal
g factor (gzz) of light holes in quantum wells has recently been
presented in Ref. [7].

Spin splitting of dimensional quantization subbands. In a
d-dimensional medium (d � 1, 2, 3) with no inversion center,
free carrier states are spin-split. In particular, the effective
Hamiltonian for quantum dot electrons in the lower dimen-
sional quantization subband e1 contains, in addition to the
standard parabolic dispersion �h 2�k 2

x � k 2
y �=2m � (m � is the

effective mass), spin-dependent terms linear in the wave
vector [8, 9]:

H�1�k � blmsl km �4�

(where sl are Pauli matrices), which have the effect that, even
in the absence of amagnetic field, the spin of an electron in the
state with wave vector k precesses at an angular frequencyXk

with components Okl � 2blmkm=�h. The fact that the compo-
nents blm of the pseudotensor are electric field-dependent
allows the spin to be controlled by both a magnetic and an
electric field. The theory of the spin splitting of electronic
subbands is described in book [10], which also includes a basic
bibliography on the topic. In centrosymmetric bulk semi-
conductors, for example, in Si crystals, symmetry prevents
such splitting. However, there is no inversion center in an Si
quantum dot with an odd number of atomic planes, so that
the splitting is nonzero; the components of the corresponding
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Figure 1. Purposes (center) and problems of spintronics.
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tensor b were calculated using the microscopic strong
coupling method [11].

Spin relaxation. Spin relaxation time is another key
parameter in spintronics. In semiconductor quantum wells,
spin relaxation is predominantly via the Dyakonov±Perel
mechanism, due to spin precession with angular frequency
Xk (see above). An electron scattering from a state with wave
vector k to that with k 0 changes the direction of its axis of
rotation, resulting, as the electron undergoes multiple
successive collisions, in its spin vector exhibiting random
diffusive motion over the Bloch sphere. But this is exactly
spin relaxation, because diffusive random walk reduces the
average spin value exponentially. Prior to Ref. [12], the
corresponding relaxation time was believed to be determined
by the transport relaxation time for defect or phonon
scattering, i.e. by the mobility-determining time. In Refs [12±
14] it was shown that, while electron±electron collisions have
no effect on the mobility, they have an effect on the spin
relaxation time. Indeed, for an electron to change the
direction of its wave vectorÐand hence the direction of a
spin precession axisÐ it does not matter whether the
scattering is by a defect, a phonon, or another electron. As
seen from Fig. 3, which compares theoretical and experi-
mental results, the Dyakonov±Perel relaxation is due to
electron±electron collisions in perfectly doped quantum well
structures at temperatures between 10 K and 100 K.

Fine structure of exciton energy spectrum. What is
commonly referred to as a mechanical exciton is a bound

electron±hole state calculated by allowing only for the direct
pairwise Coulomb interaction in the semiconductor. Because
electron (hole) states in a quantum dot are (doubly) spin-
degenerate, the ground state of a mechanical exciton is
fourfold degenerate. Including the exchange electron±hole
interaction removes the degeneracy of the exciton level, at
least partially. The theory of the fine structure of exciton
states in semiconducting structures can be found in books [10,
15] and review paper [16] (see also original paper [17]). In
Section 5, the nanostructure potential shape and the crystal-
lographic orientation of the quantum dot will be discussed in
terms of how they affect the splitting behavior of the exciton
sublevels, and new experimental and theoretical results will be
presented on the spin properties of unstrained GaAs/AlGaAs
(111) quantum dots [18].

Emission of entangled photon pairs. In quantum dots
possessing D2d (D3h, C3v) symmetry, there is a twofold
degeneracy for the exciton sublevels that are optically active
in the directions normal to the growth axis. The photolumi-
nescence of biexcitons in such dots allows entangled photon
pairs to be generated that are described by the wave function

1���
2
p

�
js�ibiexc jsÿiexc � jsÿibiexc js�iexc

�
; �5�

where js�ibiexc is a photonwith polarization s� or sÿ, emitted
due to biexciton recombination with the production of a
photon and an exciton, and js�iexc is the second photon
emitted on the recombination of the remaining exciton, with
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Figure 3. Temperature dependence of an electron spin relaxation time for four GaAs/AlGaAs quantum dot structures with electron concentrations:

