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An attempt to analyze experimental and theoretical achievements
in a new area of science, spintronics, has been made. Such issues
as the optical alignment of spins, spin relaxation, the Hanle effect,
the phenomena of giant and tunnel magnetoresistance, the spin
injection problem, spin-polarized transport, devices on the basis
of spin-polarized electrons, the basics of quantum computers, and
perspective materials for spintronics have been considered.

Introduction

The discovery of the transistor effect by J. Bardeen,
V. Brattain, and V. Shockley in the middle of the 20-
th century caused a revolution in electronics and gave
a push to the rapid development of microelectronics.
Owing to sound achievements in this area of science
and technique, a personal computer became nowadays
a reliable assistant to the man in different spheres
of his activity. It is practically indispensable in
the functioning of modern scientific and educational
institutions, industrial enterprises and design offices,
various establishments and bureaus.

The rapid development of mobile communication,
computer networks, and multimedia requires the
enhancement of the data access rate, acceleration of
information accumulation, and solutions of involved
multipurpose problems. Semiconductor integrated
circuits serve as the basis for the data processing and
their short-term storage, whereas magnetic materials
are used for the long-term storage of large arrays
of information. While the information in integrated
circuits is transferred by the electron charge, it is
accumulated in magnetic devices due to the electron
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spin. Both the charge and spin of an electron have
been used till now independently, separately, although
their combination, as will be shown below, can
considerably expand the functionalities of electronic
devices. The opportunity for an electron to be in
two spin states (“spin-up” or “spin-down”) and a
small time of the electron transition between them
allow these states to be considered as 1 or 0 in the
binary logic [1]. The science that is based on the
application of the electron spin is called spintronics
and has been developing extremely rapidly for last
years [2,3]. This is confirmed by numerous publications
of theoretical and applied character, as well as by
materials of the conference on spintronics in Boston,
USA (2002).

In order to deal with spin-polarized electrons, i.e.
electrons with identically oriented spins, in a device, they
must first be injected into a working space or created
directly there in some way. Aligned carriers are usually
injected into a semiconductor from ferromagnetic metals
or alloys. Such experiments play an important role in
the creation of devices, but more interesting and more
promising are the methods which allow electron spins in
solids to be aligned using external magnetic and electric
fields or circularly polarized light. The development of
information technologies on the basis of the electron
spin may lead in the future to the creation of quantum
computers [4-6].

In this review, we attempt to analyze the results
of experimental and theoretical researches concerning
spin-polarized electrons in semiconductors and to
comprehend their possible practical implications and
perspectives.
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1. Optical Alignment of Spins
1.1. Generation and Relaxation of Spin-
polarized Current Carriers

The phenomenon of optical alignment of spins of
free electrons in semiconductors was discovered by
G. Lampel [7] and R. Parsons [8] in 1968—1969 and
explained theoretically by M.I. Dyakonov and V.I. Perel
in 1971 [9]. It comprises the creation of a prevailing spin
orientation for current carriers in a solid at illuminating
the latter by circularly polarized light and is a direct
consequence of the law of conservation of angular
momentum. Because the electric field of a light wave
affects immediately the electron orbital motion rather
than its spin, the spin orientation of electrons is governed
exclusively through the spin-orbit coupling. Spins are
oriented along the light propagation direction at the
left polarization of the light and in the reverse direction
at the right one. Therefore, the phenomenon of optical
alignment is possible only if there exists a sufficient spin-
orbit coupling in materials.

The process of optical alignment includes two
stages. In the first stage, spin-polarized current carriers
are generated, and, in the second one, their spins
relax during their lifetimes. The measure of optical
alignment is a degree of current carrier polarization,
which is defined by the ratio of the difference
between the concentrations of electrons (holes) with
the spins directed in parallel or antiparallel to the
light propagation direction to their total concentration.
The main physical effects, which manifest themselves
at the optical alignment, and their theoretical and
experimental aspects were considered in F. Mayer and
B.P. Zakharchenya’s monograph [10].

If spins are oriented optically, the photoexcited
current carriers “live” during some time interval 7 before
recombination. Within this interval, the spin alignment
of carriers decreases owing to different relaxation
processes. If the spin alignment has not disappeared
completely by the moment of recombination, the
recombination radiation will be circularly polarized in
part.

The spin relaxation of thermalized electrons is
characterized by a time 7. Provided a stationary
excitation and 74 > 7, the average value of the total
spin S of thermalized electrons is equal to the average
total spin Sg of photoexcited electrons at the moment of
creation. If 7, <« 7, the spin orientation of an electron
is completely lost during its lifetime. In the general
case, the amplitudes of S and Sy are connected by the
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formula [10]
e g
T/Ts
If electron spins are optically aligned, the following
three main mechanisms of spin relaxation can take place:
(i) the Elliot—Yafet [11,12], (ii) the Dyakonov—Perel
[9,13], and (iii) the Bir—Aronov—Pikus [14] ones. The
first mechanism is connected to the spin flip of electrons,
when they are being scattered by acoustic and optical
phonons or by impurities, which occurs simultaneously
with the variation of the momentum due to the mixing
of the wave functions of electrons with opposite spins.
The second mechanism is caused by the spin splitting
of the conduction band in crystals without the center
of inversion. The third one is caused by the exchange
interaction of electrons and holes. It should be noted
that, in experiments dealing with the optical alignment
of minority current carriers, the relaxation according to
the Bir—Aronov—Pikus mechanism prevails [10] because
of the fact that, to ensure a high quantum yield of
radiative recombination in a substance, it is necessary
to provide a high concentration of the majority current
carriers.
The reduction of 7, is possible, as well, both due
to the absorption of the recombination radiation by a
crystal, which is accompanied by the generation of a new
pair of current carriers and the following reradiation,
and owing to the superfine interaction of electron
magnetic moments with the spins of nuclei of the lattice
[10]. Experimentally, 75 has been determined mainly in
gallium arsenide and GaAs-based heterostructures. For
example, 7, = 30 ns for free electrons in n-GaAs at
helium temperatures and at Np — N4 ~ 10 cm=3 [15],
42 ns at Np — Na ~ 10'% em~2 [16], and about 100 ns
at Np ~ 106 ¢cm=3 [17], while for electrons localized
at shallow donors, 75 = 290 £ 30 ns at Np — Na =~
10'* ¢cm~2 [15]. On the other hand, 7 = 20 ns for
free electrons in double heterostructures d-doped by
acceptors [18], whereas 7, = 1 ns for holes in the
donor-doped GaAs/Al,Ga;_,As heterostructures with
quantum wells [19].

