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Charge and spin transport in artificial magnetic structures, like nanopillar spin valves, planar tunnel junctions,
and mesoscopic double-barrier junctions (single-electron transistors) are briefly surveyed, with particular emphasis
on magnetoresistance effects and current-induced magnetic switching and spin dynamics. The methods of spin
current generation are also discussed, particularly the method based on spin Hall effect.
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1. Introduction

An important step in the search for novel artificial
magnetic materials was the discovery of interlayer ex-
change coupling in 3d-metallic magnetic multilayers [1],
and understanding of its basic features, like variation
of the coupling parameter with the spacer [2] and mag-
netic layer [3] thicknesses. A breakthrough came up later
(in 1988) with the discovery of giant magnetoresistance
(GMR) [4, 5]. Transport of spin and charge in magnetic
multilayers and in other magnetic nanostructures became
then of great interest from both fundamental and appli-
cation points of view.

The GMR effect is a consequence of the existence of
two well-defined and non-equivalent spin channels for
electronic transport in ferromagnets [6]. This nonequiva-
lence of spin channels has further consequences for trans-
port properties of spatially nonuniform magnetic struc-
tures. Apart from the magnetoresistance phenomena
(like the GMR effect), charge current in such systems
is associated with spin current, and the latter can lead
to magnetization switching between two stable magnetic
states [7—10] or to stationary precessional states [11, 12].

Similar phenomena also appear in other artificial mag-
netic systems, for instance in planar single-barrier tunnel
junctions, where tunnel magnetoresistance [13] as well as
current induced magnetic switching [14-17] have been ex-
perimentally observed. These effects also occur in both
planar [18] and mesoscopic double-barrier tunnel junc-
tions. In the latter case the central part of a double
junction can be in the form of a metallic nanoparti-
cle [19-21], semiconductor quantum dot [22, 23], or a
molecule [24]. Of particular interest are double-barrier
junctions based on magnetic molecules, where a pulse of
spin-dependent current flowing through the molecule can
switch the molecule’s spin between two states of lowest
energy [25].

The spin current is thus a fundamental quantity for
future spin electronics, as it allows full electric manip-

ulation of magnetic moments [26]. It has turned out
that owing to spin—orbit interaction, one can generate
pure spin current in otherwise nonmagnetic systems like
graphene [27, 28], or nonmagnetic semiconductors, where
the spin—orbit coupling is particularly strong [29]. This
coupling leads to spin Hall effect, where perpendicular
spin current is induced by an electric field. The spin Hall
effect can be generated either by extrinsic (due to im-
purities) spin—orbit interaction or by intrinsic one. Spin
currents can be also generated by other methods, like for
instance spin thermoelectric effect [30].

2. Spin torque and current-induced switching
in metallic spin valves

When orientation of local magnetic moments varies
in space, a nonzero net spin (angular) momentum can
be locally transferred from conduction electrons to local
magnetic moments. This appears as a torque exerted
locally on the magnetization. In spin valve structures
the spin-transfer torque may lead to the phenomenon
of current-induced magnetic switching (CIMS), predicted
first theoretically [7, 8], and then confirmed experimen-
tally [9, 10]. The magnetic switching can be detected via
resistance measurements owing to the GMR effect. The
switching between low and high resistance states (par-
allel and antiparallel magnetic configurations) has been
observed for currents exceeding certain critical values and
for sufficiently low external fields. For larger fields, tran-
sition to steady precessional regime has been observed
[11, 12].

A typical nanopillar spin valve consists of two magnetic
films separated by a nonmagnetic one. One of the lay-
ers is thick and its magnetic moment is fixed (reference
layer), while the second layer is thin and its magnetic mo-
ment is free to rotate under the influence of either mag-
netic field or current-induced spin torque. When mag-
netic moments of the two layers are noncollinear, spin

(199)



200 J. Barna$

orientation of an electron leaving a particular layer is not
collinear with the spin quantization axis of the second
layer. Consequently, the electron spin starts precessing
due to exchange field, and becomes aligned along the
quantization axis on the distance from the interface of
the order of the corresponding Fermi wavelength [31].
Thus, the perpendicular component of the spin current
is totally (or partly for ultrathin layers) absorbed by the
layer. The absorbed spin momentum is equivalent to the
torque T exerted on the ferromagnetic film. This torque
(per unit square) can be calculated as

h . .

TZi(JJ_L_JJ_R)v (1)
where j 1, and j are the normal to the magnetiza-
tion components of the spin current density at the left
and right interfaces of the magnetic film, taken on the
normal metal side of these interfaces.

The torque is usually decomposed into two compo-
nents: one in the plane formed by the two magnetic mo-
ments, and the other one normal to this plane,

T=alsx (§x8)+blsx S, (2)
where [ is the charge current density, § and S are the
unit vectors along the spin polarization of the sensing and
reference magnetic layers, respectively, while a and b are
some parameters. The first term (called sometimes Slon-
czewski’s torque) is in the plane formed by magnetic mo-
ments of the two magnetic films, while the second com-
ponent is perpendicular to this layer. In metallic spin
valves, the parameter b is usually one or two orders of
magnitude smaller than a, so the normal component can
be generally neglected, although it can play some role in
spin dynamics. Let us note that spin torque changes sign
when [ is reversed.