1:75� 1011 cmÿ2 (a), 2:3� 1011 cmÿ2 (b), 3:1� 1011 cmÿ2 (c), and 3:3� 1011 cmÿ2 (d). Experimental results are marked by squares. Solid and dashed

lines are calculated, respectively, with and without account for electron±electron collisions. In either case, account was taken of electron scattering by

defects and phonons, which is described by the momentum relaxation time tp determined independently from transport measurements [14].
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polarization being opposite to that of the first photon. Due to
the interparticle interaction, the two phonons differ in energy
by 1±2 meV and are distinguishable spectroscopically. In
quantum dots of lower symmetry, the radiation doublet splits
into two linearly polarized dipoles, resulting, if the splitting
exceeds the uncertainty �h=t (t is the exciton lifetime), in the
disappearance of entanglement, i.e. of coherence between the
two bracketed states in expression (5). References [19, 20]
consider two independent mechanisms, one paramagnetic
and one diamagnetic, in which a magnetic field suppresses
the original splitting of the radiation doublet.

Coupled spin±spin systems. What in particular distin-
guishes quantum dots from quantum wells (or wires) is the
absence of free two-dimensional (or one-dimensional) motion
in them and the fact that the Dyakonov±Perel spin relaxation
mechanism does not work. However, with as many as
105ÿ106 host lattice nuclei in a typical quantum dot, the
random nuclear spin exerts influence on the electron spin in
this case [21]. Given the optical orientation of the electrons,
the nuclear spins can also be polarized, thus giving rise to a
coupled spin±spin system, a subject of active research in
recent years (see, for example, Refs [22, 23]).

Spin noise. Noise determines the minimum signal ampli-
tudes which can be processed with themeans of electronics (in
particular, spintronics). Moreover, the study of spin fluctua-
tions provides independent information about the properties
of the spin system in equilibrium and nonequilibrium
conditions. While fluctuations of the free carrier spin
polarization in semiconductors have been under theoretical
study since the 1970s [24], it is only relatively recently that spin
noise was detected in experiments on semiconductors (see
Ref. [25] for a review)Ðmany years, incidentally, after a
similar observation in atomic physics back in 1981 [26].
Under equilibrium conditions, the spectral fluctuation
density has the Lorentzian form

hds 2i io �
1

2

nts
1� �ots�2

; �6�

where n is the electron concentration, ts is the electron spin
relaxation time, and i � x; y; z. In a magnetic field B, the spin
polarization has its transverse component ds ? B fluctuating
according to formula (6), with the frequencyo replaced by the
difference oÿ OB. As a result, the spectral peak shifts from
point o � 0 to the Larmor precession frequency OB, which is
exactly what is observed in a 2D electron gas [25]. A similar
phenomenon has been observed for an assembly of quantum
dots [27]. Some theoretical aspects of spin fluctuations in
quantum wires were treated recently in Ref. [28].

Spin photogalvanics. Similar to wheel or propeller rotation
converting to translation, gyrotropic media allow the conver-
sion, direct or inverse, of the angular momentum into
translational motion. In the electron Hamiltonian, it is the
spin-dependent terms linear in k [see formula (4)] which
incorporate this possibility and, hence, account for the circular
photogalvanic effect theoretically predicted inRef. [29] in 1978
(more details are in paper [30] and books [10, 15, 31]).

3. Faraday and Kerr spin effects

Currently, themost popular optical spectroscopy approach to
the study of electron spin orientation in nanostructures is to
adopt the two-beam pump±probe method. Theoretical paper
[32] was apparently the first publication to suggest applying
this method to bulk semiconductors. The paper considered

two monochromatic beams: one highly intensive and circu-
larly polarized, which is responsible for the optical orientation
of electron spins, and the other polarized linearly, which acts
as a probe. The aim was to study how the probe beam rotates
its polarization plane in the transmission geometry (the so-
called Faraday spin effect) or in the reflection geometry (Kerr
spin effect) (the magnitude of rotation being proportional to
the induced electron spin). The current pump±probe setup
uses short, picosecond pulses and measures the angle of
rotation y of the probe pulse polarization plane as a function
of the interpulse time delay t (Fig. 4a).

