PHYSICAL REVIEW B 66, 134520 (2002

Spin-orbit scattering effect on critical current in SFIFS tunnel structures

V. N. Krivoruchko and R. V. Petryuk
Donetsk Physics & Technology Institute NAS of Ukraine, R. Luxemburg 72, 83114 Donetsk, Ukraine
(Received 12 April 2002; published 28 October 202

The spin-orbit scattering effect on the critical current through superconductor/ferrom&ihebilayers
separated by an insulat@8FIFS tunnel junctionhas been investigated for the case of the absence of super-
conducting order parameter oscillatiofthin F layers. The analysis is based on a microscopic theory for
proximity-coupled SF structure with arbitrary values of paramefieosindary transparency, proximity effect
strength, relative orientation, and value of the F-layer exchange.fMld find that the spin-orbit scattering
considerably modifies the dc Josephson current in SFIFS tunnel junctions. In contrast to a simple physical
picture, the reduction of the exchange field effects is nonlinear in character, acquiring its maximum in the
field’s region where the critical current enhancement or transition tomth&tate takes place. Hence, for
understanding the various experimental results on tunnel structures with thin F layers, the coupled effects of the
exchange interaction and spin-orbit scattering must be considered.
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[. INTRODUCTION Some features should be taken into account for the theory
to be adjustable for experimental results on SF structures,
Nowadays progress in nanotechnology has made it posnd spin-flip processes are among the important ones. These
sible to produce nanostructures with new physical phenomprocesses can be induced, e.g., by the spin-orbit scattering
ena. This has led to renewed attention to hybrid systemsenters presented in the film; another important source of
consisting of superconduct@®) and ferromagneti¢F) met-  spin-flip processes for nanoscale hybrid structures is a strong
als, displaying rich and elegant physics, and having potentiatlectric field arising near metal-metal boundafi@$he ba-
applications. The transport properties of SF structures witlsic physics behind the spatial oscillations of induced super-
artificial geometry have turned out to be quite unusual. Theseonductivity in SF sandwiches with spin-orbit scattering has
have been treated by several authiorsand the results ob- been recently discussed in Refs. 3 and 14. As is known, in
tained show that in a ferromagnet the Cooper pair potentialhe presence of spin-orbit scattering electron spin is no
not only exponentially decays, but also has an oscillatorjonger a good quantum number and the electron will change
character; i.e., in a ferromagnet the density of Cooper pairs igs spin state during a characteristic timg,, while the Coo-
spatially inhomogeneous and the superconducting order pger pair will mix with its spin-exchanged counterpartner.
rameter contains nodes where the phase changes fyis  This causes a pair to “feel” an exchange field which changes
causes the exchange field dependence of the Josephson ceign at a rate proportional to 45, decreasing the average
pling energy, and if the exchange eneigdy,. in a magnetic ferromagnetic field experienced by the pair. That means that
layer exceeds a certain value, a crossover from 0-phase tbe spin-flip processes not only modify the oscillation length,
m-phase superconductivity takes place. The phenomenon hasit also lead to an extra decay of the Cooper pair potential
been theoretically described for SFS weak links with thick Fand, at a critical strength, these scattering processes can com-
layers' = The crossover to the state even in the absence of pletely suppress the-phase superconductivity.
order parameter oscillations in thin layers was also pre- The scenario of the @~phase transition, as well as the
dicted for SFIFS tunnel junctiongvhere | is an insulatgr  mechanisms of critical current enhancement, in the limit of
with parallel alignment of the layer magnetizatibffor an  thin F layers differs from that for thick F layers. However,
antiparallel orientation, the possibility of critical current en- the basic physics behind the spin-orbit scattering effect for
hancement by exchange interaction in SFIFS junctions witt6F sandwiches where there is no induced order parameter
thin F layers was discussed both for sthalhd bulf® S-  oscillations has not been discussed until now. The purpose of
layer thicknesses. Bergeretal.” considered the model when this paper is to clarify the mechanisms of the influence of
the influence of the F layers on superconductivity is equivaspin-orbit scattering on the critical current in SFIFS tunnel
lent to inclusion of a homogeneous exchange field with astructures with thin F layers. Our analysis is based on an
reduced value and come, actually, to the limit of effectiveextension of calculation$®*°so as to include the effects of
values of the superconducting order parameter and effectiviie spin-orbit scattering, which allow one to obtain analytical
magnetic moment. The authfrsconsider a more realistic solutions that have not been explored yet. Namely, we study
case, particularly taking into account accurate boundary corthe tunnel junction with leads formed by the proximity-
ditions at the S/F interface and spatial variation of the supereoupled SF bilayers of a massigavave superconductor and
conducting state in the S layer. Experimentatyphase su- thin F metals, when the spin-orbit scattering processes take
perconductivity has been observed for SFS weak links Refplace in ferromagnetic layers. The microscopic model of the
10 and SIFS Ref. 11 and SNFNS Ref. 12 tunnel junctiongproximity effect for SF bilayers is employed to discuss the
with thick F layers, while enhancement of the dc Josephsowrase of arbitrary values @F boundary transparency, ferro-
current has not been detected until now. magnetic exchange field, and proximity effect stren@@hc.
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II). The critical current of symmetrical SFIFS junctions is (75— ), the spin-“up” and-“down” subbands do not mix
discussed in Sec. lll where analytical solutions have beewith each other and Ed@2) obtains the usual forrsee, e.g.,
obtained for some particular cases. As we shall see, spin-fliRefs. 6,15.

