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Manifestation of triplet superconductivity in superconductor-ferromagnet structures
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We study proximity effects in a multilayered superconductor/ferromagnet (S/F) structure with arbitrary
relative directions of the magnetizationM . If the magnetizations of different layers are collinear, the super-
conducting condensate function induced in theF layers has only a singlet component and a triplet one with a
zero projection of the total magnetic moment of the Cooper pairs on theM direction. In this case the conden-
sate penetrates theF layers over a short lengthjJ determined by the exchange energyJ. If the magnetizations
M are not collinear, the triplet component has, in addition to the zero projection, the projections61. The latter
component is even in the momentum, odd in the Matsubara frequency and penetrates theF layers over a long
distance that increases with decreasing temperature and does not depend onJ ~the spin-orbit interaction limits
this length!. If the thickness of theF layers is much larger thanjJ , the Josephson coupling between neigh-
boringS layers is provided only by the triplet component, so that a new type of superconductivity arises in the
transverse direction of the structure. The Josephson critical current is positive~negative! for the case of a
positive ~negative! chirality of the vectorM . We demonstrate that this type of the triplet condensate can be
detected also by measuring the density of states inF/S/F structures.
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I. INTRODUCTION

Multilayered superconductor/ferromagnet (S/F) struc-
tures are under an intensive study now~for a recent review
see, e.g., Ref. 1!. The interest in such systems originat
from a possibility to find new physical phenomena as w
from the hope to construct new devices based on these s
tures. Although a ferromagnetF attached to a superconduct
S is expected to suppresses the order parameter inS, under
certain conditions superconductivity and ferromagneti
may coexist and exhibit interesting phenomena.

One of them is a nonmonotonic dependence of the crit
temperatureTc of the superconducting transition inS/F mul-
tilayered structures on the thicknessdF of the ferromagnetic
layers. Theory of this effect has been developed in Refs
and experimental results have been presented in Refs. 3

Another interesting phenomenon is ap state that can be
realized inSFSJosephson junctions. It was shown4 that for
some values of parameters~such as the temperatureT, the
thicknessdF , and the exchange energyJ) the lowest Joseph
son energy corresponds not to the zero phase differencw,
but to w5p ~negative Josephson critical currentI c). De-
tailed theoretical studies of this effect have been presente
many papers.5,6 The p state has been observed experime
tally in Refs. 7.

Later it was discovered that the critical currentI c in Jo-
sephson junctions with ferromagnetic layers is not neces
ily suppressed by the exchange interaction and it may e
be enhanced. Such an enhancement ofI c has been demon
strated by the present authors on a simple model o
SF/I /FS junction, whereI stands for a thin insulating layer.8

It was shown for thinSandF layers that at low temperature
the critical currentI c in a SF/I /FS junction may become
even larger than that in the absence of the exchange
~i.e., if the F layers are replaced byN layers, whereN is a
0163-1829/2003/68~6!/064513~11!/$20.00 68 0645
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nonmagnetic metal!. More detailed calculations ofI c ~for
arbitrary S/F interface transmittance! for this and similar
junctions have been performed later in Refs. 9.

Properties of superconductors inS/F structures may
change not only due to the proximity effect but also due
the long-range magnetic interaction. A spontaneous crea
of vortices caused by the magnetic interaction has been
dicted in aS/I /F system (I is an insulating layer!.10 In most
papers onS/F structures the case of collinear~parallel or
antiparallel! orientations of the magnetizationM was consid-
ered. If the magnetization vectorM is not constant in space
as in a domain wall, or if the orientations ofM in differentF
layers are not collinear to each other, a qualitatively new a
interesting effect occurs. For example, if a ferromagne
wire is attached to a superconductor, a domain wall in
vicinity of the interface can generate a triplet component
the superconducting condensate11 ~a similar case was ana
lyzed in a later work12!.

The existence of the triplet component~TC! has far reach-
ing consequences. It is well known that the singlet com
nent ~SC! penetrates into a ferromagnet over the lengthjJ

5ADF /J, where DF is the diffusion coefficient inF. In
contrast, it was shown that even forJ@T the TC penetrated
F over a much longer distancejT5ADF/2pT. This long-
range penetration of the TC might lead to an increase of
conductance of theF wire if the temperature is lowered be
low Tc .11,12

In this paper we consider a multilayeredS/F structure.
EachF layer has a constant magnetizationM but the direc-
tion of theM vector varies from layer to layer. We show tha
in this case, the triplet component of the superconduct
condensate is also generated and it penetrates theF layers
over the long lengthjT , which does not depend on the larg
exchange energyJ at all.
©2003 The American Physical Society13-1
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If the thickness of theF layersdF is much larger thanjJ ,
then the Josephson coupling between adjacentS layers and,
therefore, superconductivity in the transverse direction,
due to the TC. In the vicinity of theS/F interface the ampli-
tudes of the SC and TC may be comparable but, unlike
TC, the SC survives inF only over the short distancejJ from
the S/F interface. In other words, in the multilayeredF/S
structures with a noncollinear magnetization orientation
new type of superconductivity arises. The nondissipative c
rent within the layers is due to thes-wave singlet supercon
ductivity, whereas the transversal supercurrent across the
ers is due to thes-wave, triplet superconductivity.

It is important to emphasize~see Ref. 11! that the TC in
this case differs from the TC realized in the superfluid3He
and, for example, in materials like Sr2RuO4.13 The triplet-
type superconducting condensate we predict here is sym
ric in momentum and therefore is insensitive to no
magnetic impurities. It is odd in frequency and is call
sometimes odd superconductivity.

