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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 2002!

The spin-orbit scattering effect on the critical current through superconductor/ferromagnet~SF! bilayers
separated by an insulator~SFIFS tunnel junction! has been investigated for the case of the absence of super-
conducting order parameter oscillations~thin F layers!. The analysis is based on a microscopic theory for
proximity-coupled SF structure with arbitrary values of parameters~boundary transparency, proximity effect
strength, relative orientation, and value of the F-layer exchange field!. We 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 to thep state 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.

DOI: 10.1103/PhysRevB.66.134520 PACS number~s!: 74.50.1r, 74.62.Dh
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I. INTRODUCTION

Nowadays progress in nanotechnology has made it p
sible to produce nanostructures with new physical phen
ena. This has led to renewed attention to hybrid syste
consisting of superconductor~S! and ferromagnetic~F! met-
als, displaying rich and elegant physics, and having poten
applications. The transport properties of SF structures w
artificial geometry have turned out to be quite unusual. Th
have been treated by several authors,1–9 and the results ob
tained show that in a ferromagnet the Cooper pair poten
not only exponentially decays, but also has an oscillat
character; i.e., in a ferromagnet the density of Cooper pai
spatially inhomogeneous and the superconducting order
rameter contains nodes where the phase changes byp. This
causes the exchange field dependence of the Josephson
pling energy, and if the exchange energyHexc in a magnetic
layer exceeds a certain value, a crossover from 0-phas
p-phase superconductivity takes place. The phenomenon
been theoretically described for SFS weak links with thick
layers.1–5 The crossover to thep state even in the absence
order parameter oscillations in thinF layers was also pre
dicted for SFIFS tunnel junctions~where I is an insulator!
with parallel alignment of the layer magnetization.6 For an
antiparallel orientation, the possibility of critical current e
hancement by exchange interaction in SFIFS junctions w
thin F layers was discussed both for small7 and bulk8,9 S-
layer thicknesses. Bergeretet al.7 considered the model whe
the influence of the F layers on superconductivity is equi
lent to inclusion of a homogeneous exchange field with
reduced value and come, actually, to the limit of effect
values of the superconducting order parameter and effec
magnetic moment. The authors8,9 consider a more realistic
case, particularly taking into account accurate boundary c
ditions at the S/F interface and spatial variation of the sup
conducting state in the S layer. Experimentally,p-phase su-
perconductivity has been observed for SFS weak links R
10 and SIFS Ref. 11 and SNFNS Ref. 12 tunnel junctio
with thick F layers, while enhancement of the dc Joseph
current has not been detected until now.
0163-1829/2002/66~13!/134520~6!/$20.00 66 1345
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Some features should be taken into account for the the
to be adjustable for experimental results on SF structu
and spin-flip processes are among the important ones. T
processes can be induced, e.g., by the spin-orbit scatte
centers presented in the film; another important source
spin-flip processes for nanoscale hybrid structures is a str
electric field arising near metal-metal boundaries.13 The ba-
sic physics behind the spatial oscillations of induced sup
conductivity in SF sandwiches with spin-orbit scattering h
been recently discussed in Refs. 3 and 14. As is known
the presence of spin-orbit scattering electron spin is
longer a good quantum number and the electron will cha
its spin state during a characteristic timetSO, while the Coo-
per pair will mix with its spin-exchanged counterpartne
This causes a pair to ‘‘feel’’ an exchange field which chang
sign at a rate proportional to 1/tSO, decreasing the averag
ferromagnetic field experienced by the pair. That means
the spin-flip processes not only modify the oscillation leng
but also lead to an extra decay of the Cooper pair poten
and, at a critical strength, these scattering processes can
pletely suppress thep-phase superconductivity.