scattering plays a major role in the transport properties of Equations(1) and (2) should be supplemented with the
superconductor-ferromagnet structures with thin F layers andoundary conditions. In the bulk of the S metal the pair
should be considered for understanding the various experpotential is equal to the BCS order parameig(T) at the

mental results. We close with a Conclusion. temperatureT, ®g(0)=Ag(0)=Ay(T), while at the free
(dielectrig interface of the F metalpf. (—dg)=0. Assum-

Il. SUPERCONDUCTIVITY OF A SE BILAYER WITH ing that there are no spin-flip processes at the SF interface,
SPIN-ORBIT SCATTERING the boundary conditions at this interfa¢see Ref. 15 for

detailg can easily be generalized for the case of two fermi-
We consider the case when both metals are in the dirtynic subband in the form

limit condition és=I5¢ and the S layer is thickis>és,

while the F layer is thinde<min(é-,Dg/27Tc). Hereég YEGE . DL Jw. = G2, Pk | o, 3
=(Dg27Tc)Y? and &= (Dg/2Hq)Y? are the coherence
lengths of the S and F metalgandl - are the electron mean VBFfGFJD/Fi = 9.6 (Ve l0—Dp.[@2). (4

free pathsds g are the thicknesses, adk r are the diffu-
sion coefficients of the S and F metals, respectively. Thes&he parametery and ygg involved in these relations are
conditions make it possible to neglect the reduction of thegiven by y=psés/peé and ygr=Rg/pré, Wherepg, are
critical temperature of the SF bilayer compared to that of thehe normal-state resistances of the S and F metalsRgris
bulk S metal and to imply constant superconducting properthe product of SF boundary resistance and its area. In Egs.
ties through F-layer thickness. Throughout this work the K2) and(3) and below, we have used the effective coherence
layer will be treated as a single-domain film with spin-orbit length é=(Dg/27T¢)Y? thus providing the regular cross-
scattering centers, while there are no such centers in the &er to both limitsTc>H,,—~0 andH.,>Tc. Relation
layer. Then, the superconducting properties of the SF bilayef3) provides the continuity of the supercurrent flowing
are described by the Usadel equatiéh3he latter can be through the SF interface at any value of the interface trans-
written as(the domainx=0 is occupied by the S metal and parency for spin-“up” and -“down” fermionic subbands
x<0 by the F metal separately, while conditio®) accounts for the quality of the
electric contact. An additional physical approximation for
e S these relations to be valid is the assumption that spin dis-
wng[GS” P, ], () crimination by the interface is unimportant; i.e., the interface
parameters involved are the same for both spin subband.
Generalization of Eqs(3) and (4) to the SF interface with
CIE different transmission probabilities for “up” and “down”
p ' spin quasiparticles is straightforward; however, the case we
2 consider contains all the new physics we are interested in and
is simpler. In such ferromagnetic metals as Ni, Gd, etc., the
Here o,=w+ioHey ., o==, and w=w,==T(2n+1), Polarization of the electrons at low temperatures is not more
n=+1*2 ..., is the Matsubara frequency; than 10%, and one can expect that the model under consid-
aso=2/375o and 7sq is the spin-orbit scattering time; the eration reflects the transport properties of these ferromagnets
pair potentialAg is determined by the usual self-consistencyfybrid structures. .
relations(see, e.g. Ref. 17We define thex axis as perpen- ~_Due to the small thickness of tife metal, the proximity
dicular to the film surfaces and the prime denotes differen&ffect problem can be reduced to the boundary problem for
tiation with respect to a coordinate The modified Usadel the S layer and a relation for determinine.. at x=0.

