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We analyze the broad range of spin-dependent nonequilibrium transport properties of hybrid systems com-
posed of a normal region tunnel coupled to two superconductors with exchange fields induced by the proximity
to thin ferromagnetic layers and highlight its functionalities. By calculating the quasiparticle distribution
functions in the normal region, we find that they are spin dependent and strongly sensitive to the relative angle
between exchange fields in the two superconductors. The impact of inelastic collisions on their properties is
addressed. As a result, the electric current flowing through the system is found to be strongly dependent on the
relative angle between exchange fields, giving rise to a huge value of magnetoresistance. Moreover, the current
presents a complete spin polarization in a wide range of bias voltages, even in the quasiequilibrium case. In the
nonequilibrium limit, we parametrize the distributions with an “effective” temperature, which turns out to be
strongly spin dependent, though quite sensitive to inelastic collisions. By tunnel coupling the normal region to
an additional superconducting electrode, we show that it is possible to implement a spin-polarized current
source of both spin species, depending on the bias voltages applied.
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I. INTRODUCTION

Although the interest in nonequilibrium superconductivity
dates back to the 1970s,' nonequilibrium transport phenom-
ena in hybrid superconducting structures are currently under
the spotlight. One of the key experiments that renewed this
interest was probably the control of the supercurrent flowing
through a Josephson junction, and even the reversal of its
sign, accessible by altering the quasiparticle population in
the weak link (see Ref. 2 and references therein). Out-of-
equilibrium electron population can be realized in mesos-
copic conductors subject to a bias voltage in which electrons
cannot exchange energy either with one another or with lat-
tice phonons, so that their energy distribution is not
Fermi-like.> Quasiequilibrium is reached if electrons can
thermalize, while still decoupled from the phonons, so that
they can reach a temperature which is different from the one
relative to the phonon bath. In ballistic Josephson junctions,
supercurrent control occurs by inducing a nonequilibrium
population of Andreev levels either by injecting a current
through an additional normal terminal connected to the weak
link*> or by applying an electromagnetic radiation on the
weak link.%’ The diffusive long-junction limit was
considered®!! and experimentally realized too.'?!? The con-
trol of supercurrent by cooling electrons in the weak link was
proposed in Refs. 14-17 and experimentally realized.'® It is
worthwhile stressing that electron temperature can be low-
ered below the phonon temperature, thus realizing electron
microrefrigeration,'®?’ by exploiting the superconducting en-
ergy gap (see Refs. 21 and 22 and references therein).

Spin-dependent properties in out-of-equilibrium hybrid
systems were investigated in a limited number of articles. In
Refs.  23-26, ferromagnet-superconductor-ferromagnet
double tunnel junctions were considered in order to study the
spin imbalance induced in S by nonequilibrium. In the anti-
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ferromagnetic alignment of the magnetizations of the F lay-
ers, a strong suppression of superconductivity was found,
leading to a large magnetoresistive effect. In Josephson junc-
tions, the effect of spin injection?” and the presence of weak
ferromagnets®® were considered, while the effect of the An-
dreev reflection on spin accumulation in a ferromagnetic
wire was reported in Ref. 29. In Ref. 30, the possibility of
manipulating magnetism through the interplay of supercon-
ductivity and nonequilibrium transport was investigated.
Recently, we have proposed®’ a hybrid ferromagnet-
superconductor (FS) spin valve whose operation is based on
the interplay between out-of-equilibrium quasiparticle dy-
namics and proximity-induced exchange coupling in super-
conductors. Huge tunnel magnetoresistance values as high as
several 10%% has been predicted, leading to a fully tunable
structure which shows high potential for application in spin-
tronics. In this paper, we comprehensively investigate the
physics and functionality of the setup analyzed in Ref. 31,
extending our study to the presence of finite electron-
electron interaction and to the quasiequilibrium limit, as well
as to the presence of nonidealities in the superconductors. In
this setup, a spin-dependent “effective” temperature for the
electrons in the N region emerges, thus leading to possible
spin-dependent thermoelectric effects.

The paper is organized as follows. In Sec. II, we describe
the system under investigation, and in Sec. III, we derive the
quasiparticle distribution functions in different regimes. In
particular, we consider the nonequilibrium limit in Sec. IIT A,
we include the effect of inelastic collisions in Sec. III B, and
we describe the quasiequilibrium regime in Sec. III C. In
Sec. IV, we discuss the behavior of the electric current, fo-
cusing on the magnetoresistive effects and on the spin-
filtering properties of the system in Sec. V. Section VI is
devoted to the characterization of the nonequilibrium distri-
bution through an “effective” temperature and to the exploi-
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FIG. 1. (Color online) Sketch of two possible implementations
of the FS-I-N-I-SF structure analyzed in this work. (a) Spin-valve
setup consisting of a sequence of stacked metallic layers. (b) A
planar structure. Ferromagnetic layers (F) induce in each supercon-
ductor, through the proximity effect, an exchange field (k) whose
relative orientation can be controlled by an externally applied mag-
netic field. The F exchange fields are confined (a’) to the y-z plane
for the setup shown in (a) and (b’) to the x-y plane for the
setup shown in (b) and are misaligned by an angle ¢. A voltage bias
V, applied across the structure, allows to control the energy
distributions in the N region. The structure is assumed
quasi-one-dimensional.

tation of the system as a source of spin-polarized current
through the introduction of an additional superconducting
electrode. Finally, we draw our conclusions in Sec. VIIL.

