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We study proximity effects in a multilayered superconductor/ferromag8é)( structure with arbitrary
relative directions of the magnetizatidi. If the magnetizations of different layers are collinear, the super-
conducting condensate function induced in Ehlayers has only a singlet component and a triplet one with a
zero projection of the total magnetic moment of the Cooper pairs oMtltkrection. In this case the conden-
sate penetrates thelayers over a short lengty determined by the exchange enetfyf the magnetizations
M are not collinear, the triplet component has, in addition to the zero projection, the projettlionkhe latter
component is even in the momentum, odd in the Matsubara frequency and penetr&ésytrs over a long
distance that increases with decreasing temperature and does not depkftkdeospin-orbit interaction limits
this length. If the thickness of thé- layers is much larger thag,, the Josephson coupling between neigh-
boring Slayers 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 pdsiéigative 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 statds/BIF structures.
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[. INTRODUCTION nonmagnetic metal More detailed calculations of. (for
arbitrary S/F interface transmittangefor this and similar
Multilayered superconductor/ferromagnes/E) struc-  junctions have been performed later in Refs. 9.

tures are under an intensive study n@ar a recent review Properties of superconductors i®F structures may

see, e.g., Ref.)1 The interest in such systems originateschange not only due to the proximity effect but also due to

from a possibility to find new physical phenomena as wellthe Jong-range magnetic interaction. A spontaneous creation

from the hope to construct new devices based on these strugs yortices caused by the magnetic interaction has been pre-

tu_res. Although a ferromagnEBtattached to a superco_nductor dicted in aS/I/F system ( is an insulating layer'® In most

Sis expected to suppresses the order paramet§y imder 5005 ong/F structures the case of collinegparallel or

certain conditions superconductivity and ferromagneusrrgmiparal|e) orientations of the magnetization was consid-

maé:eoi?'ie??se;(af:r:gﬁgfgggg dghzggrgfgeabf the critica?red' If the magnetization vectdt is not constant in space,
P as in a domain wall, or if the orientations BF in differentF

temperaturd ; of the superconducting transition 8{F mul- . o
) . . layers are not collinear to each other, a qualitatively new and
tilayered structures on the thicknesds of the ferromagnetic interesting effect occurs. For examole. if a ferromaanetic
layers. Theory of this effect has been developed in Refs. Jheresting ' Pie, . g

wire is attached to a superconductor, a domain wall in the

and experimental results have been presented in Refs. 3. "~ ; .
Another interesting phenomenon ismastate that can be vicinity of the interface can generate a triplet component of

realized inSFSJosephson junctions. It was shdtthat for ~ the superconducting condensatéa similar case was ana-
some values of parametefsuch as the temperatufe the ~ 1YZed in a later worfc). _
thicknessdg, and the exchange enerdy the lowest Joseph-  The existence of the triplet compondfiC) has far reach-
son energy corresponds not to the zero phase difference NG consequences. It is well known that the singlet compo-
but to o= (negative Josephson critical currep). De-  nent(SC penetrates into a ferromagnet over the length
tailed theoretical studies of this effect have been presented irf VDg/J, where D¢ is the diffusion coefficient inF. In
many papers® The 7 state has been observed experimen-contrast, it was shown that even fd¥ T the TC penetrated
tally in Refs. 7. F over a much longer distancg&=\Dg/27T. This long-
Later it was discovered that the critical currdptin Jo-  range penetration of the TC might lead to an increase of the
sephson junctions with ferromagnetic layers is not necessaconductance of th& wire if the temperature is lowered be-
ily suppressed by the exchange interaction and it may evelow T,.'112
be enhanced. Such an enhancemenit.dfas been demon- In this paper we consider a multilayer&iF structure.
strated by the present authors on a simple model of &achF layer has a constant magnetizatighbut the direc-
SF/I/FSjunction, wherd stands for a thin insulating lay&r. tion of theM vector varies from layer to layer. We show that,
It was shown for thirSandF layers that at low temperatures in this case, the triplet component of the superconducting
the critical currentl, in a SFHI/FS junction may become condensate is also generated and it penetrate§ tlagers
even larger than that in the absence of the exchange fieldver the long lengtlét, which does not depend on the large
(i.e., if the F layers are replaced by layers, whereN is a  exchange energy at all.
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If the thickness of thé layersdr is much larger thai;, —O (04
then the Josephson coupling between adjaBdayers and,
therefore, superconductivity in the transverse direction, are
due to the TC. In the vicinity of th&/F interface the ampli-
tudes of the SC and TC may be comparable but, unlike the F S F
TC, the SC survives ifr only over the short distancg from
the S/F interface. In other words, in the multilayeréd S
structures with a noncollinear magnetization orientation, a
new type of superconductivity arises. The nondissipative cur- . . . .
rent within the layers is due to theewave singlet supercon- =X
ductivity, whereaz the transversal supercurrgnt acrgss the lay- «(ds+dg) ds ds ds+dg

