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Critical currents and relaxation in Josephson media
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The main aim of this paper is to show that Joseﬁhson critical current / , stability to high magnetic fields H >>

cl

tends to hysteretic relaxation rate of the Josephson media critical current J(#) and produces a change in the
Ferrell-Prange equation. In the framework of the discussed model, the reason for J(f) vs. H hysteresis lies in the
irreversible dependence of the granule surface current. It is shown that the effective intergranular field Hg in

Josephson media plays a secondary role at these fields.

Introduction

Usually the magnetic field\H considerably influen-
ces the critical current J of a Josephson medium at

fields H>H, = ®,/S, , where @, is the magnetic
flux quantum and the «quantization cell» S, ~ (a)2
A;>(aP; Sg = 2AW; W <4, <(a); (a) is the grain dia-
meter; W is the Josephson contact width; 4, 4 jare the

London and the Josephson penetration depths into
the grapules and intergranular space, respectively.
The situation changes considerably if Abrikosov vor-
tices enter into the granules [1,2]. It is generally
believed that even in this case the critical current /,

vs. H dependence is controlled by the value of the
intergranular field H = H - ngxM g where ng isan

effective demagnetizing factor; M, is the average

grain magnetization, But this is by no means always
the case. What actually happens is the following: the
Abrikosov vortices reduce the screening current den-
sity at the surface of the granules J S thus stabilizing

the critical current of Josephson contacts and there-.

fore stabilizing the transport critical current density
J . of ceramics.

At large fields A >> H , the surface current value
J sf in granules is determined by its equilibrium com-
ponent J eq’ connected with the reversible magneti-
zation M, Jeq sMeq/). and the irreversible one,
J g determined by the .Abrikosov vortex pinning in
the vicinity of the granule surface. The sign of J cg

depends on the history of the sample and therefore
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Jsf = Jeq +* ch . Here the sign «+» corresponds to the

external magnetic field increase, and the sign «—»
corresponds to its decrease.

Actually, in the most general case the Joscphson
critical current I (H) between adjacent grains in a

local field H is determined by the magnitude of the
surface current J ., I (H)~1/A J (H). Only in the

Meissner phase of grains J o= H/A and therefore
1 (H) ~ 1/H. The basic idea of the model 1,2 ]is that
theJ sf value is the sum of the equilibrium «Meissner»
component J, and the irreversible critical current of
grains ch , Jsf= S ch. The sign of ch depends
on the magnetic history of the sample. Therefore
1 (H) =14/(1 + Ap(H)), where
Ap = W(dp/dx) =
= {2xu,W/dg}24¢J,, + ch) +Hxdyl (D

is the phase difference along the junction width
W; d, is the Josephson contact thickness. If there is a

spatially inhomogeneous Josephson critical current
density j(x) then W =r, where r is the correlation

radius of the spatial fluctuations of the j, [3]. When

the Abrikosov vortices penetrate into the granules the
surface current J o= H /A+J cg is approximately

constant and the Josephson medium critical current
J . vs. H dependence has a double-step behavior [4].

In the framework of the discussed model, the irre-

versible dependence of the granules surface current

+ ch is responsible for the J, vs. A hysteresis be-
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havior. An additional contribution arises if the dipole

field of the grains A, (or persistent loops) changes

the intergranular field value Hg (51

Intergranular field

Let H,, be the internal field, H,

and B,
Then

Hnl=HemeXNIav ’ Bav//uO=

the external field,
the average induction fleld in the sample.

H +M,, @

av

Hy=H, + D, x M, +H,, =

=H,, + (D~ D) x M, +H 3)

rev ’

where D, Dg are the demagnetizing factors of the

whole sample and of the average grain, respectively;
M, =M, (H; ) is the average magnetization of the

Josephson media and H_, is the dipole field of the

grains (or persistent loops) which spills into the inter-
granular region, H kgMg, o ~0.1. The ave-

is related to the field within

TCV
rage induction field B,

(subscript s) and between the granules (subscript n)
by

By, = /By + /,(By) =

=fs(Hg+Mg+Meq)+(1 —fs)Hg=Hg+fst s

4

fo=1=f,, M(H)) = M, + M_is the full grain mag-
netization; Meq is the equilibrium part of the grain
magnetization; Meq Clg From (2)—(4) one ob-
tain the relation between internal Hg and applied

Hex fields:

(Dg= D) X [,x M+ (1= D) X H,,,
(1-D) ’
¢ (5)

Hg= H, +

therefore, the effective demagnetization factor is

_(-DYi+ (- Dk
g (T~-D, =

Relaxation
Kwasnitza and Widmer [6] have found that the
relaxation rate of the intergrain critical current J, is

strongly hysteretic. They take it on trust that the
value J is determined by the effective field H ¢ (51

between the grains. However, this model cannot ex-
plain the observed [6] large shift of the two J_

branches along the field H axis, as, according to (3),
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the magnetized grains M . would have to generate

nonrealistic high fields up to several Teslas.

