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Alternative mechanism for the sign-reversal effect in superconductor-ferromagnet-superconductor
Josephson junctions
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We consider a simple model of a multidomain superconductor-ferromagnet-supercor8&Saiosephson
junction. Sign-alternating magnetizatidth in domains leads to a spatial modulation of the phase difference
¢(x). Due to this modulation the Josephson critical curtgmiay have a different sign depending on the ratio
of the magnetic flux in a domain,a(2dg), to the magnetic flux quantum. This phase modulation, but not
a nonmonotonic dependence of the local critical current defjgityay be the reason for oscillations of the
currentl. as a function of thd= layer thickness @- or temperature, observed in experiments.
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I. INTRODUCTION or temperaturel in a nhonmonotonic way changing sign. In

) ~ the recent papéra spontaneously circulating current in a
New states have been and observed in Josephson junggperconducting ring with a SF8 junction has been ob-

tions in recent years. These states are characterized by<@ryed.

negative Josephson ener@y=(l:%/2e)(1-cos¢), that is, In this paper we show that the damplecbscillations are
under certain conditions the Josephson critical curlgnt not necessarily related to such a dependence of the local
changes its sign becoming negative. This means that th&itical current densityj, as it was anticipated previously.
ground state corresponds to the phase differep@gual to  The total Josephson curreit which is measured in experi-

m (m statg, but not to zero as it takes place in ordinary ments, is an integral from the local current density
Josephson junctions. Such states have been observed in 39- sin ¢ over the whole area of a SFS junctipne choose
sephson junctions of different types:ib multiterminal SNS 3 simple, sinusoidal form of the dependerjggp), but the
Josephson junctiors,(2) in junctions consisting of two  conclusions we make are valid qualitatively in a general
d-wave superconducto(see references in the reviéud) in - casa. It is important to have in mind that the phase differ-
SFS junction$® (see also the reviety whereS, N, andF  gnceg varies in space in the presence of a magnetic field,
stand for a superconductor, a normal metal and a ferromagyng in multidomain SFS junctions a spatial dependenag of
net, respectively. Ther-state in SNS junctions is created by grises even in the absence of an external magneticHigld
passing a dissipative current through teayer. This cur- |t was already mentioned in Refs. 3 and 4 that the maximum
rent leads to a nonequilibrium distribution function of quasi-y,g)e of | corresponds to zero external magnetic fielg,.
particles in theN wire with respect to the equilibrium distri-  ope can assume that this may be related to a multidomain
bution function in the superconductors. In thewave  siructure of theF film. Otherwise the maximum value of
superconductorsghigh T, superconductojsthe sign of the \yould be shifted by a certain value &f, for which the
order parameteA depends on the direction in space with jhduction Hex+ 4M is zero, whereM is the magnetization
respect to crystallographic axes. Therefore if t®N (or 4 a one-domairF film. We consider a simple model of a
S/1, wherel is an isolatoy interfaces have different, properly  mytidomain structure of thg film and show that even if the
chosen orientations, then the critical currentwhich is pro-  |ocal current density, is always positive, the critical current
portional to the produch,A,, may be negative. This occurs | changes sign when the in-plane magnetic flux in a domain
provided that the order parameter in one supercondyator ®,=4mMy(2dra) is an integer of the flux quanturdy,

or Ay) is neggtive. In SFS junctions the critical currdgt  \ynerea is the domain width. The domain widt depends
may be negative because the condengate’kov's) Green's ik on the thicknesdy and temperaturd if the screening
function, which determines the curreigt(or to be more ex- ot sray magnetic fields by the Meissner currents is taken
gct, the critical purrent densm_x),. oscﬂlatgs in space chang- into account®-12 Therefore, the magnetic flux is changed
ing sign. The sign reversal gf in SFS junctions was pre- yith increasingdy and temperature leading to damped oscil-
dicted a long time ago by Bulaevskii, Kuzii, and Sobyahin, |tions of the critical current.. It will be shown that the