ers is due to the-wave, triplet superconductivity. _ FIG. 1. TheF/S/F trilayer. The magnetization vectors in tie
It is important to emphasizesee Ref. 1ithat the TC i |ayers make an angle a with the z axis, respectively.
this case differs from the TC realized in the superfldide
and, for example, in materials like FuO,.** The triplet-  spiral magnetization, separated by a thin insulating laykr
type superconducting condensate we predict here is symmee |atter case the TC exists in the bulk superconductors to-
ric in momentum and therefore is insensitive to non-gether with the SGand they cannot be separatednd the
magnetic impurities. It is odd in frequency and is called josephson current depends on the chirality of the spiral struc-
sometimes odd superconductivity. tures. The main difference between our system and the sys-
This type of the pairing has been proposed bytem considered by the authors of Ref. 16 is that in our case
Berezinskit*in 1975 as a possible candidate for the mechaomy the long-range TC survives in tlielayers, whereas in
nism of superfluidity in®He. However, it turned out that the's IS, junction both the SC and TC exist simultaneously.
another type of pairing was realized fite: triplet, odd in  Therefore in the case of a collinear alignmentMf the
momentump (sensitive to ordinary impuritigsand even in  josephson couplingand triplet superconductivity in the
the Matsubara frequencies. Attempts to find conditions for  transverse directiondisappears in our system, whereas it
the existence of the odd superconductivity were undertakefemains in theS, IS, system.
later in several papers in connection with the pairing mecha- Another possible detection of the TC in tB&F structures
nism in highT, superconductofs (in Ref. 15 a singlet pair- may be achieved by measuring the density of Stap&S) in
ing odd in frequency and in the momentum was considered 3 F/S/F trilayer (see Fig. 1 We will see that the long-range
It is also important to note that while the symmetry of the TC causes a measurable change of the local DOS at the outer
order parameteA in Refs. 13-15 differs from that of the side of theF |ayers even |de is much |arger tharf‘] .
BCS order parameter, in our caeis nonzero only in the&S The plan of this paper is as follows. In the next section we
layers and is of the BCS type. It is determined by the amplimake some preliminary remarks concerning the TCSiR
tude of the singlet component. Since the triplet and singlettryctures. We consider a three-laf8 F structure and cal-
components are connected which each other, the TC affectgjlate the condensate function in this structure. We show that
A in an indirect way. the amplitude of the TC is proportional to sirand its long-
Therefore the type of superconductivity analyzed in ourrange part is an odd function of the Matsubara frequescy
paper complements the three known types of supercondugthe SC is an even function af), where= « is the angle
tivity: swave andd-wave singlet superqondgctivity that oc- petween the axis and the magnetization in the righeft) F
cur in ordinary superconductors and in high-supercon-  |ayers. We discuss properties of the TC and calculate the
ductors, respectively and tiewave superconductivity with  pOS related to it. In Sec. Ill we calculate the Josephson
triplet pairing observed in SRUG;. current between adjace8tayers and discuss its dependence
In addition, the new type of the triplet superconductivity on the chirality of the magnetization variation in the system.
across thes/F layers shows another interesting property re-jn Sec. IV we take into account spin-orbit interactions and
lated to the chirality of the magnetizatidn. If the angle of  study the effect of this interaction on the TC. In the conclu-
the magnetization rotationa2across theS, layer(see Fig. 7 sion we discuss the obtained results and possibilities of an
has the same sign as the angle of eotation across the experimental observation of the predicted effects. The odd
Sg layer, then the critical Josephson curréptbetweenS,  triplet superconductivity ifF/S structures was first predicted

and Sg is positive. If these angles have different signs, therpy the present authors in a short paper where the case of
the critical current ¢ is negative and ther state is realized small angles« and of a perfectF/S interface was

(in this case spontaneous supercurrents arise in the structurgonsidered’
This negative Josephson coupling, which is caused by the TC
and depends on chirality, differs from that analyzed in Ref. 4.
Depending on the chirality an “effective” condensate density
in the direction perpendicular to the layers may be both posi-
tive and negative. In order to get a better understanding of the properties of
We note that a dependence of the Josephson current dhe superconducting condensate in the presence of the ferro-
chirality has also been obtained in Ref. 16. The authors ofmagnetic layers, we consider in this section a simple case of
Ref. 16 considered two magnetic superconduc&yswith a trilayeredF/S/F structure(see Fig. 1. Generalization to a

Il. THE CONDENSATE FUNCTION INA F/S/F
SANDWICH
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multilayered structures is of no difficulties and will be done  The functionfs describes the SC, while the functiohg

in the next section. andf, describe the TGsee for example Ref. 25The func-
In the most general case, when the magnetization vectottson f, is proportional to the zero projection of the triplet

M of the F layers are noncollinear, the electron Green func-magnetic moment of the Cooper pairs on #exis, whereas

tions are 4<4 matrices in the Namb(particle-hol¢ ® spin  the functionf, corresponds to the projectionsl.

space. The X4 matrix Green functions have been intro- It is important that in the absence of an exchange field

duced long ag¥ and used in other papetSLater on they  (or magnetizatioM) acting on spins, the SC, i.e., the func-

were used in Ref. 20 for a description of magnetic supercontion f5, exists both in the superconducting and norimain-

ductors with a rotating magnetization. magnetig layers. IfJ is not equal to zero but is uniform in
A very convenient way for the study of proximity effects space and directed along thaxis, then the parft, of the TC

is the method of quasiclassical Green’s functiGh€®Equa-  arises in the structure.

tions for the quasiclassical Green’s functions have been gen- However, both the functionf; andf, decay very fast in

eralized recently to the case of a nonhomogeneous exchangee ferromagnetover the length;). The singlet component

field (magnetizatiohM :24 _decays because a strong magnetization makes the spins of a
Fo_IIOWIng the notation Qf Ref. 6 we represent the quasi-pair be parallel to each other, thus destroying the condensate.
classical Green functions in the form The triplet component with the zero projection of the mag-

netic moment is also destroyed because it is more energeti-
cally favorable for the magnetic moment to be parallel to the
magnetization.