On the other hand, even without grain demag-
netization (§), the irreversible flux dynamics inside
grains should contribute to the irreversible behavior

of J, . The reason is that the intragranular critical
current density at the grain surface J cg adds to or

subtracts from the Meissner shielding current. With
the knowledge of the hysteresis of intragrain current
J o relaxation it is now possible to make detailed pre-

dictions as to how critical transport current J, chan-

ges with time. The critical current of a Josephson
contact I  in the parallel field H can be written as

follows: 1 (H) = f(H (H)), where f(H) is given by
the real structure of the Josephson contact and

Hyy = = (242 T+ dyH)/ (24 + dy). In the Meissner
phase of grains the surface current density Jsf is
Jop= H/A, so H; = H. For the derivation of ‘the

Josephson media transport-current
J o~ I (ty we find the derivative

relaxation

din(J(1) dInJ(H) dH dH
dint  ~ dH dHeffdlnt

In the mixed state the derivative dH /dInt =

= + (24%/dy{dJ , /d1nt}, ], ~ M,and at least

dinJ /dInt=
=+ (22%/yd\{a))(dnJ, /dH)y, (dM/d1n t)g,
©
where the = derivatives (dlnJ, /dH)y,,,

(dM/dn D)exp are the experimental values; ( + ) cor-

responds to the increasing and ( — ) to the decreasing
in external field H. According to (6); the relaxation
rate of the critical transport current is strongly
hysteretic. The J relaxation rate dJ /dt can be posi-

tive or negative and even equal to zero as a function of
the external magnetic field cycling (Fig. 1).

Ferrell-Prange equation

Finally, let us consider the modification of the Fer-
rell-Prange equation for high magnetic fields
H>>H  when the dp/dx value is given by Eq. (). It

follows from Eq. (1) and the two-fluid equation
J, =7, +J that

0%/ 9x" = (2 o/ Do) {dy + WAST ; ISHN | (p)
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Fig. 1. The calculated J(B) dependence for a Josephson contact;

Jog=3x 108 A/cm?, W= 0.1 um, 4 = 0.150m, H 4 = 80 Oe (a).

The hysteretic relaxation rate of the Josephson contact critical
currentdInJ . /dintvs. B (b .

therefore, the Ferrell-Prange equation should be
given by

2 2
A, 0%plox" =
= 2j"%exp (ip)(e — i) + c5 20%p/ ot +yap/ot ; (D
dy + 2

T dy T2,

Agll + i = 017 /87)]

1w

@ 1+ iwr + A2 /A? ’
5 =/12 +Af /(1 + iwr)
1+t
2 A2+ A -
eff 1+20%82

nw
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J(p) = Re {J (H) exp (ip)(e — )} =

=J (H)(sinp + ecosp) ;

Campbell
T =17/k, ;7 is the Abrikosov vortex vis-

A, is the
= B<I>0//40kp ;
cous drag coefficient in the absence of flux creep; & » is the
ne 1S the normal fluid skin

2 e .
depth,d, = 2/uqwo, ;A ;i the Josephson penetration
depth;

penetration depth; /13 =

Labusch parameter [7};

d)()
W (B + dy)l (H)

2.
/1!.—

2 BoEe (A + dy) )
¢ = —-———-————dN ;

¢, is the dielectric constant of the intergranular me-
dia; y = py(2 + dN)/Rsf » Ry, is the Josephson con-
tacts resistance per square. According to (7), the J,
vs. H dependence can lead at high fields H>H  to

the well known magnetic-field hysteresis observed
above H 1 and the plateau region in the microwave

surface resistance of ceramic superconductors (see,
for example, [8,9].

In summary, we favor the idea that the hysteretic
behavior of critical intergrain current J (H) is caused

by the change in the dirtction of the intragranular
critical current density J g The thermally activated

motion of the Abrikosov vortices in the grains should
be reflected in the surface current that occurs in the
transport current J (H)=J (J * ch). This novel

flux creep effect is a result of the decay of the induced
intragrain current J cg and supports the proposed

model.
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