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The Blonder-Tinkham-Klapwijk(BTK) approach is extended to study coherent quantum transport in
ferromagnet/superconductor/ferromag(feé/SC/SM double tunnel junctions. In order to guarantee current
conservation it is necessary to simultaneously consider spin-polarized electron currents along one direction and
spin-polarized hole currents along the opposite direction, and to determine self-consistently the chemical
potential in SC. It is found that all the reflection and transmission coefficients in BTK theory as well as
conductance spectra oscillate with energy, exhibiting different behavior in the metallic and tunnel limits.
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[. INTRODUCTION and spin-down electrons in SC for the antiparallel magneti-

zations of the two FM’s, and the resulting TMR exhibits
Since the discovery of giant magnetoresistance effects ignomalous voltage dependence on exchange potential and
magnetic multilayef, spin-polarized electron transport in Parrier strength. On the other hand, the coherent quantum

various magnetic nanostructured systems has attracted mu thne![ir:l.gkmay apfpge&r _int F'IW SC/FM dol?ble tunﬁeH]uncti?]ns
attention’ A most noticeable effect is the large tunnelingI € thickness o Interiayer 1s smaf enougn. The coher-

magnetoresistancd TMR) observed in a ferromagnet/ ent tunneling has been studied in SC/NM/SC tunnel junc-

) . tions (with NM the normal metallic film by considering the
ferromagne{FM/FM) tunnel junction composed of two fer- current-carrying Andreev bound statt¥ and multiple

romagnetic metallic films separated by a thin insulatingar 19-21 Sjnce “earlier experiments by Tomaéithe geo-
film.>*The tunneling conductance is minimal when the magmetric resonance nature of the differential conductance oscil-
netizations of two ferromagnetic layers are antiparallel tolations in SC/NM/SC and NM/SC/NM tunnel junctions has
each other, while it is maximal when the magnetizations ardeen ascribed to the quasipartical interference in the central
parallel aligned by a magnetic field, exhibiting a large TMR. film.?*~% Recently, The McMillan-Rowell oscillations were
On the other hand, the spin-polarized tunneling current irPbserved in SC/NM/SC edge junctions efvave SC, and
FM/superconductotFM/SC) tunnel junctions is an interest- used for measurements of the superconducting gap and the
ing subject from the viewpoint of either basic physics or ~&Mi velocity”

device applications. The conductance due to the Andreev r%eg:e Va(ljoer;gerljzgshatrg-Kcltzli)(\:ltljllj:t(eBTlff?e a%%ﬁggftarr:?: of

flection (AR) (Ref. 5 is strongly affected by the spin polar- NM/SC 2°-35 EM/SC 1912 and FM/FM/SC(Ref. 36 tunnel

ization of FM. This idea has been verified by experiments innctions. It is also suitable to the study of the TMR effect in

the FM/SC thin film nanocontaftFM/SC metallic point  EpyeEm tunnel junctions’ the coherent tunneling conduc-

