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The spin polarization and the corresponding tunneling magnetoresistance (TMR) for
a hybrid ferromagnetic/superconductor junction are calculated. The results show that
these parameters are strongly depends on the exchange field energy and the bias voltage.
The dependence of the polarization on the angle of precession is due to the spin flip
through tunneling process. Our results could be interpreted as due to spin imbalance
of carriers resulting in suppression of gap energy of the superconductor. The present
investigation is valuable for manufacturing magnetic recording devices and nonvolatile
memories which imply a very high spin coherent transport for such junction.

1 Introduction

Spintronics and spin-based quantum information processing
explore the possibility to add new functionality to today’s
electronic devices by exploiting the electron spin in addition
to its charge [1]. Spin-polarized tunneling plays an important
role in the spin dependent transport of magnetic nanostruc-
tures [2]. The spin-polarized electrons injected from ferro-
magnetic materials into nonmagnetic one such as supercon-
ductor, semiconductor create a non equilibrium spin polar-
ization in such nonmagnetic materials [3, 4, 5].

Ferromagnetic-superconductor hybrid systems are an at-
tractive subject research because of the competition between
the spin asymmetry characteristic of a ferromagnet and the
correlations induced by superconductivity [1, 2, 6]. At low
energies electronic transport in mesoscopic ferromagnet-
superconductor hybrid systems is determined by Andreev-
reflection [7]. Superconducting materials are powerful probe
for the spin polarization of the current injected from ferro-
magnetic material [8, 9, 10]. Superconductors are useful for
exploring how the injected spin-polarized quasiparticles are
transported. In this case the relaxation time can be measured
precisely in the superconducting state where thermal noise
effects are small.

The present paper, spin-polarized transport through fer-
romagnetic/superconductor/ferromagnetic double junction is
investigated. This investigation will show how Andreev-
reflection processes are sensitive to the exchange field energy
in the ferromagnetic leads.

2 The model

A mesoscopic device is modeled as superconductor
sandwiched between two ferromagnetic leads via double tun-
nel barriers. The thickness of the superconductor is smaller
than the spin diffusion length and the magnetization of the
ferromagnetic leads are aligned either parallel or antiparal-

lel. The spin polarization of the conduction electrons due to
Andreev reflection at ferromagnetic/superconductor interface
could be determined through the following equation as:

_ Iv(E) -T\(B)

T TW(E) + T.(B)’ M

where I'y(E) and I | (E) are the tunneling probabilities of con-
duction electrons with up-spin and down-spin respectively.
Since the present device is described by the following
Bogoliubov-deGennes (BdG) equation [11]:

< Ho — heo(2)0 A(z)

A*(z) _HO_Uhez(Z) >¢:E¢’ )

where Hy is the single particle Hamiltonian and it is expressed
as: 2

Ho=—-—V?—¢en, 3
2m

in which the energy, €,, is expressed of the Fermi velocity
vg, Fermi-momentum P, the magnetic field B as [12]:

eny = —(ag+krpDsind) ug B+
“)
+ [vy PZ(1—sin6)’ + Az]l/z.

In Eq. (4), a ==1/2 for spin-up and spin down respec-
tively, g is the Bohr magneton, g is the g-factor for electrons
and @ is the precession angle.

The interface between left ferromagnetic/superconductor
and superconductor/right ferromagnetic leads are located at
z = —L/2and z = L/2 respectively. The parameter h;(2)
represents the exchange field and is given by [13]:

ho z < —L/2
hez = 0 —L/2<z<LJ2 , 5)
+ho z > L/2

where +hg and —hg represents the exchange fields for paral-
lel and anti-parallel alignments respectively, the parameter
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A(z) is the superconducting gap:

A(z):{ Z

The temperature dependence of the superconducting gap
is given by [14]:

A= Aotanh<l.741/€f - 1) ,

where A is the superconducting gap at 7'=0 and T is the
superconducting critical temperature. Now, in order to get the
tunneling probability I'y| (&) for both up-spin and down-spin
electrons by solving the Bogoliubov-deGennes Eqn. (2) as:
The eigenfunction in the left ferromagnetic lead (z < —L/2)
is given by:
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In the superconductor (—L/2 < z < L/2), the eigenfunc-
tion is given by:
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And the eigenfunction in the right ferromagnetic lead
(L/2 < z) is given by:

