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Supercurrent in long SFFS junctions with antiparallel domain configuration
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We calculate the current-phase relation of a long Josephson junction consisting of two ferromagnetic do-
mains with an equal but opposite magnetizatiprsandwiched between two superconductors. In the clean
limit, the current-phase relation is obtained with the help of the Eilenberger equation. In general, the super-
current oscillations are nonsinusoidal and their amplitude decays algebraically when the exchange field is
increased. If the two domains have the same size, the amplitude is indepentieniuefto an exact cancel-
lation of the phases acquired in each ferromagnetic domain. These results change drastically in the presence of
disorder. We explicitly study two cases: fluctuations of the domain (&izthe framework of the Eilenberger
equation and impurity scatteringusing the Usadel equatianin both cases, the current-phase relation be-
comes sinusoidal and the amplitude of the supercurrent oscillations is exponentially suppressee weithif
the domains are identical on average.
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I. INTRODUCTION spectively. In other words, the proximity effect is suppressed
in the ferromagnet.

Hybrid systems containing superconducting and ferro- This qualitative discussion suggests that the main effect
magnetic elements recently gained a lot of attention due tebserved in SFS contacts is oscillations of the supercurrent
experimental progress as well as possible applications iwith the thickness of the ferromagnetic layer—the transition
magnetoelectronics and quantum information. Theoreticairom a so-called O statéenergy of the contact is minimum
studies are revealing a variety of interesting features, makingpr zero phase difference between the supercondyctora
these system generators of theoretical concepts. 7 state(energy is minimum for a phase differeneg. This

It is a common knowledge that current in hybrid normal topic was at the focus of attention since early explorations of
metal-superconductdNS) systems flows by means of An-  the field! Theoretically, ther state was predicted in a vari-
dreev reflections: an electron in N is reflected from the NSety of SFS junctions: Ballisti;® short diffusive$’ long
interface as a hole with the opposite charge and velocitydiffusive>®®  ferromagnetic  insulating  barriéf,®
Imagine first that the piece of a normal metal is ballistic. Anpallistic}*~** and diffusivé’**~8 junctions with a barrier
electron at the Fermi surface is reflected as a hole at theeparating two ferromagnetic layers, and balltStiand
Fermi surface, and they propagate in the normal metal withjiffusive'® with two tunnel barriers. The transition to the
the same phase. If the electron is taken at a finite enérgy r-state was recently observed experimentally in SFS
(counted from the Fermi surfacea momentum mismatch junctions?°-2*All these observations are limited to a small
op=2E/vg between this electron and the reflected hole apthickness of the ferromagnetic laysr d<(#D/h)¥2 For
pears,yr being the Fermi velocity. thicker layers, supercurrent does not exist.

Now consider an interface between aawave supercon- In this situation, it is useful to understand how one can
ductor and a ferromagnet. The electron and hole have opp@nhance the proximity effect. Several options have recently
site spin directions, and the exchange fieid the ferromag-  been discussed in the literature. First, the above qualitative
net leads to a Zeeman splitting of energies of the twoargument assumes that the pairing between an electron and a
different spin projections. Thus, even an electron and a hol@ole participating in the Andreev reflection singlet—they
at the Fermi surface acquire the momentum mismatclave opposite spin projections. Obviously, if the supercon-
2h/vg; hence their relative phase grows ade  ductor allows for a nontrivial symmetry of the order param-
=2hx/(hvg), wherex is the distance from the interface. eter, this need not be the case, arplet pairing between an
This affects phase-sensitive physical quantities like the suelectron and a hole with the same spin projection can arise.
percurrent in superconductor-ferromagnet-superconduct@ince a triplet-paired electron and hole at the Fermi surface
(SF9 junctions: It becomes an oscillating function of the have no momentum difference, they can propagate with the
thicknesd of the ferromagnetic layer, with a peridd /2h. same phase and enhance the proximity effect. The coupling
If, furthermore, the ferromagnet is diffusive, the oscillating of two d-wave superconductors via a ferromagnetic layer
behavior is accompanied by an exponential decayvas considered in Ref. 24. Moreover, triplet pairing can even
«exd —(WAD)Y2d], where D is the diffusion coefficient. appear in a contact of aswave superconductor and a fer-
Typically, h is much larger than the superconducting ¢ap romagnet, provided the magnetization in the latter is
and thus the length scales related to the magnetic field amreonuniform?°=2”In this case, the proximity effect survives at
much shorter than the superconducting coherence lefigth the same distancé from the interface as in nonmagnetic
hvp/A and (:D/A)Y? in the clean and diffusive cases, re- metals. Indeed, the supercurrent in SFS junctions with non-
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S|F! | Ft S entations located between two superconduciig. 1). The
X dynamics of quasiparticles in this system are described by