who considered electron tunneling between two SUPercongependence,(®,/®,) may be described by a Fraunhofer-
ductors via a magnetic impurity. Later this effect was studied; o pattern:

in SFS junctions by Buzdin, Bulaevskii, and Panyuk@ef-
erences to other theoretical papers on this subjec.t are given 1 (D /Do) = | o SIN(TD /D) (7D D), (1)

in the review). It was shown that the current densityde-

cays with increasing the thickness of thelayer 2 and  where l4=j.L, is the critical current for a unifornfone-
changes sigridamped oscillations of;). Such behavior of domain SFS junction per unit length in thg direction (we

the critical current has been observed experimentally in Refassume that all quantities depend onlyxandz; see Fig. 1

3-6; the current. decays with increasing the thicknesd-2 This dependence describes the critical current for the case of
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magnetization. Therefore, it is assumed that the axis of easy
a) magnetization is parallel to the plane of tRdilm. Even in
T the absence of the Josephson coupling between the supercon-

M ductors S, the Meissner currents along thyedirection are
induced by the stray magnetic field=(H,,0,H,) [dashed
lines with arrows in Fig. @a)]. The magnetic field compo-
nentsH, , can be easily found from equations

PH, /Kn,2)10 22 = 12H, AKn,2) =0, 2)

whereH, ,(k,,2)= 2, (dx/2a)H, ,(x,z)exp(ik.x) is the Fou-
rier component oH, ,(x,2), k,=mn/a, n=0,%1,...; k3=Kk2
+KE, K[1:7\|_ is the London penetration deptm the ferro-
magnet the penetration depkh ¢ may be taken infinite be-
q r cause the amplitude of the condensate inRHayer is small
F% | ®—T®— 7 and therefore the screening is weakhis equation is supple-

b)

* mented by the boundary conditidfis
~N A - -
. D ) [H,]=0, [H,]= 47M,(k,,2), )
C - P .
- .7 - where the square brackets mean a differengkl]
S e =Hy(k,,de+0)—H,(k,,d=—0). The componentM, is not
1], JUS J zero in the domain walls. This implies that the in-plane com-
F? i @ N e ponent ofH is continuous across th®F boundary and the

normal component dfl, which exists near the domain walls,
S experiences a jump. One can easily solve gand find the

fields H,,, which are connected with the vector potential

FIG. 1. Schematic image of the considered SFS junction with, " "~ _ ~ . .
magnetic domaing); (b) shows the supercurrengsolid lines with AtHy= (9Ay/(92, HZ_(?AV/(?X' The expression fOAy in the
superconductor is

arrowsg in the upper superconductor screening the normal compo-
nent of a magnetic field near domain walls. These currents in the Ay(kn,z) =— 477|\/|Z(kn)(fnikn)‘1 exd— k,(z—dp)]; 2> de,

lower superconductofnot shown have the same direction. The 4)
domain boundaries are represented by the dashed lines. The dashed
lines with arrows illustrate the stray magnetic field related to rotaswhere f,=1+x,/ (k,tanhé,), 6,=k.de. The vector potential
tion of the magnetizatioM in the domain walls. The cross and dot A, in the lower superconductdz<d;) has the same sign.

in the circles show the directions of the magnetization vector inThiS means that the stray fields, , lead to the screening
neighboring domains(c) the solid lines with arrows show the currents “

screening supercurrents in the presence of the Josephson coupling.

