PHYSICAL REVIEW B, VOLUME 65, 024516

Andreev reflection through a quantum dot coupled with two ferromagnets and a superconductor
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We study the Andreev reflectioAR) in a three-terminal mesoscopic hybrid system, in which two ferro-
magnets F,; andF,) are coupled to a superconduct{® through a quantum dot. By using nonequilibrium
Green function, we derive a general current formula which allows arbitrary spin polarizations, magnetization
orientations, and bias voltages andF,. The formula is applied to study both zero bias conductance and
finite bias current. The current conducted by crossed AR involfApgF,, andSis particularly unusual, in
which an electron with spir incident from one of the ferromagnets picks up another electron Withgpin
from the other one, both ent&and form a Cooper pair. Several special cases are investigated to reveal the
properties of AR in this system.
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[. INTRODUCTION barriers to two ferromagnetic electrodds;(andF,) and a
superconducting electrod®) [hereafter, the system is sim-
Electrons have spin as well as charge. The application oply referred as tof,,F,)-QD-S]. F; andF, are assumed to
the electron-spin property opens a fruitful field in the trans-have arbitrary magnetization orientations, spin polarizations,
port of ferromagnetic materials, such as the discovery of giand bias voltages. The bias voltageSis set to zero as the
ant magnetoresistan¢&MR) and tunnel magnetoresistance ground. QD is designed to provide a link betweep, F,
(TMR) effects! On the other hand, there is growing interestand S so that AR can take place through discrete energy
in the mesoscopic normal-metal/superconductdrS) hy-  States of QD. Consider 'the spemal case fF]gIand.Fz are
brid systen? in which Andreev reflectiofAR) at theN/s  fully polarized, AR only involvingF, andS or only involv-
interface plays an important role in the low bias voltage!Nd F2 and S are completely suppressed, while the crossed
regime? In the AR process, an electron incident with energy” R involving F1, F5, and S depends strongly on the mag-
E and spino picks up another electron with energyE and netization orientations d'.Fl andF, being suppresse_d if they
spin o, both enterS and form a Cooper pair, leaving an are in ferromagnetic alignment, enhanced in antiferromag-

Andreev reflected hole in thl side. One may expect that "€UC alignment. In this paper, we will derive a current for-
mula by using the nonequilibrium Green-function method,

th? interplay of the spin property of the AR Process a’?d the nd investigate several special cases to illustrate the proper-
spin-dependent transport in ferromagnetic materials will ad ies of AR’s in this system

new_physics to mgsoscppic hybrid systems, and to the future During the preparation of this paper, we became aware
applications of spintronics. o that in the recent publication of Deutschetral?® a device
_Several works have been dev04ted to this issue. In thgpnsisting of two point contacts between two ferromagnetic
pioneering work of de Jongetal,” the transport of & tips and a superconductor was proposed. For the two tips
ferromagnet/superconductoF(S) junction was studied by ith fully but opposite spin polarizations, they suggested that
scattering matrix formalism. The conductance of AR iS«mixed” Cooper pair made of electrons coming one from
shown to be strongly affected by the spin polarizatiorFof  each tip can be injected into the superconductor, leading to
The idea was verified by recent experiment§ 1% thin-film  ynusual properties of such a device. Section IV of this paper
nanocontactand F/S metallic point contact.Especially, in  is partially stimulated by their work.
Ref. 6, Souleret al. successfully determined the spin polar-  The rest of this paper is organized as follows: In Sec. I,
ization at the Fermi energy for several metals by measuringye present the model Hamiltonian and a general current for-
the differential conductance di/S metallic point contact. mula for the hybrid systemR;F,)-QD-S by nonequilib-

Further calculatiorfsimplied that the Fermi velocity mis- rium Green-function method. In Sec. 1, we study the zero-
match betweerr and S also affects the AR conductance of

F/S contact, and the conductance may even be enhanced in

the presence of spin polarization. In addition to simpl& vie— F t N, QD
junction, F/S contact withS in d-wave symmetry;® F/S
nanostructure with giant proximity effe¢t® and more ] S —*0

complicated structures such &SF double junctiongl~*3
SFS double junctiong*~*8S/F superlatticed! and (NF) .S v,e— F, 1
multilayer structure€*® were also investigated.