On the other hand, the structure of the mafrithe func-
tions f;) depends on the choice of theaxis. If the uniform
magnetizationM is directed not along the axis (but, say,

. o1 ~
92922: :;EN (73)nn”f d§p<'/’n”s(t)(//2'sr(t,)>v 1

where the subscripte and s stand for the elements in the
Nambu and spin space, respectively, é@ds the Pauli ma-
trix. The field operator are defined as)s= s and LA

P S/ns S1s= s along thex axis), terms likef,i 7, inevitably appear in the

T . . . .

%25= 5 (s denotes the spin direction opv)posnestp condensate functiofsee, for example, Ref. 20 where such a

The diagonal elements of the matrg in the Nambu  term was obtained even @=0, whereQ is the wave vector
space(i.e., proportional tor, and 73) are related to the nor- of a spiral magnetic structureHowever, the condensate
mal Green’s function, while the off-diagonal elemefso-  component corresponding to this term penetrated-tiayer
portional to7, and 7,) determine the superconducting con- OVer the short distancg, only.
densate functionf. In the case under consideration the Therf:f.oAre,- we can conclude thafc the presence of terms
matrix (1) can be expanded in the Pauli matrices in theSuch ad,i 7, in the condensate function does not necessarlly
mean that the TC penetrates tRdayer over the long dis-
tanceér . Actually, long-range effects arise only if the direc-
tion of the vectoM varies in space. If the magnetization has

Nambu space, is the unit matrix:

9=domotgs7s* T, @ gifterent directions in neighboring layers, then not only,
where the condensate function is given by but alsof, arise in the system and both functions penetrate
o the ferromagnetic layer over a long distarfge
f=fiir+fir,. 3 In order to find the Green’s functiog, we consider the

A - i i . diffusive case when the Usadel equation is applicable. This
The functionsy; andf; are matrices in the spin space. In the equation can be used provided the conditlar<1 is satis-

case under consideration the matri&escan be represented fied (r is the momentum relaxation timeOf course, this

in the form condition can hardly be satisfied for strong ferromagnets like
R R R Fe, and in this case one should use a more general Eilen-
fo(X)=To(X)op+ fa(X)o3, (4) berger equation for a quantitative computation. However, the
Usadel equation may give qualitatively reasonable results
f.00=f,(x) 0. (5)  evenin this case.

_ . . The Usadel equation is a nonlinear equation for the 4
This follows from the equation that determines the Green's, 4 1 4trix Green's functiony and can be written as

function (see below.

Let us discuss briefly properties of the condensate matrixDa (
functionf. According to the definitions of the Green’s func- *
tions, Eq.(1), the functionsf;(x) are related to following +[7902,9] sina(x)}=—i[A,g]. 7
correlation functions:

99,9) — | 0|[7300,9]+1J sgn w{[ T305,9] cosa(x)

In the SlayerD=Dg, J=0, A=Ai7,0t (the phase of is

fa~ () — (b ), chosen to be zejoln the F layerdD =D, a(x)=*a for
the right(left) layer andA=0. Eq.(7) is complemented by

fo~ (b)) + (b ), (6)  the boundary conditions at tH#F interfacé®

fa~ ()~ ). 7(99,9)r=(90x9)s, Xx==ds, ®)
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ZYbSJ(éﬁxé)F= “—L[és,éF]y x=*ds, (9) (16). In the_SIayer the equations foffs, fo 4 are decoupled
o and there is only one eigenvalue= k5. In theF layers the
wherey=o¢/os, osr are the conductivities of the andS  equations are coupled and there are three different
layers, andy,=orRy/¢; is a coefficient characterizing the eigenvalue¥

transmittance of th&/F interface with resistance per unit
areaR, . k1= Ko =& H(120), (19
If linearized, the Usadel equation can be solved analyti-
K3=K,=\2|w|/Dg. (20)

cally rather easily. The linearization may be justified in the
two limiting cases(a) T is close to the critical temperature of
the structured; (the latter can be different from the critical We see from these equations that two completely different
temperature of the bulk superconductiey), and(b) the re-  lengths&; and é; determine the decay of the condensate in
sistance of theS/F interfaceRy, is not small. In the latter the F layers. At all temperatureE<T? the lengthér much
case the condensate function in tBdayer is weakly dis- exceeds; and is the same the length describing the decay of
turbed by theF film and the functionf; in Eq. (3) can be  the standard singlet condensate in a normal metal.
represented in the form We have assumed thds>T?* , which is realistic unless
the exchange field is extremel small. In order to find ana-
fa0)=fstofs(x),  IxI<ds, (10 lytical exprgssions for the func>tlion‘$ we also assume that
wherefs=A/iE, andE,= Jw?+AZ. The functionsf; and  the thicknesses of th8 andF layers satisfy the conditions
the functionsf, ; are assumed to be small. In tRdayers all
the components of the condensate functioare small. The ds<és=\Dg2nTE, de>§;. (21)

fL_lng;t]iobns go and g in Eq. (2) in the superconductor are |, this case the solutions for Eq45) and(16) have the form
giv y