—0/2 / o2 the Eilenberger equatiéh

n —ivenVg,(r,n)=[(io,Fhe)ms+A,g,(r,M]_, (1)

which is applicable in situations where the Fermi wavelength
is the shortest length scale of the problem. Here the semi-

classical Green’s functiog, is a matrix in Nambu space,
d d,
! . (go' fo )
0 ’ 9=\ 1r g,/
FIG. 1. Setup with two ferromagnetic domains with antiparallel
configurations.

which describes the singlet pairirfthe triplet component is
not generated in our geomefryand the spin indexo

uniform magnetization is considerably enhantétfe also = *1. The exchange fieltl is zero in the superconducting
mention that the supercurrent in a long diffusive SFS juncbanks, and has antiparallel orientations in the ferromagnets:
tion is exponentially suppressed ordy average phenom-  The upper/lower signs in E@l) corresponds to the left/right
ena related to the proximity effect still occur in such a junc-ferromagnet §>0). To stay in the framework of the semi-
tion as a result oimesoscopic fluctuationsround average classical consideration, we have assumed that the Zeeman
quantities’® Finally, if the ferromagnetic layer is split into splitting h is much weaker than the Fermi energy, but can be
domains, the coherence can be preserved if an electron andagbitrary in comparison with the superconducting gaprhe
hole propagate between the superconducting electrodegriablesr andn describe the coordinate and the direction of
along the two sides of a domain wafl. momentum of the quasiparticles;,=(2v+1)#T are Mat-

In this paper, we explore a different way to enhance theypara frequencieghe index»=0,=1,+2, .. . isdropped

supercurrent in SFS junctions. Imagine first that the junction, brevity in the rest of the papefWe put the constants
is ballistic and the ferromagnetic layer consists of two do-_ ke=1: they will be restored in the final results

mains with opposite directions of the magnetization, as In this paper, we consider the case dbag contact The

shown in Fig. 1. Triplet pairing is not generated in this ge;gicknesses of both ferromagnetic layers are much larger

ometry. Consider an electron and an Andreev-reflected ho th ducti h | N
propagating from left to right between the superconductin an the superconducting coherence length>%uve/A.

electrodes. They first acquire the relative phaSe, Then the matrixA can be taken in a piecewise approxima-
=2hx,/(hvg), X, being the distance traversed in the first tion: It is zero in both ferromagnets, and

ferromagnetic layer. However, in the second layer the ex- i

change field has the opposite sign, and the phase &gjn < 0 Ael

=—2hX,/(hvg) partially compensates fobe,. For x; —Ae ix 0

=X, we have full compensation: The ferromagnetic bilayer )

behaves as a piece of norniabt ferromagneticmetal, and  in the superconductors. Hepe= —¢/2 and x= ¢/2 in the

the proximity effect is fully restored. Indeed, previous stud-left and right superconducting banks, respectively. We disre-
ies of SFS contacts, where two ferromagnetic domains wergard the corrections of order:/Ad; , which could origi-
separated by a barrier, found that the supercurrent in theate from the smooth profile of the order parameter.
antiparallel domain configuration is enhanced with respect to In the bulk superconductor far from the contacts the
the parallel oné>*31518f the domains are identical, there is Green’s function is isotropic and equals, far <A,

no transition to ther state in the antiparallel configuration.

Below, we consider such a situation quantitatively. Sec- vpulk_ 1 o  —iAeV @
tion Il treats a ballistic SFFS junction with two ferromag- v _\/m iAe X —o |

netic domains parallel to the superconducting interfaces. We

show that this system behaves as a ballistic SFS junctiotn addition, the Green’s function and its derivative must be

with an effectiveexchange field. If the widths of the two continuous at each interface.

domains are the same, this effective field vanishes. In the We introduce the coordinate parallel ton and directed

next two sections, we study the effect of disorder in the sam&om left to right. Let us choosg=0 at the boundary of the

system and show that supercurrent in diffusive SFFS juncleft superconductor; ther=d; /cosé at the interface of the

tions decays exponentially with their width, similarly to SFS two ferromagnets, andl= (d, +d,)/cosé at the boundary of

contacts without domains. We consider long junctiods, the right superconductor. The quasiparticles in the clean sys-