In this paper, we propose an idea that two sources of spin F|G. 1. Schematic drawing of the three-terminal system under
polarized electrons with different orientations are injectedconsiderationF, and F, represent two ferromagnetic electrodes
into a superconductor, which can be achieved by a thregith different magnetization orientations and bias voltages, QD is a
terminal mesoscopiE/S hybrid structure shown in Fig. 1. In  quantum dot, an is a superconductor with zero voltage as the
this system, a central quantum d@D) is coupled via tunnel  ground.
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bias conductance, assumidg=V,=0". The explicit forms e _ _
of the conductance are presented and numerically studied. In Il:ﬁf do[A(fi—Ff1) +A(f1— 1)
Sec. IV, we study the finite bias current wikh, andF, in
antiferromagnetic alignment, and the fully spin polarized +Qs(f1—fs) +Quf1—T2)], (3
case is discussed in detail. Finally, a brief summary is given ,
in Sec. V. in which
Ap=T1,(I'1|G)2+T 14| G4 >
Il. MODEL AND FORMULATION 1=y (T [Chal™+ | Gral®)
, , . + T4 (T q|G52+T 4, |G5)?), 4
The system under consideration can be described by the 11(T'31[G3d*+T'0/[Gad") @
following Hamiltonian:
9 App=T1;[ (25, + 52T 5,)| G2+ (2T 5 +57T )| G4 %]
H=HatHat oo HetHr, @ T4 [(€%Tg) +87T )| Gayf*+ (¢2T'z, +57T )| G5%]

+so(I'y;—I')2 ReT'1; GG, +1'1,G5:G5;), (5
lekz (Ek_o-hl_lu’l)alrrak(r!

Que=Ty 3| IG1+ 1637+ G547+ 6L
Hy=2 (e&x—0'hy— ua)b) by,

ko’ A A
r2rd - Sorei+ Sonoi)|
Haor=Eo> CIC,, -
z T T 1G5+ G+ G+ 1654
_ t t gt A A
Hs % Epdpodpﬁ% [Adpd=p +H.c], +2 Re(—ZGglGrs’2‘+ZGg3Gr3’; (6)
_ T T Quo=T"1:[(c?T 51 +8°T, ) |G %+ (c?T'y, +T'5;)|G4?]
Hr=>, [ti,al,cotH.c]+ > [tobl c,+H.cl 12711y 21 21)1G1yl 2] 21)|G13
ko ko
+F11[(CZF2¢+SZF21)|Gr33|2
:
+§ [ted],cp+H.Cl. + (%5, +57T,))|Ghyl?]

_ r ~rx r ~rx
H, andH, are the Hamiltonians dof; andF, in the mean- +sdl'y1=I'7)2 Rel'y;GyGi3 +1'1)G5Ga1).  (7)

field approximation, with different magnetization orienta- \yith P(w)=(|w|/Vo?—A2)(|w|—A) being the ordinary
tions and chemical potentials. The spin band& ¢fF;) are gcs density of statess and ¢ for the short notations of
split by 2h;(2h,) due to the exchange energy. The magne-

tization orientation of, is set as the axis, while the ori- sin6/2 and cogy2. fy, fy, T2, fp, andf denotef(w—yl),
entation of F, as thez’' axis which has an anglé with f(w+Vy), f(o=Vy), f(otV,), and f(w), respectively,

2 < . ang ... wheref(w) is the Fermi distribution function.
respect to the axis. The operators with the spin-quantization The current formula is composed of four contributions
axisz and the operators with the spin-quantization axisre

related by theD ¥ matrix as from different conducting_ processes) Aqq(f 1_—f—1) repre-
sents the Andreev reflection through-QD-S, i.e., an elec-
0 0 tron of F, is reflected bySinto a hole off;, which can be
b! cos;  —siny b judged by the thermal factorf{—f;). The probabilityA,,
k') kT . . r2
o = bl (2)  has four terms, in whicl";;I';||G},|* is for the subprocess
kL’ sinf co 9 kl that an electron with spinis Andreev reflected into a hole
2 9%

with spin|; I'y;T'1;|G},/? is for an electron with spin first
flips its spin in QD due td~,, then Andreev reflected into a