9a=0o(gs+ 89o) + 0303, 1Y 6f3(x) =ag cosh(xsx), (22)
QO:&ZQZ' (12) fO(X):aO COSh(KSX)! (23)
Here gs=sgn , 9s=|w|/E,. From the normalization .
condit?gn gnags, gs=|wl/E, f1(x)=a, sinh(ksX), (24)
g?=1 (13)  inthe Slayer and
we obtain expressions relating the functiafgy, g, 3to the coshk,(x—ds—dg)
functions 6f3, fg;: f1(x)=by coshxdg) +sgnh wSina
890=(fs/9s)8f3,  gs=(fs/Qs)fo, gzz(fs@s)fl(:-m) X[ —bs,e 744, e x-(x"d9]  (25)
Now we linearize Eq.(7) with respect tosf=i7,(0o35f5 0= (tanab coshk,,(x—ds—dg) .
+ orof o) +i 716, f1 and obtain o(¥) =~ (ne) by~ gy TS9N @ cosa
92,8t — k25F=0 (15) X[—bg e (74 by eI, (26)
in the Slayer, and fa(x)=bg, e <+("dd 4 p, g r-(x=d9 (27)
02,6F— k28t +ik3{ 1 03,6t], cosa+ 1[0,,8f]_sina} in the rightF layer. The solutions in the lef layer can be
~o (16 easily obtained recalling that the functiér(x) is odd and

fo.5(x) are even functions of. From Eqs(22)—(27) and the
in the F layers. Here k3=2E,/Dg, k>=2|w|/Dg, k3  boundary conditions Eq$17) and(18) we find
=J sgnw/Dg, and[A,B].=AB=BA. The signs* in Eq.

(16) correspond to the right and left layer, respectively. The 7<S( tanh®g)M +

corresponding linearized boundary conditions &rare b3 =bs (g5t méan) =fspy LT +M T, (28)
(799)9xTe =<0, 7 b1=b1(gst yésk, tanhOF)
= ypésdfe=—(fs+ 6f9) +gsfe, (18) , Kk, —K_) sgn w
A =—fgsina . (29
wherefs=ir,03f5 and the signst correspond to the right (cosfOH(M T_+M_T,)

and left layer respectively. Solutions for Eq45) and (16)
can be written as a sum of exponential functions expWhere @s= ks, Op=r,dr, k==K /(gst Ypésk=), K
(£kX), where thex’s are the eigenvalues of Eg&l5) and =« /(gst vpéik, tanhBg), ks=ks/(dsy), and
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0.5 1 15 2 25 -(ds+dF -ds ds+dF
e/A (ds+dF) ds

FIG. 2. Dependence ¢9§|2 on the energy. The dashed ver- FIG. 3. The spatial dependen_ce c_)f(&i:) (dashed lingand the
tical lines show the region in which our approach fails. Here long-range part of R&C) (solid ling. We have choseny
=0.05,J/A=25,ds/£,=0.4,d¢ /£,=0.5, y,=05,a=/4, and ~ — 02 I/Tc=50,7%,=0.05,d¢\Tc/Ds=2, dsyTc/Ds=04, and
the damping factoF =0.1. We have defined, = \D</A, whereA a= /4. The discontinuity of the TC at th&'F interface is because
is the BCS order parar.ne.ter - s the short-range part is not shown in this figure.

amplitudeb; has the maximum ak= /4. This value ofa

M. =T.(kscoth®s+ « tanhOr) corresponds to a perpendicular orientation of the magnetiza-
~ ~ tions in theF layers. For a parallel¢=0) or antiparallel
+ (tarf a)C..(kstanh®s+ « tanhOr), alignment of the magnetizations & 7/2) this amplitude de-
~ ~ cays to zero. In Fig. 3 we plot the spatial dependence of the
T.=«kstanhOgt k., SC and the long-range part of the TC. We see that both
_ _ amplitudes are comparable at tB& interface but the SC
C.=kgcothO@g+ k. . decays faster than the TC.

The long-range part of TC leads to interesting observable

The solutions presented above are valid if the correctioreffects that will be discussed in the next sections. In Refs. 11

of 3 to the condensate functidiy in the Slayer is smallin  and 12 the conductance of a ferromagnetic wire attached to a
theF layer 6f; is even smaller From Eqs(17) and(18) one  superconductor was calculated. It was assumed thaFthe

can readily see that the condition wire had a domain wall located at ti®F interface. This
~ _ inhomogeneity of the magnetization induces a TC, which
of3(dg)~ of3(0)=azcosh®g=hz, +b; —fs<1 leads to an increase of the conductance for temperatures be-
(30) low T..
should be satisfied. Her® g/ <1 is implied. Actually we A. Critical temperature

have neglected the ter@f3 in the normalization condition _ _
(13) assuming thasf2<1 (see Fig. 2 In this section we discuss briefly the effect of the TC on