> ¢, and assume that the superconducting electrodes do ntgm move along a straight lingig. 1). It follows from Eq.

influence the magnetic structure of the contact. (1) that the normal componemt,(r,n) is constant along the
trajectory inside the ferromagnets. The calculation gives

Il. CLEAN SFFS CONTACT

JAZ+ w?sina+io(1+cosa)
wsina+iVAZ+ w?(1+cosa)

We consider first a system of two clean ferromagnetic g,(n)=
strips’® with the thicknesses; andd, and antiparallel ori-

()
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where the phase accumulated along the trajectory is i/io
0.5
2iw d1+d2 2ho dl_d2 1 (4) 025 ’/,"I'\ -
a=— + —np, nNe=*1 : T
ve cosd  vp cosg ¥ T A \
. . A \
L - > @
The supercurrent density is expressed as follows: ' TN /TN 3 w2 2w
0250t -7 v
j=—imevery, T fdngnn, (5) v
o ® -0.5

FIG. 2. Supercurrent in units of j, as a function ofe for
various values oh: h|d;—d,|/Av=10.0(solid line), 12.0(dashed
line), and 14.0(dashed-dotted line

wherev is the density of states. For=0 Eq. (5) gives the
supercurrent of a long clean SNS8onferromagneticjunc-
tion, as considered in Ref. 32, which we follow in the gen-
eral case. The expression is everwinfor zero temperature

(the case of interest herthe summation can be replaced by o veh % (=1t
an integration over frequencies. We subsequently introduce a 1=eloN Zhd,—d,| &~ e
new integration variable = A sinhu and arrive at the inter-
mediate expression 2kh|d,—d,| 7\ .
X 0§ —————+ —|sinke. 9
o U;:h 4
JZZGUFVA; fo du coshu fo dé We note, first of all, that themplitudeof the supercurrent
dotd oscillations as a function op decreases algebraically with
xcosﬁlmtank{u%—A sinhu———2 the exchange field, as
vECoséh
. d,—d, o 5 Vhve/h|d;—dy). (10
! Uv;cosa 20 ©

This is a direct consequence of the fact that we summed over
For long contactsAd, >7%ve, the first term(u) in the ar- all possible trajectories, and hence averaged over the differ-

gument of the hyperbolic tangent can be disregarded. Usin nt phases acquired during propagation in the ferromagnetic
the identity omains along these trajectories. Second, as far ashhse

dependencef the supercurrent is concerned, it is in general
o neither sinusoidal, nor sawtoothlike. In Fig. 2, we pléb)
Imtanhy=2> (—1)ime 2, for various values oh|d,—d,|/Avg~ 10, such that the sta-
k=1 tionary phase approximation is reasonable. We see that, as a
function of the exchange field, the supercurrent changes sign
at a given phase difference. In particular fok @<, de-
5 . i1 pending on the parametefd; —d,|/Av g, the junction either
. Aevgvh D (1) sink favors a O state j>0) or an state {<0). We finally note
= d;+d, =1 k inKe that ford,=0, Egs.(7) and(9) give the supercurrent for a
(single-domaiin clean long SFS junction. This is, to our

we obtain the final expression for the supercurrent:

* dx 2kh(d;—d,)x knowledge, a new result as well. It implies in particular that
* 1, Xamcos vehh - (7) " aclean SFS junction can also bergunction, in accordance
with previous results for different types of SFS hybrid struc-

tures.
The important conclusion for the general case is that for a
- i1 two-domain contact the result is exactly the same as for a
L E (-1 sink ) SFS junction with the thickness$, +d, and theeffectiveex-
IZlos ™y 4 change fieldhy;=h|d,—d,|/(d;+d,). In particular, if the
thicknesses are the sant,=d,, the magnetic field drops
where j0=wev,2:vh/(d1+ d,). This describes the well- out—we obtain the sawtooth current-phase relaii®n as
known sawtooth current-phase relation found earlier in Reffor a SNS contact. In the language of Eilenberger equations,
33. this statement is obvious: Indeed, the only quantity sensitive
For strong magnetic fieldb>#Av/|d;—d,|, the integral  to the magnetic field is the phase accumulated along the
over dx in Eq. (7), which corresponds to summing over all trajectory. Since each trajectory is a straight line, each layer
possible trajectories in the ferromagnets, contains a rapidlgontributes with a weight proportional to its thickness and
oscillating function. Therefore, the integral can be calculatedvith the sign depending on the direction of the exchange
in the stationary phase approximation and as a result we finfield. This result is readily generalized to the case of many
the current-phase relation ferromagnetic layers in the antiparallel configuratién.