H 4ot describes the quantum dot, in which only one spin de . . : o
dot q y P LJoIe with spirf; while the other two terms are for the similar

generate level is considered and the intradot interaction i . . S : i
ignored for simplicity.Hg is the Hamiltonian for a BCS su- Subprocesses involving the electron incident with $pisee

perconductor with the chemical potential fixed to zero as th&d: (A2) for the physical meaning of the elements®}. (i) _
ground.H depicts the tunneling between QD afRg, F,, A(f1—15) representg the crossed An.dreev reflection
andS, coupling different parts of the system together. through F,,F,)-QD-S, i.e., an electron of; is reflected by

By introducing a 4«4 matrix representation and using the S into a hole ofF,, judged by the thermal factorf {—f,).
nonequilibrium Green-function techniqusee the Appendix The probability A;, is much more complicated thaf,;,
for detail9, we derive the formula of the current flowing since the polarization orientation &f, has an angl® to the
from F, to the QD as chosen spin-quantization axis. The first four terms can be
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interpreted similarly to those of\;;, by “projecting” the
spin polarization of, to the chosen axis, while the last four
can be viewed as their interference terris) Qq5(f1—fs)
represents the single-particle tunneling througf QD-S,
judged by the thermal factorf{—fS). The probabilityQ

PHYSICAL REVIEW B 65 024516

lll. ZERO-BIAS CONDUCTANCE

In this section, we study the zero-bias conductance by
taking V,=V,=0". Since there is no bias voltage between
F, and F,, there is no net single-particle current flowing
between them. FokgT<<A, the single-particle current from

can be divided into two subgroups, corresponding to the prop. or F, to S is also negligible. Therefore only AR’s

cesses involving electron with sgirand spirj, respectively.

contribute to the conductance. For simplicity, we &kgT

Each subgroup contains four subprocesses and their interfet=g and E,=0, introduce the spin polarizatioR ;= (I' g

ence terms(iv) Qq,(f1—f,) represents the single-particle
tunneling through~1-QD-F,, and the probabilityQ,, can be
analyzed similarly to the above thre@ similar physical
interpretation can be found in Refs. 21 and)22.

One can obtain the current flowing frof, simply by
exchanging the indices 1 and 2 in the above formula, and th
current flowing fromS can be deduced by the relation of the
current conservationl;+1,+1,=0. The current formulas
Egs.(3)—(7) are the central result of this work, which can be
applied to ferromagnetic electrodes andF, with arbitrary
spin polarizations, magnetization orientations, and bias volt
ages.

In the following numerical studies, we assume that
leVy|, leV,|<A, andkgT<A. The Q¢ process will vanish
because of the factgs and the Fermi function difference
(f1—fs). The Qq, process will be ruled out in two special
casesf,; andF, are either equally biase@ec. Il or fully
but oppositely polarizedSec. I\V). We will concentrate on
AR processedA;; (direct AR throughF;-QD-S) and A;,
[crossed AR throughH;,F,)-QD-S], and investigate sev-
eral special cases to illustrate the properties of these tw

G, (€°7h)

1.0

FIG. 2. The zero-bias conductan@ess P for F-QD-S, whereP
is the spin polarization of. r=I'z/T"_ is the ratio of coupling
strengths, withr=1 for (a) andr=<1 for (b).

—l“m)/(FerlFm), and t_he spin-averaged coupling
strengthl’ ;=3 (I'g; +'g)), with g=1,2 forF, andF,, re-
spectively.

First consider the simplest case in which,=0,
r=r,,P,=P,I's=I'gr. Then the three-terminal system
€~ 1,F5)-QD-S reduces to a two-terminal systeiQD-S,
and the conductance is easily obtained from the current for-
mula as

4e* (1-PHr?
h (1-pP2+r?)?’

FDS= (8

¢

(b) r=2

P=0

G (e%h)

G (e’h)

0.4

0/mn

FIG. 3. The total conductanegvs 6 for (F,F,)-QD-S, where
0 is the angle between the orientations 6f and F,, with I';
:FZEF: P]_:PZEP, andrEFo/(T1+F2).