4. Spin synchronization in an assembly
of charged quantum dots

Figure 4b shows the beats of the spin Faraday rotation and
induced ellipticity signals measured at a temperature of 4 K
as a function of time delay t on an array of charged
InGaAs/GaAs quantum dots. The sample under study,
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Figure 4. (a) Schematic setup for measuring the rotation angle of the probe

beam polarization plane in the spin Faraday effect induced by a circularly

polarized pump beam. (b) Ellipticity and Faraday rotation temporal
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subjected to a transverse magnetic field (B � 4 T, and
Larmor precession period � 33 ps), was periodically excited
by short circularly polarized pump pulses at a repetition
period TR � 13:2 ns, with the periodic probe pulse train
shifted by time t (see Ref. [34]). In the performance of an
experiment it was possible to vary the mismatch between the
carrying frequencies of the pump pulses (oP) and the probe
pulses (opr). The pump pulse can cause a so-called trion to
form in the quantum dot, namely a system of two opposite-
spin electrons and a heavy hole. Because the trion recombina-
tion time equals� 0:4 ns, most of the time each quantum dot
contains one electron, whose optical orientation is precisely
what produces the spin Faraday effect. Increasing the delay t
decreases the amplitude of the spin beats. The reason for this
loss of spin coherence does not relate to the time of the actual
spin relaxation, which greatly exceeds the repetition period
TR, but rather is due to the spread in the electron Larmor
precession frequencies in the excited quantum dots, whose
resonance frequency o0 differs from the carrying frequency
oP by no more than the inverse pulse duration tÿ1p .
Surprisingly, at first sight, the occurrence of a signal at
negative values of t (Fig. 4b). To describe this unusual effect,
a microscopic theory was developed [35] to account for the
excitation and measurement of long-lived spin coherence and
how to control it in singly charged quantum dots by using
short-duration optical pulses in the pump±probe mode. As
seen from Fig. 4b, calculations for negative values of t using
this theory agree well with the experiment.

The key stages of the theoretical treatment are briefly as
follows. The starting point is to find out the effect of a short-
duration pulse on a single, charged quantum dot. The
resonance approximation yields the following equations:

i�h _c3=2 � �ho0c3=2 � V��t�c1=2 ; i�h _c1=2 � V ���t�c3=2 ;

i�h _cÿ3=2��ho0cÿ3=2 � Vÿ�t�cÿ1=2 ; i�h _cÿ1=2�V �ÿ�t�cÿ3=2 :
Here, c�1=2 and c�3=2 are the respective detection probability
amplitudes of a single spin�1=2 electron or a hole spin�3=2
trion in the quantum dot, V��t� � ÿ

�
d�r�Es��r; t� d3r are

the interaction matrix elements with the electric field Es��r; t�
of the right and left circularly polarized light wave, and
_c � qc=qt. The optical transition dipole moment, a quantity
characterizing the efficiency of interaction, is given by

d�r� � ÿi epcv
o0m0

F�r; r� ; �7�

where e is the electron charge, andm0 is the free electronmass.
The two-particle envelope F is defined as

F �r; r� � jh�r�j �tr�e �r�
�
d3r 0je�r 0�j �tr�e �r 0� ; �8�

where j �tr�e and jh are the electron and hole one-particle
enveloping functions in the trion, respectively, and je is the
envelope of the single (resident) electron in the quantum dot.

The spin S� of an electron after being acted by the pump
pulse is related linearly to the spin Sÿ at the moment when the
pulse with polarization s� arrives:

S�a � LabSÿb �
Q 2 ÿ 1

4
daz ;

L̂ �
Q cosF Q sinF 0
Q cosF ÿQ sinF 0

0 0
Q 2 � 1

2

2664
3775 : �9�

For rectangular pulses with f �t� � V��t� exp �ioPt�=�h � f0
for jtj < tp=2, and f �t� � 0 outside this interval, we obtain