contact] and FMid-wave SC junctiorf. Especially, Soulen  tance in FM/NM/FM double tunnel junctiori&and incoher-
et al” have successfully determined the spin polarization agnt tunneling conductance in FM/SC/FM double tunnel
the Fermi energy for several FM's by measuring the differ-junctions!® Very recently, this approach was extended to the
ential conductance of the FM/SC metallic point contact. Thecoherent tunneling case of the FM/SC/FM double tunnel
oretical works have clarified that the AR is suppressed by th@unction with the SC interlayer thin enoudhFor a spins
exchange interaction of FM in the FM/S@ith d- or swave electron incident on the left FM/SC interface from the left
pairing junctions. The effects of the exchange interaction inFM, there are two sets of reflected quasiparticle waves in the
FM, the interfacial barrier strength, and the Fermi wave-left FM: normal reflection as an electron of sgwith prob-
vector mismatch between FM and SC regions on differentiafbility Bs(E) and Andreev reflection as a hole of the oppo-
conductances  of FM/SC junctions have beensite spins with probability Ag(E), as shown in Fig. (). In
investigated. 3 the right FM, there are two sets of transmitted waves: elec-
Recently, the study of TMR has been extended taronlike quasiparticle with probabilityCs(E) and holelike
FM/s-wave SC/FM(Refs. 14,15 and FMd-wave SC/FM quasiparticle with probabilityDg(E). The conservation of
(Ref. 16 double tunnel junctions. For the incoherent probability requires thatAg(E)-+Bg(E)+ Cg(E)+Dg(E)
tunneling**~%the spin-polarized tunneling currents may in- =1. From this conservation condition, one finds that 1
duce a difference in the chemical potential between spin-up- Ag(E) —B¢(E) cannot be equal tcC4(E)—D3(E) pro-
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M I sC I ™M they are separated from the central SC by two thin insulating
bye— | 9«— e interfaces, respectively. The layers are assumed to bg-the
A — > ! (@) plane and to be stacked along théirection. The scattering
et B Hamiltonian of two thin insulating interlayer is modeled by
9, €--- |he--- ) the two &-type barrier potentialsU(x)=Ug[ 8(X) + o(x
~ ~ —L)], whereL is the thickness of the SC interlayer atg
3 ——o — 9| =% depends on the product of barrier height and width. The two
C— <--3 () FM’s have the same exchange splitting, which is described
Ge--- [T _ by h(r)=h[®(—x)=0(x—L)] where the plus/minusg|
Bl B « sign corresponds to the parali@) [antiparallel(AP)] con-
0 L figuration of magnetizations, artdl(x) is the Heaviside step

FIG. 1. Schematic illustration of reflections and transmissions offunCtion' We neglect for simplicity the self-consistency of
quasiparticles in an FM/SC/FM structure. spatial distribution of the pair potential in SRefs. 41,42

and take it as a step functidn(x) = A0 (x)® (L —x), where
A is the bulk superconducting gap.

The Bogoliubov—de Gennd8dG) approach?® is applied
to study the quasiparticle transport in the FM/SC/FM struc-
SC is taken into accoul® the current conservation MUre- The motion of conduction electrons in FM can be de-
conditior® can not be satisfieél, i.e., the current calculated a§cribed by an gffective single-particle Har_nilt(_)nian With an
the left FM/SC interface by use of1Ag(E) — By(E) is un- exchange splitting . In the absence of spln—f!lp scattering,
equal to that calculated at the right interface by use o%he sp|r:—%e_p(;:n(t:iemtoutr—cofTvp\)/oner)tBdG e?uanortls m:?\y be ¢
Cs(E) —Dg(E). It is found that the differential conductances ecoupied Into two S€ts of two-component equations. oné for
calculated from % AJ(E)—Bg(E) and from Cy(E) the spin-up electronlike and spin-down holelike quasiparticle

S S S

—D3(E) not only differ in magnitude from each other, but Wavet'fun;:tlons G;.v)), the gther for @ ,vy). The BdG
also have a phase difference in the metallic limit. The lattef-quation for Gr.v)) is given by

vided that eitherAg(E) or Dg(E) is not vanishing. It then
follows that in the present FM/SC/FM double tunnel junc-
tions, if only the injection of electrons from the left FM to

arises from the creation and annihilation of Cooper pairs in - 1y 1y~ h(r A(X

SC. In order to solve this difficulty, we propose that in the of i S . (x) } U = ur () ,
presence of a voltage drop between the two FM electrodes, A*(x) —Hg(r)—h(r)|lv(x) v (X)

not only there are spin-polarized electrons incident on the 1)

left FM/SC interface from the left FM, but also there are whereHo(r):—ﬁZVf/ZerV(r)—EF with V(r) the usual

spin-polarized holes incident on the right SC/FM interfacegaiic potential, and the excitation enefgys measured rela-
from the right FM, as shown in Fig.(&). In this case, the tive to Fermi energyEr .

chemical potential in SC is determined by the current con- £ the injection of a spin-up electron from the left FM, as

servation condition, i.e., the currents through the left FM/SCqpo\wn in Fig. 1a), there are four possible trajectories: nor-

interface and the right one must be equal to each other. Uk, yefiection b,), Andreev reflectiond, ), transmission to
like in Ref. 39, the differential conductance obtained in thethe right electrode as an electronlike quasiparticlg ( and
present approach is a result of combining the electron co ’