0.0 0.2 0.6 0.8 1.0
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wherer=I"g/T"| is the ratio of the two coupling strengths. vectors obey the vector composition rule, i@= G, +,, in
Ana|090us to the matChing Condition Of the Fel’mi VeIOCitieSWhich q iS the Spin p0|arizati0n vector cﬁ Therefore the
in F/S contact (i.e., ke kg =k3), here P2+r2=1 (ie., gfactive parameters ¥ are

F,_TFLI=F2R) plays the similar role. For>1, the matching

condition can never be satisfied, 6gpg decreases monoto- =T+,

nously with the increase dP [Fig. 2(@)]. While for r<1,

there exists a certain value & say P, satisfyingP3+r?2 ~  [(T'1P})2+(I',P,)2+ 2T, P,I',P,cos0] Y2

=1, soGgpgs first increases withP , reaches its maximum P= 4T, )

value 4e%/h at P=P,, then drops to 0 wheR approaches 1
[Fig. 2(b)]. This result warns us to be careful to deduce theAs a result, the total conductance Bf andF, can be ob-

spin polarization of~ from AR conductance of-QD-S. tained as
Next, consider the general case of the three-terminal sys-
tem (F,F,)-QD-S. Similar to the composition of polarized G=G;+G,=Grps(P.1), (10)
light, the total currenfor total conductangeof F; andF, 5
are equivalent to that of an effective ferromagfetintro-  IN Which Geps has the same form as in E¢f), P is the

duce the spin-polarization vectods andd,, whereq, has  effective polarization, and is defined byI‘S/IN“. Then the
the magnitude of ;P4 and the direction of the magnetiza- conductance ofF; and F, can be expressed by the total
tion direction ofF 5, with 8=1,2. It is easy to test that these conductance multiplied by a sharing factor,

oG 24T, ,—(I'2P2+T,P,I",P, cosf) a
Y U294 124 20, T, — (I2P2+T2P2+ 2T, P, T",P, COSH)

o 241 ,T,—(I'3P3+1,P,I",P, cos6)
2472420~ (['2P2+T'2P2+2I',P,T',P, cosf)

(12

Figure 3 shows the curves @& vs 6 (which also can be These results are readily understood by the new matching
viewed as B, vs 6 or 2G, vs ) for the symmetric case, in  condition P2+ r?=1 with the effective spin polarizatioR
which I'y=T",=I" and P;=P,=P. Forr=1, G increases =P cos (¢/2).
with the increase ob or decrease dP. Forr>1, the curves Two points are noteworthy in the above resuy: If F,
of G vs ¢ is qualitatively the same as thoserct 1, but the  andF, are regarded as a whole, the effective polarization can
conductance is lowered and more sensitivePtd=orr <1,  be tuned continuously by changing the angle of the mutual
the variation is more complicated:®?<1—r?, G decreases orientations, which is impossible for one chosen ferromag-
with the increase ob or decrease of; if P2>1—-r? Ghas net. (i) For r=1, the total conductance for the two ferro-
the maximum 4%h at ¢ satisfying [P cos @/2)]°=1-r%.  magnets in antiferromagnetic alignment is larger than that in
ferromagnetic alignment, which is completely different from
the effect of GMR or TMR. To describe this interesting effect
of magnetoresistance, define the ratio of Andreev reflected
magnetic resistanc®RMR) in (F4,F,)-QD-S by

1.0

0.5

Gar—G
ARMR= —F —F

S.Te (13)

0.04

ARMR

the curves of ARMR v& for variousr are shown in Fig. 4.
Figure 5 shows the curves &, vs 6 for an asymmetric
case, in whichP;=1, P, is arbitrary, andl'{=T",=1/2.
SinceF, is fully polarized, the conductance &f; is sensi-
1.0-— T - - T - tive to the spin polarization and orientation Bf. For P,
0.0 0.2 0.4 0.6 0.8 1.0 .
=0, G, does not depend ofy while for P,=1, G, strongly
P depends or¥, with G;=0 at =0 andG,=4e’/h at #=.
We suggest that this effect can be applied to measure the spin
FIG. 4. ARMR vsP in (F;,F,)-QD-S, where ARMR=(G,z  polarization ofF,. In practice, one may choose a half metal
—Gg)/(Gag+Gg), P andr have the same meaning as in Fig. 3. material as-,, the ferromagnetic material to be measured as

-0.54
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2.0 ] ]
154
=
o= 4
D 5 uy
el /]// .

