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Spin effects in electronic transport properties of artificial magnetic struc-
tures, like nanopillar spin valves, tunnel junctions, mesoscopic double-barrier
junctions (single-electron transistors) are briefly discussed. Two classes of
spin effects are distinguished; i.e. magnetoresistance phenomena due to mag-
netization rotation, and current-induced magnetic switching and magnetic
dynamics.

PACS numbers: 75.60.Ch, 75.70.Cn, 75.70.Pa

1. Introduction

The existence of two non-equivalent and well-defined spin channels for elec-
tronic transport is an intrinsic property of 3d ferromagnetic metals. This non-
equivalence has a significant influence on transport characteristics in spatially
nonuniform magnetic systems. The associated phenomena can be classified into
two categories. The first class includes the magnetoresistance phenomena, i.e. the
dependence of charge current flowing through a system on its magnetic config-
uration [1-3]. The second category includes the phenomena which describe the
influence of charge current flowing through a system on its magnetic state [4].
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All these phenomena have been observed in magnetic metallic multilayers [5, 6].
However, similar phenomena also can be observed in other kinds of artificial mag-
netic systems, for instance in planar single-barrier tunnel junctions, planar double-
barrier tunnel junctions, mesoscopic double-barrier junctions in the form of a
single-electron transistor, etc. In the latter case the central electrode (sometimes
called also an island) can be in the form of a metallic nanoparticle, semiconductor
quantum dot, molecule, etc. In the following we will briefly discuss both classes
of the transport phenomena in magnetic nanopillars and in double-barrier tunnel
junctions.

2. Magnetic nanopillars
2.1. Influence of magnetic state on current

A magnetic nanopillar consists of two small-area magnetic layers separated
by a nonmagnetic metallic spacer layer. The system is contacted on both sides
by nonmagnetic metallic leads. We assume that magnetic moment of the left (ref-
erence) layer is fixed along the corresponding in-plane easy axis, while magnetic
moment of the right (sensing) layer is free to rotate and its orientation is described
by the polar # and azimuthal ¢ angles. The local quantization axes in the fer-
romagnetic films are along the local spin moments. Apart from this, the charge
current I is positive by definition when it flows from left to right, i.e., from the
reference layer towards the sensing one.

Electrical resistance of such a spin valve depends on relative orientation of
the magnetic moments, i.e. on the angles § and . Experimentally one usu-
ally measures variation of the resistance when magnetic configuration varies from
antiparallel (R,p) to parallel (R},) one. The relative magnetoresistance is then de-
scribed by the ratio (Rap — Rp)/Rp, and is known as the giant magnetoresistance
(GMR) effect [1-3]). The effect is a consequence of the spin asymmetry of the two
spin channels, and this asymmetry is quantified by two parameters — the bulk
spin asymmetry factor § and the interface spin asymmetry parameter -.

The effective spin asymmetry of a particular magnetic layer is a superposition
of both bulk and interface spin asymmetries. When the effective spin asymmetries
of both magnetic films have the same sign, the resistance of a nanopillar is larger
in the antiparallel configuration and smaller in the parallel one (this is so-called
normal GMR effect). When, however, the spin asymmetries of both layers have
opposite signs, the resistance is larger in the parallel configuration and smaller in
the antiparallel one (inverse GMR effect). Both, normal and inverse GMR effects
have been observed experimentally [7].

Generally, one can define GMR for an arbitrary noncollinear configuration as
the relative difference of the resistances in the antiparallel and noncollinear config-
urations. Usually one measures GMR for in-plane magnetization. In symmetrical
structures, the GMR varies then with the angle § between magnetic moments
as sin?#/2. In a general case, for instance in asymmetrical systems, the angu-
lar variation becomes more complex, and GMR can vanish and change sign at



Spin-Dependent Phenomena in Magnetoelectronic Devices 1261

a certain non-collinear configuration. This angular variation is also sensitive to
the conduction mechanism and may be different in ballistic and diffusive transport
regimes [8]. Moreover, GMR also depends on the orientation of the charge current,
and is usually larger for current flowing normally to the plane of the layers (CPP
geometry) than in the case of in-plane current (CIP geometry).