M3s a holelike quasiparticled(). We wish to point out that
tribution with the hole contribution. The present approach is . P 0 P

P AR coefficienta, is labeled with subscript, for the AR
similar to that made by LambéPtior an NM/SC/NM double results in an electron deficiency in the spin-down subband in

tunnel junction. In the latter the chemical potential of SC WaSa eft EM. With general solutions of the BAG equatid

glso be chosen self-cqnsstently in order to ensure quasipale \yaye functions in three regions have the following form:
ticle charge conservation.

In this paper what we study is the coherent tunneling con- 1\
ductance in the FM/SC/FM double tunnel junctions. It is ‘P|=( )e‘qTXnLaL
quite different from incoherent tunneling conductance in the 0
similar double tunnel junctions. In the latter case, the thickfor x<0,
ness of SC is large enoudhut smaller than spin diffusion
length so that a double tunnel junction structure can be re- ul o vl uy v
garded as a simple series connection of two independent!n=¢€| e +f| Je " gl je T4hl
FM/SC tunnel junctions. In the present coherent transport, 3)
the quasiparticle interference in SC and resonant tunnelin
play an important role, giving rise to new quantum effects onfor 0<x<L, and
the tunneling conductance and TMR in the FM/SC/SM struc-

1
tures. \I’nl:CT(O)quTX‘Fdl

II. QUASIPARTICAL TRANSPORT COEFFICIENTS

0\ 1 )
1 e+ b, 0 e 19X 2

eik_x

0 —iqx
1)9 ! 4

for x>L. Here q;=v2m(Eg+E+hy)/i and q
Consider an FM/SC/FM double tunnel junction, in which = y2m(Eg—E—hg)/# indicate different Fermi wave vec-
the left and right electrodes are made of the same FM, antbrs for the spin-up electron and spin-down hole in FM, and
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FIG. 2. Refelection and transmission prob-
abilities Ag, Bg, C;, andD (with s=1 ands
=) as a function oE/A for differenthg /Eg in
the P(left column and AP (right column con-
figurations. HereA/Ex=10"2, kL =5000, and

z=0.
0 z 4 6 0 F 4 6
EA EA
= \2m(Eq+ VE?— |A|?)/% is the wave vector of the E 2 [2mn(Eg/A)]? .
electronhke(holellke) quasiparticle in SCu?=1-v?=(1 Al KeL ©
+V1-]A/E[?)/2.

All the coefficients in Eqs(2)—(4) can be determined by o )
boundary conditions at=0 andx=L. They have different FOr the injection of an electrofa holg with such a energy,
expressions for the P and AP magnetization configurations ofe have Ag(E)=Dg(E)= A{(E)=D4(E)=0. In this case,

the two FM's. The boundary conditions are given by there is neither AR nor holgelectron transmission, the qua-
¥,(0)=""¥,(0), (dW¥, /dX),_o— (d¥,/dx),_, Siparticles pass from one FM electrode to the other via SC

=2mUy¥,(0)/£2, W, (L)=¥,(L), and @V, /dx),.,  Without creation or annihilation of Cooper paftsThe oscil-

—(dW,, /dX),— L_ZmUO\Ifm(L)/ﬁZ Since the analytical re- lation period is increased withE, approaching to

sults for these coefficients are tedious, we only give expres27Er/(AkeL) for E>A.

sions fora,, b, ¢;, andd, for the P Conf|gurat|0n in the Figures 2 and 3 show these coefficients as a functida of