II. SETUP

We consider a device consisting of two identical FS bi-
layers (FS;,) symmetrically connected to a mesoscopic nor-
mal metal region (N) of length #y through tunnel contacts (I)
of resistance R,. The concentration of impurities is such that
quasiparticle transport is diffusive. The resulting system, a
FS-I-N-I-SF heterostructure, is shown in Fig. 1 in two dis-
tinct experimental implementations. Figure 1(a) shows a
spin-valve-like structure, which consists of a sequence of
stacked metallic layers, while Fig. 1(b) displays a planar sys-
tem. Although the two implementations are equivalent on
theoretical footing, the planar configuration allows the mea-
surement of local properties (e.g., the quasiparticle distribu-
tion functions as well as the local temperature) by connecting
the N region to additional metallic probes. This will be ad-
dressed in Sec. VI. For the sake of simplicity, we assume a
symmetric system (a resistance asymmetry would not change
the overall physical picture), f (f5) labels the F (S) layer
thickness and a bias voltage V is applied across the structure.
The exchange field in the left ferromagnet (k;) is aligned
along the z axis for the setup in Fig. 1(a) or along the y axis
for the setup in Fig. 1(b), while that in the right F layer (&,)
is misaligned by an angle ¢ [see Figs. 1(a’) and 1(b’)]. For
simplicity, we set |h;|=|h,|=h. In real structures, h, can be
rotated by applying an in-plane magnetic field as low as
some millitesla. Moreover, we assume that (i) the FS inter-
face is transparent and (ii) R, is much larger than both the
resistance of the N layer (Ry) and the FS contact resistance.
The first condition ensures that the superconductor is
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strongly affected by the proximity of the F layer,’? while the
second ensures that all the voltage drop occurs at the tunnel
barriers (so that any spatial variation of the chemical poten-
tial within the N region can be neglected) and that each FS
bilayer is in local equilibrium.

The electronic properties of a FS bilayer can be analyzed
within the quasiclassical Green’s function formalism.>> We
are interested in the situation in which the influence of the F
layer on the superconductor becomes nonlocal. This occurs
in the limit tg< &s=\AD/2mkgT, and tg< &s=\hD/h, where
&g and & are the superconducting coherence length and the
length of condensate penetration into the ferromagnet, re-
spectively. D denotes the diffusion coefficient, 7. is the su-
perconducting critical temperature, and kp is the Boltzmann
constant. In this situation, the ferromagnet induces in S a
homogeneous effective exchange field (analogous to the one
present in magnetic superconductors3?) through proximity ef-
fect and modifies the superconducting gap (A). The effective
values of the exchange field (h") and gap (A™) are given by*?

A*/A = Vsts(VstS + VFtF)_] N

h*/h = VFtF(VStS + VFIF)_1$ (1)

where vg (vg) is the normal-state density of states (DOS) in S
(F). In particular, if vg=vg and for 1p<tg, it follows that

AYA =1,

i, K" turns out to be much smaller than in an isolated F
layer. As a matter of fact, ™ can take values of the order of
magnitude of A”. These conditions can be achieved quite
easil;/ in a realistic structure. We assume that the only effect
of &~ on the quasiparticles is to lead to a spin-dependent
superconducting DOS, i.e., we neglect any influence of the
induced magnetic moment on the orbital motion of electrons.
Furthermore, we assume a negligible spin-orbit interaction.>*
The superconductor DOS (/\/?,) thus will be BCS-like but
shifted by the effective exchange energy (equivalent to that
of a Zeeman-split superconductor in a magnetic field®). By
choosing the spin quantization axis along the direction of the
exchange field, we have

R { e+oh” +il }
€l 77
V(e + oh” + ir)? - A™?

)

N(e,h") =%

where ¢ is the energy measured from the condensate chemi-
cal potential, o==+1 refers to the spin parallel (antiparallel)
to the direction of &, and I is a smearing parameter.’® The
latter allows quasiparticle states within the gap due to inelas-
tic scattering in the superconductor’’ or inverse proximity
effect from the nearby metallic layers. Typical values for I'
lie in the range I' ~ 1 X 107°A, ..., 1 X 1073A for Al as a thin-
film superconducting electrode.®® In the following calcula-
tions, we set I'= 10‘4A*, unless differently stated.

In order to describe our system, we make use of the tun-
neling Hamiltonian approach and neglect proximity effects at
NIS interfaces.
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FIG. 2. (Color online) Spin-dependent quasiparticle distribution
functions f,(e) in the full nonequilibrium limit vs energy & for
several bias voltages at ¢=0, Ty,,=0.1T,, and " =0.2A". (a) f,(¢)
and (b) f_(&).

III. QUASIPARTICLE DISTRIBUTIONS
A. Negligible inelastic scattering: Full nonequilibrium limit

At finite bias V and in the limit of negligible inelastic
scattering, quasiparticles in the N layer will be out of equi-
librium and thus, in general, not distributed according to the
Fermi function. The steady-state nonequilibrium distribution
functions can be calculated by equating, at each energy
value, the tunneling rate of quasiparticle entering the N re-
gion from the insulating layer on the left-hand side to the
tunneling rate of those exiting through the right-hand-side
barrier.’® In the general case of noncollinear exchange fields,
the spin eigenstates relative to S, (|T) and |])) can be ob-
tained by rotating the spin eigenstates relative to S; (|+) and
|—)) by the angle ¢ (representing the misalignment between
h; and h,). As a consequence, spin up (o=+1 with eigen-
state |+)) quasiparticles exiting the N layer through the right-
hand-side barrier will now consist of two contributions. One
describes tunneling into spin up (with eigenstate |1)) quasi-
particles, proportional to cos’[ ¢/2], and the other describing
tunneling into spin down (with eigenstate ||)) quasiparticles,
proportional to sin’[¢/2]. As a result, the nonequilibrium
distribution function in the N layer is spin dependent and can
be written as

No' P51+ [a(§IN: + BN FS
Not+alNG> +b(GNZ,

where  a(p)=cos’[#/2],  b(p)=sin’[¢p/2],  F5152
=folexeVi2), N31=N5(s+eV/2), N32=N5(e—eV/2), fole)
is the Fermi function at bath temperature 7,4, and e is the
electron charge.