The mechanism of GMR in the CPP geometry includes one important in-
gredient which is absent in the CIP geometry, namely spin accumulation (spin
splitting of the electrochemical potentials) at the interfaces, which extends to the
distance of the order of spin diffusion length from the interface. Spatial variation
of the spin accumulation in ferromagnetic layers obeys the diffusion equation [9],

02 (juy — ji 1
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where fi1 and [i] are the electro-chemical potentials for spin-majority and spin-
-minority electrons, and [y is the spin diffusion length. The electro-chemical po-
tentials can be written in the form i = figl + ¢&., with fig = %(m + @), and
g= %(ﬂT — fiy). The quantity g describes spin splitting of the electrochemical po-
tential, i.e. spin accumulation. The current matrix j in spin space can be written
as j = % (jol +4.5.), where jo = (j; +j;) is the total particle current density,
and j, = (jy — j;) is the z-component of the spin current density. The spin accu-
mulation and spin current have only z-components in magnetic films (quantization
axis, i.e. the z-axis is along the local spin polarization). In nonmagnetic films all
components of the spin accumulation and spin current in the local reference frames
of the left and right magnetic films are nonzero in noncollinear configurations.

2.2. Influence of current on magnetic state

When orientation of the local magnetic moments varies in space, a nonzero
net spin (angular) momentum can be locally transferred from conduction elec-
trons 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 theo-
retically [4], and then confirmed experimentally [5]. The magnetic switching can
be detected by measuring resistance change of the system. The switching between
low and high resistive states has been observed for currents exceeding certain crit-
ical values and for sufficiently low external fields. For larger fields, transition to
steady precessional regime has been found [6].

When magnetic moments of the two layers form a canted configuration, spin
orientation of an electron leaving a particular layer is not adjusted to the spin
quantization axis of the second layer and becomes fitted to this quantization axis
on the distance of the order of the Fermi wavelength (a few atomic planes in the
case of metallic layers) from the interface [10]. From the above it follows that the
perpendicular component of the spin current entering a particular magnetic layer
is totally or partly absorbed by the layer. The absorbed spin is equivalent to the
torque 7 exerted on the ferromagnetic film. This torque (per unit square) can be
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calculated as

T:g(jLL_jJ_R)v (2)
where j |1, and j | g are the normal (to the magnetization) components of the spin
current density at the left and right interfaces of the magnetic film, calculated on
the normal metal side of these interfaces.

The in-plane component 74 of the torque acting on the sensing magnetic layer
can be written as 79 = a I $x (5 x S), where § and S are the unit vectors along the
spin polarization of the sensing and reference magnetic layers, respectively, and a
is a parameter. The torque 7y is defined in such a way that positive torque tends
to increase the angle 6, whereas negative torque tends to decrease 6. In turn, the
out-of-plane component 7, of the torque may be written as 7, = b1 5 x S, where
b is the relevant parameter.

Exemplary numerical results on the in-plane and out-of-plane components
of the torque in the diffuse transport regime, as well as on the corresponding
parameters a and b, are shown in Fig. la,b, where the torque is normalized to
current. Since the spin accumulation and spin currents are linear in the charge
current, the curves in Fig. la are the same for an arbitrary magnitude of the
charge current I. Let us note that the sign of torque changes when [ is reversed.
Figure 1 implies that a positive current (I > 0) tends to destabilize the parallel
configuration and can switch it to antiparallel one when current exceeds a certain
threshold value. On the other hand a negative current tends to destabilize the
antiparallel configuration and stabilize the parallel one [5, 7].
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Fig. 1. Spin-transfer characteristics for the Cu/Co(20)/Cu(10)/Co(8)/Cu spin valve

(numbers in parentheses denote layer thickness in nm): (a) normalized torques 79 and
T, acting on the sensing layer, Co(8), calculated as a function of the angle 6 for the
parameters typical of the Co/Cu system; (b) the corresponding angular dependence of

the parameters a and b.