The amplitudeas of the SC depends on many parameters the critigal tempergturé”c* of the structure. For the paraI.I(.aI
such as temperatutenergy, v, , etc. Therefore, the validity and antiparallel alignment of the magnetizations the critical
of our approach should be checked for every set of paramiemperature of the multilayered structurg was calculated
eters. If we are interested in thermodynamical quantities suci many paper$:*’ The angle dependence of the critical tem-
as the critical temperature or the Josephson current, we magerature in &/S/F structure was analyzed in Ref. 28. How-
setw~maxXT,A}. When calculating the density of states the €ver, the form of the condensate function presented in Ref.
situation is different becausts(e) has a singularity a& 28 is not correct because the authors started from an equation
=A, which is rounded off by a damping factor in the quasi- different from Eq.(7). As a result, the long-range TC was
particle spectrum. In this case our approach breaks dowfompletely lost.
near the energy~ A (see Fig. 2 when the conditior30) is The equation that determin&g has the formwe assume
violated. It is also clear that our approach is valid providedthatds<é¢s, see Refs. p
either the temperature is close to the critical temperafire " ~ _
of the system ory, is not too small. In(k) _oaTr S [i—i b3p+ bs—] (31)

Now we discuss the properties of the obtained solutions * € ) A '

[Egs. (22—(29)]. From Eqgs.(27) and (28) one can see that ¢

the SC is an even function @ and decays sharply in the We have obtained a solution far;. [Eq. (28)], assuming
ferromagnet over the short distanég. In contrast, the am- that A is constant in spacéhis approximation corresponds
plitudes of the TCfy and f; are odd functions oiw and  to the so-called single-mode approximation used in many
penetrate the ferromagnet over the longer distagge earlier workd). It is established in Ref. 27 that for some
=Dg/27T. The long-range part of TC determined by the parameters this approximation gives a rough estimate for

w=—m%
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0.002

-0.002

FIG. 4. The normalized DOSv as a function of the energy for
a=3m/8 (solid line), a= /8 (dashed ling and a= /4 (point-
dashed ling Note that fora=0,7/2 S5¥v=0. We have chosery
=0.05,J/A=25, y,=0.5,dr/£,=0.5, anddg/&,=0.4. Here&,
=+Dg/A andA is the BCS order parameter.

Ts . A careful analysis of Ref. 27 shows th@f remains
finite even for values of the parametersvyy, «;, for which
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0.002

Sv |

FIG. 5. The normalized DOSv as a function of the energy for
de/£,=0.8 (solid line), dr/£,=1.2 (dashed ling The dotted-
dashed line shows the contribution to the DOS from the £§.(
The latter is multiplied by a factor of 100. We have chosen
= /4. All other parameters are the same as in Fig. 4.

where ®F= \/—2ie/Dedr and b} is the amplitude of the
retarded Green'’s function in Eq®5) and(26). It is obtained

other approaches predict a zero critical temperature. We wilirom b, by replacingw by —ie. In Figs. 4, 5, and 6 we plot

not discuss quantitatively the dependencdpfon the angle
a. Note however that, as follows from Eqg28) and (31),
the critical temperatur@ depends o anddr even in the

the dependence ofv on e for different @, dg, and vy,
respectively. For the range of parameters chosen in these
plots the function|as(e€)|? has the shape shown in Fig. 2.

case wherdg>¢; (if a#0). This dependence is due to the Thus, our approach is valid almost for all energies and fails
long-range part of the TC and, in order to determine it, one2nly in a very narrow region close to=A. In order to avoid
has, generally speaking, to go beyond the single-mode aggingularities infg we have taken into account a finite damp-
proximation. Note, however, that this dependence may béng factorT'=0.1 in the expression fofis :

weak.

B. Local density of states

A
fRle—— (34

J(e+il)Z—AZ

In this section we calculate the change of the local DOSas follows from Eq.(29) 6v is zero fora=0,m/2. The larg-

in the F layers due to the TC. It is clear that, for distances

from the S/F interface larger thag;, only the TC leads to a
variation of the local DOS. Thus, if the thickneds is much

est change in the DOS is achieved wher 7/4 (perpen-
dicular orientation of magnetizations in tRdayers. We see
that the correction to the DOS is small but observable. Kon-

larger than the, one can detect directly the presence of theiog et al. presented in Ref. 29 measurementssofin thin F
TC performing measurements of the DOS at the outer side qg\yers(few nanometeds The order of magnitude of the ob-

one of theF layers. Any deviation from the normal value

would be only due to the TC.
We calculate the local DOS at=dg+dg. The expres-
sion for the normalized DOS igve ignore the difference in

the DOS for the up and down spin directions. This approxi-
mation is consistent with the quasiclassical assumption that

J<ep, whereeg is the Fermi energy

v 1 .. . .
_:gTr(Ton)<9R_9A>v

v (32
where v is the DOS in the normal states; thus=1+ Sv

(Sv is a correction due to the proximity effectis it was
mentioned before, in the cask> &; only the TC[i.e., the

functionsfy(x) andf(x)] contributes to the DOS. From the

normalization condition, Eq€13) and(32), we obtain
(b)?
" cog a cos OF

1
Sv= > R (33

servedsv (~107%) is the same as the presented in Figs.

ov

-0.002

FIG. 6. The normalized DOSv as a function of the energy for
vo=0.5 (solid line), y,=1 (dashed ling and y,=1.5 (dotted-
dashed ling We have chosedg /£, =0.5. All other parameters are
the same as in Fig. 5.
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. . . chiralit
caused by the penetration of the SC into Ehkiayer over the 30 (pos. chirality)

short distancet;. In our case such a variation can be ob-

served in much thickerF layers @r~&r=+Dg/27Ty
>£;).