Forh=0, we return to the clean long SNS contact,
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Ill. DISORDER AVERAGING 2

ha/‘l’lvFl 5

Now we discuss how our two main observations for the
supercurrent—power-law decay with magnetic field and the
independence on the magnetic field in the symmetric case
d,=d,—react to the presence of disorder. Before performing
this difficult task in Sec. IV by solving the Usadel equations,
we try to use an easy way to understand the effect of impu-
rities in this section. We introduce randomness in the thick-
nesses of the layersurface randomnegsThis simple and
transparent calculation provides us with results which are
clear qualitative predictions to be compared with the conclu-
sions extracted from a more complicated analysis of the Us-
adel equations. FIG. 3. Absolute value of the maximum supercurrgfi units

We start from Eq(7), and imagine that the interfaces as qf 4j,/ as a function of[d;—d,|/Ave and ha/fvg . Regions
preseﬂted in Flg 1 are not Straight, but exhibit small ﬂUCtuawhere the O-state oir-state occur are indicated.
tions in position. Since there is no scattering at the interfaces
(_see t_he discussion_ belpwthe only effect of such fluctua- Equation(13) does not apply to the symmetric Cagga
tions is that the thicknesses of the layers become random — o
variables, and the supercurreff must be averaged with — d2- [N this situation, fom>uve/a, we have
respect to this randomness. Let us take a Gaussian distribu-

/2
T
h|d; — d |/ 3 ™2

2r

tion for the differenced; —d», T~z ﬂ_o veh B h?a® sine (14)
Jm ha v2h? '

(d;—dy—dy+dy)?

1
P(d;—dy) = \/—eXP< - > , (1)  We see that even for the symmetric case the exponential
ma a dependence on magnetic field persists. This reflects the fact
- = . . that a quasiparticle moving along a single trajectory spends,
yvhere a<d,,d, has the meaning of a typical scale of the ;, general, unequal times in both layers, and thus the contri-
interface fluctuations, and} are the averaged values of both pution of each trajectory is magnetic field dependent. How-

thicknesses. Averaging E{7), we obtain ever, there is no additional oscillating factor due to the mag-

. netic field: a symmetric junction is never in the state.
— Ajg — (1)K © dx These features are confirmed qualitatively in the next Sec-
R kzl K sinke R h—1 tion, where we analyze the behavior of a symmetric diffusive

SFFS junction, using the Usadel equations.

k2h2a2x> 2kh(al—52)x The results obt_ained in this section are iI'Iustrated i_n Fig.

Xexp — 22 S oefi ., (12 3, where the maximum supercurrent_accgrdlng to (B8) is

F

plotted as a function of the differenah —d, and the fluc-
wherer = mep? h/(E +E) tuation scalea. The junction periodically changes from a 0
=TCUEV . . - . .
Jo F 12 state to arr state as a function af; —d,, whereas increasing

In strong fieldsh>#vg /a>hve/(dy—dy), the behavior 16545 19 an overall suppression of the supercurrent.
of the integral is determined by the rapidly decaying expo-

nential function. Employing the saddle-point approximation,

we find that only the term witlk=1 survives: IV. DISORDERED SFFS CONTACT FROM USADEL

EQUATIONS
- veh h2a? We now consider a diffusive SFFS junction in the sym-
1==2jo hld,—dy expg — 0272 metric cased,=d,=d/2. The junction is again assumed to
v F be long,d>(AD/A)*?, with D being the diffusion coeffi-
2h(d;—d;) | clent | _
X co —ﬁ+ 7 sine. (13 If the exchange magnetic energy does not exceed the in-
UF

verse elastic scattering time<#/r, the Green'’s function is

Thus, the averaging procedure brings out two, qualitativel)filmOSt isotropic, and the system can be described by Usadel