The scenario of the 0-p-phase transition, as well as th
mechanisms of critical current enhancement, in the limit
thin F layers differs from that for thick F layers. Howeve
the basic physics behind the spin-orbit scattering effect
SF sandwiches where there is no induced order param
oscillations has not been discussed until now. The purpos
this paper is to clarify the mechanisms of the influence
spin-orbit scattering on the critical current in SFIFS tunn
structures with thin F layers. Our analysis is based on
extension of calculations,6,8,15 so as to include the effects o
the spin-orbit scattering, which allow one to obtain analytic
solutions that have not been explored yet. Namely, we st
the tunnel junction with leads formed by the proximit
coupled SF bilayers of a massives-wave superconductor an
thin F metals, when the spin-orbit scattering processes
place in ferromagnetic layers. The microscopic model of
proximity effect for SF bilayers is employed to discuss t
case of arbitrary values ofSF boundary transparency, ferro
magnetic exchange field, and proximity effect strength~Sec.
©2002 The American Physical Society20-1
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II !. The critical current of symmetrical SFIFS junctions
discussed in Sec. III where analytical solutions have b
obtained for some particular cases. As we shall see, spin
scattering plays a major role in the transport properties
superconductor-ferromagnet structures with thin F layers
should be considered for understanding the various exp
mental results. We close with a Conclusion.

II. SUPERCONDUCTIVITY OF A SF BILAYER WITH
SPIN-ORBIT SCATTERING

We consider the case when both metals are in the d
limit condition jS,F> l S,F and the S layer is thick,dS@jS ,
while the F layer is thin,dF!min(jF ,ADF/2pTC). HerejS
5(DS/2pTC)1/2 and jF5(DF/2Hexc)

1/2 are the coherence
lengths of the S and F metals;l S andl F are the electron mea
free paths,dS,F are the thicknesses, andDS,F are the diffu-
sion coefficients of the S and F metals, respectively. Th
conditions make it possible to neglect the reduction of
critical temperature of the SF bilayer compared to that of
bulk S metal and to imply constant superconducting prop
ties through F-layer thickness. Throughout this work the
layer will be treated as a single-domain film with spin-or
scattering centers, while there are no such centers in th
layer. Then, the superconducting properties of the SF bila
are described by the Usadel equations.16 The latter can be
written as~the domainx>0 is occupied by the S metal an
x,0 by the F metal!

FSs5DS1jS
2

pTC

vGSs
@GSs

2FSs8 #8, ~1!

FF65j2
pTC

ṽ6GF6

@GF6
2 FF68 #81aSOGF7S FF7

ṽ7

2
FF6

ṽ6
D .

~2!

Here ṽs5v1 isHexc, s56, and v[vn5pT(2n11),
n561,62, . . . , is the Matsubara frequency
aSO52/3tSO and tSO is the spin-orbit scattering time; th
pair potentialDS is determined by the usual self-consisten
relations~see, e.g. Ref. 17!. We define thex axis as perpen-
dicular to the film surfaces and the prime denotes differ
tiation with respect to a coordinatex. The modified Usade
functions18 FSs5vFSs /GSs , FFs5ṽsFFs /GFs , where
GF,S andFF,S are normal and anomalous Green’s functio
for the F and S material, respectively, are introduced to t
into account the normalized confinement of the Gree
functions G21FF̃51; here F̃(v,Hexc)5F* (v,2Hexc)
andF̃Ss5vF̃Ss /GSs ~see below!. We also assume that for
nonsuperconducting F metal the bare value of the order
rameterDF50; however, the Cooper pair correlation fun
tion FFÞ0 due to the proximity effect. Equation~2! for the
F metal is a generalization of the Usadel equations for
case when the spin-orbit scattering is present. At temp
tures close to TC , when GS(F)s'1 and FS(F)s /ṽs

'FS(F)s , Eq. ~2! has been simplified, obtaining the form o
Eqs. ~26! of Ref. 3 If the spin-orbit processes are abse
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(tSO→`), the spin-‘‘up’’ and-‘‘down’’ subbands do not mix
with each other and Eq.~2! obtains the usual form~see, e.g.,
Refs. 6,15!.

Equations~1! and ~2! should be supplemented with th
boundary conditions. In the bulk of the S metal the p
potential is equal to the BCS order parameterD0(T) at the
temperatureT, FS(`)5DS(`)5D0(T), while at the free
~dielectric! interface of the F metal,FF6

/ (2dF)50. Assum-
ing that there are no spin-flip processes at the SF interf
the boundary conditions at this interface~see Ref. 15 for
details! can easily be generalized for the case of two ferm
onic subband in the form

gjGF6
2 FF6

/ /ṽ65jSGS6
2 FS6

/ /v, ~3!

gBFjGF6FF6
/ 5ṽ6GS6~FS6 /v2FF6 /ṽ6!. ~4!