This type of the pairing has been proposed
Berezinskii14 in 1975 as a possible candidate for the mec
nism of superfluidity in 3He. However, it turned out tha
another type of pairing was realized in3He: triplet, odd in
momentump ~sensitive to ordinary impurities! and even in
the Matsubara frequenciesÃ. Attempts to find conditions for
the existence of the odd superconductivity were underta
later in several papers in connection with the pairing mec
nism in highTc superconductors15 ~in Ref. 15 a singlet pair-
ing odd in frequency and in the momentum was consider!.
It is also important to note that while the symmetry of t
order parameterD in Refs. 13–15 differs from that of the
BCS order parameter, in our caseD is nonzero only in theS
layers and is of the BCS type. It is determined by the am
tude of the singlet component. Since the triplet and sing
components are connected which each other, the TC aff
D in an indirect way.

Therefore the type of superconductivity analyzed in o
paper complements the three known types of supercon
tivity: s-wave andd-wave singlet superconductivity that oc
cur in ordinary superconductors and in high-Tc supercon-
ductors, respectively and thep-wave superconductivity with
triplet pairing observed in Sr2RuO4.

In addition, the new type of the triplet superconductiv
across theS/F layers shows another interesting property
lated to the chirality of the magnetizationM . If the angle of
the magnetization rotation 2a across theSA layer~see Fig. 7!
has the same sign as the angle of theM rotation across the
SB layer, then the critical Josephson currentI c betweenSA
andSB is positive. If these angles have different signs, th
the critical currentI c is negative and thep state is realized
~in this case spontaneous supercurrents arise in the struc!.
This negative Josephson coupling, which is caused by the
and depends on chirality, differs from that analyzed in Ref
Depending on the chirality an ‘‘effective’’ condensate dens
in the direction perpendicular to the layers may be both p
tive and negative.

We note that a dependence of the Josephson curren
chirality has also been obtained in Ref. 16. The authors
Ref. 16 considered two magnetic superconductorsSm with
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spiral magnetization, separated by a thin insulating layerI. In
the latter case the TC exists in the bulk superconductors
gether with the SC~and they cannot be separated!, and the
Josephson current depends on the chirality of the spiral st
tures. The main difference between our system and the
tem considered by the authors of Ref. 16 is that in our c
only the long-range TC survives in theF layers, whereas in
theSmISm junction both the SC and TC exist simultaneous
Therefore in the case of a collinear alignment ofM , the
Josephson coupling~and triplet superconductivity in the
transverse direction! disappears in our system, whereas
remains in theSmISm system.

Another possible detection of the TC in theS/F structures
may be achieved by measuring the density of states~DOS! in
a F/S/F trilayer ~see Fig. 1!. We will see that the long-range
TC causes a measurable change of the local DOS at the o
side of theF layers even ifdF is much larger thanjJ .

The plan of this paper is as follows. In the next section
make some preliminary remarks concerning the TC inS/F
structures. We consider a three-layerFSF structure and cal-
culate the condensate function in this structure. We show
the amplitude of the TC is proportional to sina and its long-
range part is an odd function of the Matsubara frequencyÃ
~the SC is an even function ofÃ), where6a is the angle
between thez axis and the magnetization in the right~left! F
layers. We discuss properties of the TC and calculate
DOS related to it. In Sec. III we calculate the Josephs
current between adjacentS layers and discuss its dependen
on the chirality of the magnetization variation in the syste
In Sec. IV we take into account spin-orbit interactions a
study the effect of this interaction on the TC. In the conc
sion we discuss the obtained results and possibilities o
experimental observation of the predicted effects. The o
triplet superconductivity inF/S structures was first predicte
by the present authors in a short paper where the cas
small angles a and of a perfect F/S interface was
considered.17

II. THE CONDENSATE FUNCTION IN A F ÕSÕF
SANDWICH

In order to get a better understanding of the properties
the superconducting condensate in the presence of the f
magnetic layers, we consider in this section a simple cas
a trilayeredF/S/F structure~see Fig. 1!. Generalization to a

FIG. 1. TheF/S/F trilayer. The magnetization vectors in theF
layers make an angle6a with the z axis, respectively.
3-2
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MANIFESTATION OF TRIPLET SUPERCONDUCTIVITY . . . PHYSICAL REVIEW B68, 064513 ~2003!
multilayered structures is of no difficulties and will be do
in the next section.

In the most general case, when the magnetization vec
M of the F layers are noncollinear, the electron Green fun
tions are 434 matrices in the Nambu~particle-hole! ^ spin
space. The 434 matrix Green functions have been intr
duced long ago18 and used in other papers.19 Later on they
were used in Ref. 20 for a description of magnetic superc
ductors with a rotating magnetization.

A very convenient way for the study of proximity effec
is the method of quasiclassical Green’s functions.21–23Equa-
tions for the quasiclassical Green’s functions have been g
eralized recently to the case of a nonhomogeneous exch
field ~magnetization! M .24

Following the notation of Ref. 6 we represent the qua
classical Green functions in the form

ǧ5gss8
nn85

1

p (
n9

~ t̂3!nn9 E djp^cn9s~ t !cn8s8
†

~ t8!&, ~1!

where the subscriptsn and s stand for the elements in th
Nambu and spin space, respectively, andt̂3 is the Pauli ma-
trix. The field operatorscns are defined asc1s5cs and
c2s5c s̄

† ( s̄ denotes the spin direction opposite tos).