Q �
�����������������������������
1ÿY 2

x 2
sin2

x

2

s
; F � pyÿ f ; �10�

where Y � 2f0tp, x �
��������������������������
�2py�2 �Y 2

q
is the effective Rabi

frequency, y � �oP ÿ o0� tp=2p is the dimensionless fre-
quency mismatch, and sinf � �y=Qx� sin �x=2�. In a mag-
netic field Bkx, the transverse spin components oscillate:
Sb�Dt� � Mbg�Dt�S�g , where the time Dt is measured from
the moment at which one of the periodic pump pulses arrives,
and where the nonzero components of the matrixM have the
formMyy�Mzz�cos �OBDt�,Mzy�ÿMyz�sin �OBDt�, and
Mxx�1. As a result, the following closed linear equation can be
utilized to find the stationary value of the vector S�:

S�a � LabMbg�TR�S�g � daz
Q 2 ÿ 1

4
:

A similar computation yields the probability amplitude
corrections dc�1=2, dc�3=2 linear in the probe pulse electric
field, thus allowing the angle of rotation y to be calculated by
first finding the spin-dependent amplitude corrections for the
transmitted (or reflected) probe pulse and then summing
them over the quantum dots.

Quantum dots with a Larmor precession period that is a
multiple of TR, i.e. OBTR � 2pN (where N is an integer),
exhibit a resonant accumulation of spin and contribute
dominantly to the spin Faraday rotation. Due to the spread
in the frequency OB, the commensurability condition is
satisfied by quantum dots with N's differing by �1, �2; :::.
Thus, the attenuation of the signal upon increasing t > 0 is
due to the fact that in quantum dots with different values of
N, electron spins rotate with different angular velocities.
However, by the time of the arrival of the next pump pulse,
the spins steadily align themselves along the z-axis. This
phenomenon is similar to the synchronization of laser
modes [36].

5. Spectroscopy of single quantum dots

In a quantum dot grown along the [001]-axis and character-
ized by the point symmetry C2v, the electron and hole ground
states transform according to the equivalent spinor represen-
tations G5 (or, in an alternative notation, E 0). In the absence
of exchange interaction, the ground state of an exciton e1 ±
hh1 is fourfold degenerate [37]. The exchange interaction
between an electron and a hole removes the degeneracy
completely and leads to the splitting of the exciton level to
the sublevels G1, G2, G3, G4 (or, accordingly, A1, B1, A2, B2 in
other notations of irreducible representations). In Cartesian
coordinates (x1 k�1�10�; y1 k �110�; zk�001�), the states G2 and
G4 are optically active for ekx1 and eky1 polarizations,
whereas transitions to the other two states, G1 and G3, are
forbidden for e ? z. In a longitudinal magnetic field Bkz, the
pair of states G1, G3 undergoes mixing, as does the pair G2,
G4 Ðbut there is no mixing between the pairs of sublevels.
Therefore, the absorption or emission spectra exhibit two
lines linearly polarized in the absence of a magnetic field, and
circularly polarized in a strong longitudinal magnetic field.
For a similar reason, only two of each four processes
�Xÿ; j � ! �e1; s� and �X�; s� ! �hh1; j � are permitted in
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the radiative recombination of a trion Xÿ (two singlet-state
electrons and a heavy hole) or a trion X� (two singlet-state
holes and an electron) in an external longitudinal magnetic
field, so that the emission spectrum exhibits doublets, not
quartets. Here, s; j are the indices of the split Zeeman
sublevels of a trion or a single carrier in a quantum dot.

GaAs/AlGaAs quantum dots grown along (111) direc-
tion obey totally different selection rules. Figure 5 displays
the photoluminescence spectrum of an individual quantum
dot for stationary over-barrier optical excitation. In this
case, time-integrated spectra contain both emission lines of
neutral excitons X0 and those of trions Xÿ and X�. As seen
from the figure, in a longitudinal magnetic field Bjj�111�,
instead of doublets comprising circularly polarized s� and
sÿ lines, one observes a quartet, two lines of which are right-
hand circularly polarized, s�, the other two being left-hand
circularly polarized, sÿ. The fact that quantum dots grown
along [001]- and [111]-axes differ in the structure of their
photoluminescence spectra is naturally explained by the
difference in their symmetry point groups C2v and C3v. It
should be remembered that in the C2v group the heavy hole
states j � 3=2i transform according to the two-dimensional
irreducible representation G5, and the direct product
G5 � G �5 � G1 � G2 � G3 � G4 contains only one representa-
tion G3, according to which the magnetic field component Bz

transforms. In C3v, the states j � 3=2i form the basis of the
reducible representation D � G5 � G6, and the direct pro-
duct D�D� � 2G1 � 2G2 includes two representations G2,
according to which the component Bz 0 (z