functiond® @, = wFg, /Gs,, Pr,=w,Fr,/Gr,, Where There are three parameters which enter the mogg:

Ge.s andF¢ g are normal and anomalous Green’s functions__ vde /¢, ve=yprde /¢, and the energy of the exchange

for the F and S material, respectively, are introduced to taktgeId Hexc. Using the system of equatiort8) and (4), one

into account the normalized confinement of the Green'<a@n obtain the equations determining the unknown value of

. 2 == . ~ o the functions®.(0) and boundary conditions, fabg. .
functions G"+FF=1; here F(o,Hexd =F"(w,~Hexd  pye to these boundary conditions, all the equations for the
and®s,= oFs,/Gs, (see below We also assume that for a functions®g. and®. are coupled. In the general case, the
nonsuperconducting F metal the bare value of the order payroblem needs self-consistent numerical calculatisimilar
rameterAg=0; however, the Cooper pair correlation func- to those as, e.g., in Refs. 9 and)1Blere, however, we will
tion Fg#0 due to the proximity effect. Equatid2) for the  not discuss the quantitative solution, but pay attention to the
F metal is a generalization of the Usadel equations for theualitative one to consider the new physics we are interested
case when the spin-orbit scattering is present. At temperan,.
tures close toTc, when Ggg,~1 and (DS(F)U/:UO- We will hereinafter assume thatg<1 anddg/¢<1 and
~Fsro. EQ.(2) has been simplified, obtaining the form of solve differential equations by an iteration procedure finding
Egs. (26) of Ref. 3 If the spin-orbit processes are absentthe corrections tebg. (x) and®g. (X) in small parameters

O, =Agt &7

’7TTC , ,
®F1:§2~ [Gzrq)F:] +asoGr=

W+ OE

W= W
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de /¢ and asg. We also restrict ourselves to the quite real- - @ ' T
istic experimental case of a bilayer with a weak proximity
effect and low transparency of the SF boundary, i.e.,
yu<<l andyg=1. Then the problem is simplified and re-
duced to the Usadel Equation4) for the S layer with
boundary condition$3), while Eq.(4) reduces tdthe details
will be published elsewheye

0.2

dg.

iH Gs
£Gss Pl [y 0= Y@+ ——— e A+ =

1+ ZCYSOT
W, w_

)

where we abbreviated. =[1+2ygGsw- + Y202 1Y% Gg

= wl/(w?+A%)Y, and yguw)=7rem) /7T (functions that
are multiplied by ago have been used in the limikgg
—0). Now, the equation for F layer functiof.(0) has

the form
(6)

© 0.1

Gs A
7TTC A2

X

. (5

x=0

YB‘*H 0.0

H /A
exX

0.1 . ! . ! . I . I
0.0 0.5 1.0 1.5 2.0

|

25 3.0
FIG. 1. Critical current of SFIFS tunnel junctions with parallel

orientation of the F-layer magnetizatiq')@M vs exchange energy for
variousaso/Ag=0, 0.05, 0.1, and 0.15; the SF interface transpar-
ency is lowyg=2 and the proximity effect is wealy,=0. The
additive part of critical current due to spin-orbit scatterlﬁgﬁ“"
also shownT=0.1T:.

IH(—Z‘XC
1+ 2aso~ ~
[OFN O

¢)F+(0) GS+(DS+

X[w(yg+Gsx /@ ]|x=0-

In zeroth approximation iy, 5. (0)=0. So we can ne-

glect the suppression of superconductivity in the S layer Sfential, A

suming that®g.(x) is spatially homogeneousbg. (x)
=Ag(X)=Ay(T). In the next order iny,, , by linearizing the
Usadel equations for thé@ . (x) and making use of the re-

into account self-consistently the corrections to the pair po-
s(X), as has been done in Ref. 20. This fact, how-
ever, does not influence the main qualitative results of the
paper, but may lead to quantitative corrections for curves

lotted in Figs. 2 and 4see below. As a rule, the value of
lation (3), the general solution of the linearized equati@n P g 4 W

is given by
P (X)=A{1-C.exp(—Bx/&g)}, (7

where 2= (w?+A3)Y47T.. Substituting this solutions
into the boundary relation&), we get forC..