The parametersg and gBF involved in these relations ar
given by g5rSjS /rFj and gBF5RB /rFj, whererS ,F are
the normal-state resistances of the S and F metals, andRB is
the product of SF boundary resistance and its area. In E
~2! and~3! and below, we have used the effective coheren
length j5(DF/2pTC)1/2, thus providing the regular cross
over to both limitsTC@Hexc→0 and Hexc@TC . Relation
~3! provides the continuity of the supercurrent flowin
through the SF interface at any value of the interface tra
parency for spin-‘‘up’’ and -‘‘down’’ fermionic subbands
separately, while condition~4! accounts for the quality of the
electric contact. An additional physical approximation f
these relations to be valid is the assumption that spin
crimination by the interface is unimportant; i.e., the interfa
parameters involved are the same for both spin subba
Generalization of Eqs.~3! and ~4! to the SF interface with
different transmission probabilities for ‘‘up’’ and ‘‘down’’
spin quasiparticles is straightforward; however, the case
consider contains all the new physics we are interested in
is simpler. In such ferromagnetic metals as Ni, Gd, etc.,
polarization of the electrons at low temperatures is not m
than 10%, and one can expect that the model under con
eration reflects the transport properties of these ferromag
hybrid structures.

Due to the small thickness of theF metal, the proximity
effect problem can be reduced to the boundary problem
the S layer and a relation for determiningFF6 at x50.
There are three parameters which enter the model:gM
5gdF /j, gB5gBFdF /j, and the energy of the exchang
field Hexc. Using the system of equations~3! and ~4!, one
can obtain the equations determining the unknown value
the functionsFF6(0) and boundary conditions, forFS6 .
Due to these boundary conditions, all the equations for
functionsFS6 andFF6 are coupled. In the general case, t
problem needs self-consistent numerical calculations~similar
to those as, e.g., in Refs. 9 and 19!. Here, however, we will
not discuss the quantitative solution, but pay attention to
qualitative one to consider the new physics we are intere
in.

We will hereinafter assume thataSO!1 anddF /j!1 and
solve differential equations by an iteration procedure find
the corrections toFF6(x) andFS6(x) in small parameters
0-2
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SPIN-ORBIT SCATTERING EFFECT ON CRITICAL . . . PHYSICAL REVIEW B 66, 134520 ~2002!
dF /j andaSO. We also restrict ourselves to the quite re
istic experimental case of a bilayer with a weak proxim
effect and low transparency of the SF boundary, i
gM!1 andgB*1. Then the problem is simplified and re
duced to the Usadel Equations~1! for the S layer with
boundary conditions~3!, while Eq.~4! reduces to~the details
will be published elsewhere!

jSGS6FS6
/ ux50'ḡMṽ6

FS6

pTCA6
H 172aSO

iH exc

ṽ1ṽ2

GS

v

3S v

gBṽ6

pTC1
GS

v

D0
2

A6
2 D J U

x50

, ~5!

where we abbreviatedA65@112ḡBGSṽ61ḡB
2ṽ6

2 #1/2, GS

5v/(v21D0
2)1/2, and ḡB(M )[gB(M ) /pTC ~functions that

are multiplied by aSO have been used in the limitaSO
→0). Now, the equation for F layer functionFF6(0) has
the form

FF6~0!'GS6FS6H 162aSO

iH exc

ṽ1ṽ2
J Y

3@v~ḡB1GS6 /ṽ6#ux50 . ~6!

In zeroth approximation ingM , FS68 (0)50. So we can ne-
glect the suppression of superconductivity in the S layer
suming that FS6(x) is spatially homogeneous:FS6(x)
5DS(x)5D0(T). In the next order ingM , by linearizing the
Usadel equations for theFS6(x) and making use of the re
lation ~3!, the general solution of the linearized equation~1!
is given by

FS6~x!5D0$12C6exp~2bx/jS!%, ~7!

where b25(v21D0
2)1/2/pTC . Substituting this solutions

into the boundary relations~5!, we get forC6

C6'
ḡMbṽ6

ḡMbṽ61vA6
H 172aSO

iH exc

ṽ1ṽ2

3S GS

ḡBṽ6

1
GS

2

v2

D0
2

A6
2 D J ~8!

