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We take the Andreev reflection into account and apply a quantum-mechanical approach to studying spin-
polarized transport in a ferromagnet/superconductor/ferromagnet double tunnel junction and its effect on su-
perconductivity in the superconductor. It is found that in the presence of the Andreev reflection the tunneling
magnetoresistance in the double tunnel junction depends strongly on barrier strength. In the antiferromagnetic
alignment of the magnetizations, an increase in bias voltage will give rise to a first-order transition from the
superconducting state to a normal one.

Spin-polarized transport has received considerable thequnctions to the FM/SC ones and recalculate the spin-
retical and experimental attention in recent yéafs.most  imbalance and TMR in the FM/SC/FM double tunnel junc-
noticeable effect is the large tunneling magnetoresistancgons. This approach has been used to study the TMR in
(TMR) observed in a magnetic tunnel junction composed of~M/FM (Ref. 13 and FM/NM/FM (Ref. 5 tunnel junctions.
two ferromagnetic metdFM) films separated by an insulat- Since the Andreev reflection is considered fully, the present
ing barrier film?2 The tunnel resistance is maximal when the approach is very suitable to a barrier of arbitrary strength at
magnetizations of two FMs are antiparallel to each otherthe FM/SC interface. It is shown that the barrier strength has
while it is minimal when the magnetizations are aligned in aa great influence on the TMR, while its effect on the spin
magnetic field, resulting in a large TMR in the FM/FM tun- imbalance as well as superconductivity in the SC is relatively
nel junction®* Recently, the study of the TMR has been smaller. Besides, we find that with increasing the spin imbal-
extended to FM/normal metaiNM)/FM double tunnel ance, the energy-gap parameter decreases and has a sudden

junctions®® drop from the superconducting to normal state at a critical
In reality, the first measurement on the spin polarizationbias voltage, exhibiting first-order transition behavior.
of the current was made in FM/supercondudfm/SC) tun- Let us consider a FM/SC/FM double tunnel junction. The

nel junctions’ Since the Cooper pairs in spin singlet super-left and right electrodes are made of the same FM; they are
conductors are formed between up and down spins, the spiiseparated from the central SC electrode by two thin insulat-
polarized current tunneling from the FM into the SC inducesing layers, respectively. The layers are assumed to br-the
a spin imbalance and so gives rise to a suppression of thelane and to be stacked along thdirection. The scattering
superconductivity in SC. In a FM/SC/FM double tunnel Hamiltonian of two thin insulating layers is described by two
junction® there is a strong competition between supercon--type potentials? yielding
ductivity and magnetism induced by the spin polakgization in
SC. Very recently, Takahashi, Imamura, and MaeKaveae _ _
studied the spin-imbalance and TMR in FM/SC/FM double Hi=Uolo(z=al2) + sz +al2)], @
tunnel junctions. They showed that the spin-imbalance in SC ) )
can strongly suppress the superconductivity and the TMRVherea s the thickness of the SC layer aky depends on
exhibits unusual voltage dependence below the supercofi?€ Product of the barrier height and width. In this warls
ducting transition temperatufg, . Their calculation for the ~considered to be long enough so that the electrons tunneling
tunneling current is based on a phenomenological model, iff't® the SC satisfy the Fermi distribution. At the same time,
which Andreev reflectiolf is not considered. For high bar- 't iS shorter than the spin relaxation length so that the spin
rier strength, the Andreev reflection has little contribution tofllP can be negligible in the SC layér. o
the tunneling current. With decreasing barrier strength, how- N the spin-polarized free-electron approximation, the
ever, the Andreev reflection becomes more and more impof€/€ctron Hamiltonian in the FMs is given by
tant. The Andreev reflection can be regarded as a conversion
of normal current to supercurrent at a NM/SC interf&cas 52 g2
a spin-up electron is injected from a NM into a SC through Hew=— >m _z_h(z)"” 2
the interface between them, it must be a member of a pair. or
The other electron with spin down required for the formation
of the pair is obtained from the NM, thus leaving behind awhere the first term on the right-hand side is the kinetic
hole at the interface. The reflected hole has the same energyergy, and the second one is the internal exchange energy
and quasimomentum as the incident electron, but the velocitwith h(z) the molecular field and the conventional Pauli
changes sign and so the hole propagates away from the ispin operator. In the ferromagneti€) alignment of magne-
terface. Such a hole is the absence of a spin-down electrotizations of the two FM electrodesh(z<—a/2)=h(z
corresponding to a spin-up elementary excitation “hole.” >a/2); while in the antiferromagneti¢A) alignment, h(z