Figures 2(a) and 2(b) show the nonequilibrium distribu-
tion functions [calculated from Eq. (4)] for spin up and spin
down quasiparticles, respectively, vs energy e for the parallel
configuration (i.e., $=0) at Ty,,=0.17,, h =0.2A", and dif-
ferent values of V (we assume the superconducting gap to
follow the BCS relation A*=1 .764kgT,). Figure 2 shows that
by increasing the bias voltage V, spin up and spin down

fo& Vol @) = , (4)
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FIG. 3. (Color online) Spin-dependent quasiparticle distribution
functions f,(g) in the full nonequilibrium limit vs energy & for
several bias voltages at ¢=, Ty, =0.1T,, and h* =0.2A%. (a) f,(¢)
and (b) f_(g).

distributions are shifted in opposite directions on the energy
axis, similarly to what is expected in the presence of an
effective spin-dependent chemical potential (,uff,“). In particu-
lar, f,(e) is shifted toward negative energies, while f_(e)
toward positive energies. Moreover, for eV=A", the spin-
dependent chemical potential saturates at Mfﬁ:—o-h*. As
shown in Ref. 30, this effect can be used to electrostatically
manipulate the magnetic properties of the N region. The role
of a finite I" (i.e., the presence of quasiparticle states within
the gap) can be appreciated in Fig. 2. By increasing eV from
0 to A", the distributions broaden and reflect the heating of
the N region, as discussed in Refs. 22 and 36. This effect is
absent for '=0. By further increasing the bias voltage, the
distribution functions sharpen due to cooling provided by the
superconducting energy gap.?

Analogously, in Figs. 3(a) and 3(b), we plot the nonequi-
librium distribution functions for spin up and spin down qua-
siparticles, respectively, for the antiparallel configuration
(i.e., ¢=m). Distribution functions are shown vs energy & for
different values of V and were calculated for the same pa-
rameters as in Fig. 2. In this case, up and down distributions
remain centered around £=0 upon biasing (equivalently,
their effective chemical potential is always ,u,frtf:O), but at a
given bias voltage, the features of the distributions are more
pronounced for the spin down case. As we shall see in Sec.
VI, up and down distributions are characterized by different
effective electronic temperatures (7<"). In general, for any
angle ¢ differing from O or , the spin-dependent distribu-
tion functions f,(g) will be characterized by both an effec-
tive chemical potential and an effective electronic tempera-
ture.

B. Intermediate inelastic scattering

In the presence of scattering, the approach of Sec. III A
cannot be used and one has to resort to the kinetic equation
theory. Electrons in metals experience both elastic and in-
elastic collisions. The latter drive the system to equilibrium
and can be expected to hinder the manifestation of the phe-
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nomena discussed in the previous section. At low tempera-
tures (typically below 1 K), electron-electron scattering”
and scattering with magnetic impurities*>*! are the dominant
sources of inelastic collisions.>*'*? Since R, is, in general,
large compared to the wire resistance [RN:tN/(J\/gezDA)],
where /\/E is the N-region DOS at the Fermi energy and A
the wire cross section), we can assume that f, does not de-
pend on the position in the wire.!?

In the following, we shall analyze the role of inelastic
electron-electron relaxation on the quasiparticle distribution.
The effect of electron-electron scattering due to the Coulomb
interaction on the spin-dependent distributions can be ac-
counted for by solving a pair of coupled stationary kinetic
equations,

a2
f+(8) CO”(S)
Pfle) -
D% =Icoll(8)’ (5)

together with the Kuprianov-Lukichev boundary conditions
at the NIS interfaces.* In Eq. (5), ZZ,,(¢) is the net collision
rate at energy &, functional of the distribution functions f,,
defined by

Teon(e) = 0011(8) Zggltfr(s) (6)
where
k(w)
%(e) =[1-f,(e)] f dw—fa(s w) f dE{f.(E + w)
X[1-f(B)]+f(E+o)[1-f(E)]} (7)
and

T (5) = £, (o) J a1 f (o - )] J JELf.(E)

X[1-fUE+ )]+ f(EN1-f(E+w)]}. (8)

In Egs. (7) and (8), k(w) = k.. >'? according to the theory
of the screened Coulomb interaction** for a quasi-one-
dimensional wire, where ko,=(m\2DA2NNA)1 446 By re-
writing Eq. (5) in dimensionless units,'® the strength of the
electron-electron mteractwn can be expressed as K.
=(R, /RN)(l‘NKee/D)\A (tn/ \2)(RIRIVAIAD, where Ry
=h/2e¢>. We note that the strength of the electron-electron
interaction turns out to be proportional to the length of the
wire as well as to the tunnel barrier resistance.

We solved Eq. (5) with h"=02A%, eV=A", and T
=0.1T, for several K., values.*** The effect of electron-
electron scattering on the quasiparticle distribution functions
is displayed in Figs. 4 and 5 for ¢»=0 and ¢=, respectively.
For the ¢=0 case, by increasing Coulomb interactions, the
quasiparticle distributions are forced toward thermal ones
still characterized by different chemical potentials for both
spin species.’® In the antiparallel configuration (see Fig. 5),
the effect of inelastic relaxation is similar, but now the spin-
dependent distribution function will coincide for sufficiently
large IC.,; values. It is easy to recognize that, in both cases,
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FIG. 4. (Color online) Spin-dependent quasiparticle distribution
functions f,(g) vs energy & calculated for several K values at
=0, eV=A", T,,;,=0.1T, and h*=0.2A". (a) f,(e) and (b) f_(e).

a thermal Fermi-like distribution is reached for IC.
of the order of 10. Assuming parameters for a realistic
Al/Al,05/Ag SINIS microstructure?!* (with A =200 ueV,
D=0.02 m?s7!, and R=1k{Q), K.u=10 corresponds to a
rather long N region, fy=47 um.