1
5:%2(7’) = |:Ca,nl ( 0

+ da,nl ( (])_ ) e—iq;nl(z—é’):| Snl(m:y) -

) eiq:nl(Z*%) +
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Since the device is rectangular, the eigenfunction in the
transverse (z&7y) directions with channels n, [ is given by;

Sni(z,y) = sin(nvﬂv—x) sin(lﬂwy) ,

where W is the width of the junction.
The wave numbers in the Egs. (8), (9), (10) are given by:

(11)

2m
= \/W(MF:EE:EU}LM), (12)

13)

2m
qét,nl = \/hz(/'[’FiE:to-he:ciEnl)7 (14)

where & = +/E2? — A2, and the energy ¢, is given by Eq. (4).
For the coherence factors of electron and holes ug and 1 are
related as [11]:

(15)
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|
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The coefficients in Egs. (8), (9), (10) are determined by
applying the boundary conditions at the interfaces and the
matching conditions are:

L L
5:%1 (z:—2> = o.nl (z:_2>
L L ’
f,gl (Z = 2) = 5:%2 (Z = 2)
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Egs. (14), (15), (16) are solved numerically [15] for the
tunneling probabilities corresponding to up-spin and down-
spin for the tunneled electrons. The corresponding polariza-
tion, P, Eq. (1) is determined at different parameters V, 8,
which will be discussed in the next section.

3 Results and discussion

Numerical calculations are performed for the present device,
in which the superconductor is Nb and the ferromagnetic
leads are of any one of ferromagnetic materials. The features
of the present results are:

Fig. 1 shows the dependence of the polarization, P, on
the bias voltage, V, at different parameters B, E, h and T.
From the figure, the polarization has a peak at the value of V
near the value of the energy gap Aq for the present supercon-
ductor (Nb) (Ag=1.5 meV) [16]. But for higher values of
V, the polarization, P, decreases. As shown from Fig. 1a, the
polarization does not change with the magnetic field, B, due
to the Zeeman-energy. Some authors [17] observed the effect
of magnetic field of values greater than 1T, in this case the
superconductivity will be destroyed (for Nb, B, =0.19T).

Now in order to observe the effect of the spin precession
on the value of the polarization, P, this can be shown from
Fig. 2. The dependence of the polarization, P, on the angle
of precession, 8, is strongly varies with the variation of the
magnetic field, temperature, exchange field and the energy of
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Fig. 1: The dependence of the polarization, P, on the bias voltage, V, at different B, E, h and T'.
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Fig. 2: The dependence of the polarization, P, on the angle of precession at different B, E, h and T'.
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Fig. 3: The variation of the TMR with the energy of the tunneled electrons at different parameters B, T', h and 6.

the tunneled electrons. As shown from Fig. 2, the value of
P is minimum at certain values of 8 also P is maximum at
another values of 8. This trend of the polarization with the
angle of the precession is due to the flip of the electron spin
when tunneling through the junction.

In order to investigate the spin injection tunneling through
such hybrid magnetic system, we calculated the tunnel
magnetoresistance (TMR) which is related to the polariza-
tion as [18]:

P2
TMR= ———— 19
1_P24T,’ (19)
where I'; is the relaxation parameter and is given by [18]:
*N(0O)RTAL
T, = % , (20)

where N(0) is the normal-state density of electrons calcu-
lated for both up-spin and down-spin distribution function
fo(E), which is expressed as [18]:

fo(B) 2 1o(B) - (5 ) o bm,

where ¢ ==1 for both up and down spin of the electrons, d 1
is the shift of the chemical potential, 75 is the spin relaxation
time, A is the junction area and Ry is the resistance at the
interface of the tunnel junction.

Fig. 3 shows the variation of the TMR with the energy of
the tunneled electrons at different parameters B, T', h and 6.
A peak is observed for TMR at a certain value which is in
the near value of the gap energy Ag for the superconductor
(Nb). These results (Fig. 3) show the interplay between the

2

spin polarization of electrons and Andreev-reflection process
at the ferromagnetic/superconductor interface [19]. From our
results; we can conclude that the spin-polarized transport de-
pends on the relative orientation of magnetization in the two
ferromagnetic leads. The spin polarization of the tunneled
electrons through the junction gives rise to a nonequilibrium
spin density in the superconductor. This is due to the imbal-
ance in the tunneling currents carried by the spin-up and spin-
down electrons. The trend of the tunneling magnetoresistance
(TMR) is due to the spin-orbit scattering in the superconduc-
tor. Our results are found concordant with those in literatures

[20, 21, 22].
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