0 k �111�) transforms
in this group. As a result, the Zeeman Hamiltonian in the
field Bk�111� is described by two linearly independent
parameters gh1, gh2, and the basis j� 3=2i has the form of a

2� 2 matrix:

HB � 1

2
mB Bz 0

gh1 gh2
gh2 ÿgh1
� �

: �11�

The eigenvalues of the matrix (11) are given by

E� � �gh mB Bz 0 ; gh �
�������������������
g 2
h1 � g 2

h2

q
; �12�

and the corresponding eingenfunctions can be reduced to the
form

jh;�i � C1

���� 32
�
� C2

����ÿ 3

2

�
;

jh;ÿi � ÿC2

���� 32
�
� C1

����ÿ 3

2

�
with the coefficients

C1 �

��������������������������������������������
1

2
1� gh1�������������������

g 2
h1 � g 2

h2

q
0B@

1CA
vuuuut ;

C2 � sign �gh2�

��������������������������������������������
1

2
1ÿ gh1�������������������

g 2
h1 � g 2

h2

q
0B@

1CA
vuuuut :

It should be noted that the coefficients C1, C2 are
independent of the magnetic field. For C2 6� 0, a spin 1/2
(or ÿ1=2) electron can recombine both with a hole jh;�i
and with a hole jh;ÿi to emit a sÿ (or s�) photon. Thus, all
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Figure 5. Photoluminescence (PL) spectrum of a single GaAs/AlGaAs (111) quantum dot measured in a magnetic fieldBz 0 � 5 T in the emission range of

trion X� (a), trion Xÿ (b), and neutral exciton X0 (c); k is taken as a conditional intensity measurement unit. Circles and squares show the right and left

circularly polarized emission lines, respectively. (d±f) Change in the position of the corresponding emission line with increasing magnetic field [18].

August 2012 Conferences and symposia 813



four transitions turn out to be optically active, whereas in
(001) quantum dots the parameter gh2 is zero, implying that
C2 � 0 and that only two recombination processes are
allowed. It should be emphasized that the mixing effect of
�3=2 states in a longitudinal magnetic field can show its
worth in trigonal systems with arbitrary dimensionality
d � 0ÿ3, including an exciton in Ge crystals formed by an
L-valley electron and a G�8 hole and bound on a neutral
donor [38].

A nonzero value gh2 of the g factor can be obtained by
noting that in bulk zinc blende lattice semiconductors the
Zeeman interaction of G8 holes with a magnetic field is
described by the Hamiltonian

H�G8�
B � ÿ2mB

h
kJB� q�J 3

x Bx � J 3
y By � J 3

z Bz�
i
; �13�

which contains two dimensionless coefficients, k and q. Here,
x; y and z are the crystallographic axes [100], [010] and [001],
and Jx, Jy, and Jz are the angle momentummatrices in the G8

basis. Let us go over in Hamiltonian (13) to the coordinates
x 0 k �11�2�, y 0 k ��110�, z 0 k �111� and introduce the basis functions
j3=2i0, j ÿ 3=2i0, which transform according to the reducible
representation D � G5 � G6 of the C3v group. Then, the
Zeeman splitting in the field Bk�111� will be described by a
2� 2 matrix with gh1 � ÿ6k, and gh2 � 2

���
2
p

q.
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Spin transport in heterostructures

L E Golub

1. Introduction. Spin splittings

In the absence of an external magnetic field, electronic states
can be spin-split if the system has no space inversion center.
The reason for these spin splittings is the spin±orbit interac-
tion. The simplest example of a noncentrosymmetric medium
is a surface. TheHamiltonian of the spin-orbit interaction in a
half-infinite medium assumes the following (Rashba [1, 2])
form:

Hso � a�r � k� n : �1�

Here, the vector r is composed of Pauli matrices, k is the
electron wave vector, a is a certain number, and n is a unit
normal vector to the surface. This form of such spin±orbit
interaction occurs in various noncentrosymmetric semicon-
ductors, metals, and superconductors.
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