The diagonal elements of the matrixǧ in the Nambu
space~i.e., proportional tot̂0 and t̂3) are related to the nor
mal Green’s function, while the off-diagonal elements~pro-
portional to t̂1 and t̂2) determine the superconducting co
densate functionf̌ . In the case under consideration th
matrix ~1! can be expanded in the Pauli matrices in t
Nambu space (t̂0 is the unit matrix!:

ǧ5ĝ0t̂01ĝ3t̂31 f̌ , ~2!

where the condensate function is given by

f̌ 5 f̂ 1i t̂11 f̂ 2i t̂2 . ~3!

The functionsĝi and f̂ i are matrices in the spin space. In th
case under consideration the matricesf̂ i can be represente
in the form

f̂ 2~x!5 f 0~x!ŝ01 f 3~x!ŝ3 , ~4!

f̂ 1~x!5 f 1~x!ŝ1 . ~5!

This follows from the equation that determines the Gree
function ~see below!.

Let us discuss briefly properties of the condensate ma
function f̌ . According to the definitions of the Green’s fun
tions, Eq. ~1!, the functionsf i(x) are related to following
correlation functions:

f 3;^c↑c↓&2^c↓c↑&,

f 0;^c↑c↓&1^c↓c↑&, ~6!

f 1;^c↑c↑&;^c↓c↓&.
06451
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The functionf 3 describes the SC, while the functionsf 0
and f 1 describe the TC~see for example Ref. 25!. The func-
tion f 0 is proportional to the zero projection of the triple
magnetic moment of the Cooper pairs on thez axis, whereas
the functionf 1 corresponds to the projections61.

It is important that in the absence of an exchange fielJ
~or magnetizationM ! acting on spins, the SC, i.e., the fun
tion f 3, exists both in the superconducting and normal~non-
magnetic! layers. If J is not equal to zero but is uniform in
space and directed along thez axis, then the partf 0 of the TC
arises in the structure.

However, both the functionsf 3 and f 0 decay very fast in
the ferromagnet~over the lengthjJ). The singlet componen
decays because a strong magnetization makes the spins
pair be parallel to each other, thus destroying the condens
The triplet component with the zero projection of the ma
netic moment is also destroyed because it is more ener
cally favorable for the magnetic moment to be parallel to
magnetization.

On the other hand, the structure of the matrixf̌ ~the func-
tions f̂ i) depends on the choice of thez axis. If the uniform
magnetizationM is directed not along thez axis ~but, say,
along thex axis!, terms like f̂ 1i t̂1 inevitably appear in the
condensate function~see, for example, Ref. 20 where such
term was obtained even atQ50, whereQ is the wave vector
of a spiral magnetic structure!. However, the condensat
component corresponding to this term penetrates theF layer
over the short distancejJ only.

Therefore, we can conclude that the presence of te
such asf̂ 1i t̂1 in the condensate function does not necessa
mean that the TC penetrates theF layer over the long dis-
tancejT . Actually, long-range effects arise only if the dire
tion of the vectorM varies in space. If the magnetization h
different directions in neighboringF layers, then not onlyf 0
but alsof 1 arise in the system and both functions penetr
the ferromagnetic layer over a long distancejT .

In order to find the Green’s functionǧ, we consider the
diffusive case when the Usadel equation is applicable. T
equation can be used provided the conditionJt!1 is satis-
fied (t is the momentum relaxation time!. Of course, this
condition can hardly be satisfied for strong ferromagnets
Fe, and in this case one should use a more general E
berger equation for a quantitative computation. However,
Usadel equation may give qualitatively reasonable res
even in this case.

The Usadel equation is a nonlinear equation for the
34 matrix Green’s functionǧ and can be written as

D]x~ ǧ]xǧ!2uvu@ t̂3ŝ0 ,ǧ#1 iJ sgn v$@t̂3ŝ3 ,ǧ# cosa~x!

1@ t̂0ŝ2 ,ǧ# sina~x!%52 i @Ď,ǧ#. ~7!

In the S layer D5DS , J50, Ď5D i t̂2st ~the phase ofD is
chosen to be zero!. In the F layersD5DF , a(x)56a for
the right ~left! layer andD50. Eq. ~7! is complemented by
the boundary conditions at theS/F interface26

g~ ǧ]xǧ!F5~ ǧ]xǧ!S , x56dS , ~8!
3-3
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2gbjJ~ ǧ]xǧ!F56@ ǧS ,ǧF#, x56dS , ~9!

whereg5sF /sS , sS,F are the conductivities of theF andS
layers, andgb5sFRb /jJ is a coefficient characterizing th
transmittance of theS/F interface with resistance per un
areaRb .

If linearized, the Usadel equation can be solved anal
cally rather easily. The linearization may be justified in t
two limiting cases:~a! T is close to the critical temperature o
the structuresTc* ~the latter can be different from the critica
temperature of the bulk superconductorTc), and~b! the re-
sistance of theS/F interfaceRb is not small. In the latter
case the condensate function in theS layer is weakly dis-
turbed by theF film and the functionf 3 in Eq. ~3! can be
represented in the form

f 3~x!5 f S1d f 3~x!, uxu,dS , ~10!

where f S5D/ iEv andEv5Av21D2. The functiond f 3 and
the functionsf 0,1 are assumed to be small. In theF layers all
the components of the condensate functionf̌ are small. The
functions ĝ0 and ĝ3 in Eq. ~2! in the superconductor ar
given by

ĝ35ŝ0~gS1dg0!1ŝ3g3 , ~11!

ĝ05ŝ2g2 . ~12!

Here g̃S5sgnvgs , gs5uvu/Ev . From the normalization
condition

ǧ251 ~13!

we obtain expressions relating the functionsdg0 , g2,3 to the
functionsd f 3 , f 0,1:

dg05~ f S /g̃S!d f 3 , g35~ f S /g̃S! f 0 , g25~ f S /g̃S! f 1 .
~14!