C. Strong inelastic scattering: Quasiequilibrium limit

This is the regime characterized by the fact that the
electron-electron interaction is so strong that quasiparticles
can reach an equilibrium (Fermi-like) distribution, while the
electron-phonon coupling is negligible.?? Such distributions
are characterized by the quasiequilibrium chemical potential
and temperature. Since electron-electron interaction occurs
between quasiparticles irrespective of their spin (in the ab-
sence of spin-mixing mechanisms), the quasiequilibrium
temperature (79°) will be independent of spin and different
from the temperature of the phonon bath 7j,4. On the con-
trary, since electron-electron interaction redistributes the en-
ergy among electrons of a given spin species, in the absence
of spin-mixing mechanisms, the quasiequilibrium chemical
potential (u)) will depend on the spin. This is a conse-
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FIG. 5. (Color online) Spin-dependent quasiparticle distribution
functions fg(s) Vs energy & calculated for several K.y values at
¢=1, eV= A" s Toan=0.1T, ,and 1" =0.2A%. (a) f.(e) and (b) f_(e).
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quence of the fact that the number of electrons of a given
spin must be conserved. Furthermore, both quasiequilibrium
chemical potential and quasiequilibrium temperature will de-
pend on ¢; therefore, they will be different for parallel and
antiparallel configurations.

In the absence of spin-flip mechanisms, the quasiequilib-
rium distribution functions can be calculated by imposing the
conservation of particle currents, independently for the two
spin species, together with a balance equation for the heat
currents. In particular, in the former case, we require that

IV.h" ) = IR(V.h", ), (9)

where

B = [ dexsF - en o)

and

Rv,n* ¢)—e— f de[N32e)a(p) + N°2(e)b() ][ f(e)
- F5(g)] (11)

are the electric currents flowing through the left (L) and right
(R) NIS interface. Note that in contrast to the full nonequi-
librium regime where the tunneling rates are set to be equal
at each energy, here the conservation involves the total cur-
rents since the electron-electron interaction mixes the energy
of the electrons. In the absence of electron-phonon coupling,
the only contribution to the heat flux is the heat current flow-
ing off the N region through each NIS interface. The latter is
given by

JAV ) = f dse NS @)f ()~ Fi(e)], (12)

for the left NIS contact, and by
TRV, ¢) = f dee[ N2 (e)a(d) + N°2(e)b(¢h)]
><DST(S) - F52(e)], (13)

for the right contact. The balance equation for the heat flux
thus simply reads

DSV )+ IRV, )] =0. (14)

By assuming that f,=f,(e—u,7%) and solving Egs. (9)
and (14), the temperature and chemical potentials can be
easily determined. It turns out that while in the antiparallel
alignment spin up and down distributions are equal, in the
parallel one, the two spin components have equal effective
electronic temperature (though different from the antiparallel
alignment) but opposite effective chemical potential (see
Figs. 4 and 5 for large K values). Although the quasiequi-
librium regime might seem an unrealistic limit, it actually
describes the case of a strong electron-electron interaction
quite well. Indeed, according to our calculations (Sec. III B),
quasiequilibrium distributions are already reached for an
electron-electron collision strength ;= 10. In the follow-

PHYSICAL REVIEW B 76, 184518 (2007)

ing sections, we shall investigate the impact of quasiequilib-
rium on spin-dependent transport properties.

IV. ELECTRIC CURRENT

The transport properties of the FS-I-N-SF structure are
determined by the spin-dependent distribution functions f,,.
We note that although a Josephson current can flow through
the system, its theoretical description is beyond the scope of
the present paper. As a matter of fact, we shall be only con-
cerned with the quasiparticle transport. Furthermore, al-
though similar results for tunnel magnetoresistance and cur-
rent polarization could be obtained in a FS-I-SF structure
(i.e., without the N interlayer) and not relying on nonequi-
librium, the present system possesses a crucial advantage. In
fact, a FS-I-SF structure implies an additional undesired Jo-
sephson current, which can be fairly large as compared to the
quasiparticle current (around 1 order of magnitude larger
than the quasiparticle current relevant for high tunnel mag-
netoresistance and current polarization, see, for example,
Ref. 33). Such supercurrent could be suppressed, for in-
stance, by the application of an additional in-plane magnetic
field. This field, however, Would largely exceed that required
to control the orientation of 4. By contrast, in the FS-I-N-
I-SF system, the supercurrent can be kept extremely small up
to a large extent, depending mainly on g, on the tunnel
barrier transmissivity, and on the N-interlayer material pa-
rameters. A simple estimate for the Josephson coupling in
our structure reveals that the supercurrent can be from 1 to
several orders of magnitude smaller than the quasiparticle
current (see, for example, Ref. 47).

The quasiparticle current I (e.g., evaluated at the left in-
terface) is given by

I(V,h',¢) = 2 I5(V.h ). (15)

Figure 6(a) displays the electric current in full nonequilib-
r1um \& b1as voltage V calculated for several angles ¢ at
R =0.2A" and T=0. 1T.. A sizable current starts to flow only
when the voltage V is such that the DOS is finite for both
superconductors in some range of energies. For ¢=0, the
current rises sharply at |eV|= =2A", similarly to the quasipar-
ticle current of a SIS junction (also in the presence of an
in-plane magnetic field®). In this case, in fact, the DOS of a
given spin is shifted by the Zeeman energy in the same di-
rection for both superconductors In contrast, for ¢=r, cur-
rent sets off at [eV]|=2(A"-A").