In this work we extend the quantum-mechanical approach<a/2)= —h(z>a/2), where the magnitude df is equal to
of Blonder, Tinkham, and Klapwifé for NM/SC tunnel T'/2 with T the difference between the bottoms of the

0163-1829/2000/621)/143265)/$15.00 PRB 62 14 326 ©2000 The American Physical Society



PRB 62 ANDREEV REFLECTION EFFECT ON SPIN-POLARIZED ... 14 327

spin-up and spin-down energy subbands. The one-electron
energies relative to the chemical potentiy) are given by
Ex =h2k2/2m—Er and E =#%k{/2m+T —Eg, respec-
tively, for the majority and minority spin directionpin

1.0

parallel and antiparallel to the local magnetizajion 08 f
The bias voltages-V/2 andV/2 are applied to the left
and right electrodes, respectively. In thealignment, the Sosl
number of the spin-ugspin-down electrons tunneling into <
the SC through the left FM/SC junction is equal to that of the
spin-up (spin-down electrons tunneling out of the SC 04T
through the right SC/FM junction, so that there is no non-
equilibrium spin density in the SC. In thalignment, how- 02 r |
ever, the situation is quite different. The difference in num- |
ber between spin-ugspin-down electrons tunneling into 0.0 55 v 0-!5 5 -
and out of the SC induces accumulation of electrons with ) | ' WA, | '

one spin and deficiency with the other spin. Owing to the

spin-polarized tunneling, the chemical potentials of the FIG. 1. Energy-gap parametdrof the SC as a function ofu
spin-up and spin-down quasiparticles are shiftedspyop-  (solid lines in the A alignment for kgT/A,
positely from that in the equilibrium state. The electron=0, 0.1, 0.2, 0.3, 0.4, and 0.5 in order from upper to lower. The

Hamiltonian in SC is written as

_ t t t
Hsc= kE €kCyyCiko T Ek Op(Cy; Cp — Cy | Ciy)
g

_9

5 ®

T T _
k%: CuroC ki gCkaC ko
g

where e,=#%2k?/2m—Eg is the one-electron energy relative

to E¢. In the last term on the right-hand sidgjs the inter-
action potential between electrons, and the sums over
menta run only over the intervals in whichZ wp<e, €.
<hwp With wp the Debye frequency, By the Bogoliubov

Lo T . .
transformationzy, = UxCy,— 7,0kC_ -, Whereo is the spin

opposite too, 7,=1 for o=1, and »,=—1 for o= |,
Hamiltonian(3) can be diagonalized as

Hsc:Ek Ex Vlﬁ’m+2k Eklyll Yk » 4
with
Ekﬂ': §k+ 770'5/“’“ (5)

Here &= \/ek2+ A? is the excitation energy withh the gap
parameter, and

5 1
uk:§(1+6k/§k)v

) 1
Ukzz(l_fklgk)- (6)

dotted line stands for a sudden dropAn
(AO) JﬁwaEk

In| —|= —

A o &k

1
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HereA, is the zero-temperature energy gap in the absence of
spin density 6x=0), andB=1/kgT is the inverse tempera-

1
1+exd B(&t om)]

®

mdure. A derivation of Eq(8) will be given in Appendix A.