S

1.2. Hanle Effect

Provided that electron spins are optically aligned
in a magnetic field, the so-called Hanle effect, i.e.
the depolarization of photoluminescence (PL) by a
magnetic field directed normally to the light propagation
direction, takes place [10,20]. R. Parsons was the first
to observe this effect in semiconductors [8]. The Hanle
effect is based on the fact that the spins of photoexcited
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electrons precess with the Larmor frequency =
upgB/h in the magnetic field B (here, up is the Bohr
magneton, ¢ is the g-factor, and A is Planck’s constant
divided by 27) around the direction of the magnetic field.
If the magnetic field is perpendicular to the exciting light
beam (B L Sy), the spin projection onto the direction of
this beam will periodically change with the frequency (2.
For convenience, we introduce a new quantity, the spin
lifetime constant T:

1_1+1 @)
T. 7 7

where 7, is the time of spin relaxation and 7 is
the lifetime of an electron. This expression reflects
two reasons of why the average spin of the electron
disappears: recombination and spin relaxation. If the
electron spin executes a great number of precession
oscillations around the direction of the magnetic
field B during the time 7§, then, under stationary
conditions, the projection of the average spin onto the
initial direction Sg will be small. It is this projection
that defines a degree of the circular polarization of
luminescence.

After the time interval ¢ following the excitation, the
electron spin projection will be equal to

S% = Sp cos(Qt) exp(—t/7s). (3)
Having averaged this expression over the electron
lifetime distribution W(t) = 77 lexp(—t/r) for
thermalized electrons under ambient conditions, we find
the average projection of electron spins

S, = % /exp(—Ti)cos(Qt)dt. (4)

s
0

This formula gives the expression for the form of a Hanle
curve [10]

_ S:(0)
%m_fﬁﬁﬁ’ (5)
where
S.(0) = 1+S+/T (6)

We point out that formulae (5) and (6) serve as a basis
for the determination of the time constants 7 and 7
in the method of optical alignment. Really, the degree
of PL circular polarization p is defined in terms of the
intensities I, and I_ of the left- and right-polarized
radiations, respectively, by the ratio

-1
PETT (7)
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and is numerically equal to the projection of the average
spin of electrons onto the direction of observation

p = —Snl. (8)

Here, n; is the unit vector along the direction of PL
monitoring. The “minus” sign means that the angular
momenta of photon circulations are oriented oppositely
to the direction of the average spin of electrons. Knowing
the degree of PL circular polarization (7) in the zero
field, the halfwidth B/, = h/gupTs of the magnetic
depolarization curve (the Hanle curve), the g-factor, and
using also relations (5) and (6), the time constants 7 and
Ts for electrons can be readily obtained.

Thus, the degree of circular polarization of the
recombination radiation serves as a convenient and
sensitive indicator of both the spin state of current
carriers and its changes under the influence of external
factors and relaxation processes which govern the
kinetics of nonequilibrium current carriers.

The Hanle effect is not only of independent
academic interest [21] but has wide practical application
[22-34]. In addition, it underlies a series of sensitive
experimental methods, which are applied to study
quantum-dimensional semiconductor systems [35],
superconducting materials [36], and ferromagnetic films
in ferromagnet/semiconductor structures [37].

2. Spin Electronics

Spintronics, or spin-dependent electronics, covers a
wide set of devices, where the electron spin is used
to modify their electric properties. In a broad sense,
the term spintronics can be applied to all devices,
where the electron spin is used, including those
which are based on metal, semiconductor, hybrid
(metal /semiconductor), organic, and other electronic
elements, although some experts draw a boundary
between them and passive magnetoelectronic devices,
referring the latter to magnetoelectronics. But, taking
into account the technological state and economic
aspects of modern micro- and nanoelectronics, it
becomes quite clear that it is the researches and
developments in the area of semiconductor spintronics
that have got the broadest distribution. Therefore, the
word spintronics is used the most frequently to refer
to the branch of semiconductor nanoelectronics that
is connected to the implication of spin phenomena for
electronic devices.
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Fig. 1. Scheme of the spin-valve structure. The resistance of the

system is minimal, if magnetizations of ferromagnetic layers 1 and

2 are parallel, and maximal, if they are antiparallel

The tunnel magnetoresistance (TMR) [38,39] and
giant magnetoresistance (GMR) [40] phenomena, which
have been discovered when the magnetic materials
were attempted as components of electronic devices
together with traditional materials, became the basis of
passive magnetoelectronic devices. It was the TMR and
GMR phenomena that started the development of spin
electronics ideas.

2.1. Magnetoresistance and Semiconductor

Elements

The phenomenon of resistance variation in materials
under the action of an external magnetic field became
attractive in the construction of electronic devices and
resulted in intensive scientific searches and practical
developments in this area.