Figure 6(b) shows the nonequilibrium differential conduc-
tance

. dI(V,h",¢)

G(V,h ,¢) = v (16)
calculated for the same values as in Fig. 6(a). Additional
features are present at |¢V|=2A", which are strongly tempera-
ture dependent and vanish in the limit T—O0 (the zero-bias
conductance peak for ¢ #  resembles that typical of a SIS
junction composed of identical superconductors*?). These are
a consequence of the overlapping of the superconducting
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FIG. 6. (Color online) (a) Nonequilibrium current vs bias volt-
age V for several angles ¢ at Ty, =0.17, and 1" =0.2A". (b) Non-
equilibrium differential conductance G vs V calculated for the same
values as in (a).

DOSs where only thermally activated quasiparticles exist at
finite temperature.

All these simply reflects how the spin-dependent DOS in
each superconductor contributes to the total quasiparticle
current at different V. This can be easily visualized by in-
specting Fig. 7, which shows idealized finite-temperature ex-
change field-split superconducting DOS for parallel spin spe-
cies, at different bias voltages V and for the case ¢=m. In
this case, the DOS of S; is shifted in the opposite direction
with respect to that of S, [see Fig. 7(a) for V=0]. Then, by
biasing the structure, the required voltage for a current to
flow 1s smaller with respect to the ¢=0 case, ie., eV
=2(A"=1") [see Fig. 7(b)]. In the same > way, for negative
voltages, the current sets off at eV=— 2(A"+h), as shown in
Fig. 7(d). It is also clear that antiparallel spin species will
give rise to features at the opposite bias voltage, therefore
explammg the origin of additional feature appearing at eV
—2(A +h ) For 1ntermed1ate values of ¢ features are
present at |eV|=2(A"+h") and at |eV|=2A" since contribu-
tions from both ¢=0 and ¢=7 configurations are present. of
partlcular relevance is the voltage interval 2(A"-h") =< leV]
<2A". By increasing ¢ from O to 7, the current is enhanced
from a vanishingly small value up to a finite value leading to
a spin-valve effect.

It is noteworthy to mention that the nonequilibrium con-
dition is essential for the observation of the spin-valve effect.
At equilibrium, the distribution functions in the N layer
would be thermal and spin independent.

V. MAGNETORESISTANCE

The spin-valve properties of the FS-I-N-I-SF setup can be
evaluated quantitatively by analyzing the tunnel magnetore-
sistance ratio (TMR), defined as

PHYSICAL REVIEW B 76, 184518 (2007)
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. INS2(g)

* £
eV=-2(A+h")

FIG. 7. (Color online) Idealized finite-temperature exchange
field-split density of states AS12 of S|, for parallel spin species, at
¢=1r and different bias voltages V. In particular, (b), (c), and (d)
show how features in the tunneling current originate at eV:Z(A*
—h"), eV==2h", and eV=-2(A"+h"), respectively. Antiparallel
spin species gives rise to features at opposite voltages. Green-
dashed lines represent the superconducting DOS in the absence of
the exchange field.

G(V,h",¢) - G(V,h",0)
G(V,h",0)

TMR(V,h", ) = (17)

Figure 8(a) displays the absolute value of the nonequilibrium

[TMR| (%)

FIG. 8. (Color online) (a) Nonequilibrium tunnel magnetoresis-
tance ratio |TMR| vs, V calculated for several angles d) at Tpam
=0.17, and /"=0.2A%. (b) [TMR| vs V for different 4" values at
T=0.1T, and ¢=.
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FIG. 9. (Color online) (a) Nonequilibrium current polarlzatlon
Py vs V calculated for several angles ¢ at Tyyy=0.17, and h"
=0.2A". (b) P, vs V for different 4" values at Ty,;,=0.17, and ¢

=1.

TMR vs bias voltage Vv calculated for several an§les datT
=0.1T, and /" =0.2A". For 2(A*~h")<|eV|<2A", the TMR
increases monotonically by increasing ¢ and is max1mlzed at
¢= where it reaches huge values exceeding 10°%. We note

ideal full spin-valve effect. The nonequilibrium TMR behav-
ior for several exchange field values i is shown in Fig. 8(b), at
T=0.1T, and ¢=m. By decreasing &, the maximum TMR
value reduces and so does the voltage 1nterval of larger mag-
netoresistance. Larger 1 values are thus preferable in order
to extend the voltage window for optimized operation and to
maximize the TMR.

The spin-filtering properties of this system can be quanti-
fied by inspecting the current polarization (P;), defined as

I&(V’h*’ d)) - I]:(Vah*’ ¢)
EWV,R" ) + 15V, )

PAV.h" ) = (18)

The calculated nonequilibrium P; vs V is dlsplayed in Fig.
9(a) for several ¢ values, at T=0.1T, and h =0.2A". Upon
increasing ¢, two mtervals of lOO% spin-polarized current
develop for Z(A —h*)<leV| <2A , extending to wider re-
gions [2(A"-h") < |eV| <2(A"+h )] as ¢ approaches 7. For
¢=0, P, vanishes like in SIS junctions with an in-plane mag-
netic field.>> Depending on bias, fully spin-polarized currents
of both parallel and antiparallel spin species can be obtained.
The structure can thus also be operated as a controllable spin
filter by changing the orientation of &, as Well as by varying
V. Figure 9(b) shows P; vs V for several h* at T=0. 1T, and
¢=. The net effect of increasing /" is to widen the regions
of 100% spin-polarized current.