jy(knaz) == (0/47T)KEAy(knaZ)a ©)
domains with an_alternat_ing magnetization which takes conynich have the same direction in the upper and lower super-
stant values ¥, in domains. conductors, but the opposite directions in neighboring do-

mains[see Fig. 1a)]. Because the Meissner currents flow in
the same direction in both superconducting electrodes, they
do not lead to a phase difference between the superconduct-
Consider a SFS Josephson junction in which Ehiayer ~ ors and do not influence the Josephson current essentially.
consists of stripe domains parallel to thexis (see Fig. 1.~ These currents may locally reduce the amplitude of the order
To be specific, we consider the Bloch domains, that is, theparameter and therefore decrease the critical cutgghthe
magnetization vectoM lies in they—-z plane changing its MmagnetizatiorM, is strong enough. We will not discuss this
direction in domain walls of the widthv. In the case of a simple effect.
narrow domain width the magnetization vecidris parallel If the Josephson coupling between the superconductors is
to the y axis, constant in each domain and rotates in thehegligible(this case was considered in Ref)lhe magnetic
domain wall. The magnitudfM| is assumed to be constant field has only the components, , which are determined by
everywhere in thé film. The orientation of the magnetiza- the vector potentialA (k,,2). The component, is zero.
tion M in the F film (in-plane or out-of-planedepends on However the componentd, ,(k,,z) of the vector potential
many factors such as the Curie temperature, the constant afe not zero. For example in one-domain case

Il. MODEL AND BASIC EQUATIONS

magnetic anisotropy, the film thickness, ettsee for A(2) = 4mM.Z in E 6
examplet®1*and references therginin ultrathin F films (a {2) = 4mMyzin F, ©
few atomic layersa transition between the in-plane to out- _ .

. - . A(2) = £47M . 7
of-planeM orientation may occur We consider much more {2 My in S @)
thicker F films, used in experiments® where the magneti- In the absence of the Josephson current the components

zation orientation is determined by the direction of easyA,,in a multidomain SFS structure are found from the equa-
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tions:H=V XA=0 andV-A=0. However, in this case the K§¢k+ Kﬁ(Kn/KL)[sin (X ]k = ikyd M, (ko) (2dg) (277/ D),
presence of components, , does not lead to the supercon- (13)
ducting currents and therefore to the appearance of an addi-
tional magnetic fieldH. The term proportional t@\ in the  where k;=167%j./ck P, is the inverse Josephson length.
expression for the supercurrent is compensated by the term the coordinate representation E3) has the form
proportional to gradient of the phagsee Eq.(9)]. If the

Josephson curreng is not zero, additional screening currents _ 2, .2 _ ;

jx» and therefore the componeHy, arise in the systerfsee PO+ x; f K (x=x)sin ¢0x)

Fig.1(b)]. The componend, affects the phase difference and

therefore the critical current in the junction under consid- =~ 4mde(27/ Do) I My(X)/9X, (14)
eration. where the kerneK(x—x,) is defined as follows

In order to calculate the critical curreht, one needs to
derive an equation governing the phase differegcen a K(x—x1)=(1/2a)2 (kol k) exd = ika(x=xq)], (15)
multidomain SFS Josephson junction. For simplicity we as- n

sume that the thickness of the F layer is smati-Za, w,
where 2 is the period of the domain structure ands the
width of the domain wallone can analyze a more general
case, but the calculations become more combersoviie

need an equation for the componéf which is related to 1. TWO TYPES OF DOMAIN STRUCTURES
the local Josephson current density

Eq. (14) describes the dc Josephson effect in a simple model
of multidomain SFS junctions with a thii layer.

o If the London penetration depth is small compared to the
(VX H),= dH/0X ;0= (47/0)jc sin ¢. (8 domain sizea and the width of the domain walkh, <a,w),

We assumed the simplest form of the relationship betwee#’€n Eq.(14) is simplified. This condition means that the
the Josephson current densjtyand the phase differenas, ~ characteristik, values are much smaller thag. In this case
but this assumption is not essential. We also dropped a cor(X—X1) = &(x=x;) and Eq.(14) acquires the form
tribution to the gauge-invariant “phase difference” which 5. 2 . _
stems from the vector potential and has the fdri‘ﬁlFAzdz FPlIX"+ iy SN G(X) = = 4m(2e) 27/ Do) I My(X)/9X.
One can easily show that this part is smaller thiaby the (16)

parameter(a/dg) (we choose a gauge in which-A=0).  Thjs equation differs from the standard Josephson equation
We’s write down thex component of one of the Maxwell only by the term on the right-hand side. One can study vari-
equations for the current density in the superconductar at gs properties of the SFS junctions described by(E6) or
=+dg: by Eg. (14), but in this paper we analyze only the critical