0.5 0

'y
0.0 A
0.0 0.2 0.4 0.6 08 1.0
0/rxn
FIG. 5. The conductanc@, vs ¢ for different P,, with P,=1 FIG. 6. Schematic diagram of nonequilibrium transport in

andr =1. G; has strong/weak dependence @for large/smallP,,

- ; X I (F,,F,)-QD-S. F; and F, are in antiferromagnetic alignment,
which can be applied to measure the spin polarizatiok of

marked by left- and right-slanted shadows, respectiily.marked
. ) ) . ) by crossed shadowing, with the energy gap regiah with respect
F2, and changing the spin orientation 6f by applying an g the chemical potential; QD is between the two barriers, and the
external magnetic field, then the spin polarizatiorFgfcan  energy structure is ignored for simplicity. The diagram illustrates an

be deduced from the weak/strong dependenc@0bn 6. unusual property of the current conducted by crossed AR involving
F., F5, and S the signs ofl; or |, are determined by} (u,
IV. FINITE BIAS CURRENT + uo) rather thanu, or uo.

Now we turn to investigate the nonequilibrium transportnotice thatl,=1, holds even if[;#I', and V,#V,, be-
of (F1,F2)-QD-S. For simplicity, we only consider the an- caysel, is pure spin current andl, is pure spin current
tiparallel orientation of; andF; (i.e., #=), with finite but  \ypile I,+1, is required to be non-spin-polarized current by

small bias voltagesi.e., [eVi|<A and |eV,|<A). Notice  the superconductor. For simplicity, we further assume that
that the self-energy becomes block diagonal duetor, Iy =T,=0_ ([1;=T3 =0 due toP;=P,=1) and T

and the expression of curreht can be simplified as =I'g, then the systemH; ,F,)-QD-Siis similar to a special
. N-QD-S one, in which the two spin bands bfhave differ-
L= | deolA(fi—F )+ Aol fr—TF- ent chemical potentials controlled b andV,. Define the
! hj olAu(fi= )+ Al = 15) transmission probability of crossed AR's by ar(®)
=T"2|G!,|?, the current can be expressed as
Qi1 T+ Qul 111, gy “TiCw P
r2 ro2 e (Vi
A1=T1 T|GL*+ 11111 [G34%, =5, Tar(w)do. (16)
V2

— r|2 r |2
A=l T1|G2d ™+ T2 Ty [Gad” Notice thatT,r(w) is an even function ofv, the above
A current formula implies that the sign of or I, is not deter-
le:rlTF55[|Gfll|2+ |GL2+2 Re( - —GY, 5’5” mined byV, or V, but by 3(V;+V,). This is quite unusual
w because it contains the case thgt>0 andV,<0 but |,
A =1,>0 (this unusual property was previously addressed in
+F1lFS";3[|Gr33|2+|Gr34|2+2 Re( + —G’33Gr3’;”, Ref. 20. Generally, for a three-terminal system, one may
@ expect that current flows out of the terminal with highest
B o Co voltage and into the terminal with lowest voltage. But for the
Qu=T'y I'yy|GLy*+T 5T |Gag*. current conducted by crossed AR’s, the sign of current in
. ) . each ferromagnetic terminal is linked to the averaged chemi-
At zero temperature and in the low bias regime, the curgg| potential of the two, because two ferromagnets cooperate
rent of theQ, process vanishes. Further assuming that bothyith each other in this process, with total energy balanced.
F, andF; are fully polarized, bottQ,, and Ay, processes  Figure 6 illustrates the conducting process corresponding to
are also forbidden. Only the process A&f,, i.e., crossed the case ofl;=1,>0 with u;>0 and u,<0 but 3(u,
AR’s involving F, F, andS, contributes to the current; + 115)>0.
andl, are derived as We ignore the energy structure of QD in Fig. 6 for sim-
plicity, however, the current=1,=1, depends strongly on
., _*© P2 = the transmission probability of QD. In fadt,s the integral
I=I1—I2—HJ' ol I'y|Gd (f1=f2). (19 of Tar(w) over the range of £ V,,V,). Figure 7 shows the
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(a) T,=0.02A T'_=0.5A