It is interesting to compare our result for tA&F structure So| By |Sa| B |Ss| Fs
with noncollinear magnetization with corresponding results
for NSNstructures K is a normal layer At first glance, the
behavior of the odd triplet condensate in the ferromagnet is
very similar to that of the conventional singlet condensate in - |G, 7. The multilayered structure considered. The arrows show
a normal metal. In both cases the amplitude of the condenne bias current. In the case of positivegativé chirality the mag-

sate decays exponentially with the length [Eq. (20)].  netization vectoM of the layerF; makes an angled (— @) with
However, there is an essential difference. In bhéayer an  thezaxis, i.e., in the case of positive chirality the veckbrrotates

energy gap is induced due to the singlet condensate. The one direction if we go over from orie layer to another, whereas
value of the energy gap is determined by it oscillates in space in the case of negative chirality.
min{A,Dy/(ondyRy)}-2% In contrast, no subgap appears in

the ferromagnet due to the triplet odd condensate Cons'der%percurrent betweeB, and Sg is nonzero because each

here, although the TC penetrates over the efftit@yer pro- g nerconductor has its “own” TC and the phase difference
vided its thicknesglr is not very largede<§&r. The main s finite.

reason for the absence of a subgapin the FSF system is
the following. InSN structures the condensate function is not
small at energiese|<esq. The exchange field shifts this
energy interval by the large valukso that at low energies _ P ¥
the condensate functiofboth singlet and triplétis small if 's= (LyLo) 7eTr(7500) % fout. 39
vy IS not too small. Note also that the amplitude of the TC is
smaller than the amplitude of the SC ilN&Nstructure since  This current was calculated for the case of small anglés
it contains a large parameter. ~ \/J in the denominatofsee  Ref. 17. Herel L, is the area of the interface amg: is the
Egs.(28) and(29)]. conductivity of theF layer. The simplest way to calculaktg

For completeness we finally note that the change of thés to assume a weak coupling between Siayers, which
local DOS in the ballistic caseJ{>1) was considered in corresponds to the case when the conditigi» &1 holds. In
Ref. 31 and in the pure ballistic case-¢ =) in Ref. 32. It  this case the long-range part of the TC is given by the sum of
turns out that the results in these two cases differ greatlywo terms each of those is induced by the lay@®ndSg in
from those obtained in the present paper for a diffusive sysFig. 7:
tem (Jr<1).

4—-6. However, in Ref. 29 the variation of the DOS was l T
-0 o

—q (neg. chirality)

The Josephson curreh is given by the expression

F(x) =T () + 80T g(x— ds—dp) U &*

I1l. JOSEPHSON CURRENT IN A F/S/F/S/IF STRUCTURE (0 =Ta(x)+SUTe(x—ds=dp)UTST, (36)
In this section we calculate the Josephson current betweenhere

the Slayers of aFSFSFstructure. We assume again that the

thickness of thé- layersdg is much larger thag; [Eq. (21)]. Fa(X) = € o099 (b i 7164+ bl 72670) (37)

In this case the Josephson coupling betweenSteyers is
due to the long-range part of the TC. Therefore the supercur- )
rent in the transverse direction is unusual, since it is causel§ the long-range part of the TC induced by the laggr The
by the triplet component of the condensate that is odd irfoefficientb, is given by Eq.(29) andbo=—(tana)b,. If
frequency and even in momentum. the Sy g/F interfaces are |dent|c§1l as well as t[1e supercon-
At the same time, the in-plane superconductivity is causeductorsS, and Sz, the functionfy is equal tof, if one
mainly by the ordinary singlet component. Therefore thereplaces the exponential function dxpx,(x—dg)] by
macroscopic superconductivity due to the Josephson cowxp[k,(X—ds—dg)]. The phase of th&, layer is set to be
pling between the layers is an interesting combination of theero and the phase 8§ is ¢. This phase has been taken into
singlet superconductivity within the layers and the odd tripletaccount by the gauge transformation performed with the help

supercopductivity in the transversal direction. of the matrixS= }0 COS (@/2)+i }3 sin (¢/2). The magnetiza-
We will see that the unusual character of the supercondugionsM of the layersF, andF, make an angle- « with the

tivity in the transversal direction leads to peculiarities of the; axis, respectively. For the direction bf in F5 we consider

Josephson effect. For example, if the bias current flowsyo cases(a) the direction of magnetization is a (negative

through the terminal superconducting lay&y and S, (see  chirality) or (b) 2a (positive chirality. In the latter case the
Fig. 7), the supercurrent is zero because of the different SYMratrix U in Eq. (36) is given by

metry of the condensate i§, andS, . In order to observe
the Josephson effect in this structure the bias current has to o L
pass through the laye&, andSg, as shown in Fig. 7. The U=r7y03C0Sa+iTt30;SiNa. (38

064513-7



F. S. BERGERET, A. F. VOLKOV, AND K. B. EFETOV PHYSICAL REVIEW B8, 064513 (2003
S S =7/2) the amplitude of the triplet component is zero, and
therefore there is no coupling between the neighbotng
layers, i.e.|;=0. For any other angle between the magne-
tizations the amplitude of the TC is finite. This leads to a
nonzero critical current. Atv= /4 (perpendicular orienta-
tion of M) | reaches its maximum value.