We see that due to the proximity with the F layer magne
correlations spread into the S layer, the fermionic symme
of the subbands has been lost and the Cooper pair mixes
its spin-exchanged counterpartner. Using Eq.~7! for x50
and relation~6!, one can find expressions forFF6(v,0).
However, we will not show here these expressions beca
of their cumbersome structure. ForHexc→0 the quantity
ṽ6→v, and solution~7!, ~8! reproduces the results obtaine
in Ref. 17 for anSN bilayer. If tSO→`, the expressions
restore earlier results forSF bilayer ~see Refs. 6,9,15!.

Let us make some comments on the results obtained.
FS(x) dependence, Eq.~7!, shows theS-layer order param-
eter suppression only qualitatively. In order to obtain qu
titative accuracy in the small-gM limit, it is necessary to take
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into account self-consistently the corrections to the pair
tential, DS(x), as has been done in Ref. 20. This fact, ho
ever, does not influence the main qualitative results of
paper, but may lead to quantitative corrections for curv
plotted in Figs. 2 and 4~see below!. As a rule, the value of

FIG. 1. Critical current of SFIFS tunnel junctions with parall
orientation of the F-layer magnetizationj C

FM vs exchange energy fo
variousaSO/D050, 0.05 , 0.1, and 0.15; the SF interface transp
ency is lowgB52 and the proximity effect is weakgM50. The
additive part of critical current due to spin-orbit scattering,d j C

FM , is
also shown.T50.1TC .

FIG. 2. Critical current of SFIFS tunnel junctions with parall
orientation of the F-layer magnetizationj C

FM vs exchange energy fo
variousgM50, 0.05, 0.1, 0.15;gB52 andaSO/D050.1. The ad-
ditive part of critical current due to spin-orbit scattering,d j C

FM , is
also shown.T50.1TC .
0-3
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V. N. KRIVORUCHKO AND R. V. PETRYUK PHYSICAL REVIEW B66, 134520 ~2002!
these corrections is no more than 5%.20 For the structures
under consideration, one can also expect a kind of indu
magnetic properties for the S layer, which are the resul
phenomena similar to the superconducting proxim
effect:21 equilibrium leakage of magnetism into the S me
results, for example, in a spatially dependent magnetiza
of the S layer, local bands that appear inside the energy
in the S layer, and others. These induced magnetic prope
of the S metal are quite important for SF nanostructures w
thin S layers (dS,jS) and should be also taken into accou
to obtain self-consistent numerical results.

III. CRITICAL CURRENT OF SFIFS TUNNEL JUNCTION

We assume that both banks of the Josephson SFIFS tu
junctions are formed by equivalent SF bilayers, and
transparency of the insulating layer is small enough to
glect the effect of the tunnel current on the superconduc
state of the electrons. The plane SF boundary can have
trary finite transparency, but it is large compared to the tra
parency of the junction barrier. The transverse dimension
the junction are supposed to be much less than the Josep
penetration depth, so all quantities depend only on a sin
coordinatex normal to the interface surface of the materia
Using the above- obtained results we investigate the in
ence of spin-flip scattering on the critical Josephson cur
in SFIFS tunnel junctions. The critical currentI C of the
(SF)LI (FS)R tunnel contact can be written in the form~see,
e.g., Ref. 6!:

j C5~eRN/2pTC!I C5
T

TC
Re (

v.0,s56

GFsFFs

ṽs

3UL

GFsFFs

ṽs
U

R

~9!

whereRN is the resistance of the contact in the normal sta
the subscriptL ~R! labels quantities referring to the le
~right! bank and the sign of the exchange field depends
mutual orientation of the bank magnetizations.

A. Parallel orientation of the layer magnetizations

For parallel alignment of the layer magnetizations, i.
with ṽL5ṽR , the expression for the critical current reads

j C
FM5

T

TC
Re (

v.0,s56

GSs
2 FSs

2

v2 H 114saSOgB

iH exc

ṽ1ṽ2
J

3H 112ḡBGSsṽs1ḡB
2ṽs

2

1s4aSOḡB

iH exc

ṽ1ṽ2

GSs
2 FSsF̃Ss

v2 J 21

. ~10!