Now we linearize Eq.~7! with respect tod f̌ 5 i t̂2(ŝ3d f 3

1ŝ0f 0)1 i t̂1ŝ1f 1 and obtain

]xx
2 d f̌ 2kS

2d f̌ 50 ~15!

in the S layer, and

]xx
2 d f̌ 2kv

2 d f̌ 1 ikJ
2$t̂0@ŝ3 ,d f̌ #1 cosa6 t̂3@ŝ2 ,d f̌ #2 sina%

50 ~16!

in the F layers. Here kS
252Ev /DS , kv

2 52uvu/DF , kJ
2

5J sgnv/DF , and@A,B#65AB6BA. The signs6 in Eq.
~16! correspond to the right and left layer, respectively. T
corresponding linearized boundary conditions ford f̌ are

~ggS!]x f̌ F5]xd f̌ S , ~17!

6gbjJ] f̌ F52~ f̌ S1d f̌ S!1gSf̌ F , ~18!

where f̌ S5 i t̂2ŝ3f S and the signs6 correspond to the righ
and left layer respectively. Solutions for Eqs.~15! and ~16!
can be written as a sum of exponential functions e
(6kx), where thek ’s are the eigenvalues of Eqs.~15! and
06451
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~16!. In theS layer the equations ford f 3 , f 0,1 are decoupled
and there is only one eigenvaluek5kS . In theF layers the
equations are coupled and there are three differ
eigenvalues17

k1,2[k6.jJ
21~16 i !, ~19!

k3[kv5A2uvu/DF. ~20!

We see from these equations that two completely differ
lengthsjJ and jT determine the decay of the condensate
the F layers. At all temperaturesT,Tc* the lengthjT much
exceedsjJ and is the same the length describing the decay
the standard singlet condensate in a normal metal.

We have assumed thatJ@Tc* , which is realistic unless
the exchange field is extremely small. In order to find an
lytical expressions for the functionsf i we also assume tha
the thicknesses of theS andF layers satisfy the conditions

dS!jS5ADS/2pTc* , dF@jJ . ~21!

In this case the solutions for Eqs.~15! and~16! have the form

d f 3~x!5a3 cosh~kSx!, ~22!

f 0~x!5a0 cosh~kSx!, ~23!

f 1~x!5a1 sinh~kSx!, ~24!

in the S layer and

f 1~x!5b1

coshkv~x2dS2dF!

cosh~kvdF!
1sgn v sina

3@2b31ek1(x2ds)1b32e2k2(x2ds)#, ~25!

f 0~x!52~ tana!b1

coshkv~x2dS2dF!

cosh~kvdF!
1sgn v cosa

3@2b31e2k1(x2ds)1b32e2k2(x2ds)#, ~26!

f 3~x!5b31e2k1(x2ds)1b32e2k2(x2ds) ~27!

in the rightF layer. The solutions in the leftF layer can be
easily obtained recalling that the functionf 1(x) is odd and
f 0,3(x) are even functions ofx. From Eqs.~22!—~27! and the
boundary conditions Eqs.~17! and ~18! we find

b̃365b36~gs1gbjJk6!5 f S

k̃S~ tanhQS!M 7

M 1T21M 2T1
, ~28!

b̃15b1~gS1gbjJkv tanhQF!

52 f S sina
k̃S

2~ k̃12k̃2! sgn v

~ cosh2 QS!~M 1T21M 2T1!
, ~29!

where QS5ksdS , QF5kvdF , k̃65k6 /(gS1gbjJk6), k̃

5kv /(gS1gbjJkv tanhQF), k̃S5kS/(gSg), and
3-4
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M 65T6~ k̃S cothQS1k̃ tanhQF!

1 ~ tan2 a!C6~ k̃S tanhQS1k̃ tanhQF!,

T65k̃S tanhQS1k̃6 ,

C65k̃S cothQS1k̃6 .

The solutions presented above are valid if the correc
d f 3 to the condensate functionf s in the S layer is small~in
theF layerd f 3 is even smaller!. From Eqs.~17! and~18! one
can readily see that the condition

d f 3~dS!;d f 3~0!5a3 coshQS5b̃311b̃32
2 f S!1

~30!

should be satisfied. HereuQSu!1 is implied. Actually we
have neglected the termd f 3

2 in the normalization condition
~13! assuming thatd f 3

2!1 ~see Fig. 2!.
The amplitudea3 of the SC depends on many paramete

such as temperature~energy!, gb , etc. Therefore, the validity
of our approach should be checked for every set of par
eters. If we are interested in thermodynamical quantities s
as the critical temperature or the Josephson current, we
setv;max$T,D%. When calculating the density of states t
situation is different becausef S(e) has a singularity ate
5D, which is rounded off by a damping factor in the qua
particle spectrum. In this case our approach breaks d
near the energye;D ~see Fig. 2!, when the condition~30! is
violated. It is also clear that our approach is valid provid
either the temperature is close to the critical temperatureTc*
of the system orgb is not too small.