C.~ ;MIBZ)-*- 1520 iHexc

- 'yM,BZ)i—i-wA+ SOZ)J;),
X GS G_%A_(Z) 8
;BZ)+ w2 Ai ( )

We see that due to the proximity with the F layer magnetic
correlations spread into the S layer, the fermionic symmetry
of the subbands has been lost and the Cooper pair mixes with
its spin-exchanged counterpartner. Using EQ. for x=0

and relation(6), one can find expressions f@Pg.(w,0).
However, we will not show here these expressions because
of their cumbersome structure. Fét.,.—0 the quantity

. — w, and solution(7), (8) reproduces the results obtained i . L : L . L
in Ref. 17 for anSN bilayer. If rgg—, the expressions 0.0 1.5

restore earlier results f@F bilayer (see Refs. 6,9,15 FIG. 2. Critical current of SFIFS tunnel junctions with parallel
Let us make some comments on the results obtained. Thgientation of the F-layer magnetizatipf vs exchange energy for
®g(x) dependence, Ed7), shows theSlayer order param-  variousyy=0, 0.05, 0.1, 0.15y5=2 andaso/Ao=0.1. The ad-
eter suppression only qualitatively. In order to obtain quanditive part of critical current due to spin-orbit scatteriij£" , is
titative accuracy in the smatly, limit, it is necessary to take also shownT=0.1T.
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these corrections is no more than %%or the structures 0.4 " ' " ' " '
under consideration, one can also expect a kind of induced j
magnetic properties for the S layer, which are the result of
phenomena similar to the superconducting proximity
effect?! equilibrium leakage of magnetism into the S metal
results, for example, in a spatially dependent magnetization
of the S layer, local bands that appear inside the energy gap
in the S layer, and others. These induced magnetic properties
of the S metal are quite important for SF nanostructures with
thin S layers (s< &) and should be also taken into account
to obtain self-consistent numerical results.

Ill. CRITICAL CURRENT OF SFIFS TUNNEL JUNCTION 01} 0.05 7

We assume that both banks of the Josephson SFIFS tunnel I r 815
junctions are formed by equivalent SF bilayers, and the 8j. :
transparency of the insulating layer is small enough to ne- 4,
glect the effect of the tunnel current on the superconducting
state of the electrons. The plane SF boundary can have arbi-

trary finite transparency, but it is large compared to the trans- | H_/A,
parency of the junction barrier. The transverse dimensions of | , ! , . . |
the junction are supposed to be much less than the Josephson 0.0 0.5 1.0 1.5

penetration depth, so all quantities depend only on a single L . . .

coordinatex normal to the interface surface of the materials.F_I;:'eGr' ria S:F?:iia?ii) :‘ Elhgé ; d?jl?tti\tgr "’;::'%?rtﬂ('aetzg:i's;ltitlﬁ?eﬁ{ ;hui

Using the above- obtained results we investigate the influ; -, 9 C AR P
o . -, 0 spin-orbit scatteringdj", is also shown.

ence of spin-flip scattering on the critical Josephson currentt

in SFIFS tunnel junctions. The critical curreht of the

(SF) I (FS)g tunnel contact can be written in the forisee,

e.g., Ref. &

superconducting properties of the S metal can be neglected
and the order parameter in tisgegion is spatially homoge-
neous:® . (X)=Ay(T) [see Egs(7) and (8)]. For the am-
plitude of the Josephson current we than obtained