We begin with an analytical consideration of the case o
vanishing effective pair breaking parameter near the
boundary,gM50; i.e., the influence of theF layer on the
13452
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superconducting properties of the S metal can be negle
and the order parameter in theS region is spatially homoge
neous:FS6(x)5D0(T) @see Eqs.~7! and ~8!#. For the am-
plitude of the Josephson current we than obtained

j C
FM'2

T

TC
(
v.0

D0
2

D0
21v2 H 112ḡBvGS1ḡB

2~v22Hexc
2 !

18aSOḡB
2

vHexc
2

v21Hexc
2 J $@112ḡBvGS

1ḡB
2~v22Hexc

2 !#214Hexc
2 ḡB

2~GS1ḡBv!2%21.

~11!

If Hexc→0, the expression~11! restores the result for SNINS
junctions@see, e.g., Eq.~28a! of Ref. 18 for the parameter
values under consideration#. As is seen from this expression
for large enoughHexc, the supercurrent changes its sign; i.
with increasing magnetic energy the junction crosses o
from 0-phase-type top-phase-type superconductivity. How
ever, the spin-flip processes exert influence upon junctio
tendency to set in thep-phase state.

In Fig. 1 we plot a family of the Josephson current a
plitude ~11! as a function ofHexc when gB52 andgM50
for various values of the spin-orbit scattering intensityaSO.
Here we also show the functiond j C

FM5 j C
FM(aSO)

2 j C
FM(aSO50). The main feature here is that the increase

exchange energy pulls the SFIFS junction to thep state. The
new result of this figure is that, as the intensity of spin-or
scattering processes increases, the critical current ampli
j C
FM(aSO) for thep state decreases. The spin-orbit scatter

reduces the effect of exchange field, and this reduction h

FIG. 3. Same as in Fig. 1 but for antiparallel orientation of t
F-layer magnetization. The additive part of the critical current d
to spin-orbit scattering,d j C

AF , is also shown.
0-4
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nonlinear character with its maximum in the region whe
the transition to thep state takes place.

A more realistic case is shown in Fig. 2, where we plot
results of numerical calculations of the critical current, E
~10!, for the tunnel junction when suppression of the S la
superconductivity occurs due to the proximity effect (gM

Þ0). The functiond j C
FM has also been shown. Again, th

main result of these calculations is that spin-flip proces
can sizably reduce the SFIFS junction tendency to ap-phase
state. In contrast to a simple physical picture, the suppres
has nonlinear behavior, acquiring its maximum near theHexc
region of crossover from 0-type top-type superconductivity.

The physical mechanism of the 0-p transition for junc-
tions with thin F layers differs from those studied befo
where this transition was due to spatial oscillation of t
order parameter in thickF layers. For the case of thin ferro
magnetic layers a large enoughHexc prompts phase jumps b
p/2 at eachSF interface, providing a totalp shift across the
contact.6,9 However, if there is spin-orbit scattering, th
causes a pair to ‘‘see’’ a ‘‘smeared’’ exchange field whi
changes sign at a rate;1/tSO. This scenario can be clearl
illustrated in the limit of largegB and Hexc, and gM50,
where Eqs.~6! and ~7! yield

FF6~0!;2 iD0

Hexc6 i2aSO

ḡBHexc

sgn~Hexc!.

Due to the decrease of the effective exchange field exp
enced by the pair thep-phase state has been shifted to hi
value of the exchange fields~compare in Fig. 1 the case
aSO50 andaSOÞ0).

While our results have been obtained for SF bilayers w
a weak proximity effect and low boundary transparen
qualitatively the conclusions should be valid for arbitrarygB
andgM values, too.

B. Antiparallel orientation of the layer magnetizations

To be definite, we tookṽL5v1 iH exc, ṽR5v2 iH exc.
Now the critical current of the (SF)LI(FS)R tunnel contact
can be given in the form

j C
AF52

T

TC
Re(

v.0

GS1FS1GS2FS2

v2 H ~GS11ḡBṽ1!2

1
GS1

2 FS1F̃S1

v2 S 114aSO

iH exc

ṽ1ṽ2
D J 21

3H ~GS21ḡBṽ2!21
GS2

2 FS2F̃S2

v2

3S 124aSO

iH exc

ṽ1ṽ2
D J 21

~12!