The GMR effect was discovered in the late 1980s
[40, 41]. The researches of magnetoresistance in thin
magnetic multilayer structures, where the current ran
along the layers [the current-in-plane (CIP) geometryl],
revealed a huge change of resistance if the magnetization
of the layers became antiparallel. Later on, the
same effect was observed for another, the current-
perpendicular-to-plane (CPP) geometry of the device,
where the current ran normally to the layers [42]. The
fundamental physical phenomenon, which underlies such
a huge variation of resistance, is the so-called spin-valve
effect. In the simplest case, a spin valve consists of two
metal ferromagnetic layers separated by a nonmagnetic
conducting one.

The principle of operation of a spin valve was
described in the pioneer works of G. Prinz [2,43]. The
schematic cross-section of a spin valve (in the CIP
geometry) normally to the layer plane is shown in Fig. 1.
One of the ferromagnetic films, e.g., the first, is a
soft magnetic material and the other a hard magnetic
material. With the help of a comparatively weak external
magnetic field, it is possible to change the direction of
the magnetic moment of the first film, whereas the
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Fig. 2. The magnetic tunnel junction consists of two ferromagnetic
films separated by an insulating barrier. The current experiences
a large resistance, if the magnetic moments are antiparallel, and a
small one, if they are parallel

magnetization of the second film remains intact. In such
a way, one can control the resistance of the device.

There is no principal physical difference between the
CPP and CIP geometries. The only distinction is that in
the CPP geometry, electrons move across heterolayers,
thus traversing all the layer interfaces, whereas in the
CIP geometry, they move along the layers and, as a
consequence, not every electron will traverse all the layer
interfaces. As a result, devices with the CPP geometry
will be more sensitive to a magnetic field than those
with the CIP geometry. However, the latter devices are
considerably easier in practical realization because of a
very small resistance of the CPP ones.

The TMR. phenomenon is similar to the GMR one
[2,3,44]. But here, two ferromagnetic films are separated
by a thin, no more than 4 nm in thickness, dielectric
layer (Fig. 2). The functioning of a TMR junction is
based on the quantum-mechanical phenomenon of spin-
dependent tunneling of electrons from one ferromagnetic
layer into the other through an insulating barrier. Such a
system is extremely sensitive to structural imperfections
of the insulating layer and to the quality of the interfaces
between the insulator and the ferromagnetic layers.
Therefore, for manufacturing such a tunnel junction,
rather rigid requirements concerning its quality must be
fulfilled.

Both those phenomena (GMR and TMR) are
characterized by the relative variation of resistance
AR/R. If AR/R is about 100%, such a structure can
be used for designing a specific device [45].

Thus, the two states of the device conductivity, with
large and small resistances, can be called the logic states
“1” and “0”; the device itself can be used as an element
of the magnetic random access memory (MRAM) [2,3].
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Practical realization has already led to a significant
economic benefit. On the basis of spin valves, there
were created sensitive sensors of a magnetic field [46]
and heads for reading information from magnetic hard
disks [47]. It is also known that the GMR and TMR
phenomena are used in the elements of nonvolatile
random-access memory of computers [48,49].

The mechanisms of magnetoresistance emergence
in thin-film multilayer structures were considered in
[50,51]. The magnetic properties of a wide class of other
materials and mechanisms, which explain the emergence
of the GMR phenomenon in them, were analyzed in
[52-54]. The GMR phenomenon was also revealed in the
magnetic semiconductor HgCraSeq [55,56], in sulfides
Fe,Mn;_,S and Cr;Mn;_,S [57]. Unfortunately, the
known mechanisms of magnetoresistance do not describe
this phenomenon quantitatively and do not indicate the
ways for a further creation of new magnetic materials
with large values of the GMR effect.

Under the action of an external magnetic field,
semiconductors can change their electrical and optical
properties. The magnetic field can either shift the energy
levels of the band structure or influence directly current
carriers. Therefore, the external magnetic field is widely
used in basic researches of semiconductors and quantum-
dimensional structures. However, the application of
magnetic fields in microelectronic elements is still rather
insignificant, because the creation of magnetic fields of
required values in tiny devices faces some difficulties. In
particular, this matter is supposed to be resolved with
the help of depositing a thin magnetic film or a sandwich
structure onto a semiconductor surface [45]. In so doing,
a ferromagnet may be either in a direct contact with
a semiconductor or separated from it by an insulating
layer.

2.2. Problems of Spin Injection

In order to create effective spintronic elements, three
following problems are to be solved: injection, control,
and detection of current carriers’ spins. In the ideal
case, all spins should be oriented identically (the 100%-
polarized state). However, actually, a portion of spins
occupies the “majority” states and the other portion
the “minority” ones. The degree of spin polarization is
defined in terms of the spin-up, nt, and spin-down, n,
electron concentrations by the ratio

P = (ny —ny)/(ny +ny). (9)

The first thing to occur in this situation is to inject
electrically spin-polarized electrons from a ferromagnetic
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metal into a semiconductor. The device based on
the principle of electron spin injection (an electronic
analogue of the electrooptical modulator) was proposed
by S. Datta and B. Das [58]. The typical geometry
of such a device with two ferromagnetic contacts
and a two-dimensional (2D) electron gas between
them was analyzed by G. Schmidt, D. Ferrand, and
L.W. Molenkamp [59]. They showed that, in the diffusive
transport mode, the degree of spin polarization of the
injected current is expected to be smaller than 0.1%.
The authors of [60] verified this conclusion of the
theory by injecting electron spins from a ferromagnet
into a semiconductor through an ohmic contact. The
injection of electron spins was established in this case
to be insignificant indeed. In addition, it was found
that a mismatch between the conductances of the
ferromagnet and the semiconductor confines the electron
spin injection in principle.