It is important to discuss the effect of the smearing pa-
rameter I (which controls the presence of quasiparticle states
within the superconducting gap) on the magnetoresistance
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FIG. 10. (Color online) (a) Nonequilibrium tunnel magnetore-
sistance ratio lTMR| vs V calculated for several I' values at Ty,
=0.17,, h*=0.2A*, and ¢=m. (b) Nonequilibrium P; vs V calcu-
lated for the same values as in (a).

and current polarizations. As shown in Fig. 10(a), by i increas-
1ng I', the TMR value decreases mostly in the region Z(A
—h")<l|eV|<2A", while for other values of V, almost no
changes are found apart from some smoothing of sharp fea-
tures. In particular, the normal character of transport is
strengthened by increasing I", which causes a suppression of
the large TMR value. The latter, indeed, is a consequence of
the presence of the superconducting gap. On the contrary, the
impact of I on P, plotted in Fig. 10(b) as a function of the
voltage V, is much Weaker the polarization in the range
2(A"=h")<|eV|<2(A"+h") is almost insensitive to T, be-
ing slightly reduced only for I" values as large as 10~ 2A .
TMR values are expected to be marginally affected by the
presence of electron-electron relaxation in the N layer. In-
deed, as discussed in Secs. III B and III C, Coulomb interac-
tion allows quasiparticles to exchange energy (through in-
elastic collisions) without coupling the two spin species. As
shown in Figs. 4 and 5, inelastic scattering leaves the two
distributions f,(e) and f_(&) strongly spin dependent in the
parallel configuration, while making them to coincide in the
antiparallel configuration, so that both magnetoresistance and
current polarizations are expected to be only slightly af-
fected. Indeed, TMR is only marginally affected even in the
quasiequilibrium regime, as shown in Fig. 11(a), where we
compare TMR at ¢=, as a function of V, for the full non-
equilibrium and the quasiequilibrium regimes. The effect of
energy redistribution characteristic of quasiequilibrium con-
sists merely in a smoothing of some of the sharp features
present in the nonequilibrium limit. In Fig. 11(b), we com-
pare the plots of P; at ¢=1r as functions of V for both re-
gimes. In particular, quas1equ1l1br1um displays a reduction of
polarization for |V| >2(A —h") and an increase of polariza-
tion for |V| <2(A™-h"). Nevertheless, P, values as large as
100% can be obtained in the quasiequilibrium limit as well.
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FIG. 11. (Color online) (a) Tunnel magnetoresistance ratio
ITMR| vs V in nonequilibrium (solid line) and quasiequilibrium
(dash-dotted line) at Ty, =0.1T,, h"=0.2A", and ¢=. (b) Current
polarization P; vs V in nonequilibrium (solid line) and quasiequi-
librium (dash-dotted line) calculated for the same values as in (a).
[(c) and (d)] P, vs V in the intervals of large polarization calculated
for several K. values and the same parameters as in (a).

The full evolution of P; as a function of K.y in the rel-
evant intervals of large polarization is shown in Figs. 11(c)
and 11(d). It is easy to notice the gradual smearing of P; by
increasing the electron-electron interaction strength, and that
the quasiequilibrium limit is already reached for K. ;~ 10
(see also the discussion at the end of Sec. III B). However, in
FS-I-N-I-SF realistic structures, it should be possible to keep
Keon~0.1 or smaller so that current polarization would be
somewhat similar to that obtained in the full nonequilibrium
limit.

By contrast, TMR must decrease if spin-flip processes
mix the spin-dependent distributions. In metals and at low
temperature (typically below ~1 K), such processes are nor-
mally caused by the presence of magnetic impurities in the N
layer. Spin-flip scattering can be suppressed by limiting the
magnetic-impurity content in the N layer and by choosing
In <<\ [the spin-flip relaxation length A is of the order of
some micrometers in metals such as Cu or Au (Refs. 49 and
50)]. These constraints can be met fairly easily experimen-
tally in multilayered or planar structures like the ones pre-
sented here.
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VI. SPIN-DEPENDENT EFFECTIVE TEMPERATURE

Even in the nonequilibrium case, it is interesting to char-
acterize the distribution function through an effective tem-
perature and an effective chemical potential. Such effective
quantities can be meaningfully defined by fictitiously con-
necting the N region to a large normal metal reservoir
through an insulating barrier that is sufficiently transparent to
allow the flow of quasiparticles but opaque enough not to
alter the nonequilibrium condition of the electrons. One can
identify the effective chemical potential (u") of the out-of-
equilibrium electron gas in the N region with the chemical
potential the reservoir must possess in order for the particle
current to be zero. The effective temperature (Yfff), on the
other hand, is taken to be equal to the one the reservoir must
have in order for the heat current to be zero.’! These condi-
tions can be expressed by the following two equations:

f dslfole)  fole - w71 =0, (19)
J deelf ,(e) = fole — TN =0, (20)

where we have assumed that the DOS of the N reservoir is
equal to that of the N layer. We wish to warn the reader that
the words “temperature” and “chemical potential” have to be
taken in a loose sense, especially when the distributions are
very different from equilibrium functions. They are merely
two parameters which grasp important characteristic proper-
ties of the distributions, related, namely, to particle and heat
transport.