Appendlx From them we gefs=|ag%qs/qs, Bs=|bg/?, for different exchange splitting, in FM’s and different bar-
«=|cd? andDg=|d4%qs/qs, respectively, corresponding rier strengthz, exhibiting oscillatory behavior due to the co-

to the AR and normal reflection coefficients, the transmissiofi€Tent tunneling through the FM/SC/FM structure. The pa-

coefficients of electronlike and holelike quasiparticles withfameters used in the calculation e /A= 10° and keL

s=1 and |, ands standing for the spin opposite ® It is =5000. Forz=0, as shown in Fig. 2, the AR plays an im-

easily shown that they satisfy the probability conservatior?°"tant role in the coherent tunneling. In this case, For
condition. For a spin-down holes incident from the right, as<4. Cs, D5, Cs, andDy are almost vanishing, so that in
shown in Fig. 1b), a;, b, , ¢,, andd; can be obtained by a this energy range not onljs(E) = A4(E), but alsoBy(E)
similar calculation, and their expressmns are also given ir= B(E). The spins electron incident to the left FM/SC in-
the Appendix. As a result, we havA,=|ag?qs/qs, B; terface and its AR give rise to creating the Cooper pair in SC,
=|bg?, Cs=|d4?, and Ds=|c4?qs/qs. From Egs.(A1),  While the spins s hole incident to the right FM/SC interface
(A4) (A8), and (A11), it follows that A, (E)=A(E) and and its AR corresponds to the process that a couple of elec-
f ! trons due to the Cooper pair broken transmit into the right
D/ (E)=D(E) in the P configuration. Similarly, it can be £y it is found that with increasing),, the AR coefficients
shown thatA;(E)=A(E) and DT(E) D|(E) in the AP (A are suppressed and the normal reflection coefficients
configuration. From the expressions given in the Append|X(B o) are increased. FdE>A, ash, is increased, the oscil-

another interesting feature is found. Sinkg, D5, As, and  |atory amplitudes forCg, B, and Dy are increased. The
D, are proportional to siitk, —k_)L/2], they are identically oscillatory behavior stems from interference effects in SC
vanishing if k, —k_)L=2ns with n arbitrary positive in- between electronlike and holelike quasiparticles. The oscilla-
teger. This condition is equivalent to tion period for these coefficients is determined by E5),
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FIG. 3. The same as in Fig. 2 except that dif-
ferent values of are taken fohy /Ex=0.5 fixed.

02

depending on the thickness of the SC interlayer at fixinghas split across. In the tunnel limiz€5 in Fig. 4), each
A/Eg value. For a very thin superconducting film, the periodsplit peak becomes two sharp peaks, corresponding to a se-

is very large so that the oscillation is less pronounced. ries of bound states of quasiparticles in SC. It is found that
An increase of the barrier strength gives rise to reducinghe positions of these peaks are determine& py=n and
As, Cs, Ag, andCg and to enhancin®, Dg, B, andDg, k_L=n and the minimum between the two adjacent peaks

as shown in Fig. 3. Agis increased to be 1, each peakAm is determined byK, —k_)L=(2n— 1) with n the positive

FIG. 4. The same as in Fig. 3 except that
ho/EF:02

03 03[
D D
0z ° ozl °
01 01
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integer. This result may be understood by the following ar- 20
gument. In the large limit, Eq. (Al) is reduced to

a =

i)( iuvr,cod (k, —k_)L/2]+O(1/2)
272) \ (u?—v?)sin(k, L)sin(k_L)+O(1/z)
xsin (ks —k_)L/2], (6)

whereO(1/z) stands for those terms proportional t@.1in
this case, in addition to the AR coefficients vanish fat (
—k_)L=2n, same as in Eq(5); they have additional
minima at k, —k_)L=(2n—1). In reality, these minima
are close to zero in the largdimit, so that each peak iAg

or A for z=0 splits into two sharp peaks, as shown in Fig.
4. On the other hand, the dominant term in the denominator
is proportional to sirk, L)sin(k_L), so that the AR coeffi-
cients exhibit maxima or peaks & L=nw and k_L
=ns. These bound states are the result of quantum interfer-
ence between electronlike quasiparticles in the SC well and
between holelike ones, respectively.

ll. DIFFERENTIAL CONDUCTANCE FIG. 5. Differential conductance as a function®fA at differ-
entz=0 (a), z=1 (b), andz=2 (c) in the P configuration, respec-
ively, calculated by ¥ Ag(E) —Bg(E) (solid lineg and byCy(E)
~D4(E) (dashed lines Here A/Er=10"%, keL=5000, and
/EF=0.6.