- IHJaz= (4m0)j, = K= A+ (Dy/2m) d x1ax], (9) current and its dependence on different parameterternal

magnetic field, the thichknes etc). First we consider the

whereKE is defined in Eq(2) andy is the phase of the order case of a periodit/,(x) dependence. If the period2f this
parameter. Subtract E(P) taken atz=+dr andz=-dg from  dependence is much less than the long Josephson lefgth

one anothe(a similar method was used by one of the authorshen a solution for Eq14) (the relation betweeR, anda, w
in Ref. 18 in the study of collective modes in layered supermay be arbitraryis

conductory we get

X
~[9HJaZ] = k¥~ [A]+(Do/2m) o plaxt,  (10) b=+ do. by = (2mlDo)dm(2dr) J dx My (%)
where the square brackets means, as before, a jump across (17)
the F layer andg=x(dg)—x(-dg) is the phase difference. _ _ o _
The jump[A/] is found from the equation where ¢y (x) is a function fast varying in spacep, is a

constant(or a function smoothly varying over the periagl
The total Josephson currgpter unit length iny direction) is

and is equal tofA,(k,)]=47M,(k,)de in accordance with L
Eq. (6) (see Ref. 19 The contribution of the second term is I;= jcf
smaller by the parametéa/d:). The component of the mag-

netic fieldH, can be found from an equation similar to Eq.
(2). With account for the boundary conditigig. (10)] this
equation acquires the form

4mMy = dAJIz- I AJIX (11)

. dxy Sinepg + o (Xe)] (18)
wheredgy, is given by Eq(17). Note that the weak Josephson
coupling does not affect the domain structure, and therefore
this structure can studied in the absence of the Josephson
(92Hy(kn12)/f922 - KﬁHy(kn, 2)=48(2) KE{[Ax,k] + (Py/2m)iKyPi) . effect. As we noted, the domain structure was analyzed theo-
(12) retically in Ref. 10 for arbitrargl- and in Refs. 11 and 12 for
thick F layers (d=>a). It was shown in Ref. 10 that the
Solving this equation foH, and substituting the solution period a depends orde in @ nonmonotonic way and the
into Eq. (8), we obtain an equation for Fourier componentswidth of the domain wallsv may be much less than or com-
of the phase differencéy = ¢(k,,,2): parable with the domain width. One has a step-like struc-
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ture My(x) in the first case and an oscillatory structure in the le/leo
second case. Consider two limiting cases.

(a) Step-like domain structure. The magnetization vector
equalsM=[0,M(x),0], where M,(x)=+M, for 0<x<a, 0.8
andM,(x)=-M, for —-a<x<0. Outside this interval the de- 0.6
pendenceM,(x) is periodically repeated. For this structure
the Josephson currehtis described by the formula

0.2
- sin(m®,/Dy) N —
l3= 1SN pg————=, (19) 0 = = 1m
7D /Dy s N
wherely=j.L,, P,=47My(2d:a) is the in-plane magnetic 0 2 1 6 8 10

flux in one domain. Therefore the critical currégtwhich is
given by Eq.(1) oscillates and decays with increasidg.
This implies that the amplitude of the critical current oscil-
lations decreases with increasig or temperaturel be-
cause the period of the domain structure @epends on
A (T) (see the theoretical papéts'? and the experimental

FIG. 2. Normalized critical Josephson current as a function of
the normalized magnetic flux in a domain= 7®4(a)/ P, for dif-
ferent parameterg=a/ 6, wherea is the averaged domain size and
5142 is the dispersion of the domain size fluctuations.

