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Critical currents and the Ambegaokar-Baratoff to Ginsburg-Landau crossover
in granular superconductors
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A simple expression for the transport critical current, which describes rather well the Ambegaokar-Baratoff
~A-B! to Ginsburg-Landau~G-L! crossover, is obtained from an elementary analysis of a Josephson junction
subject to external magnetic fields within the Ginsburg-Landau theory. We show that the order parameter in the
intergrain region depends crucially on the interplay of two characteristic lengths: the superconducting coher-
ence length j}(12T/Tc)

21/2 and the junction-induced superconducting decoherence lengthzq}(1
2T/Tc)

2a. Data for the transport critical current in granular YBCO samples are presented, and the A-B to G-L
crossovers successfully described.
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I. INTRODUCTION

Anomalous critical currentJc behaviors have been ob
served since the early days of high-Tc superconductivity.1

An interesting phenomenon, apparently peculiar to gran
superconductors, is the change of curvature~convex to con-
cave! in the temperature dependence ofJc . This change
known as the crossover from the Ambegaokar-Bara
~A-B! regime, whereJc}(12T/Tc)

1/2, to the Ginsburg-
Landau~G-L! regime whereJc}(12T/Tc)

3/2 is evident in
various experimental reports though rarely noticed.2–4 To fit
the temperature dependence of critical current data, it
been rather common to considerJc}(12T/Tc)

a, with dif-
ferent values for the exponenta.5–10 In some cases, as pre
dicted by de Gennes~dG! for superconductor–normal
metal–superconductor SNS junctions,11 exponents of the
order of 2 have been conveniently used, especially for te
perature regions close toTc .5,6 In other cases, it was quit
favorable to fixa as the ratiom/n, wherem51 or 3 when
the grains are respectively larger or smaller than the Jos
son penetration length andn51 or 2, depending on whethe
the junctions are SNS- or superconductor-insulat
superconductor~SIS!-like.8–10 Based on the Ginsburg
Landau equations and assuming, as usual, an exponen
decaying order parameter, with clear junction suppress
effects in the intergranular tunneling region, we obtain
critical current formula which fits rather well the temperatu
and magnetic field behavior of the data. For a fixed magn
field, the A-B to G-L crossover is described with only on
value of the exponenta.

To put it in perspective, we recall that the A-B to G-
crossover effect was originally noticed in granular NbN s
perconductors which Clemet al.4 interpreted as a current
induced suppression of the gap parameter. The critical
rent was described in terms of the ratioe5EJ/2Es , between
the Josephson-coupling energyEJ , and the superconductin
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condensation energy of a grain,Es . In the dirty limit (e
@1) the critical current density reduces to the Ginsbu
Landau depairing current proportional to (12T/Tc)

3/2. It
was also quite natural to explain the crossover by invok
the interplay of intragrain and intergrain current-induced d
pairing, grain sizes, proximity effects, flux creep and dep
ning effects, etc. Recently, Darhmaoui and Jung,12 observed
A-B to G-L crossover for intragrain, intergrain, depairin
and depinning critical currents in thin films and ceram
YBCO samples. From their data, they conclude that
crossover is independent of the type of flux-pinning def
and of the crystallographic direction of the supercurren
flow. They also find that the A-B to G-L crossover effect
independent of whether the sample is ceramic or a gran
film. Xu et al.13 gave a possible explanation for the observ
magnitude of the Josephson critical voltageJcRn assuming
mixed s1 id pairing states, but their Josephson critical cu
rent expression does not account for the convex-conc
crossover. Widderet al.14 present a model where the critica
current numerical calculations fit well, in thed-wave pairing
for a single grain boundary, and which describe the A-B
G-L crossover by solving self-consistently quasiclassical d
ferential equations.

The experimental work and the theoretical explanatio
provide clear indications that this effect is a sort of univer
property closely related to the granular characteristic of
superconducting samples and strongly induced by exte
magnetic fields. Although there have been some attempt
obtain expressions forJc to describe this kind of temperatur
and magnetic field dependence behavior, we are not awa
any explicit formula which accounts for this behavior
terms of only one critical exponent. It is the aim of th
present work to analyze the junction’s effect on the sup
conducting order parameter within the Ginsburg-Land
theory, and to obtain simple expressions forJc(Bext,T) to fit
the data and to describe the A-B to G-L crossover for
6360 ©2000 The American Physical Society
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values of the applied magnetic field. It turns out that t
order parameter and the critical current sensitivity to th
tunnel junctions and external magnetic fields is reflected
the interplay of two fundamental characteristic lengths:
superconducting coherence and decoherence length.
very appealing junction-induced decoherence lengthzq
5z0(12T/Tc)

2a arises quite naturally from our analysi
This quantity plays an important role not only in the suppr
sion of the order parameter and critical current in granu
superconductors, but also in the A-B to G-L crossover.