Once all the transmission and reflection probabilities ar
obtained, we can calculate the current in response to a di
ference in chemical potential between the two FMs, h
— g Since the current must be conserved, it can be calcu-°
lated in any plane. In the P configuration, the current coming

into the SC interlayer via the left FM/SC interface is given g, (E)=G, >, PJ{1+AgE)—B4(E)+CyE)—D4(E)],
by s=1.0
(10)

lL=e(u —up) 2, PJ1+AsBq] in the AP configuration WitlEo=2e2/h. Although the same
s=Tl symbols of Ag(E), B(E), C4(E), and D4(E) are used in
L Egs.(9) and(10) without difference, they have different ex-
+e(u—uR) E P Cs—Dgl, (7) pressions and values in the P and AP configurations, e.g.,
s=Tl shown in Figs. 2—4. We wish to point out that the expres-
sions for the differential conductance given by E.and
(10) are quite different from Eq.3.3) of Ref. 39. In the latter
only the terms of # Ag(E) — B¢(E) were taken into account,
they correspond to the contribution of electron current via
the left interface atx=0. It is found that the differential
lr=e(u,—p) 2 PJC.—D¢] conductance calculated by+A(E)—Bg(E) is (_jiffe_rent
s=1.1 from that calculated b¥Cs(E) —Dg(E), as shown in Fig. 5.
Here the solid and dashed lines correspond, respectively, to
te(p—pur) 2 PJ1+A—Bg. (8)  the contributions of electron currents via the left and right
s=1.0 interfaces. They differ from each other not only in magni-
tude, but also in phase, especially in the metallic limit or for
The current conservation requirgsequal tol g, from which  E<A. Such a phase difference arises from the creation and
w can be determined. For the present FM/SC/FM structuregnnihilation of Cooper pairs with the electrons passing
the two FM’s are identical to each other. In this case we finthough the SC inter|ayer_ We have numerica”y calculated
that u=(u_+ugr)/2 in either P or AP configuration. The the differential conductance spectru@by use of Eqs(9)
differential conductance is given by and (10) in the P and AP configurations of the two FM’s.
Figure 6 shows the normalized conductaf&eersus energy
= = E/A for differentz. Comparing Fig. 6 with Fig. 5, one finds
GP(E):GOS;J PJ{1+AJ{E)=By(E)+Cy(E)~Dy(E)] that the present calculated resfitie solid lines in Fig. Bis
(9) a combined contribution of electron and hole tunneling pro-
cesses in two opposite directions. Although the result in Fig.
in the P configuration and 6 is calculated at the left interface by use of E(®. and

where u is the chemical potential of SC, arfd,=1—-P,
=1(1+hy/Eg). The current coming out of the SC interlayer
via the right FM/SC interface is given by
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along one direction and the hole currents along the other
direction are simultaneously taken into account. Such an ap-
proach can guarantee the conservation of charge and spin
currents in the present structure. The quantum interference
effects of quasiparticle in the SC interlayer give rise to os-
cillations of reflection and transmission probabilities as well
as conductances with energy above the superconducting gap,
the Andreev reflectioM(E) and the corresponding transmis-
sion D(s) vanishing fork, —k_=2n#/L. In the tunnel
limit of large z all the reflection and transmission coeffi-
cients exhibit sharp peaks at the energy satisfyind
=nq or kK_L=na. Another interesting result is that the con-
ductance spectra in the P and AP magnetization configura-
tions have ar phase difference in the metallic limit, but they
have the same phase in the tunnel case of fmifEhe dif-
ference betweeGp(E) andGap(E) exhibits oscillatory be-
havior from positive and negative.

It is expected that the theoretical results obtained will be
confirmed in the future experiments. In principle, oscillation
of differential conductance with the period of geometrical
resonance could be used for spectroscopy of quasiparticle
excitations in SC. In the present model, we have neglected
the spatial variation of the pair potential in the SC due to
proximity effects and the spin flip of the spin polarized cur-
rents. Inclusion of these effects would be necessary for a
complete theory, which merits further study.