Now we discuss the properties of the obtained soluti
@Eqs. ~22!–~29!#. From Eqs.~27! and ~28! one can see tha
the SC is an even function ofv and decays sharply in th
ferromagnet over the short distancejJ . In contrast, the am-
plitudes of the TCf 0 and f 1 are odd functions ofv and
penetrate the ferromagnet over the longer distancejT

5ADF/2pT. The long-range part of TC determined by th

FIG. 2. Dependence ofua3
Ru2 on the energye. The dashed ver-

tical lines show the region in which our approach fails. Hereg
50.05,J/D525, dS /jD50.4, dF /jD50.5, gb50.5, a5p/4, and
the damping factorG50.1. We have definedjD5ADS /D, whereD
is the BCS order parameter.
06451
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amplitudeb1 has the maximum ata5p/4. This value ofa
corresponds to a perpendicular orientation of the magnet
tions in theF layers. For a parallel (a50) or antiparallel
alignment of the magnetizations (a5p/2) this amplitude de-
cays to zero. In Fig. 3 we plot the spatial dependence of
SC and the long-range part of the TC. We see that b
amplitudes are comparable at theS/F interface but the SC
decays faster than the TC.

The long-range part of TC leads to interesting observa
effects that will be discussed in the next sections. In Refs
and 12 the conductance of a ferromagnetic wire attached
superconductor was calculated. It was assumed that thF
wire had a domain wall located at theS/F interface. This
inhomogeneity of the magnetization induces a TC, wh
leads to an increase of the conductance for temperatures
low Tc .

A. Critical temperature

In this section we discuss briefly the effect of the TC
the critical temperatureTc* of the structure. For the paralle
and antiparallel alignment of the magnetizations the criti
temperature of the multilayered structureTc* was calculated
in many papers.2,27The angle dependence of the critical tem
perature in aF/S/F structure was analyzed in Ref. 28. How
ever, the form of the condensate function presented in R
28 is not correct because the authors started from an equ
different from Eq.~7!. As a result, the long-range TC wa
completely lost.

The equation that determinesTc* has the form~we assume
that dS!jS , see Refs. 2!

ln S Tc

Tc*
D 52pTc* (

v52`

` H 1

v
2 i

b̃3p1b̃32

D
J . ~31!

We have obtained a solution forb̃36 @Eq. ~28!#, assuming
that D is constant in space~this approximation correspond
to the so-called single-mode approximation used in ma
earlier works2!. It is established in Ref. 27 that for som
parameters this approximation gives a rough estimate

FIG. 3. The spatial dependence of Im~SC! ~dashed line! and the
long-range part of Re~TC! ~solid line!. We have choseng
50.2, J/Tc550, gb50.05,dFATc /DS52, dSATc /DS50.4, and
a5p/4. The discontinuity of the TC at theS/F interface is because
the short-range part is not shown in this figure.
3-5
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Tc* . A careful analysis of Ref. 27 shows thatTc* remains
finite even for values of the parametersg, gb , kJ , for which
other approaches predict a zero critical temperature. We
not discuss quantitatively the dependence ofTc* on the angle
a. Note however that, as follows from Eqs.~28! and ~31!,
the critical temperatureTc* depends ona anddF even in the
case whendF@jJ ~if aÞ0). This dependence is due to th
long-range part of the TC and, in order to determine it, o
has, generally speaking, to go beyond the single-mode
proximation. Note, however, that this dependence may
weak.

B. Local density of states

In this section we calculate the change of the local D
in the F layers due to the TC. It is clear that, for distanc
from theS/F interface larger thanjJ , only the TC leads to a
variation of the local DOS. Thus, if the thicknessdF is much
larger than thejJ one can detect directly the presence of t
TC performing measurements of the DOS at the outer sid
one of theF layers. Any deviation from the normal valu
would be only due to the TC.

We calculate the local DOS atx5dS1dF . The expres-
sion for the normalized DOS is~we ignore the difference in
the DOS for the up and down spin directions. This appro
mation is consistent with the quasiclassical assumption
J!eF , whereeF is the Fermi energy!,

ñ5
n

n0
5

1

8
Tr~ t̂3ŝ0!^ǧR2ǧA&, ~32!

wheren0 is the DOS in the normal states; thusñ511dn
(dn is a correction due to the proximity effect!. As it was
mentioned before, in the casedF@jJ only the TC@i.e., the
functionsf 0(x) and f 1(x)] contributes to the DOS. From th
normalization condition, Eqs.~13! and ~32!, we obtain

dn5
1

2
Re

~b1
R!2

cos2 a cosh2 QF
R

, ~33!

FIG. 4. The normalized DOSdn as a function of the energy fo
a53p/8 ~solid line!, a5p/8 ~dashed line!, and a5p/4 ~point-
dashed line!. Note that fora50,p/2 dn50. We have choseng
50.05,J/D525, gb50.5, dF /jD50.5, anddS /jD50.4. HerejD

5ADS /D andD is the BCS order parameter.
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where QF
R5A22i e/DFdF and b1

R is the amplitude of the
retarded Green’s function in Eqs.~25! and~26!. It is obtained
from b1 by replacingv by 2 i e. In Figs. 4, 5, and 6 we plo
the dependence ofdn on e for different a, dF , and gb ,
respectively. For the range of parameters chosen in th
plots the functionua3(e)u2 has the shape shown in Fig. 2
Thus, our approach is valid almost for all energies and fa
only in a very narrow region close toe5D. In order to avoid
singularities inf S

R we have taken into account a finite dam
ing factorG50.1 in the expression forf S

R :

f S
R5

D

A~e1 iG!22D2
. ~34!

As follows from Eq.~29! dn is zero fora50,p/2. The larg-
est change in the DOS is achieved whena5p/4 ~perpen-
dicular orientation of magnetizations in theF layers!. We see
that the correction to the DOS is small but observable. K
tos et al. presented in Ref. 29 measurements ofdn in thin F
layers~few nanometers!. The order of magnitude of the ob
serveddn (;1023) is the same as the presented in Fig

FIG. 5. The normalized DOSdn as a function of the energy fo
dF /jD50.8 ~solid line!, dF /jD51.2 ~dashed line!. The dotted-
dashed line shows the contribution to the DOS from the SC (f 3).
The latter is multiplied by a factor of 100. We have chosena
5p/4. All other parameters are the same as in Fig. 4.