) T GFU(I)F()'
jo=(eR2rTo)lc=Re > —=— T A2
0>00=% o i 0 Ve
ie=2r %, W|”2”“’GS+?B(”2_H5“)
GFO'q)FO' o
L= ~ (9) w 2
= _
T R +8aso;éT|:X2C] {[1+2’waGs
whereRy is the resistance of the contact in the normal state; @ exe

the subscriptL (R) labels quantities referring to the left 2, 2 142 \72 2 2 — -1
(right) bank and the sign of the exchange field depends on + a0 = HE )1 +4H ve(Cst vew) T}
mutual orientation of the bank magnetizations. (11

o o If Hexc— 0, the expressiofill) restores the result for SNINS
A. Parallel orientation of the layer magnetizations junctions[see, e.g., Eq(289 of Ref. 18 for the parameters
For parallel alignment of the layer magnetizations, i.e. values under consideratipris is seen from this expression,
with Z»L=Z)R, the expression for the critical current reads fo_r Ia_rge eno_ugh-lexc, th? supercurrent phan_ges Its sign; 1.e.,
with increasing magnetic energy the junction crosses over
T 2 52 iH from O-phase-type tar-phase-type superconductivity. How-
T [ ]

j(F:M E % ever, the spin-flip processes exert influence upon junction’s
Te w>0o=+ w? tendency to set in ther-phase state.

In Fig. 1 we plot a family of the Josephson current am-
plitude (11) as a function ofH.,. when yg=2 andy,,=0
for various values of the spin-orbit scattering intensity,.
Here we also show the functionsji™=jEM(ago)
—jEM(ag0=0). The main feature here is that the increase of
exchange energy pulls the SFIFS junction to thetate. The
new result of this figure is that, as the intensity of spin-orbit
We begin with an analytical consideration of the case of ecattering processes increases, the critical current amplitude
vanishing effective pair breaking parameter near the SEEM(aSO) for the 7 state decreases. The spin-orbit scattering

boundary,y,,=0; i.e., the influence of th& layer on the reduces the effect of exchange field, and this reduction has a

1+40’C¥50757
W, 0_

X { 1+2y5Gs,w,+ Y302

. 2 =~ -1
— |Hexc GSoq)Saq)So
+o0dasoyg=—= >
W, w_ w

(10
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nonlinear character with its maximum in the region where T A2 A2
the transition to ther state takes place. jAF~2— > —02| 1—8(1502—0

A more realistic case is shown in Fig. 2, where we plot the Tc a0 A%+ wo Ag+ w?
results of numerical calculations of the critical current, Eq. H2
(10), for the tunnel junction when suppression of the S layer WHexc — 2, 2 42 12
superconductivity occurs due to the proximity effeaty( P02+ H2,) ]{[1+2waGS+ Ya(w —Hegxo ]
#0). The functionsjt™ has also been shown. Again, the

main result of these calculations is that spin-flip processes +4H§X5§(GS+ yew)?} 12, (13
can sizably reduce the SFIFS junction tendency tgphase
state. In contrast to a simple physical picture, the suppression gq, H.,.—~0 expression(13) restores the result for
has nonlinear behavior, acquiring its maximum neatH@g.  gNINS junctions. Ifrsg— and He.#0, the expression
region of crossover from 0-type te-type superconductivity.  yeproduces the main results of Refs. 7—9. Namely, the SFIFS
_ The physical mechanism of the #-transition for junc- jynction is always in the 0-phase state, but in some interval
tions with thin F layers differs from those studied before, of the exchange field energy the enhancement of the dc Jo-
where this transition was due to spatial oscillation of thesephson current occurs. The physical mechanism of the en-
order parameter in thick layers. For the case of thin ferro- pancement becomes transparent if we use the real emergy
magnetic layers a large enough . prompts phase jumps by representation and a formal analogy between the energy
7/2 at eactSF interface, providing a totadr shift across the  gpjfting due to an electric potentiand the energy shifting
contact®® However, if there is spin-orbit scattering, this due to the exchange fieltthis analogy forSF structures
causes a pair to “see” a “smeared” exchange field whichpaye been noted in Refs. 22 and 28ne can shofthat the
changes sign at a rate1/7so. This scenario can be clearly aximum ofl AF(H,,J) is achieved due to the overlap of two
illustrated in the limit of largeyg and Heyxe, and yw=0, -1 gingylarities in the quasiparticle density of states. In
where Egs(6) and(7) yield the limit T—0 this leads formally to logarithmic divergency
. of the critical current, similar to the Riedel singularity of
E (O)~—i Hexcti2as0 H nonstationary supercurrent in SIS tunnel junctions at voltage
F=(0) 120 yeH SgrHexo- eV=2A,. If there is a spin-orbit scattering process in the F
B''exc “ »
layer, then, as has been noted above, the “smeared” ex-
Due to the decrease of the effective exchange field experishange field has an effect on Cooper pairs, reducing the cur-
enced by the pair ther-phase state has been shifted to highrent enhancemerisee Eq.(13)]. To continue our analogy,
value of the exchange fieldgompare in Fig. 1 the cases one can say that the influence of the spin-orbit processes on
aso=0 andagp#0). I’é': is similar to temperature: finite temperature smears out
While our results have been obtained for SF bilayers withthe Riedel singularity.
a weak proximity effect and low boundary transparency, In Fig. 3 we present a family of the Josephson current
qualitatively the conclusions should be valid for arbitragy =~ amplitude (13) as a function ofH.,. when yg=2 and vy,