FIG. 6. Differential conductance as a functionEfA at differ-
entz=0 (a), z=1 (b), andz=2 (c) in the P(solid lineg and AP
(dashed ling configurations, respectively, calculated by E¢S)
and(10). The parameters used are the same as in Fig. 5.
(10), it is easy to show that the same result can be obtained ACKNOWLEDGMENTS
by a similar calculation at the right interface. This work was supported by the National Natural Science
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G is lowered gradually with increasirg Third, atz=0 there

> A. This result may be attributed to the phase difference AND TRANSMISSION COEFFICIENTS
in reflection coefficient8,(E) between the P and AP con- IN THE P CONFIGURATION
figurations. As shown in Fig. 2, each minimum B{(E) in Using the boundary conditions on the wave functions

the P configuration just corresponds to a peaBgE) inthe  given by Egs(2)—(4) and carrying out a little tedious alge-
AP configuration. With increasing, however, ther phase bra, we find

difference disappears rapidly. _
a;=—16ruv sin (k. —k_)L/2]{(r,+r )

IV. CONCLUSION Xsir[(k+—k,)L/2]+i(u2—v2)
In summary we have extended the BTK approach to X[1—(2zi+r,)(2zi—1)]
studying the spin-dependent coherent quantum transport in f !
the FM/SC/FM structures, in which the electron currents xcog (k. —k_)L/2]}/M, (A1)

b, ={(u?=v??[(2zi+r,—1)(2zi—r;—1)(2zi—r - 1)%'®+ I 4 (2zi+r,+1)(2zi—r1,+1)
X(2zi—r +1)%e etk —2uZy [ cog k, —k_)L—1][(2zi—r )2 = 1][82%+ (1, +1)%+(r;—1)?]
+[(2zi—1)?=r?)(2zi—r | +1)?°Q+[(2zi+1)*~r{](2zi—r —1)*W}/M, (A2)
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c=—4r(W?—v?)e It (2zi—r —1)%*-" W=2uy?—yte e Tkl el mkIL - (Ap)
—(2zi—r +1)%e " FuPH[(2zi-r +1)%e et M =(u2—0?)?[(2zi+r,—1)2(2zi—r —1)%e/: Tkt
—(22i—rl—1)ze”‘+L]vz}/M, (A3) +(22i+rT+1)2(22i_rl+1)2e—i(k++k,)L]
d,=16ir ;uv(u?—v?)e' N[ 1+ (2zi+r)(2zi—r )] +4u?v?cogk, —k_)L—1][(2zi+r;)?—1]
xcog (ky +k_)L/2]—i(4zi+r;—r)) X[(2zi—r|)2=1]+(2zi+r,—1)%(2zi—r | +1)?Q
xsin (ky +k_)L/2]}sin (k. —k_)L/2]/M,  (A4d) +(2zi+r,+1)%(2zi—r —1)?W. (A7)
with These coefficients in Fig.(ly) can be similarly obtained as
Q:2u202_u4ei(k+—k,)L_v4e—i(k+—k,)L’ (A5) ET:_rLaL/rTv (A8)

b, =—eX Ut (u—v?)?[(2zi+T1,—1)2(2zi+r1 |~ 1)(2zi—r —1)e/*+ TKIL 4 (2zi+ 1, +1)%(2zi+r | +1)
X(2zi—r +1)e KTk —2u Y cogk, —k_)L—1][(2zi+r)?=1][82%+ (r |+ 1)%+ (1, — 1)?]
+(2zi+r =1 (2zi+1)?=r?]Q+ (2zi+r; + 1) (2zi—1)*~rF]W}/M, (A9)

c=—4r (uP—v?) U (2zi+r1,+1)%e L — (2zi+r,— 1)2* U+ [ (2zi+r, - 1)%e*-"
—(2zi+r,+1)% - Jo?}/M, (A10)
and

HererT:qT/kF:\/1+h0/EF, I’lqu/kFZ\ 1_ho/E|:, andZ:mUO/(hsz).
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