FIG. 6. The normalized DOSdn as a function of the energy fo
gb50.5 ~solid line!, gb51 ~dashed line!, and gb51.5 ~dotted-
dashed line!. We have chosendF /jD50.5. All other parameters are
the same as in Fig. 5.
3-6
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4–6. However, in Ref. 29 the variation of the DOS w
caused by the penetration of the SC into theF layer over the
short distancejJ . In our case such a variation can be o
served in much thickerF layers (dF;jT5ADF/2pTc*
@jJ).

It is interesting to compare our result for theFSFstructure
with noncollinear magnetization with corresponding resu
for NSNstructures (N is a normal layer!. At first glance, the
behavior of the odd triplet condensate in the ferromagne
very similar to that of the conventional singlet condensate
a normal metal. In both cases the amplitude of the cond
sate decays exponentially with the lengthjT @Eq. ~20!#.
However, there is an essential difference. In theN layer an
energy gap is induced due to the singlet condensate.
value of the energy gap is determined
min$D,DN /(sNdNRb)%.30 In contrast, no subgap appears
the ferromagnet due to the triplet odd condensate consid
here, although the TC penetrates over the entireF layer pro-
vided its thicknessdF is not very large,dF<jT . The main
reason for the absence of a subgapesg in the FSF system is
the following. InSNstructures the condensate function is n
small at energiesueu&esg . The exchange field shifts thi
energy interval by the large valueJ so that at low energies
the condensate function~both singlet and triplet! is small if
gb is not too small. Note also that the amplitude of the TC
smaller than the amplitude of the SC in aNSNstructure since
it contains a large parameterk6;AJ in the denominator@see
Eqs.~28! and ~29!#.

For completeness we finally note that the change of
local DOS in the ballistic case (Jt@1) was considered in
Ref. 31 and in the pure ballistic case (t→`) in Ref. 32. It
turns out that the results in these two cases differ gre
from those obtained in the present paper for a diffusive s
tem (Jt!1).

III. JOSEPHSON CURRENT IN A F ÕSÕF ÕSÕF STRUCTURE

In this section we calculate the Josephson current betw
the S layers of aFSFSFstructure. We assume again that t
thickness of theF layersdF is much larger thanjJ @Eq. ~21!#.
In this case the Josephson coupling between theS layers is
due to the long-range part of the TC. Therefore the super
rent in the transverse direction is unusual, since it is cau
by the triplet component of the condensate that is odd
frequency and even in momentum.

At the same time, the in-plane superconductivity is cau
mainly by the ordinary singlet component. Therefore t
macroscopic superconductivity due to the Josephson
pling between the layers is an interesting combination of
singlet superconductivity within the layers and the odd trip
superconductivity in the transversal direction.

We will see that the unusual character of the supercond
tivity in the transversal direction leads to peculiarities of t
Josephson effect. For example, if the bias current flo
through the terminal superconducting layerS0 and SA ~see
Fig. 7!, the supercurrent is zero because of the different s
metry of the condensate inS0 and SA . In order to observe
the Josephson effect in this structure the bias current ha
pass through the layersSA andSB , as shown in Fig. 7. The
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supercurrent betweenSA and SB is nonzero because eac
superconductor has its ‘‘own’’ TC and the phase differencew
is finite.

The Josephson currentI S is given by the expression

I S5~LyLz!sFTr~ t̂3ŝ0! (
v

f̌ ]x f̌ . ~35!

This current was calculated for the case of small anglesa in
Ref. 17. HereLyLz is the area of the interface andsF is the
conductivity of theF layer. The simplest way to calculateI S
is to assume a weak coupling between theS layers, which
corresponds to the case when the conditiondF.jT holds. In
this case the long-range part of the TC is given by the sum
two terms each of those is induced by the layersSA andSB in
Fig. 7:

f̌ ~x!5 f̌ A~x!1ŠǓ f̌ B~x2dS2dF!Ǔ1Š1, ~36!

where

f̌ A~x!5e2kv(x2dS)~b1i t̂1ŝ11b0i t̂2ŝ0! ~37!

is the long-range part of the TC induced by the layerSA . The
coefficientb1 is given by Eq.~29! andb052( tana)b1. If
the SA,B /F interfaces are identical as well as the superc
ductorsSA and SB , the function f̌ B is equal to f̌ A if one
replaces the exponential function exp@2kv(x2dS)# by
exp@kv(x2dS2dF)#. The phase of theSA layer is set to be
zero and the phase ofSB is w. This phase has been taken in
account by the gauge transformation performed with the h
of the matrixŠ5 t̂0 cos (w/2)1 i t̂3 sin (w/2). The magnetiza-
tionsM of the layersF1 andF2 make an angle7a with the
z axis, respectively. For the direction ofM in F3 we consider
two cases:~a! the direction of magnetization is2a ~negative
chirality! or ~b! 2a ~positive chirality!. In the latter case the
matrix Ǔ in Eq. ~36! is given by

Ǔ5 t̂0 ŝ3 cosa1 i t̂3 ŝ2 sina. ~38!

FIG. 7. The multilayered structure considered. The arrows sh
the bias current. In the case of positive~negative! chirality the mag-
netization vectorM of the layerF3 makes an angle 3a (2a) with
the z axis, i.e., in the case of positive chirality the vectorM rotates
in one direction if we go over from oneF layer to another, wherea
it oscillates in space in the case of negative chirality.
3-7
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In the case of negative chirality,Ǔ is the unit matrix and one
has to change the sign ofa in the expression for the functio
f̌ B @Eq. ~36!#. In Fig. 8 we show schematically the spati
dependence off 1(x).

