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Josephson junctions with alternating critical current density
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The magnetic-field dependence of the critical curte(itl) is considered for a short Josephson junction with
the critical current density, alternating along the tunnel contact. Two model cases, periodic and randomly
alternatingj ., are treated in detail. Recent experimental dath.¢H) for grain-boundary Josephson junctions
in YBa,Cu30, are discussedS0163-18207)51614-9

Considerable progress has recently been reported in u@nd integrate with the result:
derstanding properties of grain-boundary Josephson junc-

tions in YBa,Cu30, (YBCO) films.>2 The boundaries were | =sin(7¢)(asingy+bcospy), (4
found to have facets with a variety of orientations, the fact

which, in conjunction with thal-wave symmetry of the or- al ¢

der parameter, led to the conclusion that the critical current a=> (-1)" 7 $P—n?’ )
densityj. may differ both in value and the sign at different A

facets’ This is offered as the reason for the grain-boundary bL n

critical currentl . being significantly suppressed relative to _ _qyn_n

the bulk value?3 b=2 (-1) T $2—n?’ ©

The dependence df. on the applied fieldH, one of the
major junction properties relevant for applications, has alsavhere¢=®/® is the dimensionless flux.
been studied. The observed pattetpéH) are manifestly The critical current ; at a given field is found by maxi-
non-Fraunhofer and difficult for interpretatiéi® We show  mizing | relative to the still free parameter:
in this paper that qualitative features of these patterns can be
attributed to the basic fact that the local critical current den- l.=|sin(m¢)|Va®+b?. @
sity j. changes sign from one facet to another. Moreover, the
alternating character of, results in a shift of the major Equation (7) follows also from a general relation
maximum inl(H) from H=0 of the standard Fraunhofer 1c(¢)=[j(k)|, wherej.(k) is the Fourier transform of
pattern to a position related to periodicity in the distribution j.(X).
of j.(x), wherex is the axis along the tunnel contact. Ran-  Functionsa(¢) andb(¢) are divergent atp=m with an
dom deviations from periodicity change dramatically pat-integer m; neverthelesd, is finite at integer¢’s due to
terns ofl;(H). sin(w¢)=0. Using Egs.(5), (6), and (7) we obtain that at
In the following we calculate the critical curreht for a  ¢=m, the critical current is determined only by correspond-
Josephson junction with the length<\ ;, a typical value of  ing Fourier transforms:
the local Josephson penetration depth. The current density
across the junction ig(x) = j:(x) sing(x), wheree(x) is the I agl, for ¢=0, @
phase difference. The magnetic fiditl is nearly constant c= _
inside a short Josephson junction; in this €ase 0.5yap +byL, for ¢=m.

e=gotkx, k=27®/PL, (1) In particular, we see that in zero magnetic field

wheregy=const,®=2\LH is the total flux in the junction,
\ is the London penetration depth, afg is the flux quan-

E b
tum. E a
To evaluate the total currehtthrough the junction, 04 3
L2 0.2 —
|=f Je(X)sin(@o+kx)dx, 2 E
~-L2 E
o _ _ 0.0 Ppeeeepreeeoret i
we write j(x) as Fourier series 0 510152025 ©0 5 1015 20 25 P Po
:E [a,coq 2mnx/L)+b,sin(27nx/L)]  (3) . FIG. 1.. The qependence of/1, on ®/d, for N=25 and(a)
n jo=0,(b) jo=0.4.
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wherelg=joL and1;=j,L. We show in Fig. 1 the field
iy ﬂ dependence df. for N=25 andj;=0 (&), jo=0.4j, (b). Itis
ai+1 |——‘

. seen that .(¢) oscillates with a slightly varying amplitude
a. .

0 when the field increases. A strong peak occurg at25; this
d U L J U £ X value corresponds to one flux quantum per the pelitd.

The shift of the peak from the central positigh=0 to
¢=N for the casej,=0 [zero average of.(x)] can be
understood as follows: The maximum contribution from the
oscillating term inj.(x) to the total current corresponds to
such a flux for which the termysin(2#Nx/L) and the phase
L factor sinp(x) change signs simultaneously. Comparing Egs.
IC(O)=J je(x)dx. (99 (1) and(11) we find that this happens ifo=0 and ¢=N.

0 Thus, precise correlation between the phase factor and the
j<(X) oscillations causes; to reach its maximum value of

.i1 i

FIG. 2. A model for a random critical current density distribu-
tion.