To overcome the indicated obstacle, E.I. Rashba [61]
suggested to insert an insulating tunnel barrier between
the ferromagnet and the semiconductor and obtained
expressions for the resistances of the junctions FM-T—
S and FM-T-S-T-FM (FM stands for a ferromagnet,
T for a tunnel contact, and S for a semiconductor),
the spin injection coefficient, the spin-valve effect,
and the spin electromotive force (EMF), caused by
the gradient of spin orientation under the condition
when the diffusion coefficients of “spin-up” and “spin-
down” electrons are different (an analogue of the
Dember EMF). He also showed that the tunnel
junction can ensure a significant increase of spin
polarization of electrically injected currents from a
ferromagnetic metal into a semiconductor. The eligibility
of such an approach was confirmed experimentally
by V.F. Motsnyi, J. De Boeck, J. Das, et al. [34].
When investigating the circularly polarized PL of the
CoFe/AlO,/(Al,Ga)As/GaAs structure at 80 K, they
found that the degree of polarization of injected electron
spins was 9%.

The injection of electron spins through the interface
between a ferromagnet and a paramagnetic metal was
studied theoretically and experimentally in the classical
works of M. Johnson and R.H. Silsbee [62,63]. Having
used the Hanle effect, they unequivocally identified the
signal connected with spin and, as a consequence, offered
a new non-resonant method of measuring the times of
spin relaxation of conduction electrons. As a result, the
authors’ hypothesis about charge-spin coupling at the
ferromagnet—paramagnet interface was confirmed.

In order to increase the tunnel magnetoresistance
and simultaneously decrease the ohmic resistance of the
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whole structure, the authors of [64] suggested to use the
system with three barriers and thin ferromagnetic metal
layers between them, where the electron motion was
quantized and the arrangement of the quantum levels
was determined by a direction of the electron spin. As
a result, electrons with either spin direction tunneled
in resonance, provided that the layers were magnetized
in parallel, whereas at the antiparallel magnetization of
the layers, the arrangements of the resonance levels in
the metal layers did not coincide and, as a consequence,
the tunnel current had no more resonant character.
Such a device can be realized only in the case of the
almost perfect interface between a ferromagnet and an
insulator.

The spin-dependent resonant tunneling of electrons
through asymmetric double barriers made up of
nonmagnetic III—V semiconductors was considered
theoretically by E.A. de Andrada e Silva and G.C. La
Rocca [65] in the framework of the envelope function
approximation and the Kane model for the bulk. The
spin polarization was expected to exceed 50%.

The tunneling of spin-polarized electrons from a Ni
tip of a scanning tunnel microscope onto the GaAs(110)
plane was discussed in [66]. The registration of spin
polarization in the semiconductor was carried out by
measuring the circular polarization of PL. The degree
of the spin polarization of tunnel electrons was found
to be P = —31%. The sign “minus” testified to that
the main contribution into the tunnel current was made
by spin-down electrons. A possibility to monitor spin-
polarized electrons on the GaAs(110) surface by means
of a scanning tunnel microscope was also reported in [67].
The model of spin-polarized transport for a photoexcited
tunnel junction “ferromagnet—semiconductor” as well
as the data of experimental researches of the spin-
polarized tunneling between a GaAs tip of a scanning
tunnel microscope and a Pt/Co multilayer structure was
considered in [68]. The surface spin lifetime was found
to exceed 0.4 ns.

The alignment of electron spins and their registration
in II-VI semiconductors were carried out by optical
methods in [69]. Spin-polarized electrons were excited
by pump pulses of a circularly polarized light incident
normally on the sample surface. An external magnetic
field made the electron spins precess (the Hanle effect). A
probe pulse of linearly polarized light struck the surface
at a small angle to the normal and, after being reflected,
its polarization plane was rotated at a certain angle
(the Kerr effect). The time-resolved Kerr reflection in
a 2D-electron gas provided the direct measurement of
the precession of electron spins and their relaxation
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within the temperature range of 4—300 K. The electron
spin polarization was shown to survive up to room
temperature for several nanoseconds.

In the early theoretical works of F.T. Vasko
and N.A. Prima [70, 71] and the following works of
L.I. Magarill et al. [72, 73], a possibility to align the
spins of 2D electrons by an electric field directed
along the layer was considered in the framework
of the Rashba Hamiltonian. The spin-orbit coupling
ensures the influence of the electric field on electron
spins. For this effect to exist, a nonequivalence of
the n and —n directions, where n is a normal to
the surface, is needed, i.e. we deal with the so-called
oriented surface. The physical realization of the oriented
surface is a 2D electron system with different top
and bottom boundaries, e.g., a heterojunction or an
inversion channel. The theoretical researches resulted
in the prediction that the spins of 2D electrons can be
aligned with the help of an electric field.

A few theoretical developments of spin current
sources (spin batteries) have been published recently
[74-76], where the generation of a mere spin current
without a charge current was reported. The essence of
the idea is that in the case where the equal numbers
of spin-up and spin-down electrons move in opposite
directions, the total charge current I. = e(I} + I])
disappears, but a definite spin current Iy = h/Q(IT* — II)
appears; here, I3 and IT are the currents brought about
by spin-up and spin-down electrons, respectively. All
these concepts of spin batteries suppose the presence of
an external alternating magnetic field, which makes their
practical realization more complicated. In [77], a model
of the spin battery based on double lateral quantum dots
was proposed, where a constant magnetic field is used
and the spin current is governed by a number of gates.