; 6
new features(i) at high fields, the current-phase relation equations
becomes sinusoidal; ar@d) the amplitude of the supercur- . . o~
rent oscillations decays exponentially, rather than algebra- Dd[F,d,F, —F;d,F,1=2(AF, —A*F,),
ically with h. In addition, the exchange field still modulates
the phase of the oscillations, and can drive the contactrto a DJ,[G,d,F ,—F,3,G,]1=2(w*iho)F,—2AG,,

state. The propertyi) stems from phase-averaging over dif- (15)
fusive trajectories and is a common feature of all long disor-
dered SNS junctionécf. Ref. 35. with the constrainG2+F ,F/ =1. Here, as usudP

024525-4



SUPERCURRENT IN LONG SFFS JUNCTIONS WITH . .. PHYSICAL REVIEWED, 024525 (2004

o v |2
Gaar:fdngth. w*iho(1—cosh)+A(1—sind)+——=0,
sirfe

ferromagnet-ferromagnet interfaégig. 1). The upperflower at z=3d/2. Our equations describe the behavior of a SFFS
; X . S junction for an arbitrary relation betweérandA. However,
S|gns-descr|be~thg reglonsd./2<z<0 and 0<z<d/2, re- they must be analyzed differently for different limiting cases.
spectively, and\ =i A exp(x) in the superconductors. In the \we only aim at illustrating the general features of the behav-
following, we suppress the spin index where it does not jor of the supercurrent, and restrict ourselves to the simplest

and it actually only depends on the distancdrom the

lead to ambiguities. _ _ ~ situationT,h<A. As we show below, in this case the current
two complex-valued field$ and #: reduce tof(z=+d/2)=mx/2. Since the Usadel equations

possess obvious symmetrigs(w)=60_,(w)+ 7, 7,(w)

_ — i i + _ o} —i
G=cosf, F=singe'”, F'=singe '".  (16)  _ ()4 7 in the sequel we only consider>0.

ors and stay exponentially small within the ferromagnets. We
d,(n'sinf)=0, (17) start first solving Eq.(21) at z<d, where <1, and the

_ N _ o trigonometric functions can be expanded. Then @) can
with the boundary conditiong(+d/2)= = ¢/2. The firstin-  pe integrated. The solution is too cumbersome to be written

tegral yields down here, its asymptotics foz|>[D/max(w,h)]"? are
77’:I_, (18) 0%5\/ O+ D‘)/2 2 D|2
sir?6 2 °" N2(wxiho)|  26%(w=iho)
wherel is an unknown constant. The current is expressed via 2
this constant, ><ex;< \[S(a+iﬁa')|z|), (22
. imeDy +_p+ with the notationsf,= 6(z=0), y=6'(z=0), and
j= =5 2 T2 [F,0,F, —F 0;F,] ° 7 '

1 1
:WeDV; T% [ (19) a= E\/\/(J()2.4_|f]2_|_w; ﬂ:iﬁ,/ [+ h2— .

To ensure the current conservatidnmust be the same in Next, we solve Eq(21) close to the interfacesz— d/2)|
both ferromagnetic layers. It is important, however, that we<d. We assume that 6,, y are both exponentially smalio
do notassume that the current is conserving — it followsbe checked lat¢rand obtain

naturally from the consistency of our solution.

Using Eq.(17), we also write the equation faf in ferro- 0 T 2 ) d
magnets, tanZ:tangex 5(a+|,80) |z| - /|- (23
cos Far from the interface§<<1, the solution has the same ex-
D¢"=DI?——+2(w*iho)sing, (200 ponential asymptotic behavior as E82). Matching the two

sinté
with the first integral
g 2 D I 2

asymptotic expressions, we obtain the condition
+
z 203(w=iho)

625 \/ by
°" N 2(w=xiho)
P —4(w=*iho)sinf+const. (22

s
T 2 )
Now, for the long junctions, the boundary conditions foat =64 taﬁgexp( B \[ﬁ(aﬂﬂa)d)' (24

z==*d/2 are essentially the same as they would be at the

interface between a semi-infinite superconductor and a semi- We now integrate Eq(18). Since #(x) grows exponen-
infinite ferromagnet. To find these boundary conditions, wetially away fromx=0, the sine in the denominator can be
write the corresponding equation for the superconductors: replaced by its argument. We then find

D#'?°=—4w sin—4A cosf+ const. DI? ol s Dy? arl @+
N2(w=ihe) 70\ " No(wrihg)) @2 70/

Taking into account that in the bulk superconductr (25)
= /2, in the bulk ferromagne?=0, and requiring the con-
tinuity of # and @’ at the interface, we obtain the boundary with 7,= 7(0). Of thefour quantitiesl, 6y, 7y, andy, we
conditions only needl to calculate the supercurrent. The result is

D§'%=—
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Thus, comparing Eq29) with Eq. (28) we see that a long
diffusive SFS contact can bemjunction, depending on the
thickness of the ferromagnet, whereas a similar symmetric
SFFS contact with anti-parallel configuration of the domains
is not a7 junction.