Substituting Eq.~36! into Eq. ~35! one obtains after
simple transformationsI S5I c sinw, where

eRFI c562pT (
v

kvdFb1
2~a!~11 tan2 a!e2dFkv,

~39!

whereb1(a) is given in Eq.~29! and the1(2) sign corre-
sponds to positive~negative! chirality. In the case of negative
chirality the critical current is negative (p contact!. It is
important to emphasize that the nature of thep contact dif-
fers from that predicted in Refs. 4 and observed in Ref. 7
our case the negative Josephson coupling is due to the
and can be realized inS/F structures with negative chirality
This gives a unique opportunity to switch experimenta
between the 0 andp contacts by changing the angles of t
mutual magnetization of the layers. It is worth mentioni
that another effect concerning the chirality of theM vector
was studied by the authors in Ref. 33. It was shown that
resistance of a multidomain ferromagnetic wire depends
the chirality of theM variation in space.

In Fig. 9 we plot the dependence ofI c on the anglea. If
the orientation ofM is parallel (a50) or antiparallel (a

FIG. 8. The spatial dependence of the amplitude of the TCf 1(x)
in the case of positive~solid line!and negative~dashed line! chiral-
ity.

FIG. 9. Dependence of the critical current~normalized with re-
spect to the maximum value! on the anglea. We have chosen the
same values as in Fig. 4.
06451
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5p/2) the amplitude of the triplet component is zero, a
therefore there is no coupling between the neighboringS
layers, i.e.,I c50. For any other angle between the magn
tizations the amplitude of the TC is finite. This leads to
nonzero critical current. Ata5p/4 ~perpendicular orienta-
tion of M ! I c reaches its maximum value.

The weak coupling assumption (dF.jT) leads to an ex-
ponential decay ofI c with increasingdF @Eq. ~39!#. In the
casedF<jT , Eq. ~39! is not valid. One can easily obtainI c
for the case of an arbitrarydF and smalla. It turns out that
in this case Eq.~39! remains valid if the exponential facto
exp (2kvdF) is replaced by cosh22 (kvdF/2) and in the ex-
pression forb1 @Eq. ~29!# QF is replaced byQF/2.

In order to estimate the value of the critical currentI c , we
use Eq. ~39!. If dF exceeds the lengthjT ~for example,
dF /jT52) only the term withn50 ~i.e., v5pTc* ) is im-
portant in the sum. In this case one obtains

eRFI c

Tc*
5

4

p S D

Tc*
D 2

e2kTdFC, ~40!

where the factorC can be easily expressed in terms
M 6 , T6 , etc. Thus,C depends on many parameters such
g, gb , kJ , etc. We estimateC for values of these paramete
similar to those which were used in Ref. 27:gb50.5, g
50.1, dSkS50.4, dFkv51.5, kv /kS53. We get C
51022–1023 for kJdS55 –10. The expression~40! for I c

also contains the parameters (D/Tc* )2 and exp (2dFkT)
which are also small. We note, however, that ifdF<jT , the
exponential function is replaced by a numerical factor of
order of 1. The factor (D/Tc* )2 is also of the order 1 if the
temperature is not close toTc* . TakingsF

21560 mV cm ~cf.
Ref. 27! and dF;jT; 200 nm we obtainI c;1042105 A
cm22; that is, the critical current is a measurable quant
~see experimental works7! and the detection of the TC i
possible.

IV. EFFECT OF SPIN-ORBIT INTERACTION

So far the only interaction we have considered in the f
romagnet is the exchange fieldJ acting on the conducting
electrons. However, in reality spin-orbit interactions that a
pear due to interactions of electron spins with spin-orb
impurities may become important. Following again the no
tion of Ref. 6 we write an additional term in the Hamiltonia
that describes the spin-orbit part as34,35

Hso5
Uso

2pF
2 (

n,s,p,n8,s8,p8
cnsp

† ~p3p8!~Š!ss8
nn8cn8s8p8 , ~41!

where Š5(ŝ1 ,ŝ2 , t̂3ŝ3) and p and p8 are the momenta
before and after scattering at the impurities. Although in g
eral the characteristic energy of the spin-orbit interaction
much smaller than the exchange energy, it can be compar
to the superconducting gapD and therefore this effect shoul
be taken into account when describing the supercurrent.

In the Born approximation the self-energy is given by
3-8
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Šso5nuUsou2^G&so ,

where

^G&so5n E djp E dV

4p
~n3n8!ŠGŠ~n3n8!. ~42!

Heren is a unit vector parallel to the momentum. Includin
this term in the quasiclassical equations is straightforw
and the resulting Usadel equation takes the form34

2 iD ] r~ ǧ] rǧ!1 i ~ t̂3] tǧ1] t8ǧt̂3!1@Ď,ǧ#

1J@ ň,ǧ#1
i

tso
@Št̂3ǧt̂3Š,ǧ#50, ~43!

where

1

tso
5

1

3
nnp E dV

4p
uUsou2 sin2 u ~44!

is the spin-orbit scattering time.
As before, one can linearize Eq.~43! in the F layer and

obtain equations for the condensate functionf̌ similar to Eqs.
~15-16! but now including the spin-orbit interaction term
The solution again has the form

f̌ ~x!5 i t̂2^ @ f 0~x!ŝ01 f 3~x!ŝ3#1 i t̂1^ f 1~x!ŝ1 . ~45!