and yy, values, too. =0 for various values of the spin-orbit scattering intensity
aso. Here we also plot the functionsje =ja (aso)
. . . . . i AF _ H
B. Antiparallel orientation of the layer magnetizations —jc (aso=0). One can see that in the rangetbf,<Ag

~ ~ there is the effect of enhancement of the SFIFS junction
To be definite, we tooks =w+iHeye, wr=w—iHexc.  critical current. The new result in this figure is that, as the
Now the critical current of the (SE)(FS)r tunnel contact intensity of spin-orbit scattering processes increases, the ten-
can be given in the form dency of the dc Josephson currgff(ase) to enhance de-
creases. The spin-orbit scattering reduces the effect of ex-

) T Gg, P5,. G Do —~ change field, and this reduction is nonlinear in character with
jAF=2_—Re> (Gs\ + ypw )2 : : : - - - -
c Te &b 2 s+ T VB®W+ its maximum in the region most interesting for experimen-
talists. More general cases are shown in Fig. 4, where we
G2 . de. i -1 illustrate the results of numerical calculations of the critical
s+ Ps+Psy Mexc P ;
5 +4ago=——=— current, Eq.(12), taking into account a suppression of the
w (CEN O S-layer superconductivity by the proximity effecyy#0).
2 ~ The function&j’éF has also been shown. One can see, again,
—= 5, 55-PsPs that spin-orbit ion h linear behavior, obtaini
X1 (Gg_ + ygw_ )2+ ——— = at spin-orbit suppression has nonlinear behavior, obtaining
w? its maximum in the region oH}, . most interesting for ex-
1 perimental investigation. Qualitatively, these results should
iH i i
| 1-dason exc ] 12 be valid for arbitrary values oyg andyy, too.
W, w_

. . IV. CONCLUSION
First we assume that one can neglect the suppression of the

superconductivity in the S layety(,=0). Then, after simple We do not consider here the experimental situation, which
but cumbersome algebra we have for the critical current is now unclear and controversial even for SF hybrid struc-
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' ' ' ' ' main walls, and the inhomogeneous “cryptoferromagnetic”

] state imposed by superconductors also gives a nonzero prob-
ability amplitude for the spin-flip scattering. For nanoscale
hybrid structures a strong electric field arising near metal-
metal boundaries is also an important source of the spin-flip
processes. In the absence of any precise information about
the magnetic structure of the samples used in experiments on
SF sandwiches, we restrict ourselves to making only quali-
tative analytical calculations.

In conclusion, we investigate the spin-orbit scattering ef-
fect on critical current of SFIFS tunnel junctions for the case
of thin F layers, when the superconducting order parameter
oscillation is absent. Instead, the parameter phase jumps at
the SF interfaces. The analysis is based on a microscopic
theory for proximity-coupled S and F layers. The main result
of our calculations is that the spin-flip processes can sizably
modify the behavior of the dc Josephson current versus the
exchange field for SFIFS tunnel junctions. We find that re-
duction of the exchange field effects is nonlinear in character,
acquiring its maximum in the ferromagnetic field region
. I . I . I where the critical current enhancement or transition tosthe
0.0 0.5 1.0 1.5 state occurs. Hence, for understanding the various experi-
mental results on tunnel structures with thin F layers, the

FIG. 4. Same as in Fig. 2 but for parallel orientation of the . . . -
F-layer magnetization. The additive part of the critical current dueCoupled effects of the exchange interaction and spin-orbit

to spin-orbit scatteringgj&" , is also shown. scattering must be considered.

tures Wit_h thick f_erro_magnetic layers. Let us only note that ACKNOWLEDGMENTS

spin-orbit scattering is relevant for ferromagnetic conductors

containing largeZ numbers. The magnetic inhomogeneity of The authors are grateful to Valery Ryazanov and Elena
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