A general expression for the effective temperature can be
easily derived through the Sommerfeld expansion,*® obtain-
ing

o [
Tfff=—\/ f deelf,(e) = fole = uy . T=0)]. (21)

’7TkB

where

po = f ds[f,(e) - O(e)], (22)

and 6(¢) is the Heaviside step function. Equation (21) yields
the true spin-dependent electron temperature in (quasi)equi-
librium. Furthermore, in the present FS-I-N-I-SF system, T:’Tff
turns out to depend on the strength of electron-electron in-
teraction (i.e., on K.y;) as we shall show in the following,
due to heat exchange with FS reservoirs with nonconstant
DOS.22’36

In Figs. 12(a) and 12(b), we plot the calculated effective
temperatures in the full nonequilibrium limit (i.e., for K.y
=0), normalized with respect to the bath temperature (T},
=0.1T,), as a function of the applied bias voltage V for ¢
=0 and ¢=, respectively. In the former case, there is no
spin dependence and Tiff is an even function of the bias
voltage. Starting from the equilibrium condition (i.e., at V
=0 where the T°"=T,,,), the temperature first increases

reaching a maximum around eV/A"=0.8 and thereafter de-
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FIG. 12. (Color online) (a) Nonequrhbrrum spin-dependent elec-
tron effective temperature Ie vs V calculated for ¢=0 at Ty,
=0.17, and h =0. 2A (b) Tf:f vs V calculated for ¢p=1 at Ty
=0.17, and h*=02A".

creases down to the minimum around eV/A"=2. The initial
increase is the “anomalous heating” due to the presence of a
finite DOS within the superconducting gap,”?3° while the
minimum reflects the usual electron “cooling,” which is
maximized for voltages around twice the value of the gap?*
(see the discussion in Sec. IIT A). Such features are present
also in the absence of an exchange field, with negligible
quantitative differences. By contrast, the effect of the ex-
change field is manifested in the antiparallel configuration.
Indeed, the effective temperatures are different for the
two spin species, though related according to the relation
T”ff( V)= ]fff(V) In particular, minima are shifted by an
amount equal to 2/ toward higher (lower) voltages for spin
up (down) electrons. This fact can also be understood
through the schemes shown in Fig. 7, as due to the shift,
introduced by the exchange field, of the DOS of the two
superconductors in opposite directions. For spm up electrons,
maximum coohng occurs for eV=2(A"-1") [see Fig. 7(b)]
and for eV==2(A"+1") [see Fig. 7(d)]. For spin down elec-
trons, maximum cooling occurs at opposite voltages. The
position and amplitude of maxima turns out to be a function
of the exchange field, as well as of the smearing parameter I".
Notably, as shown in Fig. 12(b), the spin-dependent effective
temperatures can be largely different upon voltage biasing
the structure.

In Fig. 13(a), we plot the nonequilibrium effective tem-
perature difference ST° = Yiff— T normalized to the bath
temperature (Ty,;,=0.17,) versus V at ¢= and for different
values of the exchange field 4. 6T is odd in the apphed
voltage and is more pronounced for larger values of i . For
positive values of V, the maximum (as large as 500% at this
bath temperature) corresponds to the anomalous heating (oc-
currrn*g around eV/A" = 1), while the mrmmum occurs for
eV/A" =2 and moves to higher values as " increases.

The effect of electron-electron inelastic collisions is ad-
dressed in Fig. 13(b), which shows 6T°/ T, at ¢= 7 as a
functlon of the collision strength IC ., for eV= 1LOA™, h*
=0.2A", and Tpan=0.1T,. We find a dramatic effect of
electron electron interaction that leads to a strong suppres-
sion of the effective temperature difference on the scale of
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FIG. 13. (Color online) (a) Difference of the nonequilibrium
spin-dependent electron effective temperatures ST° vs V calculated
for different 4™ values at Ty, =0.17, and ¢p=1r. (b) ST vs Koy
calculated at eV=1.0A" for T,,=0.1T,, h"=0.2A", and ¢p=1.

Keon=0.1. With the material parameters given in Sec. III B,
this would correspond to a N region with 7y=470 nm.

The possibility to have access to different spin-dependent
electronic temperatures suggests that we investigate the po-
tential for the implementation of spintronic devices. In par-
ticular, we conceive a nanostructure like that shown in Fig.
14(a), where an additional voltage-biased superconducting
electrode (S3) is tunnel coupled to the N region through a
junction of resistance R,>R,,°* while the exchange fields in
S, are arranged in the antiparallel configuration (¢=1).
The presence of a superconducting extraction lead is crucial
since in the tunneling process, the quasiparticle current
through S; will depend exponentially on the electron tem-
perature in N.?> On one hand, the setup considered allows
direct measurement of the spin-dependent electron tempera-
tures and S; may act as a thermometer.?” S, provides, in fact,
access to the whole distribution functions f,(g) from the
voltage-dependent differential conductance of the NIS;
junction.®> On the other hand, upon biasing the S; electrode
with V., the existence of different spin-dependent tempera-
tures in the normal metal region yields a finite current polar-
ization P; defined in the usual way as

153(‘/’ Vbias7h*) - I§3(V’ Vbias’h*)
I-?-S(V’ Vbias’h*) + 1§3(V, Vbias9h*) '

PV, Vyuh') = (23)

where

1
A, Voiash ) = R J deNS3(e + eV [ fo(e, Vi)

p
—fole + eVl (24)

and N3(g) is the normalized DOS of S;. In the following,
we assume for simplicity that A/S3(g) is identical to the den-
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FIG. 14. (Color) (a) Sketch of a possible setup for the imple-
mentation of a spin-polarized current source. An additional super-
conducting electrode (S3) is coupled to the N region through a
tunnel junction of resistance R,. The exchange fields in S, are
arranged in the antiparallel configuration. Spin-polarized current
can be extracted by biasing the S; terminal with Vy;,.. (b) Contour
plot of the nonequilibrium current polarization P; vs V and Vi, at
Tyan=0.1T, and h"=02A". (c) P; vs K. calculated eV=1.0A"
and eVbiaS=0.5A* for Ty, =0.17, h*=0.2A", and =

si;y 0§ states of S; , in the absence of an exchange field (i.e.,
h =0).