Thus, the considered optical and electric methods of
injection of spin-polarized electrons into semiconductor
materials have inherent advantages and shortcomings.
The development of relatively simple and cheap methods
of electron spin injection at room temperature belongs
to the tasks of prime importance, whose solution would
stimulate their broad application to semiconductor
production.

2.3. Spin-polarized Transport

Spin-polarized transport can arise in any solid where the
imbalance of spin populations at the Fermi level takes
place. Such spin imbalance is typical of ferromagnetic
metals (Fe, Co, Ni, and alloys on their basis), because
the spin-up and spin-down electron states are shifted
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Conventinnal meial

—= NE)
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Fig. 3. Schematic diagrams of the electron density of states for a
conventional metal and a ferromagnet. The spin-up electron states
in a ferromagnet are filled completely. E is the electron energy, Er
is the Fermi level, and N(FE) is the electron density of states

in energy with respect to each other. This shift will
lead to the different fillings of the bands and, as a
consequence, to the total imbalanced magnetic moment.
Since the populations of spin-up and spin-down electrons
at the Fermi level are different in ferromagnetic metals,
this leads, in turn, to a partial spin polarization of the
current. The degree of current polarization is easy to
estimate making use of the simple relation [10]

P=(I; —I})/(I; +I).

The most striking spin effects can be observed
for completely spin-polarized currents. Therefore, the
searches for materials and systems which are able to
conduct such currents are challenging. In Fig. 3, the
idealized densities of states for a conventional conductor
and for a ferromagnet, which is capable to conduct the
100%-spin-polarized current, are compared.

During the last decade, extended experimental
and theoretical researches of the spin transport of
current carriers have been in progress. For example,
V.I. Sugakov and S.Ya. Yatskevich [78] studied
theoretically electron tunneling through a double-
barrier heterojunction with Mn magnetic impurities
in the parallel electric and magnetic fields, where
the Mn atoms are either in the well (the system
CdZnTe/Cdy.sMng 2 Te/ZnCdTe, the well width a =
80 A, the barrier width b = 55 A) or in the barriers
(the system ZnSe/Zng g5Mng.15Se/ZnSe, a = 60 or 70 A,
b =55 A). It was shown that, in a magnetic field, owing
to the exchange interaction of current carriers’ spins
with magnetic impurities, there is a splitting of the levels

(10)
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in the well between the barriers. As a result, the fine
structure of peaks should be observed on current-voltage
characteristics, with different peaks corresponding to
currents with different spin alignments. Therefore, such
a phenomenon can be used for current carrier spin
polarization.

M. Johnson [79] studied the transport of spin-
polarized electrons in gold films by injecting current
carriers at the given geometries of experiment. The
nonequilibrium density of electron spins in such
films was established to exceed both the known
and predicted theoretically values. A.Majumdar [80]
considered theoretically the same issue for a 2D electron
gas in a spatially modulated magnetic field. Provided
that electron energies are small, the interaction of spins
of such a gas with a magnetic field was shown to reduce
substantially the probability of the spin-up electron
tunneling through magnetic barriers and to increase it
for spin-down electrons. Therefore, these magnetic
barriers distinguish between spin states of electrons and
can be used as spin filters.

Transport properties of the magnetic semiconductor
(Ga,Mn)As and the emergence of ferromagnetism in
it were described in [81]. It was shown that the p-d
exchange between the hole and Mn spins resulted in
ferromagnetism of such layers.

The features of the kinetic phenomena in parallel
low-dimensional layers separated by tunnel-transparent
barriers were studied theoretically by F.T. Vasko
and O.E. Raichev [82]. New effects were predicted:
a Coulomb nonlinearity in the coherent dynamics,
interference oscillations of the current in magnetic
tunneling, a bistable response of the systems with
independent contacts to layers. The spin injection into
ballistic layers and the modulation of resistance in a
spin-polarized field-effect transistor were investigated in
[83,84], whereas tunnel spectroscopy of spin-split states
in quantum wells in [85].

The spin-dependent phenomena of transfer and
recombination in semiconductors and semiconductor
structures were analyzed by O.V. Tretyak and co-
authors in [86-88].

2.4. Devices on the Basis of Spin-polarized
Electrons

The foundation of modern microelectronics is composed
of semiconductor diodes and transistors. It is clear that
the corresponding devices should be in the basis of spin
electronics as well. The application of electron spins in
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electronic devices was considered in the thorough review
of J. De Boeck [89].

The concept of spin-polarized field-effect transistor
was proposed by S. Datta and B. Das [58]. The cross-
section of such a transistor is shown schematically in
Fig. 4. A layer of a 2D electron gas is formed by
a heterojunction between InAlAs and InGaAs, which
ensures the channel with high electron mobility and
without spin-flip scattering. Spin-polarized electrons are
injected and registered by ferromagnetic metal contacts.
During the motion of electrons towards the collector,
their spins are precessing, due to the Rashba effect,
around the pseudo-magnetic field B = a(k x z), where
k is the wave vector of electrons and z is a unit vector
directed normally to the surface. The parameter of the
spin-orbit coupling (the Rashba parameter) is defined
by the relation [90]

a =2a46E, [ hg, (11)

where E, stands for an electric field perpendicular to
the 2D channel and a4 is the quantity connected to
the band structure. The Rashba effect [91] arises when
the speeds of current carriers in the device are about
105 m/s or more, i.e. when a relativistic approximation
may be used. The behavior of such electrons in the
2D channel of a field-effect transistor will be as if
the electric field applied to the gate had a magnetic
component. Depending on its orientation, this field
will cause either the splitting of spin-up and spin-
down electron bands or the electron spin precession.
Therefore, having created a Schottky gate on the surface
of the device, it is possible to increase or reduce the
internal effective electric field by applying an external
voltage V, normally to the stream of 2D electrons, thus
changing the precession of electron spins. In such a
way, one can control the orientation of electron spins
with respect to the magnetization vector in the other
contact and to modulate the current which runs through
the device. Unfortunately, the idea of the spin-polarized
field-effect transistor has not been realized yet, although
many researchers attempted to overcome obstacles in
developing such a device [92,93].