The spin torque due to spin transfer vanishes in
collinear configurations, but is nonzero in noncollinear
ones. Generally, behavior of the torque with the angle be-
tween magnetic moments depends on transport regime.
One also should note that this angular dependence comes
not only from the vector products in Eq. (2), but also
from the angular dependence of the parameters a and b.
This angular dependence in the ballistic transport regime
[7, 8] may be different from that in the diffusive trans-
port [32].

Diffuse transport theory of electronic transport in spin
valves is usually based on the macroscopic approach by
Valet and Fert [33]. This approach was originally devel-
oped for GMR in collinear magnetic configurations, and
later was extended to GMR in noncollinear configura-
tions and also to spin torque [32, 34]. An important fea-
ture of this approach is spin accumulation, which builds
up at the interfaces due to the spin “bottle neck” effect.
This theory is linear in the sense that spin accumula-
tion and spin currents are linear in voltage (or in the
charge current). Such linear model, however, does not
describe some of recent experiments on nonlinear trans-
port in double spin valves [35], so the Valet—Fert descrip-
tion was extended to include also some nonlinear effects

following from the dependence of the key parameters of
the model on charge current [36].

If positive current, I > 0 (flowing from the reference
towards the sensing layer), tends to destabilize the par-
allel configuration and switch to antiparallel one for cur-
rent exceeding a certain threshold value, then a negative
current usually tends to destabilize the antiparallel con-
figuration and stabilize the parallel one [9, 10]. Such a
switching is called normal CIMS. In turn, when posi-
tive current induces transition to parallel configuration,
it is called inverse CIMS. By reversing bias polarization
one can also reverse the magnetic switching. It has been
shown that the spin asymmetry factor of the reference
layer determines whether the switching is normal or in-
verse; when this factor is positive, the switching is nor-
mal, and when it is negative, the switching is inverse [32].

In standard spin valves (those which show either nor-
mal or inverse current-induced switching in the absence
of external magnetic field), transition to stationary pre-
cessional states is possible only in a sufficiently strong
external magnetic field [12]. When current is above a
certain critical value and tends to rotate magnetic mo-
ment of the sensing layer, while the applied magnetic field
tends to restore its original orientation, competition of
these two torques may lead to a stationary precessional
state. Although the damping term (Gilbert damping)
leads to energy dissipation, the energy is continuously
pumped from the voltage source to the magnetic system
and supports microwave oscillations. In some asymmet-
ric structures (like Co/Cu/Py), the angular dependence
of spin torque in the diffusive transport regime exhibits
some nonstandard behavior, i.e. the in-plane spin torque
vanishes at a certain noncollinear configuration. Owing
to this, transition to the precessional states can occur
also in zero magnetic field [37, 38]. Such systems are
of particular interest as they may be used as microwave
nanogenerators entirely controlled by electric field.

To describe dynamical behavior of the sensing layer un-
der the influence of external field and spin current, one
can use the phenomenological Landau-Lifshitz—Gilbert
equation, which additionally includes the torque due to
spin transfer. Time evolution of a unit vector § =
(Sz, 8y, 8.) along the spin moment of the sensing layer
is then determined by

O o elios x Hug —asx o+ Debr
where v, is the gyromagnetic ratio, po is the magnetic
vacuum permeability, M; is the saturation magnetiza-
tion, d is the sensing layer thickness, and « is the Gilbert
damping parameter. The effective field H.g includes
contributions from external magnetic field (H xt), uniax-
ial magnetic anisotropy (H api), and the demagnetization
field (H gem); Hett = Hoxt +H ani + H gem- The damping
parameter « is usually assumed to be constant, but this
assumption is generally not justified as the damping may
depend on the angle between magnetic moments.
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3. Magnetic planar tunnel junctions

Effect similar to the GMR also occurs when the non-
magnetic metallic spacer layer is replaced with a non-
magnetic insulating barrier. This effect was discovered
long time ago in ferromagnetic planar junctions by Jul-
liere [13], much earlier than the GMR effect in metallic
multilayers was found. Currently, magnetic tunnel junc-
tions are of great interest due to possible applications
in magnetic storage technology (magnetic random access
memories, MRAM). As in the case of GMR, the tunnel
magnetoresistance (TMR) consists in a decrease (increase
is also possible) in the junction resistance when magnetic
configuration of the junction varies from antiparallel to
parallel. One of the most promising junctions are those
based on the MgO barrier, where the TMR of the order
of several hundreds percent has been observed [39].

The TMR effect also exists in more complex tunnel
junctions, like for instance double barrier planar ones
with magnetic electrodes, or double barrier junctions
with magnetic barriers and nonmagnetic metallic elec-
trodes. In the latter case spin filtering by ferromagnetic
barriers (eg. EuS) can lead to large values of TMR, as
predicted theoretically [40] and then confirmed experi-
mentally [41]. Physics of TMR effect is similar to that of
GMR, although the role of various parameters and fea-
tures of the electronic structures may be different.