First we assume that one can neglect the suppression o
superconductivity in the S layer (gM50). Then, after simple
but cumbersome algebra we have for the critical current
13452
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j C
AF'2

T

TC
(
v.0

D0
2

D21v0
2 H 128aSO

D0
2

D0
21v2

3
vHexc

2

ḡB
2~v21Hexc

2 !
J $@112ḡBvGS1ḡB

2~v22Hexc
2 !#2

14Hexc
2 ḡB

2~GS1ḡBv!2%21/2. ~13!

For Hexc→0 expression~13! restores the result fo
SNINS junctions. IftSO→` and HexcÞ0, the expression
reproduces the main results of Refs. 7–9. Namely, the SF
junction is always in the 0-phase state, but in some inter
of the exchange field energy the enhancement of the dc
sephson current occurs. The physical mechanism of the
hancement becomes transparent if we use the real ener«
representation and a formal analogy between the ene
shifting due to an electric potentialV and the energy shifting
due to the exchange field~this analogy forSF structures
have been noted in Refs. 22 and 23!. One can show9 that the
maximum ofI C

AF(Hexc) is achieved due to the overlap of tw
«21/2 singularities in the quasiparticle density of states.
the limit T→0 this leads formally to logarithmic divergenc
of the critical current, similar to the Riedel singularity o
nonstationary supercurrent in SIS tunnel junctions at volt
eV52D0. If there is a spin-orbit scattering process in the
layer, then, as has been noted above, the ‘‘smeared’’
change field has an effect on Cooper pairs, reducing the
rent enhancement@see Eq.~13!#. To continue our analogy
one can say that the influence of the spin-orbit processe
I C

AF is similar to temperature: finite temperature smears
the Riedel singularity.

In Fig. 3 we present a family of the Josephson curr
amplitude~13! as a function ofHexc when gB52 andgM
50 for various values of the spin-orbit scattering intens
aSO. Here we also plot the functiond j C

AF5 j C
AF(aSO)

2 j C
AF(aSO50). One can see that in the range ofHexc,DS

there is the effect of enhancement of the SFIFS junct
critical current. The new result in this figure is that, as t
intensity of spin-orbit scattering processes increases, the
dency of the dc Josephson currentj C

AF(aSO) to enhance de-
creases. The spin-orbit scattering reduces the effect of
change field, and this reduction is nonlinear in character w
its maximum in the region most interesting for experime
talists. More general cases are shown in Fig. 4, where
illustrate the results of numerical calculations of the critic
current, Eq.~12!, taking into account a suppression of th
S-layer superconductivity by the proximity effect (gMÞ0).
The functiond j C

AF has also been shown. One can see, ag
that spin-orbit suppression has nonlinear behavior, obtain
its maximum in the region ofHexc

x most interesting for ex-
perimental investigation. Qualitatively, these results sho
be valid for arbitrary values ofgB andgM , too.

IV. CONCLUSION

We do not consider here the experimental situation, wh
is now unclear and controversial even for SF hybrid str
0-5
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tures with thick ferromagnetic layers. Let us only note th
spin-orbit scattering is relevant for ferromagnetic conduct
containing largeZ numbers. The magnetic inhomogeneity
the materials, such as the F-layer multidomain structure,

FIG. 4. Same as in Fig. 2 but for parallel orientation of t
F-layer magnetization. The additive part of the critical current d
to spin-orbit scattering,d j C

FM , is also shown.
h.

z.

,

rn

t.

v,

-

tt.

13452
t
s

o-

main walls, and the inhomogeneous ‘‘cryptoferromagnet
state imposed by superconductors also gives a nonzero p
ability amplitude for the spin-flip scattering. For nanosca
hybrid structures a strong electric field arising near me
metal boundaries is also an important source of the spin
processes. In the absence of any precise information a
the magnetic structure of the samples used in experiment
SF sandwiches, we restrict ourselves to making only qu
tative analytical calculations.

In conclusion, we investigate the spin-orbit scattering
fect on critical current of SFIFS tunnel junctions for the ca
of thin F layers, when the superconducting order param
oscillation is absent. Instead, the parameter phase jump
the SF interfaces. The analysis is based on a microsc
theory for proximity-coupled S and F layers. The main res
of our calculations is that the spin-flip processes can siza
modify the behavior of the dc Josephson current versus
exchange field for SFIFS tunnel junctions. We find that
duction of the exchange field effects is nonlinear in charac
acquiring its maximum in the ferromagnetic field regio
where the critical current enhancement or transition to thep
state occurs. Hence, for understanding the various exp
mental results on tunnel structures with thin F layers,
coupled effects of the exchange interaction and spin-o
scattering must be considered.