:::‘:_-::3: 1.0
=== [[]]]
—_ 0.041 == /l'.'.'"
€ i
g LT [ 11T <
D 00071 = ‘:'/‘l”iiii/” = 05
= [ |
-0.041 == = _ 04 JL\ JL
00w
\'¢ * 05 0.0 05 10

§ (4) ' ) 0. o/A

| (eA/h)

0.0

| (ea/h)

-0.5 0.5 1.0

o)/A

FIG. 7. The current=1,=1, vs the bias voltages\;,V,) for three typical caseda) I' <I'r; (b) I',=Tg; and(c) I';>T'r. The
surface ofl (V{,V,) has a close relationship to the spectrligk(w), which can be used to extract the latter.
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surfaces ofl (V,,V,) and correspondin@ ag(w) spectrum ACKNOWLEDGMENTS

for three typical cases of | and I'g. In Fig. 7@, I',

<TI'g, the spin degenerate level of QD is hybridized to two This project was supported by NSFC under Grant No.
Andreev bound states due to coupling w@hwhile the cou- 10074001. We would like to thank Y. Lu and Y. F. Yang for
pling with F; andF, provides the small broadening to these useful discussions. One of the auth@FsH. Lin) would also
bound statesT 5 has two peaks with the maximum of unity like to acknowledge the support from the Visiting Scholar
at each of the Andreev bound states. Correspondingly, theoundation of State Key Laboratory for Mesoscopic Physics
surface ofl(V,,V,) has five steps: the highest step corre-in Peking University.
sponds to ¢ V,,V,) covering both of the peaks; the second

step(including two patcheéscorresponds to{V,,V;) cov-

ering one of the peaks; the third stémcluding three

patches corresponds to {V,,V,) or (V4,—V,) covering

none of the peaks; the fourth stéimcluding two patches In this Appendix, we present the detailed derivation of the
corresponds to\(;, — V,) covering one of the peaks; and the formulas(3)—(7) by using the nonequilibrium Green function
lowest step corresponds t&/{,—V,) covering both of the and introducing a 44 matrix representation.

peaks. In Fig. ®), I' =I'g, the Andreev bound states are  Since the current through QD can be expressed in terms
sufficiently broadened so that the two peaksTikgk merge  of the Green functions of QD, we first derive the retarded
into one. The one peak structure Bhr spectrum corre-  and distribution Green functions by the Dyson equation and
sponds to three step patternlifV/,,V,) surface. In Fig. &),  the Keldysh equation. To include the physics of Andreev
I' >Tg, the resonant level of QD is significantly broadened,reflections and the spin-flip processes in a unified formula-
as a resultTag is small and flat with tails a=*A. The  tjon, we introduce a %4 matrix representation, in which the
structurelessTpr spectrum corresponds to a plain in Green function is defined as

I(V,,V,) surface, proportional tg(V;+V,). In short, the

T ar SPectrum can be extracted from the measurement of the
I(V{,V,) surface.

APPENDIX

Cy
= CI i T
V. CONCLUSIONS =\ e, | e e e e (A1)
In this paper, we have investigated the Andreev reflection C}r

in a (F1,F,)-QD-S system. By using the nonequilibrium
Green function, a general current formula is derived, allow- ] ) o )
ing arbitrary spin polarizations, magnetization orientations,1he pPhysical meaning of the elementsfis illustrated in
and bias voltages iF, andF,. The formula is applied to the following:

several special cases, revealing some interesting properties of

this system{i) Analogous to the Fermi velocity mismatch in ete—etleTe—hTlet—ellet—h]l
F/S contact, the zero-bias conductanceFfQD-S reaches
its maximum 4°/h if the matching conditiorI‘LTl“lel“zR ht—etllht—hllht—ellhT—h|
is satisfied. (i) For total current (conductance of
(F41,F»)-QD-S with V;=V,, the two ferromagnets, and el—ellel—hllel—elle|l—h]|
F, are equivalent to an effective ferromagrfet and the
effective polarizatiorP can be tuned by the angle between |h |«— e T|h [«— h T|h |[«— e ||lh ]—h]

the spin orientations of; andF,. (iii) There is a different
effect of magnetoresistance inF{,F,)-QD-S (named
ARMR), in which the conductance fd¥; andF, in antifer-
romagnetic alignment is larger than that in ferromagnetic
alignment. Based on this effect, a possible way to measurg which eT«—h| represents the process that a hole with
the spin polarization of ferromagnetic material is proposedspin| is converted into an electron with spinetc.