The weak coupling assumptionl{> &) leads to an ex-
ponential decay of . with increasingdg [Eg. (39)]. In the
casedg<¢7, EQq. (39 is not valid. One can easily obtalp
for the case of an arbitranyr and smalla. It turns out that
in this case Eq(39) remains valid if the exponential factor
_ _ exp (—«,0) is replaced by cosif (x,d-/2) and in the ex-

_ FIG. 8. The spe_lt_lal de_per_wdence of the_amplltude qf the‘;_l(@) pression forb; [Eq. (29)] O is replaced byd (/2.

in the case of positivésolid lineland negativédashed ling chiral- In order to estimate the value of the critical current we
ity. use Eq.(39). If d- exceeds the length; (for example,
de/&7=2) only the term withn=0 (i.e., o=7TY) is im-
portant in the sum. In this case one obtains

In the case of negative chiralit@ is the unit matrix and one
has to change the sign afin the expression for the function
fg [Eq. (36)]. In Fig. 8 we show schematically the spatial eRl, 4
dependence off;(x). —rec_-

Substituting Eq.(36) into Eqg. (35 one obtains after T ™
simple transformationks=1. sin¢, where

2

A
e 19rC, (40)

e

where the factorC can be easily expressed in terms of
M., T., etc. ThusC depends on many parameters such as
Y, Yo, K3, €tc. We estimat€ for values of these parameters
(39 similar to those which were used in Ref. 29;,=0.5, y
=0.1,dgxks=0.4, dgx,=1.5k,/ks=3. We et C
whereb(«) is_ given in _Eq.(2_9) a_md the+(—) sign corre- :10—2_518—3 for KJdFS=5—10. The SexpressiofAO)gfor I
sppnqls to p03|t_|\_/énegat|ve) ch_lral|ty. In.the case of negapve also contains the parameterd/T*)? and exp €dexy)
_ch|ral|ty the Cm'cﬁl (_:urrehnt 'T] negat|ven(f (;:ntacl. It dl'? which are also small. We note, however, thatli< ¢, the
:‘Qrzofrrfrrr:ttthoatepr?rz d?cst:eszi:w gtetfse 4n:tr1u<jr%t?ser\j€e%n;[r?(gefl '7 Inexponential function is replaced by a numerical factor of the
. . . * 2 . .
our case the negative Josephson coupling is due to the T?fder of 1. The factor4/T¢)" is ‘f’"so (Bflt_he order 1 if the
and can be realized i8/F structures with negative chirality. temperature is not close &f . Takingor o 60 u£) cm (cf.
This gives a unique opportunity to switch experimentaIIyRei‘ZZD and di.~ ¢y~ 200 nm we obtainl;~10'~10° A
between the 0 and contacts by changing the angles of the cm =, that_ls, the critical current is a m_easurable quantity
mutual magnetization of the layers. It is worth mentioning (S€€ €xperimental worksand the detection of the TC is
that another effect concerning the chirality of thie vector possible.
was studied by the authors in Ref. 33. It was shown that the
resistance of a multidomain ferromagnetic wire depends on IV. EFFECT OF SPIN-ORBIT INTERACTION
the chirality of theM variation in space.
In Fig. 9 we plot the dependence Ipf on the anglex. If
the orientation ofM is parallel @=0) or antiparallel ¢

eRel.=+27T >, «k,deb?(a)(1+ tarf a)e” %o,

So far the only interaction we have considered in the fer-
romagnet is the exchange fieldacting on the conducting
electrons. However, in reality spin-orbit interactions that ap-
1 . pear due to interactions of electron spins with spin-orbital
L impurities may become important. Following again the nota-
le | tion of Ref. 6 we write an additional term in the Hamiltonian
that describes the spin-orbit part4®

0.5¢ Uso

Hso= stp(px p,)(vs)gg Cnrsip (41)

2
2PEnspn’.sp’

where S= (o, ,0,, T303) andp and p’ are the momenta
before and after scattering at the impurities. Although in gen-
eral the characteristic energy of the spin-orbit interaction is
much smaller than the exchange energy, it can be comparable
FIG. 9. Dependence of the critical currénbrmalized with re-  to the superconducting gapand therefore this effect should
spect to the maximum valli®n the anglex. We have chosen the be taken into account when describing the supercurrent.
same values as in Fig. 4. In the Born approximation the self-energy is given by

0 1;}4 2
o
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S 2 material-like transition metals are better candidates in order

%50=N|Usd {G)so, to observe the predicted effects. Thus, provided the spin-

where orbit interaction is not very strong, the penetration of the
triplet condensate over the long distances discussed in the

dQ ot , previous sections is still possible, although the penetration
<G>so:VJ' ngJE(nxn )SGS(NXN'). (42)  Jangth is reduced.

Heren is a unit vector parallel to the momentum. Including

this term in the quasiclassical equations is straightforward V. CONCLUSION

and the resulting Usadel equation takes the férm We studied odd-wave triplet superconductivity that may
) . v A .~ .. arise inS/F multilayered structures with a noncollinear ori-
—iDd,(9d,9) +i(7309+ dyg73) +[A,9] entation of magnetizations. It was assumed that the orienta-
o P tion of the magnetization is not affected by the superconduc-
+J[n,g]+ —[S73973S,9]=0, (43  tivity (e.g., the energy of the magnetic anisotropy is much
Tso larger than the superconducting enegrgyhe analysis was
where carried out in the dirty limit §7<<1) when the Usadel equa-
tion is applicable.
1 1 dQ 2 gir2 It was shown that for all values af the condensate func-
7_50_5””7 f E|U50| sin” 6 (44 tion consists of singletSC) and triplet (TC) components.