In the next section we present a simple analysis of
Ginsburg-Landau~G-L! equations15 and obtain a new ex
pression forJc(Bext,T), which is then successfully used i
Sec. III to fit new and old experimental data.

II. SUPPRESSION OF THE ORDER PARAMETER AND
THE A-B TO G-L CROSSOVER

The existence of nonzero supercurrents in the polycrys
line cuprates, as a consequence of the coherent interactio
electron pairs across the intergrain regions, has been wi
explained in terms of the well-accepted weak-supercondu
behavior16,17 and the well-known quantum extension of th
superconducting state into the tunneling region. To desc
the A-B to G-L crossover as an effect of intergranular tu
neling regions on the critical current, we revisit the we
studied junction’s critical current problem within a phenom
enological approach where an order parameter, compa
with tunneling and magnetic field penetration effects, is p
posed and the temperature behavior of the free paramet
fixed through the Ginsburg-Landau equations. We assu
for the intergrain region~see Fig. 1!, the order parameter

C~r !5a@gL~z!eiwL(r )1gR~z!eiwR(r )#, ~1!

wherewL andwR are the superconducting phases in the c
responding grains, and

gL,R~z!5
AnL,R

2
@12tanhq~dJ1d/26z!# ~2!

the attenuation factor that can be written as

gL,R~z!5
AnL,R

2
exp@2q~dJ1d/26z!#sech

3@q~dJ1d/26z!#. ~3!

Here d is the grain’s separation,nj ~with j 5L,R) refers to
the superconducting carrier concentration, considered e
in both grains,dJ is the Josephson penetration length, anq
is a kind of attenuation parameter, whose temperature de
dence will be deduced here. We shall assume the samr
dependence for both superconducting phases.

The attenuation factorsgL andgR , as written in Eq.~3!,
contain exponentially decaying amplitudes characteristic
quantum tunneling, enhanced by the penetration of the m
netic field, and a hyperbolic function sech@q(dJ1d/26z)#
which approaches 1 as the argument tends to zero, and
ponentially to zero in the asymptotic regions. Because of
proximity effect the junction behaves as a microbridge a
the intergrain region is taken as a weakened extension o
superconducting domain.
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On the other hand, one of the well-known G-L equatio
in the Coulomb gauge¹•A50, is

H 2¹21 i
4e

\
A•¹1

4e2

\2
uAu22

1

j2 S 12
uC~z!u2

uCou2
D J C50,

~4!

with A the magnetic vector potential,C0 the equilibrium
order parameter, andj the superconducting coherenc
length. We assume that the main contribution to the ph
shift is caused by the magnetic field in the tunneling regi
i.e., ¹w5(2e/\)A, which leads to the well-known flux
quantization for any closed path in the tunneling region.18,19

Replacing the intergranular order parameter of Eq.~1! in the
previous Ginsburg-Landau equation, the real part~at z50)
reduces to

F2q2G~q,dJ ,d!2
1

j2 S 12
uCu2

uCou2
D G uCu250, ~5!

where G(q,dJ ,d)5tanh@q(dJ1d/2)#„11tanh@q(dJ1d/2)#….
It is easy to verify that this equation implies the relation

uCu25uC0u2~q2Gj211!. ~6!

Since C0}(12T/Tc)
1/2 and the coherence lengthj}(1

2T/Tc)
21/2, it is clear that as the critical temperature

reached the vanishing of the order parameterC requires

q2Gj2}~12T/Tc!
211b, with b.0. ~7!

Accordingly the attenuation factorq @introduced in Eqs.~1!–
~3!# must be a function of the temperature. More precisely
should behave as

q5q0~12T/Tc!
a. ~8!