Figure 14(b) shows the calculated nonequilibrium P; as a
function of V and Vy,, for Ty,,=0.17,. and A" =0.2A". For
easily attainable values of V and Vi, pure (i.e., 100%) spin-
polarized current of both the parallel and antiparallel spin
species can be achieved. Furthermore, we note that |P,|
largely exceeds 50% over a wide region in the (V,Vy;,)
plane. It is worthwhile to note that replacing the S; terminal
with a N metal reservoir would completely hinder the extrac-
tion of a finite spin-polarized current for ¢=r. This stems
from the insensitivity of the tunneling current in a NIN junc-
tion to the N-region temperature. The ¢=0 case for a N lead
connected to a similar setup was analyzed in Ref. 30.

The role of electron-electron inelastic relaxation is dis-
played in Fig. 14(c), which shows P; versus K., at eV
=A" and eVy,,;=0.5A", for Ty, =0.17, and h"=02A". We
find that the suppression of the current polarization occurs on
a larger range of values of /.. with respect to the electron
effective temperature difference [note the different scale for
the horizontal axis of Figs. 13(b) and 14(c)]. At K,,;=0.1,
for example, P; is reduced only by about 35%. This behavior
is not surprising: it originates, as mentioned above, from the
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fact that the current extracted from S5 is exponentially sen-
sitive to Tf,rf. As a consequence, even a small temperature
difference between spin species yields a large current differ-
ence and gives rise to a sizable P; vs K, characteristic.

We shall further comment the impact of relaxation in this
setup as compared to that of Fig. 1 by inspecting Figs. 14(c)
and 11(b)-11(d). In particular, they show that while electron-
electron interaction is crucial in suppressing P; in the former
case, it is much less important in the setup of Fig. 1. The
reason stems from the fact that while in the present case the
electric current is spin dependent only, thanks to the presence
of spin-dependent distribution functions in the N region [as
expressed by Eq. (24)], in the setup of Fig. 1, the spin selec-
tivity originates from both the distribution functions f,; and
the spin-dependent superconducting DOS [see Egs. (10) and
(11)]. From this it follows that, in the first setup, current
polarization will completely vanish at quasiequilibrium
(where the quasiparticle distribution functions result to be
identical and spin independent), while in the second system,
spin polarization will persist also for identical thermal distri-
bution functions owing to the additional spin selectivity pro-
vided by spin-split DOS in the superconductors.

VII. CONCLUSIONS

In this paper, we have analyzed the nonequilibrium spin-
dependent transport properties in superconductor—normal
metal tunnel nanostructures, where the superconductors
present a proximity-induced effective exchange field
(equivalent to that of a superconductor in a magnetic field).
The latter is due to the proximity of a ferromagnetic thin
layer which exerts, under appropriate conditions, a nonlocal
influence. We have computed the quasiparticle distributions
of a normal metal layer tunnel coupled to two superconduct-
ors with noncollinear exchange fields. In the full nonequilib-
rium limit, i.e., in the absence of any inelastic relaxation
mechanisms, the distribution functions depend on the spin
and display unusual features, such as population inversion
and double-step shape, depending on the bias voltage applied
to the superconductors. Spin dependence persists also in the
presence of inelastic Coulomb interaction, which produces a
smoothing of the sharp features and tends to drive electrons
into the quasiequilibrium regime, where the energy relax-
ation is strong enough to allow electrons to thermalize. This
interesting behavior is reflected in the current-voltage char-
acteristic, which shows a strong dependence on the relative
orientation of the exchange fields existing in the supercon-
ductors. Notably, even in the quasiequilibrium regime, a
huge tunnel magnetoresistance ratio and a complete current
spin polarization were found over a wide range of bias volt-
ages and for realistic parameters. The impact of the exchange
field as well as of the presence of subgap states in the DOS
of the superconductors have been addressed.

We have characterized the out-of-equilibrium distribution
functions through an “effective temperature” and an “effec-
tive chemical potential,” defined in an operative sense. We
have found that such effective temperatures are strongly spin
dependent for antiparallel exchange fields, the relative tem-
perature difference being as high as 500%. Furthermore, we
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have discussed the possibility of producing spin-polarized
currents by coupling the N region to an additional supercon-
ducting lead, finding that 100% spin polarization is realisti-
cally achievable. This effect is fairly robust against the oc-
currence of inelastic electron-electron collisions.

We shall finally comment on some possible applications
of the structures presented here. An immediate first applica-
tion of this system is the implementation of storage cell ele-
ments, thanks to the very large TMR values [see Fig. 8(a)].
Magnetic-field-controlled current switches can be envisioned
as well [see Fig. 6(a)]. Importantly, power dissipation is in-
trinsically limited owing to the small currents driven through
NIS junctions. For example, assuming R,=10* Q and alumi-
num (Al) electrodes at T=0.17.~0.12 K, a dissipated power
in the range of 107'5-10"'2 W can be achieved for 2(A"
—h")/e<|V| <2A%/e. This makes this setup attractive for
low-dissipation cryogenic applications. In light of a realistic
implementation, ferromagnetic alloys such as Cu,_Ni, (Ref.
53) or Pd,_,Ni, (Ref. 54) (which allow fine tuning of A
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through a proper choice of x) are promising candidates. For
example, in Pd,_,Ni, alloy with x=0.1, 2= 10 meV resulting
in &=~5nm.>* By choosing Al as S electrodes [with A
=200 ueV and & =300 nm (Ref. 55)], it turns out that h*in
the range ~0.2A"-0.5A™ can be achieved. In such nano-
structures, the bias voltage can be fed through outer normal
metal electrodes, tunnel coupled to the ferromagnetic layers
in order to prevent depolarization of the F electrodes. This
would result in adding in series extra resistances which could
be easily engineered in order to minimize the induced cor-
rection to both tunnel magnetoresistance and operating volt-
age.
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