From Eq.(8), A is obtained as a function afu for sev-
eral temperatures beloW., as shown in Fig. 1. At zero
temperature A=A, remains unchanged fafu<<Ag, inde-
pendent of increasindu. As du is increased ta\,, A
suddenly drops to zero and the superconductivity vanishes
due to the presence of nonequilibrium spin density. At finite
temperaturesA decreases monotonously with increasing
S, but still has a sudden drop from a finite value to zero.
Such a drop iM\ occurring at a threshold afu shows that
there is a first-order phase transition from the superconduct-
ing state to the normal state. The dropAnis maximal at
T=0 and decreases with increasing temperature. For
kgT/Ay=0.4, the drop ofA has been very small and cannot
be distinguished in Fig. 1. However, it is not equal to zero
until T=T,.. Figure 2 shows the phase diagram in the-T
plane, indicating superconducting and normal regions, and
the critical line u(T) or T¢(Su) between them. This line
stands for the first-order transition discussed above and cul-
minates atT. in a second-order critical point. This phase
diagram is somewhat similar to that in theT plane where
H is the applied magnetic field. It can be understood by the
fact that a nonequilibrium spin density may induce an inter-
nal magnetic field. We wish to point out here that the ab-
scissa of Fig. 1 i$su rather than the applied bias voltage

The gap parameter is determined by the self-consistent equgy, the normal state, a simple relation in tAealignment

tion
AZQ; ukvk(l_<7l¢7k1>_<7l17k1>)- (7)

Substituting Eq(6) into Eq.(7), one gets

was used thabu=3PeV with P the spin polarizatiofi® In
the superconducting state, the relation betwéerandeV is
much more complicated, depending not only on temperature
but also on barrier strength.

In what follows we study tunneling conductance in the
FM/SC/FM double junction, and its effect on the supercon-
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aT :4qukFUkUk/D,

0s | . by=—1+2[Ge;Ke + (Ge;Gn; — 2iZ0erke) (Ug—v) 1/D,
NM (12
06 | where
g D=[(1+4Z%)kE~2iZ(e;— Uny)Ke+ GerUny J(UF—v7)
0w

04T SC ] +(de; +dn)Ke

andZ=Ug,/hv g with vg the Fermi velocity. The dimension-

02T 1 less parameteZ is introduced to describe barrier strendth.

The transmission ratio is given By ;(E) =1—|b,(E)|? and

. . T,:(E)=1a;(E)|?dn; /qe; , from which the tunneling current

0.0 0.2 0.4 for spin-up electrons incident on the FM/SC interface can be
kg T/A, obtained.

. ) The total current passing through the left FM/SC tunnel
FIG. 2. Curve of the criticabu as a function of temperature. It ;

indicates a first-order transition from the superconducting to normaiunCtion is the sum of the spin-up and spin-down currents,
i . " ) =Il4;+14,. DefineN th nsity of stat for
state and culminates &t in a second-order critical point fofu 1=11; +1 . DefineN,(0) as the density of states @ fo

—o the spine electrons in the left FMpg, the corresponding
' Fermi velocity, andA an effective-neck cross-section area.

ductivity in the SC. As one considers a spin-up electron in—The tunneling current is given by

cident on the interface from the left FM with enerBythere "

will be two sets of reflected quasiparticle waves in the |eﬁ|1=NT(0)eUF¢AJ dE[T;(E)+ T, (E)][f(E—eV/2)
FM: normal reflection as an electron with spin up and An- —

dreev reflection as a hole with spin up. The wave function in

the left FM is given by —f(E—é,u)]JrNL(O)ev,:lAf dE[T, | (E)+T1(E)]

0.0

+bTe_iqu2((1))- (9) X[f(E—eVI2)—f(E+ou)]. (13

By using the same procedure, the tunneling current passing
Here the first term on the right-hand side is the incidenthrough the right SC/FM tunnel junction can be obtained.
wave, the second one is the Andreev reflection, and the thirdwing to symmetryl, must have an expression similar to
one is the normal reflectiorh.qe; = V2m(Eg+ E) is the mo-  Eq. (13). Since there is no spin-flip scattering in the present
mentum of the spin-up electron with energ§y and#qy; model, the steady-state current for either spin-up or spin-
={2m(E—E-T) is the momentum of the spin-up hole, down electrons should be continuous, ilgs=1,s wheresis
corresponding to that of the spin-down electron. Owing tothe absolute spin direction. In thé alignment, froml,;
the asymmetry of the spin-up and spin-down subbands in the1,; or 1, =1, , it follows
FM, the magnitude ofj¢; is always not equal to that af;
while they are identical to each other in a nonmagnetic metal [~
wherel’ =y0. In the SC, the transmitted wave, inclgding elec- _de[TTT(E)+TTl(E)][f(E_ o)~ T(E+ou)]1=0.
tronlike and holelike parts, is given by (14)