10 V. DISCUSSION
TEkBTdZ/ hD 15

FIG. 4. Amplitude of the supercurreptin units of jo 4 as a
function of mkgTd*/AD andhd?/#D.

We considered the behavior of the supercurrent in long
SFS junctions. We obtained expressions for single-domain
ballistic and diffusive contacts and confirmed that the 6rto

transition can be induced in these systems. However, our
i 64\2-1)2 | w?+h? exr{ - \Ead)sin main focus is on the situation when the ferromagnetic region
JD JoZ+h?+ e D i is split into two ferromagnetic domains with equal but oppo-
(26) site magnetization. In the ballistic case, this system behaves
as a single-domain SFS junction, with the effective exchange
field he;=h|d;—d,|/(d;+d,). Such a system exhibits a
non-sinusoidal current-phase relation, and a power-law de-

approximations we have made to arive at &f). cay of the supercurrent with thickness and exchange field. If

Now we calculate the supercurrent according to @4). the thicknesses of the both domains are the same, the effec-
In order to get the complete dependence of the supercurrecﬁt

Note thatl does not depend oa. It can be easily checked
that1/6, and y are exponentially small, which justifies the

85 & funcion of emperature and exchange feld, a recl,® 15611 Do constires b s oo
calculation of the sum over Matsubara frequencies in Eq,. ; ' 1y po P
ties, restores exponential decay and sinusoidal phase depen-

(19 is needed. This can only b? done numerically; in Fig. 4dence of the supercurrent. A system with two domains of the
we plot the results for the amplitude of the supercurrent as a

function of the dimensionless quantitieskgTd%4D and ~ >20e V\gdt.h is never in the state. o
hd2/4D. To obtain these results, we made a number of simplifying

For high temperature¥>#D/d?h only the term with assumptions. The superconductor-ferromagnet interfdces,

the first Matsubara frequency— =T is important. and we as well as the boundary between the two ferromagnetic do-
obtain quency=ml, P ’ mains, are assumed to be iddab scattering and sharp.

This can be realized in multilayered structures, where the
ferromagnetic layers can be artificially constructed and kept

. . kg Td?\ 32 d very clean. Another, more attractive option, is real ferromag-
I= \/EJ odiff| T T exp ——F— netic domains. A domain wall has a finite width, typically of
VAD the order of the mean free path, or wider. This induces re-

flection of electrons from the domain wall, and additionally
« KaT + Vh2+ 72k2T2 | sin ’ 2 generates the triplet pairing bgtween electrons and _holfas.
\/W B T ¥e ¢ @ These factors need to be taken into account for a quantitative
comparison between theory and experiment. However, we do

where we introducedjo qi=128(y2— 1)%ervAD?/d3. In not expect them to add qualitatively new features into the
al .

i s > 2 it < _ picture we pregented. . '
Rzgntrenagnetlc field>T,AD/d" the terms withw<h con Note added in proofRecently, an idea of compensating

the phase in two ferromagnetic layers with opposite magne-

3 h tizations was discussed in Ref. 38 for the case of normal
s metal—ferromagnetic devices.
exp( hDd)smgo. (28

o hd?
17 o,diff 7D

We note the two main features of the solution in the diffusive
case. First, the current-phase relation is sinusoidal. This cor-
responds to the result for the long diffusive SNS contact.
Then, the supercurrent decays exponentially with magnetic We thank J. Aarts, E. V. Bezuglyi, Yu. M. Galperin, A. A.
field, in contrast to the power-law decay in the clean case. Golubov, W. Guichard, and Yu. V. Nazarov for useful discus-
Similarly, we can treat a single-layer SFS junction of asions. F.H. acknowledges the hospitality of Delft University
thicknessd. The result forh>#D/d? T reads of Technology. This work was supported by the Netherlands

Foundation for Fundamental Research on Matfe®M),
o hdZ 3/2 h ils h .
1=loar| 75 &~ Vzp?/s" Vip
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