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Electron tunneling between two ferromagnetic electrodes across an in-
sulating barrier is analysed theoretically and experimentally. The barrier is
either uniform or it includes a layer of small magnetic metallic particles.
Particular attention is paid to the origin of the tunneling magnetoresistance
and its bias dependence, as well as to the effects due to Coulomb blockade.
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By tunneling magnetoresistance (TMR) we mean in this paper a drop ΔR in
the junction resistance when the magnetizations of two ferromagnetic electrodes
rotate from antiparallel to parallel alignment. The effect was observed first by
Julliere [1] in Co/Ge/Fe junctions. Similar observations were reported later also
in other systems [2, 3]. Recent experimental data show additionally that TMR
significantly decreases with increasing voltage V [4].

Two microscopic approaches have been developed to account for TMR in
ferromagnetic junctions. One of them takes into account many-body features of
the corresponding electronic wave functions in ferromagnetic electrodes [5]. In the
second approach, on the other hand, one-electron wave functions are used to calcu-
late the tunneling current [6]. In both models a complex electronic band structure
of a ferromagnet was approximated by the one-band model with free-electron-like
spin-polarized parabolic bands. However, there are some additional features of the
electronic structure, which can contribute to TMR, and which have not been taken
into account in the above models. The most important seems to be the s-d hy-
bridization in the ferromagnetic electrodes [7] as well as at the electrode/barrier
interfaces. Apart from this, the barrier height for d electrons can differ remark-
ably from the barrier height for s electrons [8]. Thus, the tunneling probability for
a particular electronic state depends on the rate of s—d hybridization. This, on
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taking into account the spin asymmetry cauSed by a spin-split of the d-band, can
contribute to TMR.

To emphasize the role of s-d hybridization we assume a simple electronic
structure (the same for both electrodes) which includes one parabolic band of s
electrons and one spin-split band of d electrons. For simplicity, we assume that
the d electrons are strongly localized and neglect the effects due to a finite width
of the d band. Let the corresponding localized d levels be at the energy Ud+ for
spin-majority electrons and Ud- for spin-minority electrons (Ud+ Κ Ud-). The s
and d electronic states are hybridized inside the electrodes with the corresponding
coupling parameter equal to Vsd for both spin orientations. Interfacial hybridiza-
tion will be neglected here. A particular electronic state |ii) is generally a super-
position of the s-like |s) and d-like |d) components, |0) = u|s) + v|d), where the
parameters u and v can be found from the diagonalization procedure. We also
assume that the transition probability for "pure" d states is significantly smaller
(due to a larger barrier height) than the corresponding transition probability for
"pure" s states.

Taking into account the approximations described above, the tunneling cur-
rent j per unit area can be calculated in the zero-temperature limit from the
formula

where e is the electron charge (e > 0) and kij (k| = |k||  |) is the in-plane component
of the electron wave vector, which is assumed to be conserved in the tunnel-
ing events in planar junctions. The upper integration limit, k||σmax, is determined
by the energy conservation and the electronic structure. EF is the Fermi energy
(measured from the bottom of the s band), while uLσ (Ε) and uRσ (Ε+eV) are the
diagonalization coefficients introduced above and taken respectively at the energy
Ε in the left (source) electrode and at the energy Ε + eV in the right (drain)
electrode. Finally, in the WKB approximation n is given by n = 2 f υΡ kx dx, where
kx = [(2m/ħ2)(ΕF + Ub(x) — Ε) + k|l|2]1/2. Here, Ub(x) describes profile of the
effective barrier potential (which includes the effect of applied voltage) and d0 is
the barrier thickness (x = 0 and x = db are the classical turning points).

Figure 1 shows TMR (defined as ΔR/R p , where Rp is the total junction
resistance in the parallel configuration) as a function of the voltage V. Different
curves correspond there to different positions of the d level for spin-minority elec-
trons. The other parameters are the same for all curves. The only spin asymmetry
is then due to spin dependent position of the d levels and the zero-bias TMR is cru-
cially dependent on this asymmetry. For all curves TMR decreases with increasing
voltage and the higher zero-bias TMR, the larger rate of this decrease.

Consider now the situation when the magnetizations of both electrodes are
parallel and the barrier includes a layer of ferromagnetic metallic grains with their
magnetic moments either parallel or antiparallel to the electrodes magnetization.
When the typical capacitance C of a single grain is small, so that the charging
energy e 2 /(2C) is comparable with the thermal energy kT, the effects due to
Coulomb blockade become important [9].
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Since the whole junction can be considered as a series of single-grain junc-
tions connected in parallel, let us consider first a double ferromagnetic junction
consisting of two electrodes (leads) and a grain in between. If the junction capac-
itances are C1 and C2, then C = C1 + C2. We assume that the energy and spin
relaxation times on the grain are shorter than the time between two successive
tunneling events. Consequently, the electrons which tunnel into the grain relax to
the Fermi level before the next tunneling event, and this Fermi level is common
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for both spin orientations. Since the tunneling probabilities depend on the number
of excess electrons on the grain, the problem is generally a stochastic one and the
current can be found by solving the appropriate master equation [10].

Since the typical scale for the bias dependence of TMR shown in Fig. 1 as well
as for the nonlinear terms in the I-V characteristics is of the order of 10 2 mV,
while for Ε 10 meV the typical scale for the Coulomb blockade effects is of
the order of 10 mV, we assume constant junction resistances Rp m and Rp2σ (Rite
and R), respectively for the right and left junctions in the parallel (antiparallel)
configuration.

Figure 2 shows TMR for several values of the thermal energy kT. The
Coulomb blockade effects lead to oscillations in TMR with increasing V. The
oscillation period is determined by the charging energy and the oscillation ampli-
tude decreases with increasing V. Amplitude of those oscillations also decreases
with increasing temperature and vanishes when the thermal energy is of the order
of the charging energy.

Figure 3 presents experimental results obtained on a macroscopic Co/
Al2O3(Co)/Co junction, which consists of two Co electrodes and Αl2O3 barrier
with a layer of Co clusters inside the barrier. Note that TMR is defined there
in a slightly different way than in Figs. 1 and 2. The results clearly indicate the
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• presence of two contributions to the bias dependence of TMR, as discussed above.
They also show that TMR decreases with increasing temperature.
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