iq zO
+a,e"ht
T 1

) 1
Vey(z)=e'der® 0

Uy _ Uk As a result, a conclusion tha{u=0 is naturally drawn. In
+dTe'khTz< U ) : (100 theA alignment, a majorityminority) spin in the left FM/SC
Uk K junction will be regarded as a minoritynajority) spin in the
_ \/ \/ﬁ right SC/FM junction, so that the current-continuity condi-
where fike)= V2m[Ep+ V(E—6u)"~A"] and %Ky fion for each spin channel is given by, =15, or Iy, =15,

= \/Zm[EF— V(E+ 8u)?—A?]. Since each of, du, and Yyielding

A is much smaller thatg, ke, andky, can be approxi-

Vsd(z)=c,eker?

mately replaced by the Fermi wave vectir. Applying * 1+P
matching conditions of the wave functions, _xdE[TTT(E)_TTl(E)] f(E—du)= 2 f(E-eVi2)
Vedz=—al2)=V\y(z=—al2), 1-P
sdl )= eul ) —Tf(E+eV/2)}=o, (15)
v v 2mu
( sc) :( FM) + = Wey(z=—al2), where
0z z=-al2 9z z=-al2 h (11)
N, (0 —N,(0
. T( )UFT 1( )UFl (16)

we obtain the Andreev and normal reflection amplitudes as " N{(O)vg;+N;(0)vg,
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FIG. 3. Su as a function of bias voltage in thealignment for FIG. 4. Differential conductance as a function of bias voltage in

kgT/Ay=0.1, 0.2, 0.3, 0.4, and 0.5 in order from upper to lower. the F (solid line) and A (dashed ling alignments withP=0.2 and

The parameters used aRe=0.2, Z=0 (solid lineg, and Z=10 kgT=0.2A,.

(dashed lines The dash-dotted line stands fé.=%PeV in the

normal state. TMR change from positive to negative. The unusual variance
of TMR with Z can be understood by the fact that the trans-

is the spin polarization. In the normal stafe; andT;| have =~ MISSion coefficient,T;,(E) +T; (E), haslzqwte a different
only weak E dependence in the effective integral range so€nergy dependence fa=0 and largeZ.”* In the metallic
that they can be regarded as being constant. It then follow&mit of Z=0, where the Andreev reflection plays an impor-
from Eq. (15) that Su=3%PeV in the normal state. In the tant role, the transmission coeff|C|e_nt flarc A is about two
superconducting state, however, this linear relation is validimes greater than that fé> A, having a rapid decrease as
only in the zero bias-voltage limit; the general relation be-soon as is beyondA, as shown by the dashed line in Fig. 6.
tweeneV and i must be determined self-consistently by Owing to nonequilibrium spin densityy in the A alignment
Egs. (8) and (15). Figure 3 shows calculated results for. IS always smaller thad in the F alignment, leading tdg

vs eV. They not only have a big departure from the linear>!a. With increasing voltage, the increase &k enlarges
relationship, but also exhibit strong temperature dependencée difference inA between thé= andA alignments, and so
With |0\Nering temperature, the increase rate &i with the normal TMR increases with VOItage. On the other hand,