(iv) The nonequilibrium transport of this system is quite  Let G' denote the Fourier transformed retarded Green

unusual. Especially i, andF, are fully but opposite po- function of QD, andG" can be solved by the Dyson equation
larized, the signs of the current throughh and F, is de-

termined by3(V,+V,) rather thanV; or V,. Furthermore,
the surface of (V,,V,) depends strongly on the AR trans-
mission probability, which can be applied to extract the lat-
ter. Finally, we believe that the suggestdd, (F,)-QD-S
system is accessible with up-to-date nano technology, and wia which ¢’ is the retarded Green function of an isolated QD
are eager to see relevant experiments on such an appealingdy' is the self-energy due to couplings between QD and
system. leads.g’ can be easily obtained as

(A2)

Gr:gr+gr2rGr’ (A3)

024516-7



YU ZHU, QING-FENG SUN, AND TSUNG-HAN LIN PHYSICAL REVIEW B65 024516

1
e 0 0 0
w— E0+ |O+
1
0 —_— 0 0
w+Eq+i0"
g= L , (A4)
0 0 0
w— E0+ |O+
1
0 0 0 _
w+Ey+i0”"
while X" consists of three parts,
3 =31 +35+ 3. (A5)

31 is the self-energy from the coupling between QD &nd given by

ry, 0 0 0

il o Ty 0 0

=731 0 o0 ry, 0] (A6)
0 0 0 Ty

in whichI"y; andT’; | are the spin-dependent coupling strengths defineB hys 27N, |t;,|?, with N;,, being the density of
states of spirr band ofF,. X} is the self-energy from the coupling between QD &nd given by
CZFZT"FSZFZl O SC(FZT_FZL) O
s__ i 0 C2y +57T y 0 sc(I'p—Ty)) A
2 2 SC(FZT_FZl) 0 C2F21+32F2T 0 '
0 sc(I'y;—Ty)) 0 clp +57T

in which s=sin (#/2), c=cos @/2), I';;, andI',; are de- ThusG' can be obtained by solving the Dyson equation, Eq.
fined similarly tolI';; andI'; . 2 is the self-energy from the (A3).

coupling between QD an§, given by Let G~ denote the Fourier transformed distribution Green
function of QD, andG= can be obtained by the Keldysh
A ;
1 % 0 o equation
w
A G==G'3~G~ (A10)
-— 1 0 O
i ® Notice that the advanced Green function and self-energy are
2 _EFSP(“’) Al (A8)  the Hermitian conjugations of the corresponding retarded
0 o 1 — Green function and self-energy. A~ can be obtained by
@ applying the fluctuation-dissipation theorem to eact2gf,
A < <
0 o 2 1 3, andXg,
w

< _ < < <
in which T'.=27N|t|?, with N, being the density of states R R
when the superconductor is in the normal stalgy) is the

modified BCS density of states defined by 3T=F (2330,
ol sa 35 =Fy(33-3)),
Jo?—AZ
plw)= (A9) 35 =F(22-3)), (A1)
——  |w|<A.
iVA?— w? in which
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f, 0 0 O where f,, f1, f,, f,, andf denotef(w—V,), f(0+V;y),
0O f, 0 O f(o—V,), f(w+V,), andf(w), respectively, in whichi(w)
Fi=l 0 o f, o] (A12) s the Fermi distribution function.
0 0 0 f_l Then, the current flowing fronfr; to the QD can be ex-
pressed in terms dB" andG*= as
f, 0 0 O
0 0 O e
Fo= 0 fg f2 WK (A13) I1:|1T+Illzﬁf dw[(G21)<+H.C.]11+33, (AlS)
0 O f_2
in which we have used the compact notation&B]~
f 00 O =A'B +A“B2and[ Ji1:35=[ Juut[ ls3. After some al-
Fo 0O f 0O (AL4) gebraic manipulations, the current can be divided into con-
s10 O f Of- tributions from four conducting processes, as shown and in-
0O 0 0 f terpreted in Sec. Il.
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