This equation is a generalization of the formu}é0)=j.L ,
for uniform junctions with j.=const. to inhomogeneous 0.9,L at¢=N. . )
junctions withj .(x). Equation(2) shows that ifj ((x) is posi- Note that for the nonzero average critical current density

tive within a junction, the critical current reaches its absolutello#0), the patterni(H) still has the standard central
maximum atH=0. For an arbitranj(x), the last statement Fraunhofer peak ap=0 with the height proportional t,.
is not necessarily true. Consider, for example, a junctionThe central peak constitutes the main difference between pat-

made of equal numbers of identical facets with negative ands forjo=0 andjo#0. _ _
positive j.'s so that the integral in Eq(9) vanishes; We now turn to the effect of randomness in the spatial

1.(0)=0 for this case, and the pattetg(H) has a zero at distribution ofj.(x) on the field dependence of critical cur-
H=0 instead of the central Fraunhofer maximum. rentl;. We use a model dependenjgx) shown schemati-

In general, if the average value pf(x) is small, i.e. cally in Fig. 2, namely, the critical current density alternates
' T sequentially taking two valuegig and —j;:

L L
0= [ioax< [ lioolax ao (i if a<x<b,,
0 0 ie={ . . (13
_ » =1, i bi<x<aji,

I.(0) can be much less than the maximum value of the criti- . S _ .
cal current achieved at a certain magnetic-fielgd,#0. wherei=1.2,...,N. Thusj.=j; within N intervals with
Qualitatively, this happens because the sign chdagd the the lengthsl;"=b;—a;, and j.=—j, within N intervals
current suppressigrdue to the field-dependent phase factorl; =a;,;—b;. The sequencek” andl; are random with
sing(x) can be compensated by the sign changg k) average values
provided these two are accurately correlated. Therefore, a

patternl(H) with I ,(0)<l.(H. IS a clear signature of L1 N .
the critical current density taking both positive and negative |‘=Nizl i (14
values. -

To demonstrate the main features of the pattei¥¥)  We characterize the distribution of, by its average
caused by an alternating critical current density, we considef,=j,(I*—17)/L, and by the dispersion
two model dependencies fdpg(x).

First we treat a simple periodic dependence 12

l N
—;1 (175)2=(1%)2 (15)

g=

Je(X)=jot]ssiN(2mNX/L), 13

with an integemN. In zero magnetic field the critical current We treat here the case when both sequehteand!;” have
1.(0)=joL, as is seen from Eq@9). There are only two the same value of.

nonzero Fourier coefficients in the expansi@h ag=j, and After straightforward algebra we obtain for the tunneling
by=]1. Therefore, Eq(7) yields current
|sin(mg)|( 15 1IN* |12 Iy _
l.= - \(?Jr =72 (12 | = m(Acos‘po— Bsingy), (16)

I /1y

06 3 @ b ¢ d

0.4 — FIG. 3. The dependence bf/l; on®/®d for
E jo=0 and (@ =0, (b) ¢=0.142, (¢

0.2 3 0=0.275,(d) 0=0.397.
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I /1,
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0.4 — FIG. 4. The dependence bf/l; on®/®d for
E jo=0.4j; and (@ o=0, (b 0=0.142, (¢

02 73 0=0.275,(d) ¢=0.397.

0.0 E'''f‘|'‘‘'|"“|”'7ﬂiﬂ'”"|'“' AR KL LA L AN AL L (AL L L ML L JLALLA) LU LR RN M

O 510152025 0 5 10152025 0 5 10152025 0 5 10 15 20 25 ¥%a

wherel=j,L, junction critical currentl ,(H). We have found that if the
averagej . is small, the major peak in the patterg(H) is
shifted aside from the central position of the standard Fraun-
hofer pattern. Two particular situations are considered: a
smooth sinusoidal and a stepwise periofitx) alternating
N between positive and negative values of equal size. Both
B=, (sinka +sinka;,;— 2sirkb;). (18  model dependencies result in qualitatively similar patterns
i=1 I.(H) with shifted major peaks. To simulate properties of
real grain-boundary junctions, we introduced random distri-
bution of steps and showed that the randomness smears the
N major peak and strengthens the minor ones, however, it
Ic=27¢\/Az+ BZ. (19 leaves the position of the shifted peak in place for a weak
randomness. We consider the shift of the major peak as the
Figures 3 and 4 show the field dependencel offor s@gnatu_re of the a_lternatin_g nature of the_critical current den-
N=25 and different values df, and o-. sity. Th|§ feature is seen indeed in experlme_hgelH) of the
The critical current density.(x) is a periodic function 45° 9rain boundaries in YBCO filntSit remains to be seen
when o=0. The fingerprint of this periodicity is the peak how much extra detail can be extracted from the observed

seen atp=25 in Figs. 3a) and 4a). The peak corresponds patterns ofl (H).

to one flux quantum per one peried25 of j.(x). Random- We are grateful to J. Clem and J. Mannhart for stimulat-
ness of the spatial distribution gf; smears the peak at ing and informative discussions. R.G.M. acknowledges sup-
¢=25. Remarkably, the central peak aty=0, port of the German-Israeli Foundation for Research and De-
1.(0)=j1(I"=17)=]oL, is affected not by randomness, but velopment, Grant No. 1-300-101.07/93. The work of V.K.
only by total lengths wherg, is positive and negative.e.,  was supported by the Office of Basic Energy Sciences of the
by the nonzero average ¢f(x)]. U.S. Department of Energy. We acknowledge partial support

In conclusion, we have studied the effect of alternatingof the International Institute of Theoretical and Applied
critical current densityj(x) on the field dependence of the Physics at lowa State University.

N
A= (coka +coka;,,—2cokb;), 17
i=1

The maximum current at a given magnetic field is
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