The functions f i(x) are given by f i(x)5 ( j bj exp@kjx#,
where the new eigenvaluesk j are

k6
2 56

2i

DF
AJ22S 4

tso
D 2

1
4

tsoDF
, ~46!

k0
25kv

2 12S 4

tsoDF
D . ~47!

We see from these equations that the singlet and triplet c
ponents are affected by the spin-orbit interaction, making
decay of the condensate in the ferromagnet faster. In
limiting case 4/tso.J,Tc both components penetrate ov
the same distancejso5AtsoDF and therefore the long-rang
effect is suppressed. In this case the characteristic osc
tions of the singlet component are destroyed.35 In the more
interesting case 4/tso;Tc,J, the singlet component is no
affected and penetrates over distances of the orderjJ . At the
same time, the triplet component is more sensitive to
spin-orbit interaction and the penetration length equals
(jso ,jT).jJ .

The spin-orbit interaction is relevant in systems w
large-Z elements. The characteristic spin-orbit energy 1/tso
also depends on the scattering concentration and densi
states@cf. Eq. ~44!#. Experimental data concerning this e
ergy are still unclear and controversial, mainly due to
difficulty to separate the contribution of the spin-orbit fro
other scattering types. From numerical band structure ca
lations one can estimate the parameterJtso . For example,
for a typical magnetic transition metal, like Fe, in the dir
limit Jtso;102, while for dirty Gd Jtso;10 ~see Ref. 36
and references therein!. Thus, according to our mode
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material-like transition metals are better candidates in or
to observe the predicted effects. Thus, provided the s
orbit interaction is not very strong, the penetration of t
triplet condensate over the long distances discussed in
previous sections is still possible, although the penetra
length is reduced.

V. CONCLUSION

We studied odds-wave triplet superconductivity that ma
arise inS/F multilayered structures with a noncollinear or
entation of magnetizations. It was assumed that the orie
tion of the magnetization is not affected by the supercond
tivity ~e.g., the energy of the magnetic anisotropy is mu
larger than the superconducting energy!. The analysis was
carried out in the dirty limit (Jt!1) when the Usadel equa
tion is applicable.

It was shown that for all values ofa the condensate func
tion consists of singlet~SC! and triplet ~TC! components.
Even in the case of a homogenous magnetization (a50), in
addition to the SC, the TC with the zero projection onto t
z axis arises. In this case, both the SC and the TC deca
the F layers over a short distance given byjJ5ADF /J. If
the magnetization vectorsM are not collinearaÞ0,p/2, all
projections of the TC appear, in particular, those with no
zero projection on thez axis. In this case, the TC penetrat
the F layer over a long distancejT5ADF/2pT. In the pres-
ence of the spin-orbit interaction this penetration length
given by min(jso ,jT), wherejso5AtsoDF. Generally, this
length may be much larger thanjJ .

Thus, if the conditiondF@jJ is fulfilled the Josephson
coupling between neighboringS layers is only due to the TC
Therefore in this case a new type of superconductivity m
arise in the multilayered structures with noncollinear mag
tizations. The supercurrent within eachS layer is caused by
the SC, whereas the supercurrent across the layers is ca
by the triplet condensate, which is odd in the frequencyv
and even in the momentum.

The TC in our case is completely different from the tripl
condensate found in Sr2RuO4.14 In the latter case one has ap
wave, even inv, triplet superconductivity, which is sup
pressed by impurity scattering. In contrast, the TC we h
considered is not affected by nonmagnetic impurities. T
reason for the existence of the long-range TC is the fact
if aÞ0, the SC and the TC are coupled and, in addition
k65jJ

21(16 i ), the eigenvaluekT5jT
21 appears. The latte

corresponds to the long-range penetration of the TC in
ferromagnet.

The triplet superconductivity inS/F structures possesse
an interesting property: the Josephson current depends o
chirality of the magnetizationM : If the M vector rotates in
only one direction~the positive chirality!, the critical current
I c is positive. If the direction of theM vector oscillates in
space~the negative chirality! then I c,0. In the latter case
spontaneously circulating currents must arise in the struct
This result can be explained as follows: if the chirality
positive the averagedM vector ^M & is zero and theS/F
structure behaves as a superconductor with anisotropic p
erties~the singlet superconductivity along the layers and
3-9
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triplet superconductivity across them!. In the case of nega
tive chirality the average in space yields a nonzero magn
zation ^M &Þ0. In such a superconductor with a built-i
magnetic moment the circulating currents arise as they a
in superconductors of the second type in the mixed state

Note also that in a single JosephsonFSFSF junction a
nonzero magnetic field exists also inside the junction, a
this causes Meissner currents. However, the experimen
Ref. 7 onSFSjunctions shows that the observed Fraunho
pattern corresponds tôM &50 in theF layer. This behavior
according to the authors of Ref. 7 may be attributed to
multidomain structure.

It would be interesting to carry out experiments onS/F
structures with noncollinear magnetization in order to o
serve this new type of superconductivity. As follows from
semiquantitative analysis, the best conditions to observe
Josephson critical current caused by the TC are high in
face transparency~small gb) and low temperatures. Thes
z.

s.

.
,

.
B
.B

.

v,

R
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conditions are a bit beyond our quantitative study. Nevert
less, all qualitative features predicted here~angle depen-
dence, etc.! should remain as a general case when one ha
deal with the nonlinear Usadel equation.

Another type of experiment that may detect the trip
condensate is measuring the local density of states. As
have shown in Sec. II, the long-range TC may be detected
measuring the local DOS of theF layers.

Note added.Recently, a paper37 appeared in which a de
tailed study of the critical temperature in aFSF structure
with noncollinear magnetizations in theF layers has been
presented.
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