ACKNOWLEDGMENTS

The authors are grateful to Valery Ryazanov and Ele
Koshina for useful discussions.

e

.

i,

.

a-

-

1A.I. Buzdin, L.N. Bulaevskii, and S.V. Panjukov, Pis’ma Z
Eksp. Teor. Fiz.35, 147 ~1982! @JETP Lett.35, 178 ~1982!#.

2A.I. Buzdin and M.Yu. Kuprijanov, Pis’ma Zh. Eksp. Teor. Fi
53, 308 ~1991! @JETP Lett.53, 321 ~1991!#.

3E.A. Demler, G.B. Arnold, and M.R. Beasley, Phys. Rev. B55,
15 174~1997!.

4Z. Radovic, M. Ledvij, L. Dobrosavljevic-Grujic, A.I. Buzdin
and J.R. Clem, Phys. Rev. B44, 759 ~1991!.

5J. Aarts, J.M. Geers, E. Bruck, A.A. Golobov, and R. Coeho
Phys. Rev. B56, 2779~1997!.

6E.A. Koshina and V.N. Krivoruchko, Phys. Rev. B63, 224515
~2001!; JETP Lett.71, 123 ~2000!.

7F.S. Bergeret, A.F. Volkov, and K.E. Efetov, Phys. Rev. Lett.86,
3140 ~2001!; Phys. Rev. B64, 134506~2001!.

8V.N. Krivoruchko and E.A. Koshina, Phys. Rev. B64, 172511
~2001!.

9A.A. Golubov, M.Yu. Kuprijanov, and Ya.V. Fominov, JETP Let
75, 190 ~2002!.

10V.V. Ryazanov, V.A. Oboznov, A.Yu. Rusanov, A.V. Veretenniko
A.A. Golubov, and J. Aarts, Phys. Rev. Lett.86, 2427 ~2001!;
V.V. Ryazanov, V.A. Oboznov, A.V. Veretennikov, and A.Yu. Ru
sanov, Phys. Rev. B65, 020501~R! ~2002!.

11T. Kontos, M. Aprili, J. Lesueur, and X. Grison, Phys. Rev. Le
,

86, 304 ~2001!; T. Kontos, M. Aprili, J. Lesueur, F. Genet, B
Stephanidis and R. Boursier, cond-mat/0201104~unpublished!.

12Y. Blum, A. Tsukernik, M. Karpovski, and A. Palevsk
cond-mat/0203408~unpublished!.

13V.N. Lisin and B.M. Khabibullin, Sov. Phys. Solid State17, 1045
~1975!.

14S. Oh, Y.-H. Kim, D. Youm, and M.R. Bearsley, Phys. Rev. B63,
052501~2000!.

15E.A. Koshina and V.N. Krivoruchko, Nizk. Temp Fiz.26, 157
~2000! @Low Temp. Phys.26, 115 ~2000!#.

16K. Usadal, Phys. Rev. Lett.25, 560 ~1970!.
17L. Bulaevskii, A.I. Buzdin, M.L. Kulic, and S.V. Panyukov, Adv

Phys.34, 175 ~1985!.
18A.A. Golubov, M.Yu. Kuprijanov, Zh. Eksp. Teor. Fiz.96, 1420

~1989! @Sov. Phys. JETP69, 805 ~1989!#.
19G. Brammertz, A. Poelaert, A.A. Gulubov, P. Verhoeve, A. Pe

cock, and H. Rogalla, J. Appl. Phys.90, 355 ~2001!.
20V.F. Lukichev, Fiz. Nizk. Temp.10, 1219~1984!.
21V.N. Krivoruchko and E.A. Koshina, Phys. Rev. B66, 014521

~2002!.
22A.F. Volkov, R. Sevior, and V.V. Pavlovskii, Superlattices Micro

struct.25, 647 ~1999!.
23T.T. Heikkilä, F.K. Wilhelm, and G. Scho¨n, Europhys. Lett.51,

434 ~2000!.
0-6


