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A spin injector
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We theoretically put forward a spin injector, which consists of a three-terminal ferromagnetic-metal
(FM) nonmagnetic-semiconductaiNS)-superconductoSC) mesoscopic hybrid system. This
device can inject not only the spin-up current but also the pure spin current into the NS lead. The
crossed Andreev reflection plays a key role in this device. Such a spin injector may be realized
within the reach of the present-day technology2@4 American Institute of Physics
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The charge and spin are two elementary degrees of fre¢rons comes from different leads, e.g., one from FM lead and
dom of an electron. Since the proposal of the Datta-Dashe other from NS lead, it is the crossed Andreev reflection.
transistot over ten years ago, much attenfichhas been The total spin-up current in the NS lead results from two
attracted to adding the spin degree of freedom to converprocesses: the crossed Andreev reflecfiiy. 2@)] and di-
tional semiconductor charge-based electronic devices. Thiect transmission of up-spin electron from FM to NS lead
results in the emergence of semiconductor spintronics. Bednder small bias voltage between théfig. 2(b)]. A similar
cause spin-based electronic devices have many advantaggigument applies to the spin-down current in the NS lead. It
including the longer coherent lifetinfefaster data proceed- is because of these two competing transport processes that
ing speed and less electric power consumption, the gener@ne can adjust system parameters to control spiteuppin-
tion, manipulation, and measuring of spin currérdse the down) current. For example, when the electron and hole cur-
central challenges in spintronics and have caused an inten§@nts in one spin channel cancel each other completely under
interest in recent years. certain conditions, only can we get the current for the other

In this letter we propose that a three-terminal hybrid me-SPin channel. More interestingly, if the spin-up and spin-
soscopic system, i.e., a two-dimensioaD) quantum dot down currents cancel each other, we can get the pure spin
coupled to a superconduct@8C) lead, ferromagnetic-metal current. Such a physical picture will be clearly shown in the
(FM) lead and nonmagnetic-semicondudti) lead, can be ~ calculations below. .
utilized as an ideal spin injectgsee Fig. 1 In this device, We start from the model Hamiltonian
we consider only a biag (>0) in the FM lead and keep zero
chemical potentials in both NS and SC leads. By tuning the H=HnstHewm + Hsct Hgor+ He. (1)

gate voltage of the quantum dot, we can get the rich spirHereHNS:EkUskC;UCka is the Hamiltonian of the NS lead.

flow configurations in the NS lead. The most important thing|_|FM=E (etoM+eV)C' C.. is the Hamiltonian of the
) : . - po\Ep po~po
s that a pure spin cu_rrent_ can be_ obtained in the NS I_easz lead in which the spin bands are split by the exchange
The physical mechanism is that in the NS lead there is Bneray M. Hee=3 [s Yo P Act et +A Tis th

2. K . .. aqy - Fgc=2y USquUCqU CqTC—ql C—qLCqT IS the
competition between the normal quasiparticle transmission, . ikonian of the SC lead with the superconductor en-

and the so-called crossed Andreev reflecfidivhen a spin- : : N
er ap. A bias voltag® (>0) is applied in the FM lead
down electron above Fermi energy is injected from the FM dy gap las voltag¥ (>0) is applied |

lead into the SC lead via the quantum dot, it may be reflecteélrld zero chemical potential is kept in both NS and SC leads.

as a hole below Fermi energy with up spin back into the

quantum dot, forming a Cooper pair in the SC lead. The ) Ve ¥
reflected hole can go either to FM lead or to NS Ig¢a€e _L

Fig. 2@)]. The former is the normal Andreev reflectfSmand -

the latter is called the crossed Andreev reflection. In other j.""/'/,%';/"
words, since a hole is just an electron traveling in the oppo- ' FM 7/
site direction, the normal Andreev reflection corresponds to o
the case that a pair of electrons with opposite spins comes

from the same lead. On the other hand, if the pair of elec- vy
L
dauthor to whom correspondence should be addressed; electronic mail:
bgwang@nju.edu.cn FIG. 1. Schematic diagram of our system.
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FIG. 2. Two competing processes for the spin-up current in NS lead: normal Andreev reflection and crossed Audreev (@flecttbnormal quasiparticle
transmission(b).

Hao=2,(got+evg)d;d, is the Hamiltonian for the quantum dE Ty ) )

dot, which is used as a tunable beam splitter. The discrete NT_J ;m(rmw fo+Tg |b*f), (4)
bare energy levek, is well controlled by a gate voltage

vg- Hc is the Hamiltonian describing the couplings between dE T

the quantum dot and three leads, which is given Hyy 'le_f _—N22(FFT|b|2f++FFL|C|2f—)' (5)
=Sl THCpeot C.CI+ Sy, [ TRC, Ayt C.C1+ 2, [Toeh,d, +C.C. 2m |ac— b

For simplicity,_ we have assumed tha_t the hopping matrixHere f,=fETV)-f(E), and a=E+sg+vg+i(l'g +Ty
elements are independent of_ thg spin mdex.  4TgB))/2, b=—iTgB,/2, c=E-eg-vg+i(Te+Ty+T'sBy)/
We now calculate the spin-tip electronic current passin E . g T .