Similarly to metallic spin valves, spin current accom-
panying charge current can lead to spin transfer torque
and then to the CIMS phenomenon [14-16]. The nor-
mal component of the spin transfer torque, however, is
now of the order of in-plane one [42, 43|, which makes
the current-induced magnetic dynamics more complex.
What is important from the application point of view is
the critical current that is now smaller by one or two
orders of magnitude from the critical current in metallic
spin valves.

4. Molecular junctions

The magnetoresistance phenomena and also current-
-induced magnetic switching are general phenomena.
Spin current can be used to control and change mag-
netic state of any magnetic object, provided the torque
is strong enough. In turn, to control magnetic state and
switching process one can make use of the magnetoresis-
tance phenomena. Now we discuss briefly the possibility
of using spin current to reverse magnetic moment of a
molecular magnet.

Single-molecule magnets (SMMs) attract much interest
as they exhibit magnetic bistability required for mem-
ory elements [44-46]. However, magnetic state of the
molecule is stable at very low temperatures, of the order
of 1 K. At higher temperatures SMMs behave like super-
paramagnetic particles. It has been shown that one can
fully electronically control magnetic state of the molecule
at low temperatures, when the molecule is attached to
external ferromagnetic leads [25, 47, 48].

An SMM is a quantum object and any description of
transport properties should take into account discrete en-
ergy levels and also Coulomb correlations of electrons
in the molecule. In the sequential tunneling regime
[25, 47, 48], electronic transport occurs due to tunneling
of electrons between the leads and the lowest unoccupied
molecular orbital (LUMO) level of the SMM. The CIMS
then appears due to exchange coupling of electrons in the
LUMO level with the molecule’s internal magnetic core.
Hamiltonian describing the molecule can be presented in
the form [25, 47|

Hsvm = — (D + Z Dicle, + DgC%CTcIci)Sg

+Z€clcg + Uc]}cTcIcl - % JZO’UU' -Scleqr. (4)
o oo’

The first term accounts for the uniaxial magnetic
anisotropy of the molecule. Here D is the anisotropy con-
stant of an uncharged molecule, while D; and D, take
into account the modification of the anisotropy constant
when the LUMO level is occupied by one or two electrons,
respectively. The operator ¢/ (c,) creates (annihilates)
an electron in the LUMO level of energy e, whereas S is
the molecule’s core spin operator. The next two terms
describe the LUMO level, where U is the Coulomb en-
ergy of two electrons with opposite spins in the LUMO
level. The last term represents the exchange interaction
between the SMM core and electrons in the LUMO level,
with ¢ = (04,0, 0.) denoting the Pauli matrices and J
being the relevant exchange parameter.

Mechanism of magnetic switching relies now on ex-
change interaction between electron flowing through the
LUMO level and molecule’s core. Owing to this interac-
tion, spin of the electron becomes reversed, while mag-
netic state of the molecule’s core becomes also changed.
The total angular momentum, however, is conserved.
Such processes randomize magnetic state in the case of
nonmagnetic electrodes, while may lead to switching of
the molecule’s spin between two states of lowest energy
when the electrodes are ferromagnetic [48].

5. Spin currents

From the above it is clear that spin current is the physi-
cal quantity which plays a crucial role in electric manipu-
lation of magnetic moments. From the theoretical point
of view, operator of spin current can be written in the
form

. 1.,

j? = Z@ {Ji7aa}a (5)
where 7; is the i-th component of the charge current
operator (i = x,y,z2), and o, are the Pauli matrices

(a = z,y, z). Therefore, it is important to have efficient
methods of spin current generation. The easiest way is to
make use of the fact that charge current in ferromagnetic
metals/semiconductors is accompanied by a spin current
due to asymmetry of the two spin channels for electronic
transport.
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However, it is very important to heave methods of spin
current generation in nonmagnetic metals/semiconduc-
tors. This can be achieved by several techniques, includ-
ing injection from ferromagnetic metal /semiconductor to
nonmagnetic systems, or using circularly polarized light
to create conduction electrons of a particular spin po-
larization in semiconductors. In both these cases spin
current is associated with a charge current. To get a
pure spin current in nonmagnetic systems one may use
also several techniques. One of them is based on a nonlo-
cal nature of spin accumulation [26]. However, the most
promising way to get pure spin currents is based on spin
Hall effect, which exists in nonmagnetic systems exhibit-
ing relatively strong spin—orbit interaction [27, 29]. Such
spin—orbit interaction can be either due to impurities or
it can be of intrinsic origin.

The spin Hall effect has been proven to exist in many
systems. Of particular interest is spin Hall effect in two-
-dimensional electron gas with Rashba spin—orbit inter-
action [29], where the spin Hall conductivity has been
shown to be universal. Unfortunately, the presence of
impurities and potential (independent of electron spin)
scattering of electrons turned out to suppress the spin
Hall effect. The spin Hall effect has been confirmed in a
number of experiments [49-51], and is currently a subject
of extensive theoretical and experimental investigations.
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