The spin-polarized injection current emitter (SPICE)
transistor on the hybrid basis (semiconductor/ferromag-
net) was developed and fabricated by J.F. Gregg et
al. [94]. This device operates similarly to a conventional
transistor but its electric parameters are controllable
by an external magnetic field. Between the base and
the collector of the transistor, there is a ferromagnetic
material with small coercivity, and that with a large
coercivity is between the base and the emitter. The hard
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Fig. 4. Scheme of spin-polarized field-effect transistor. V; is the
gate voltage and 2DEG is a two-dimensional electron gas

magnetic layer functions as a spin polarizer of the
current, which is injected from the emitter into the
base. These electrons diffuse through the base area and
are attracted to the back-biased collector barrier. The
number of electrons that reach the collector depends
on the magnetization direction in the soft magnetic
analyzing layer, which acts as a spin-dependent filter.
Therefore, the current through the collector can be
controlled by an external magnetic field.

The early prototypes of the SPICE transistor had
weak spin dependence brought about by the scattering
at interfaces and by difficulties connected to the spin
injection between materials, the conductivities of which
differ very much [95]. In addition, the silicides of
transition metals arose at the interfaces between silicon
and a ferromagnet, which resulted in the degradation
of devices. Those shortcomings have been removed
partially by introducing additional thin tunnel barrier
layers between the emitter and the base and, in some
cases, between the base and the collector as well.

Another (hybrid) type of the transistor, which is
based on the spin-valve effect and can be used as a
magnetic field sensor, was fabricated and investigated
by D.J. Monsma et al. [96-98]. The structure of such
a transistor is represented schematically in Fig. 5. The
base of this transistor is a GMR structure composed of
the layer series Pt—Co—Cu—Co and sandwiched between
two n-Si(100) plates of the emitter and the collector. At
the interfaces between the semiconductor and the metal,
the Schottky barriers with typical heights of 0.6-0.7 eV
are formed. The reverse bias is applied to the collector’s
Schottky barrier and the forward bias to the emitter’s
one. Electrons are accelerated in the emitter and injected
into the base with an energy of about 1 eV higher than
the Fermi level in the emitter (hot electrons). The
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Fig. 5. Schematic diagram of the energy band structure of the

spin-valve transistor

probability for electrons to reach the collector is limited
by different scattering processes in the GMR. structure,
which effectively cool down injected electrons. Only
ballistic electrons will pass the base and reach the
collector. If the emitter current amounts to 100 mA,
the typical values of the collector current will be smaller
than 1 pA. Therefore, the current in the collector will be
10° times smaller. Nevertheless, the magnetic sensitivity
of the collector current is rather significant: the variation
of magnetoresistance is 400% at 77 K.

The role of thermal scattering in the
magnetotransport of hot electrons was studied in [99]
using a spin-valve transistor with the NiggFeyn/Au/Co
base. The thermal spin waves were found to produce the
quasielastic spin-flip scattering of hot electrons, resulting
in the mixing of both spin channels.

In the creation of quantum computers, useful may
turn out the so-called single-electron transistors (SETs).
Let us consider the principles which underlie the creation
of a spin SET. The electrostatic energy of a charged
capacitor is equal to %%2 If the capacity C' is small
enough, this energy can compete with the energy of a
thermal quantum kT, even if the charge @ is equal to
the electron charge (@ = e). Small metal spheres or
islands (quantum dots) with the physical dimensions of
the nanometer scale possess the capacities that do satisfy
the conditions indicated above. If such a metal island is
produced in a structure between two spatially separated
electrodes (the electron source and the electron sink),
it is possible to obtain a SET [100, 101], through
which only a single electron is able to pass at the
same time. The third electrode (the gate), which is
capacitively coupled to the metal island, is fed by a
pulsed voltage in order to draw every electron across
the island. During the functioning of such a device,
there is a competition between three energy components,
namely, the electrostatic energy of the island which
contains only a single electron; the energy of the thermal
quantum kT; and the energy eV}, which is acquired
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by an electron after passing the potential difference V}
between electrodes. The first electron coming from the
source charges the island to the potential e/C. This
potential is sufficient to prevent other electrons from
further transitions onto the island until the first electron
passes to the sink due to a negative voltage pulse at the
gate, thus releasing the place for the next electron. It is
typical that a fourth energy component, the difference
of electrochemical potentials for spin-up and spin-down
electrons, which is related to the spin alignment, can
be added to this process. In practice, it is attainable
by manufacturing either both electrodes and the island,
or only electrodes, or only islands from ferromagnetic
materials [102,103].

A completely metallic type of the device (the bipolar
spin switch) was proposed by M. Johnson [104] on the
basis of a thin-film sandwich structure FM-PM-FM
(PM stands for a paramagnetic metal). A bilayer (FM-
PM) embodiment of this device was presented by him
in [105].

The influence of the spin phenomena on the
functioning of optical devices is also reported. In [106],
for example, the matter concerns the laser emission
from a superlattice structure, the active part of which
consists of 25 quantum wells, each of the composition
Cdg.g1Mng.19Te and 125 A in width, which are separated
by 24 barriers, each of the composition Cdg.g4Mng.36Te
and 40 A in width. The frequency of this emission
can be varied by applying an external magnetic field.
The specimens were cooled down to the temperature of
1.9 K and optically pumped with a Nd:YAG laser. The
spectral peak of the stimulated emission shifts towards
long waves with increase in the magnetic field at the rate
dE/dB =~ 3.4 meV/T. This dependence is linear up to
10 T.