R . ~ . Equationg4) and(5) are the central results of this paper,
through the NS lead, which is defined Bg=&dNy;/d,  which are valid for finite temperattires and any bias voltage.
with NNT:EKC;TCkT- From Heisenberg equation of motion, In order to get more physical insight, we consider the case of
the spin-up electronic current can be rewritten(As1,e  zero temperature and small bias voltage. A little algebra
=1) Iy ==3{TGg (t.)+c.c],  where  Gg,(t,t")  ields
:i<C;T(t’)dT(t)> is the lesser Green’s function. Using the VI
Langreth continuation theorémand taking the Fourier Ing = —N{[4(so+vg)2+(FFl+FN)2]FFT—FSZFH},
transformation, we have 2mD

(6)

dE
Iy = =i f ;FN{[GV(E) -GBIIBE+G (Bl (2 r
and similarly Iny = ﬁ{M(so +vg)+ (T + Tyl =TT}

()

dE
Iny =i f ;TFN{[G’(E) ~GHBIf(E)+G (B2, (3)  Here  D=[4(sg+vg)?+ T2+, +T\) (T + ) 214 +[(go
+vg)Tg —Tg))% These expressions have clear physical
where f(E)=1/(e’5+1) being the Fermi distribution func- meanings. As an example, for the spin-tip current, the first
tion, [y=27%| TR |? S(E-g,) is the linewidth function of the term in the latter bracket of Eg6) indicates that the spin-up
NS lead which describes the coupling strength of the NS leadlectrons are injected from the FM lead into the NS lead due
to the quantum dot, an@"2~ are the retarded, advanced, to the normal quasiparticle transmission, and the second term
and lesser Green’s functions of the quantum dot K2 comes from the crossed Andreev reflection process due to the
Nambu representation. presence of the SC lead. A spin-down electron from the FM
In order to calculate the spin-up and spin-down currentslead may give rise to a spin-up hole into the NS lead with the
one must know expressions of the Green’s functions for théormation of a Cooper pair in SC lead. The sign and magni-
quantum dot. By use of the Dyson equation, the retardetlude of the spin-up current depend on a competition between
Green's functiol®* is given by G'(E)=1/[GyE)™? the normal transmission and the crossed Andreev reflection.
-S'E)], with G{)(E)‘lz(E_Sg_"g E+g(;+v ) and sr(E)  The similar discussion applies to the spin-down current.
—_(; / 2)(rm+rN+rSg1 T'sBo ) wherel g(r ) is the line- Theoretically, by changing the system parameters, ;uch
. T - TetltlsB /s ™ FIV R asvg,I'y,['rp, andl's| andTg| one can get all kinds of spin
width funct|(_)n of the spm-up{spm-dowr) electrons for the flow configurations. When the parameters satisfy the rela-
FM lead,T'g is the linewidth function of electrons in the SC .. 2 2 T2 — :
lead. They have the expressions similar liq. Here 3 tion, [4(eo*v)*+ (I'g; + I')*IT ~I'l"ey =0, the spin-down
o % _ P =5 3 8 1 electrons are totally frozen, and there is only the spin-up
={(EB)E/NE-A "BE_Z(E)A/VE ~A% and g,(E)—l for E> gjectronic current in the NS lead. Similarly, [iB(e+v)?
-A, gtherW|se§(E)——1. The Iess_er <G_reerniftilnctlon can be+(FFL+rN)2]FFT_F%FFL:O is satisfied, only the spin-down
obtained from the Keldysh eq_uat|® _GE G_,'Where the electronic current exists in the NS lead. More interestingly,
lesser p S[f'f'e”grgg_v) s given by="(E)=if(E)A(E] whenly; +1y; =0, the corresponding quantum dot energy lev-
—A)Fs(ﬁi Bj)+( "o er?E+V>)+iFNf(E)(é ?)- Using the els at egtug=3{T3-[Tg (T +T)2+ g (T +T )2/
above relations, we can obtain general expressions for th(d“FT+I“Fl)}1’2, only is there the pure spin current in the NS

spin-dependent currents lead.
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A and B, the spin-up and spin-down electrons traverse in the
opposite directions, which means that the spin-up electrons
are injected into the NS lead while the spin-down electrons
are extracted from the NS lead. Especially, whHgp+ly,

=0, the corresponding quantum dot energy levels at
vg= *5{T 5~ [Tey(Te + T2+ Te (Tey +T)2)/ (Tgy + T }H2
~0.20, the pure spin current is injected into the NS lead.
Finally, we wish to emphasize that the rich spin flow con-
figurations can be obtained for a wide range of system pa-
rameters and are the generic features of our spin injector.
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