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A superconductor-ferromagnet-superconductor (SFS) contact is examined in the
“dirty” limit. It is demonstrated that the critical current oscillates and vanishes
with changing thickness of the F layer and the exchange field in the ferromagnet.

Critical current oscillations are possible as the parameters of the F layer material
change in clean SFS contacts, as noted in Ref. 1. A “dirty” limit, in which the oscilla-
tions are suppressed, as assumed in Ref. 1, are almost always realized, however, in
practice in an experiment. In our study we have used a method, proposed in Ref. 2, to
analyze the Josephson properties of an SES contact in the “dirty” limit and to prove
that the change in the critical current I, as a function of d,, behavior in an oscillatory
manner as does the exchange field 7 of the layer material.

We assume that “dirty” limit conditions hold for the materials comprising the
SFS sandwich (see Fig. 1), along with a zero critical temperature of the ferromagnet
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and an exchange field 7> T, where T, is the critical temperature of the bulk super-
conductor. A typical value of 7 in ferromagnets lies in the range 10°~10° K. Hence, the
latter of the two conditions nearly always occurs in practice, at least for ordinary
superconductors.

1. In the near-critical temperature range, following Ref. 1, we introduce the func-
tions

FE =F,n(w) £ F,n(-w), (1)

where F,, are the Usadel functions in the S and F regions, and @ = 7#T(2n + 1) are
the Mossbauer frequencies. We place the coordinate origin at the center of the F' layer
and the X axis perpendicular to the interface surfaces. Taking into account the as-
sumptions made above, we can write the Usadel equations describing the properties of
the SFS sandwich in the form

ch(f,‘;)zj‘%F,,* FiIFF =0, |z]<d,, (2a)
*\2 d2 + + +
WTco(fa) E;EF' - leF, = 2A6 ’ |z| 2 dn. (2b)

Here " =1,6" =0, ¥, = (D,,/2nT.)"? and D, are the coherence length and
the diffraction coefficients of the F and S metals. The system of equations (1) must be
supplemented by the boundary conditions at the SF boundaries* (at the points
x= -+d,/2):

d d
Fl:h:'F::y U‘EFE:=0”'&;F$; (3)
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where o, are the conductivities of the S and F layers in the normal state. The solu-
tions of boundary problems (2), (3) are given in the form

F% = Aycosh B,z + Ay cosh Bz + By cosh Pnz+ B, cosh Bz,

Ba = (1+3)(I/D,,)*/?,
F; = Cexp(—f4(z — dn/2)), B, = (2|w|/D,)*?, =z>d,/2,
F; = (:‘exp(ﬂ. (z +dn/2)), z < —dn/2, (4)

where 4 ,,, B, ,, C, and C are the constants to be determined. Substituting Eqgs. (4)
into boundary conditions (3), we find that for a layer material of sufficiently high
resistance

_ o€l o (/D dn > &3(xT/1)2,
T T min{(da/6), (€2/dn)(FT/DP} du < E(aT/DY,

the boundary conditions on the functions F ', are, in fact, independent of w. This
makes it possible to reduce the problem to a solution of the Ginzburg-Landau (GL)
equations in superconducting electrodes with a boundary condition for x = + d, /2 of
the type
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FIG. 2. Dependence of the critical current on the parameter y = d, /&% (21 /7 T,).
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A'(dn/2) + A'(—dn/2)  og
A(da/2) = A(=da/2) ~ 20,
A'(dn/2) = A'(=dnf2) @

A(d.[2) + A(—d./2) 2j:—.(ﬁ..tanh (Bndn/2) + c.c), 5)

(ﬂn coth (ﬂndn/2) +c.C. ),

Here the prime denotes differentiation with respect to the coordinate x.

Using the first integral of the GL equations and proceeding in accordance with
Ref. 5, we obtain a sinusoidal dependence of the supercurrent on the phase difference
of the order parameters @ with the critical current

|sinh (y) cos(y) + cosh (y) sin(y)| da [217'?
sinh? (y) cos?(y) +cosh? (y)sin®(y)’ Y= & I.EJ ) (6)

I R, = Voy

where R, is the contact resistance, and V, = 7A*(d, /2)/4eT,. 1t should be pointed
out that the negative values of the expression in the modulus in Eq. (6) correspond to
a so-called 7-contact,® in which the phase difference 7 corresponds to minimum ener-
gy, le., the opposite sign of the order parameter at the contact electrodes.

The relation I, (y) calculated from Eq. (6) is shown in Fig. 2. Clearly, the critical
current oscillates with increasing y and vanishes at 37/4 + 7k, where the value of
I R, at the second maximum amounts to approximately 30% of I. R, (y = 0). The
nonmonotonic behavior of the relation 7. (y) can thus be observed experimentally.

2. It is important to remember in calculating 7, at finite temperatures that the
anomalous Usedel functions F and F are related in an F metal by the relation
F(w) = F* (v~ — w), and that the normalization condition reduces to G2 + FF = 1.
In contrast with the ordinary case [where F(w) =F" ( — ) = F*(»)], we have
F(I) = F*( — D) in the presence of an exchange field."

In the limit of large F-layer thicknesses y> 1 and in the case of satisfaction of
inequality (4), which guarantees the applicability of the rigid boundary conditions on
the SF boundaries, we can write the solution of the Usadel equations in the form”®

F = exp(—ip/2) sin o™ + exp(ip/2) sina™,
a¥ = darctan {A exp|£(1 + isignw)(I/D,)"?(z F dn/2)]} N

A=A+ ol + 20(0 + [0))*/%}, 0= (W +]AP)2
Substituting Eq. (7) into the expression for the supercurrent

d

dz

j(g) = ixN©OD.T 3> (F

W=—00

- ~ d
— F— 8
F-FF) (8)
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and taking into account the symmetry properties of the functions F upon substitution
of w by — w, we obtain the following expression for the critical current 7,:

IR, = 32V2(A/e) F(A/T)y exp(—y) sin(y + x/4),

- A _ [ &((A/T), T=T.
7O =T Y T~ o, ret

w=0

The temperature dependence of the function % (T) is shown in Fig. 3. Near the
critical temperature expression (9) becomes Eq. (6) near y> 1. This leads us to con-
clude that the curve of I, (y), shown in Fig. 2, is valid in the entire temperature
interval 7<T, and is a phenomenon common to SFS structures.

c
From the experimental point of view, it is most interesting to investigate oscilla-
tory effects of I, in structures whose layer has a Curie temperature 6 near 7,. The
variation in the exchange field in the F region with temperature in this case will cause
oscillations of the critical current as a function of temperature. Such behavior may be
of interest from the viewpoint of controlling the critical temperature of Josephson
junctions.

It should be pointed out that the results obtained here are also valid for bridge-
type structures of variable thickness, although in this case they will have substantially
less rigid [compared to Eq. (4)] constraints on the parameters of the weak-link mate-
rial.

" Disregard of this circumstance resulted in an incorrect conclusion in Ref. 1 that critical current oscilla-
tions vanish in the dirty limit.
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