papert’” where it was shown that the domain structure is _ Cosina®,@)ide]
changed with changing). 1c(6) = lcoCy . b ()l D, exii-(a-a)%s]

b) Oscillatory domain structureM,(x) =Mg sin(kox), Ko
=7la. (22

In this case the critical current is equal to

le=lcodol Pm(@)], (200 wherec,={[;daexd-(a-a)?/ ]} * is a normalization con-
stant. In Fig. 2 we plot the dependenicén®,(a)/P,) for
different parametety=a/ . One can see that for largethis
dependence coincides with a Fraunhofer pattern, but with
decreasingy the amplitude of oscillations df decreases and
finally the function I,($,) does not change sigrino
m—states

whereJ, is the Bessel function of the zeroth order. In both
cases the behavior of the critical curréptas a function of
&, is qualitatively the same: the curreht decreases with
increasingegy(a) and changes sign.

In our model of a periodic domain structure the action of
an in-plane external magnetic field,,; on I, can be easily
analyzed. In the presence of the fi¢ld,, the phase differ-
ence equalsh(x) = ¢o+ du(X) + Py (X), where dy(X) is given
by Eq.(17), ¢ is a constant anaby(X) =2\ XHey( 27/ Pg). IV. CONCLUSION
If the domain sizea is much less than the length of the ) ) ) . )
junctionL,, the averaging over the period of the structure can In conclusion, using a simple model of a multidomain
be done as before at a fixed coordinateand we arrive at SFS Josephson junction, we have calculated the critical cur-
Eq. (19) in which one has to replace,] ¢o+dy(x). The  rentle. Itturns out that the curreng chang_es signs when f[he
final averaging ovet, yields, for example, in the model of a in-plane magnetic flux®,=47Ma(2dr) in each domain

step-like domain structure fdg: equalsnd,. The magnetic fluxpb, is caused by the magne-
tization in the ferromagnetic domains and therefore exists
sin ¢y (Ly) sin(7®/dg) even in the absence of an external magnetic field. The oscil-
|c(Hext) = IcO . (21) i i i i
du(lLy) w0 D, lations of |, observed experimentally by varying thickness

2d: or temperaturd may be related not to the sign reversal
Thus the dependendg(He,) is given by the usual Fraun- of the local critical current density., but to a simple
hofer curve with an effective critical current mechanism—the Fraunhofer-like oscillationslptaused by
l oo SIN(7®,/ Do)/ (d,/ D) the sign and value of which de- the internal magnetizatioh! in domains. Almost nothing is
pends ondg, a, etc. known about the domain structure in real SFS junctions. For

Although in the theoretical papéfst?only a regular do- estimations we take #Mo~1kOe, a~1 mkm, 2

main structure is considered, in real samples the domair-100 A. For these values we obtain,~ 10 'Oe cnt. This
structure is not strictly periodic. It may be almost regularmeans that the critical currett changes sign for the thick-
(see for examplé:??, or very irregulat®?4with in-plane or  ness @ about 100 A. This value of thickness is close to that
out-of plane magnetizations. We study the effect of a posused in experiments, although, strictly speaking, the values
sible irregularity of the domain structure on the basis of aof the magnetizatioM and of the domain structure periad
simple model. We assume simply that the domain size are not known. In order to make more convincing conclu-
fluctuates around a mean valaeand fluctuations ok are  sions about what is the mechanism of the sign reversal effect
described by the Gaussian distribution. Then the dependeng¢ehether it is caused by the sign reversal of the critical cur-
of I(6) on the dispersion of the fluctuations is given by therent densityj. or by the spatial phase modulation in a mul-
integral (in the absence dfl.,,) tidomain SFS structuje further theoretical and, especially,
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experimental studies are needed. In particular, it would be ACKNOWLEDGMENT
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