When positive current (flowing from the reference towards the sensing layer)
causes transition to antiparallel magnetic configuration, the switching is known as
normal CIMS. In turn, when positive current induces transition to parallel config-
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uration, it is called inverse CIMS. 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 inverse; when this
factor is positive, the switching is normal, and when it is negative, the switching
is inverse [11].

In standard spin valves (those which show either normal or inverse current-
induced switching in the absence of external magnetic field), transition to station-
ary precessional states is possible only in a sufficiently strong external magnetic
field. When current is above the critical value and tends to rotate magnetic mo-
ment of the sensing layer, while the applied magnetic fields tends to restore its
original orientation, competition of these two torques leads to a stationary pre-
cessional 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.

To describe dynamical behavior of the sensing layer one can use the Landau—
Lifshitz—Gilbert equation, which additionally includes the torque due to spin-
-transfer. The fundamental frequency (first harmonics) of the current-induced os-
cillations, calculated within the macro spin model, first decreases with increasing
current (red shift), and then increases (blue shift) revealing a profound minimum.
This minimum is associated with bifurcation of the large-angle in-plane (LIP)
precessions into two so-called out-of-plane (OP) orbits.

In symmetric systems discussed above the current-induced precessional
states appear in relatively large external magnetic fields. In asymmetric struc-
tures which exhibit non-standard angular dependence of the in-plane spin torque,
like Co/Cu/Py systems, the transition to precessional states can occur also in zero
magnetic field [12]. Such systems are of particular interest as they may be used as
microwave nanogenerators entirely controlled by electric field.

3. Tunnel junctions

An effect similar to the GMR also occurs when the nonmagnetic metallic
spacer layer is replaced with a nonmagnetic insulating barrier. This effect was
discovered a long time ago in ferromagnetic planar junctions by Julliere [13], and
is of current interest due to applications in magnetic storage technology (magnetic
random access memories). 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.
CIMS in single planar tunnel junctions has also been observed [14].

Tunneling in more complex junctions, particularly in mesoscopic ones, where
charging effects become important, is of particular interest due to the interplay of
charge and spin degrees of freedom [15, 16]. A specific kind of such systems are
double-barrier junctions with a small central electrode (called an island). Such
systems are known as single-electron transistors (SETs), mainly because electrons
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in a biased device flow one by one and the transfer of single electrons can be
controlled by a gate voltage. In the case of sufficiently large metallic islands
(but still in the nanometer range), a discrete structure of the electronic states
in the grain is irrelevant. To observe the discrete electronic states in transport
characteristics one should either diminish size of the metallic nanoparticles [17],
or use semiconducting quantum dots based on two-dimensional electron gas [18].
Another group of single-electron devices are molecular ferromagnetic transistors,
and especially ferromagnetically contacted carbon nanotubes [19].

Variation of electrical resistance (conductance) with magnetic configuration
of double-barrier tunnel junctions (SETs) has been investigated experimentally
and theoretically. The main advantage of such systems is that conductance and
TMR can be controlled by a gate voltage, which makes them very promising for
future applications. Some exemplary numerical results on TMR in the linear
response regime (zero bias limit) are shown in Fig. 2 for a SET based on a single-
level quantum dot attached to ferromagnetic leads. This figure clearly shows that
TMR is strongly sensitive to the position of a discrete energy level (which may be
controlled by a gate voltage) of the central part. When the levels €5 and eq + U
are well below or above the Fermi level, TMR tends to the Julliere value [13],
otherwise it is significantly reduced.
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Fig. 2. TMR in the linear response regime,calculated as a function of the energy level
€q of a single-level quantum dot in the Hartree-Fock approximation. The parameters
assumed are: the Coulomb parameter U = 2 eV (describing electrostatic energy of two
electrons with opposite spins residing in the dot level), temperature 7' = 100 K, leads’
spin polarization factor p = 0.5, and parameter I' = 0.01 eV (describing coupling of the

dot to ferromagnetic leads).

As magnetoresistance phenomena in SETs have been extensively consid-
ered theoretically and also experimentally, much less has been done on a current-
-induced switching in such double-barrier systems. Anyway, theoretical consider-
ations show that such a switching is possible when the island is either a magnetic
particle or a magnetic molecule [20].
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