2.5. Quantum Computers

Modern computers operate exclusively according to the
laws of classical physics. However, if computer bits
were diminished to nuclear sizes, one could not help
to do without a quantum description of bit states and
the dynamics. The combination of quantum mechanics
and computers results in the new direction, quantum
computers [4]. The idea of a quantum computer is
simple, contrary to its practical realization. In a
conventional computer, all the bits always have a certain
definite state at any moment, e.g., 011100101. In a
quantum computer, the bit state can be described by
a wave function, which may look as follows:

¥ = a|011100101...) 4 b[111010001...) + ... (12)
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The coefficients a,b,... are complex numbers, and
the probability that the computer is in the state
011100101... is equal to |a|®, that it is in the state
111010001... to [b°, and so on. Moreover, these
coefficients can describe the interference among different
states of the computer, which may turn out very useful
for computations.

One of the tasks the semiconductor spintronics is
faced with is a realization of quantum information
processing in semiconductor devices, taking advantage of
long-term spin coherence of electron and nuclear spins.
The application of semiconductors is very convenient
for creating quantum computers, because, on the one
hand, the technologies of manufacturing semiconductor
integrated circuits are well developed, and, on the other
hand, various parameters in those materials are readily
controllable with the help of external factors, such
as light, electric or magnetic field, pressure, and all
that.

A few models of quantum computers, which use
single-electron spin states in quantum dots as quantum
bits (qubits), are known [107-109]. Such models
possess two levels and a relatively long time of spin
coherence. Quantum bits can be distinguished by
shifting the resonance frequency of the electron energy
level with the help of an external local magnetic
field or a voltage applied to an additionally created
gate contact (see the description of a spin SET in
Sec. 2.).

The realization of quantum computations is also
possible making use of nuclear spins [110]. The most
widespread isotope of silicon, Si?®, has no nuclear spin.
Therefore, nuclei with non-compensated spins, purposely
introduced into silicon, will have long times of spin
relaxation. In particular, B.H. Kane suggested a model
of the quantum computer, which uses the silicon-based
MIS (metal-insulator-semiconductor) structure, where
P3! atoms with the nuclear spin 1/2 are embedded
into silicon [111]. Here, the nuclear spin of P3! plays
a role of the qubit. In order to manipulate the
chosen nuclear spin, a voltage is applied to the gate
electrode placed above a single or between two neighbor
P3! atoms. In such a way, the superfine interaction,
which is determined by the overlapping of electron
wave functions and nuclear spins, is monitored and,
a shift of the nuclear magnetic resonance frequency is
obtained.

Thus, for the quantum computer based on nuclear
spins to be embodied, the isotopic purity of a
semiconductor crystal is of special importance.
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3. Perspective Materials for Spintronics

It is ferromagnetic metals and alloys that are usually
used as spin injectors, which has both advantages
and shortcomings. It would be desirable that magnetic
semiconductors compatible with existing ones be used
for those purposes. Therefore, an important task of
technology is the creation of high-quality semiconductor
magnetic materials. Let us consider shortly some of
them.

Diluted magnetic semiconductors are compounds
where a portion of nonmagnetic semiconductor atoms
are replaced by atoms of a magnetic material [112]. The
primary goal upon the creation of such semiconductors
is to obtain the temperatures of the transition into the
ferromagnetic state close to room one.

No more than 15—20 years ago, II—VI
semiconductors [(Cd,Mn)Te, (Zn,Mn)Se, (Cd,Mn)Se,
and (Cd,Mn)S], where the high densities of magnetic
atoms could be obtained, were among the basic objects
of investigations in this area [113-116]. Now, they are
used as the basis for creating quantum-dimensional
structures. However, it is difficult to control the type
of conductivity in such semiconductors and quantum-
dimensional structures by their doping. At the same
time, it is noteworthy that the antiferromagnetic
exchange interaction between Mn spins dominates
over the ferromagnetic one in II—VI semiconductors.
However, it has not been until recently that the
ferromagnetic transition has been registered in II—
VI diluted magnetic p-semiconductors at temperatures
below 4 K [117,118].

A similar problem is also important for III—V
semiconductors doped by manganese atoms. Provided
the holes are absent, the magnetic interaction between
Mn atoms in both the (In,Mn)As of the n-type
[119] and the completely compensated (Ga,Mn)As is
antiferromagnetic [120]. Therefore, the ferromagnetic
interaction between Mn spins is connected to the
availability of holes in a semiconductor crystal.

The temperature dependence of the magnetic
susceptibility above the transition temperature, in
accordance with the model [121], which is based on
the mean-field theory, is described by the Curie-Weiss
law. As an effective magnetic field, which affects the
system of current carriers, the sp-d interaction is
adopted. In the presence of holes and spontaneous
magnetization, the spin splitting emerges in the valence
band and, as a consequence, the energy of the system of
carriers decreases. At the same time, the spontaneous
magnetization of carriers increases the free energy of
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localized magnetic spins. As the temperature becomes
lower, the free energy diminishes, and, after reaching
a definite temperature, the gains and losses of the
energy come into balance. This very temperature is T,
according to the mean-field theory [121]. The described
phenomenon is known as Zener ferromagnetism [122].

In diluted magnetic n-semiconductors, the emergence
of ferromagnetism is hindered due to much smaller
values of the s-d interaction [123]. Therefore, in
order to rise T. above room temperature, one must
increase the concentrations of magnetic atoms, z, and
holes, p.

