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Abstract

We study theoretically the effect of Andreev reflection in ferromagnet/superconductor/ferromagnet structures. The
spin-polarized quasiparticle current penetrates to the superconductor in the range of penetration depth from the
interfaces, and thus the current depends on the relative orientation of magnetization of the ferromagnets. We show
that the current is controlled by the Andreev reflection at the interfaces.
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The spin-dependent transport through magnetic
nanostructures has attracted much interest recently.
In a ferromagnet/superconductor (FM/SC) tunnel
junction, the superconducting gap is suppressed due
to spin accumulation by injection of spin-polarized
quasiparticles (QP) [1,2]. The QP’s spin transport
and relaxation in SC has been studied in detail [3].
In the magnetic point contacts with superconduct-
ing electrodes, Andreev reflection [4] has been used
to measure the spin polarization of FM [5,6]. When
the Andreev reflection occurs at the interface of a
normal metal/superconductor (NM/SC) junction, the
QP current decays and changes to the supercurrent
carried by Cooper pair in the range of the penetration
depth ξQ from the interface [7]. In a FM/SC junction,
the QP current in the SC is spin-polarized because
the magnitude of injected QP current with up-spin
and one with down-spin are different. A FM/SC/FM
junction is particularly interesting because the mag-
netoresistance is expected due to the penetration of
spin-polarized QP to the SC. In this paper, we study
the effect of spin injection via Andreev reflection on
the magnetoresistance in the FM/SC/FM structure.
We consider the system which consists of a SC with
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thickness L sandwiched by semi-infinite ferromagnets
FM1 and FM2. The cross-sectional area of the system
is A. The current flows in the z direction and the inter-
faces between FM1/SC and SC/FM2 are at z = −L/2
and z = L/2, respectively.

The system we consider is described by the following
Bogoliubov-de Gennes (BdG) equation [8]:(

H0 − hex(z)σ ∆(z)

∆∗(z) −H0 − hex(z)σ

)
Ψσ = EΨσ, (1)

where H0 = −(h̄2/2m)∇2 − µF is the single particle
Hamiltonian, E is the QP energy measured from the
Fermi energy µF , and σ = +(−) for the spin up (down)
band. hex(z) = h1ex(1 − θ(z + L/2)) + h2exθ(z −L/2)
is the exchange field in FM’s and ∆(z) is the super-
conducting gap ∆(z) = ∆(1 − θ(|z| − L/2)), where
θ(x) is the step function. We assume the supercon-
ducting gap ∆ is constant and neglect the proxim-
ity effect [9]. In order to consider the scattering effect
at the interfaces, we assume the potential HB (z) =
HB [δ (z + L/2) + δ (z − L/2)], where δ(x) is the delta
function. Solving the BdG equation (1), the transmis-
sion and reflection probabilities for electron and hole
from FM’s are obtained [7] and the current for the ap-
plied voltage V is expressed as
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Fig. 1. The magnetoresistance is plotted against temperature

normalized by superconducting critical temperature Tc. The

cases that the normalized thickness kF L is 100, 300, 500, 1000,

and k2
F A = 104 are shown, where kF is Fermi wave number.

P = |h1ex|/µF = |h2ex|/µF is the polarization of FM’s and

∆0 is the superconducting gap at T = 0. Inset shows the

temperature dependence of the QP current penetration depth

at zero energy (E = 0). We take 200 as the value of kF ξQ at

E = T = 0.

I =
e

h

∑
nl,σ

∞∫
0

(
Reh

nl,σ + Rhe
nl,σ + T ee′

nl,σ + Thh′
nl,σ

)

× [f0 (E − eV/2) − f0 (E + eV/2)] dE, (2)

where R
he(eh)
nl,σ is the Andreev reflection probability

for electron (hole) in channel (n, l, σ) from the FM1

and T
ee′(hh′)
nl,σ is the transmission probability for elec-

tron (hole) in channel (n, l, σ) from the FM2, f0(E) is
Fermi distribution function, e is the electronic charge,
and h is the Planck constant. The MR is defined
as (RAP − RP ) /RP , where RP (AP ) is the resistance
when the magnetizations of FM’s are in the parallel
(anti-parallel) alignment.

Fig. 1 shows the temperature dependence of the MR
for several values of the thickness of the SC. The MR
decreases with decreasing temperature. In order to un-
derstand this behaviour, we consider the temperature
dependence of the QP current penetration depth ξQ =
h̄vF /2

√
∆2 − E2, where vF is the Fermi velocity. As

shown in the inset of Fig. 1, ξQ at zero energy de-
creases with decreasing temperature. This means that
it becomes more difficult to transmit the information
of QP’s spin from the FM1 to the FM2 at low tem-
peratures because the QP’s current with spin changes
to the supercurrent carried by Cooper pairs with no
spin in the range of ξQ from the interfaces. As a re-
sult, the MR decreases with decreasing temperature.
We also see that the variation of the MR vs temper-
ature becomes stronger for larger L in Fig. 1. This is
understood as follows. In the case of kF L = 1000, the

QP current almost changes to the supercurrent in the
SC at low temperatures since L � ξQ ∼ 200/kF , and
therefore the MR becomes nearly zero. On the other
hand, in the case of kF L = 100, the QP current is as
large as that at the superconducting critical tempera-
ture Tc since L < ξQ, and therefore the MR shows a
weak temperature variation. In the above discussion,
we neglect the spin-flip scattering in the SC because
the spin relaxation length λs is much larger than ξQ

except in the close vicinity to T = Tc [10]. If the MR
is measured as a function of the thickness of the SC,
the QP current penetration depth ξQ and the GL co-
herence length ξ(T ) [11] may be obtained by using the
relation ξ(T ) ∼ 0.82 ξQ(E = 0) [7]. Our theory shows
good agreements with recent experimental results [10].

In conclusion, we have studied the magnetoresis-
tance in the ferromagnet/superconductor/ferromagnet
structures theoretically. The temperature dependence
of the magnetoresistance is understood by considering
the penetration of the quasiparticle current to the su-
perconductor via Andreev reflection. It is possible to
extract the information of the coherence length from
the magnetoresistance.
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