. . ) . ) Even in the case of a homogenous magnetizatios Q), in
is the spin-orbit scattering time. _ addition to the SC, the TC with the zero projection onto the
As before, one can linearize E@3) in the F layer and  ; s arises. In this case, both the SC and the TC decay in
obtain equations for the condensate functigimilar to Eqs. the E layers over a short distance given By=+Dg/J. If
(15-16 but now including the spin-orbit interaction term. the magnetization vectotd are not collinear+ 0,7/2, all
The solution again has the form projections of the TC appear, in particular, those with non-
. - - - - - zero projection on the axis. In this case, the TC penetrates
f(x)=im0[fo(X) oot f3(X)os]+in®@fi(X)or. (45  theF layer over a long distancgr=+Dg/27T. In the pres-
The functionsf;(x) are given byf;(x)==;b; exp[«;x], ence of the_ spin-orbit interaction this penetration Iength is
where the new eigenvalues are given by min€s,, &), whereéso=\75,Dr. Generally, this
length may be much larger thaj.

2 2i ) 4 4 Thus, if the conditiondg>¢; is fulfilled the Josephson
K+= —D_F Jo= 7._50 + TeoDE (46) coupling between neighborirglayers is only due to the TC.
Therefore in this case a new type of superconductivity may
4 arise in the multilayered structures with noncollinear magne-
KS: Kf,+ 2( . DF)' (47)  tizations. The supercurrent within eaBHayer is caused by
SO

the SC, whereas the supercurrent across the layers is caused
We see from these equations that the singlet and triplet conBy the triplet condensate, which is odd in the frequency
ponents are affected by the spin-orbit interaction, making thend even in the momentum.

decay of the condensate in the ferromagnet faster. In the The TC in our case is completely different from the triplet
limiting case 4#,>J,T, both components penetrate over condensate found in SRuQ,.*In the latter case one hapa
the same distanc&,,= \7,,Dr and therefore the long-range wave, even inw, triplet superconductivity, which is sup-
effect is suppressed. In this case the characteristic oscillgpressed by impurity scattering. In contrast, the TC we have
tions of the singlet component are destroyeth the more  considered is not affected by nonmagnetic impurities. The
interesting case 4/,~T.<J, the singlet component is not reason for the existence of the long-range TC is the fact that
affected and penetrates over distances of the ajgeAtthe if «#0, the SC and the TC are coupled and, in addition to
same time, the triplet component is more sensitive to th9<i=§jl(1ii), the eigenvaluexng;l appears. The latter
spin-orbit interaction and the penetration length equals mirtorresponds to the long-range penetration of the TC in the
(és0,67)>&;. ferromagnet.

The spin-orbit interaction is relevant in systems with  The triplet superconductivity it8/F structures possesses
largeZ elements. The characteristic spin-orbit energy,l/ an interesting property: the Josephson current depends on the
also depends on the scattering concentration and density ohirality of the magnetizatioM: If the M vector rotates in
states[cf. Eq. (44)]. Experimental data concerning this en- only one directior(the positive chirality, the critical current
ergy are still unclear and controversial, mainly due to thel is positive. If the direction of thé/l vector oscillates in
difficulty to separate the contribution of the spin-orbit from space(the negative chiralitythen|.<0. In the latter case
other scattering types. From numerical band structure calcuspontaneously circulating currents must arise in the structure.
lations one can estimate the parameleg,. For example, This result can be explained as follows: if the chirality is
for a typical magnetic transition metal, like Fe, in the dirty positive the averaged! vector (M) is zero and theS/F
limit J7¢,~10%, while for dirty Gd J7,,~10 (see Ref. 36 structure behaves as a superconductor with anisotropic prop-
and references therginThus, according to our model, erties(the singlet superconductivity along the layers and the
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triplet superconductivity across themin the case of nega-

PHYSICAL REVIEW B8, 064513 (2003

conditions are a bit beyond our quantitative study. Neverthe-

tive chirality the average in space yields a nonzero magnetiess, all qualitative features predicted hdengle depen-

zation (M)#0. In such a superconductor with a built-in

dence, etg.should remain as a general case when one has to

magnetic moment the circulating currents arise as they arisgeal with the nonlinear Usadel equation.

in superconductors of the second type in the mixed state.
Note also that in a single JosephsBBFSFjunction a

Another type of experiment that may detect the triplet
condensate is measuring the local density of states. As we

this causes Meissner currents. However, the experiment ¢feasuring the local DOS of tHe layers.

Ref. 7 onSFSjunctions shows that the observed Fraunhofer

pattern corresponds {M)=0 in theF layer. This behavior

Note addedRecently, a papéf appeared in which a de-
tailed study of the critical temperature inESF structure

according to the authors of Ref. 7 may be attributed to &yith noncollinear magnetizations in tte layers has been

multidomain structure.
It would be interesting to carry out experiments St

presented.

structures with noncollinear magnetization in order to ob-

serve this new type of superconductivity. As follows from a
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