In IIT—V semiconductors, the equilibrium solubility
of magnetic impurities is low. Therefore, it is
practically impossible to obtain materials with a high
concentration of magnetic impurities under standard
conditions of crystal growing. H. Munekata et al.
[124] succeeded in the nonequilibrium growing of
such crystals, using low-temperature molecular-beam
epitaxy (LT-MBE) with the deposition temperature
of approximately 250°C, and carried out the epitaxial
growing of the alloy of AlAs with Mn on the
GaAs substrate. The authors of [125, 126] obtained
the diluted magnetic semiconductors (Ga,Mn)As
and studied magnetotransport, magnetization, and
electroluminescence spectra in them. It should be noted
that the highest temperature 7, of the ferromagnetic
transition in (Ga,Mn)As is 110 K for the manganese
concentration x = 0.053 [81].

On the other hand, a possibility of growing
(Ga,Mn)As by the LT-MBE method on the GaAs
substrate evidences for its compatibility with quantum
structures GaAs/(Al,Ga)As and is therefore an
indisputable fact in favor of the future aspects of
(Ga,Mn)As in spintronics. The values of T, in the wide
band gap semiconductors GaN and ZnO [127] are also
expected to exceed room temperature, provided that
the concentrations of magnetic atoms and holes in them
should reach the corresponding values in (Ga,Mn)As.

More exotic semiconductor magnetic materials
are also under examination for different tasks of
magnetoelectronics: LaMnOs, La;_,Ca,MnOs3 [52,53],
HgCrySes [55, 56], Fe,Mn;_,S, Cr,Mn;_,S [57], as
well as Ca;_,La,Bg, whose Curie temperature reaches
almost 900 K at = = 0.01 [128, 129]. Useful for
spintronics may turn out strongly anisotropic layered
semiconductors with magnetic impurities [130-134].

Not beyond the mainstream of spintronics are also
such fashionable materials as carbon nanotubes [135].
In [136], e.g., the spin-valve effect in the system of two
ferromagnetic contacts connected by a carbon nanotube
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40 nm in diameter was investigated. The mean free path
of electrons in such nanotubes before spin-flip scattering
was found to be surprisingly large (130 nm).

Thus, carbon nanotubes may occupy a proper place
in spintronic instrument-making industry in the future.

Conclusions

Semiconductor spin electronics (spintronics) is an object
of purposeful comprehensive studies in two following
directions: (i) semiconductor magnetoelectronics, which
already has oustanding application achievements in
the industry of reading information from hard disks
and, in the nearest years to come, promises a
breakthrough in the industry of MRAM for computers;
and (ii) semiconductor quantum spintronics, the sound
theoretical achievements and significant practical results
of which are well-known, but more than one year is still
needed for the ideas of quantum computer to be realized.

The advantage of spintronics over usual electronics
is a significant reduction of energy consumption owing
to the use of magnetic fields for controlling the electric
processes in devices, as well as a capability to store
information in a MRAM after switching-off.

The reduction of electronic component dimensions
to a nanometer scale results in that the quantum-
mechanics laws have the leading hand in the functioning
of such devices. Since spintronics uses the essentially
quantum-mechanical property of electrons, their spin, it
discovers therefore new opportunities for the creation
of quantum information technologies. In particular,
the spin single-electron transistors (spin SETSs) are
very promising functional elements for the creation of
quantum computers.

The well-known difficulties in spintronics are caused
by the absence of base materials, which would perfectly
correspond to two main requirements of spintronics,
namely, (i) the Curie temperature of such materials,
below which they are ferromagnets, must be equal to
or exceed the room one and (ii) those materials must
be compatible with the semiconductors that are used for
manufacturing microelectronic components, mainly the
silicon-based ones. We note that the greatest progress
in spintronics was achieved when exactly the gallium
compounds (Ga,Mn)As and (Ga,Mn)N were in use.
These diluted magnetic semiconductors have the Curie
temperature T, of about 150-200 K, although their
structural perfection and compatibility with silicon do
not yet satisfy the requirements mentioned above.

In the near future, new magnetic materials on the
basis of Si-containing semiconductor compounds may
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appear, which will enable the spintronic and classical
semiconductor elements to be united symbiotically in a
single integrated circuit on the same silicon crystal, as
well as on the basis of layered semiconductors, carbon
nanotubes, etc.

To summarize, spintronics belongs to the new

priority directions of science development. It poses the
challenging problems, the solutions of which will allow
the unforeseen summits in the electronics of the future
to be conquered.
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CIITH-ITIOJIAPU3OBAHI EJIEKTPOHI
B EJIEKTPOHIII MANBYTHHOTO
(Ormap)

B.I'. /lopozanv, @.B. Moyrud
Pesmowme

B ornazai 3pobmeno cnpoby mpoaHaIi3yBaTH eKCIepUMEHTAJIbHI Ta
TEOpPeTHWYHI [JOCATHEHHsI B HOBi# obsjacTi maykum — coiaTpomini.
Po3risnyTo saBuie onTUdHOI Opi€HTAamil CHiHIB, CHiHOBY pesak-
cariro, edpekt XaHje, sIBUINA IiraHTCHKOTO i TYHEJIBHOIO MarHiTo-
OIopiB, HMpPOOJIEMH IHXKEKILil CIiHIB, CIiH-IIOJSIPU30BAHUI TpaHC-
mopr, mpusagu Ha 0a3i CoiH-MOSsSpPH30BAHUX €JIEKTPOHIB, OCHO-
BA KBAHTOBUX KOMIT'IOTEDiB, IEePCIEKTUBHI MaTepiaJu AJIs CIiH-
TPOHIKH.
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