voltage becomes greater and greater. Besides, they are fouiitithe tunneling limit of largeZ, the situation is quite differ-
to depend on the barrier strength. ent. As shown by the solid line in Fig. 6, the transmission
We now study the TMR effect in the present double tun-coefficient is very small foE<A, exhibits a sharp peak at
neling junction. In either thé or F alignment, the tunneling E=A, and tends to a constant value #rA. In this case,
current can be calculated by Ed.3). The main difference is the energy range dE<<A has little contribution to the tun-
that Su needs to be determined from Eqs) and(lS) in the neIing current. As a result, the tunneling current in the
A alignment, whilesu=0 in the F alignment. Besides, in alignment, where\ is smaller tham\o and the sharp peak in
the A and F alignments,T,;+T,, has different energy de-
pendence because of the difference in the gap paramete 02
Figure 4 shows the voltage dependence of the differential
conductanceGg and G, in the F and A alignments. For
strong barrier strengttiarge Z), eitherGg or G, has a high 04 |
peak neareV=2A,, while it is relatively smaller for low
voltage. This is because &sis large enough, the Andreev S
reflection has little contribution td1/dV for eVi2<Ao. Fur- | N
thermore G, increases with voltage more rapidly th&g in =
the greatest range of voltage, leading to an inverse TMR
effect (1 5> wherel =f})’[d|/d\/]d\/). In the metallic limit
of Z=0, the contribution of the Andreev reflection makes 017
G andG, decrease with voltage, ar@le is always greater
thanG,, resulting in a normal TMRIE>1,). The tunneling

magnetoresistance is calculated by TMRg—14)/1 o with —0.2 s .

the same voltage. The calculated result in Fig. 5 indicates 00 % wes P 15
that for low voltages, the TMR is always positive and has °

relatively weaker dependence @nwhile for eV/2A>0.75, FIG. 5. TMR as a function of bias voltage with=0.2 and

the TMR depends strongly on barrier strength and shifts rapkgT=0.2A,. The curve shifts gradually lower witd? increasing
idly towards lower with increasing, making the sign of from zero at a regular interval of 0.5.
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2.0 === : - In summary we have shown that the Andreev reflection
plays an important role in the tunneling magnetoresistance
(TMR) in the FM/SC/FM double tunnel junctions. In tie

\ | alignment of the magnetizations, the spin-polarized tunneling
\ current induces spin imbalance in the SC and so gives rise to
N a first-order transition at a critical voltage where the super-
conducting gap parameter has a sudden drop from a finite
value to zero. With increasing barrier strength, the TMR near
kgT=2A, changes from positivel £>1,) to negative (¢
<l,), which is attributed to a different energy dependence
of the transmission coefficient in the metallic and tunneling
limits.

This work was supported by the National Natural Science
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0

Substituting Eq«(6) into Eq. (7) and replacing the sum-

FIG. 6. Energy dependence of the transmission coefficient in the
mation overk by an integral oveg,, we get

F alignment forz=0 (dashed lingand Z?=5 (solid line) with P

hopd €k
1=N(0>gf0 & v = (ama)), (A
Fig. 6 will shift toward the left, is greater than that in tRe ) K _ )
alignment, leading to an inverse TMR. whereN(0) is the density of states & in the SC. Since

Finally, we wish to briefly discuss three-dimensiof@D) Jh“Pdey/ &= sinh™Yhwp /A)=In(2hwp /A), Eq. (A1) can be
effects because in this paper a one-dimensida&l) ap- approximately written as

proach has been approximately applied to a 3D system. This 4 2% w hopde,
approximation corresponds to only a perpendicular incidence N(0)g = ( A > —f (<7|q Vi) (Y vl
0
(A2)

used to replace various possible angles of incidence. If the
be expressed in the same form as B@), butT,,.(E) init At zero temperature and in the absencedpf, (yy;¥i)

3D approach is used, we find that the tunneling current can

should be replaced by =0 and(ykl ¥k,)=0, so that Eq(A2) is reduced to
_ 11
T ()= 5[ uduRd T, (Ew). @7 L _ | [Zheo a3
2Jo N(0)g Ao

HereT,, (E,u) has the same expressions as BE@) pro- whereAj is the zero-temperature energy gap in the absence
vided that gg, qm, and kg are replaced by of spin density 6x=0), as indicated in the text. Then, Eq.
\/qu kH \/th k” and vk 2_ 2 respectively, withk; (8) can be readily obtained by comparing E42) with Eq.
=kgu. The 3D formulas have been used to perform numeri{A3) and taklng into account yy; yi) = 14 1+ exp B(&

cal calculations; it is found that there is no significant differ- + du)]} and(y,<l Yk = 1K1+ exd B(é&— dw)1}. If taking Su
ence in calculated results between the 1D and 3D ap=0 in Eq.(8), the formula is found to reduce {d46.27 of

proaches. Ref. 14.
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