For our purposes, this is an important result that will be us
below. This analysis suggests the relevance of another c
acteristic length, the junction-induced decoherence lengthzq
defined as the inverse ofq, closely related to the junction’s
width and the magnetic-field penetration length. The sup
conducting decoherence length is then given by

FIG. 1. The intergrain microbridge junction. The order para
eter decays because of the intergrain barrier and the magnetic
penetration.



io
ti
y

io

to

,

au
am
n
e
r
t
th
la
si
th

by
c

al
r t

b

n
t

rs
i-

to
cu-
in

ct-
n-
the

ysis
ns.
be

on
r
ding
se a

y-
-

r

6362 PRB 61J. L. CARDOSO AND P. PEREYRA
zq5zo~12T/Tc!
2a,

thus

uCu25uCou2~j2G/zq
211!. ~9!

In this way, the behavior of the order parameteruCu in the
intergrain region, extended by the magnetic field penetrat
depends basically on the interplay of two characteris
lengths: the coherence lengthj and the coherence-deca
lengthzq . Both quantities depend critically onT and as will
be seen now, determine not only the low values ofJc but
also its temperature behavior.

If we replace the order parameter of Eq.~1! in the current
density formula

j52
i\e

2m
~C* ¹C2C¹C* !2

2e2

m
uC~r !u2A, ~10!

we obtain the following magnetic field-dependent express

j }
12tanh@~dJ1d/2!/zq#

zq cosh2@~dJ1d/2!/zq#
sinS w22w12

2e

\ R A•dlD .

~11!

After averaging over the junction’s surface and taking in
account the temperature dependence ofq, we have

j c~Bext,T!5Ata10.5S 12tanh@ta~dJ1d/2!/z0#

cosh2@ta~dJ1d/2!/z0#
D sin

pF

F0

pF

F0

,

~12!

whereF is the magnetic flux~proportional toBext and the
junctions threaded area!, F0 is the quantum of magnetic flux
and A52\uau2nje/z0me . Equation~12! is the function we
were looking for. Our analysis was based on the quite pl
sible assumption of an exponentially decaying order par
eter in the tunneling region. The resulting critical curre
contains a polynomial and a hyperbolic temperature dep
dence. The hyperbolic factor dominates at low temperatu
and causes the suppression of the critical current. Both
junction’s width and the magnetic-field penetration leng
are important quantities, which reflect not only the granu
characteristic but determine also the current suppres
mechanism. Above the crossover temperature, i.e., in
G-L or in the dG regime, the critical current is dominated
the polynomial factor. We must notice, however, that on
the magnetic field is fixed, the critical current of Eq.~12! fits
the data all the way from low temperature toTc with only
one value of the exponenta. The presence of an extern
magnetic field increases the exponent in the first facto
a11/2, and reduces the crossover temperature. As will
shown in the next section, to fit our dataa varies from 0.8 at
B50 to .2.2 for larger magnetic fields.

Formally, the main difference between the critical curre
obtained here and those found in the literature resides in
temperature dependence of the attenuation factorq, or
equivalently, on the temperature dependence of its inve
the decoherence lengthzq . This gives us not only the poss
n,
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bility to fit data, but also to provide additional insights in
the effect of granularity and Josephson couplings on the
prate’s critical currents. Therefore the change of curvature
the transport critical current in polycrystalline supercondu
ors is basically a property of granular origin. The junctio
induced order-parameter suppression obviously affects
intergrain and the intragrain currents. The present anal
was done independently of pairing symmetry consideratio
It is possible, however, that the attenuation factor could
sensitive to pairing symmetries.

III. TRANSPORT CRITICAL CURRENT AND THE A-B
TO G-L CROSSOVER IN EXPERIMENTAL DATA

Assuming that the whole current is a linear combinati
of single-junction critical-current contributions, it is clea
that the temperature dependence deduced in the prece
section persists at the macroscopic size. We then propo
total transport critical current described by

FIG. 2. Transport critical current for samples with different ox
genation periods~5 and 12 h!, and for different values of the exter
nal magnetic field. For each dotted curve, obtained using Eq.~14!,
we need only one value ofa. The inflection points move to lowe
temperatures as the magnetic field increases.
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I c5I 0ta10.5S 12tanhtah

12tanhh0
D

3S cosh2h0

cosh2tah
D sinS pFeff~12T/Tc!

21/2

Fo
D

sinS pFeff

F0
D , ~13!

where I 0 is the zero temperature critical current,h5(dJ
1d/2)/z0 , Feff5Bextaeff is a kind of zero-temperature effec
tive flux through an effective areaaeff , which generally de-
pends on the magnetic-field and the zero-temperature
sephson’s penetration lengthd0 , and h0 is related withh
and defined as follows. In the limitdJ@d, the parameterh
.h0t20.5, whereh0.d0 /z0. These parameters andFeff are
magnetic-field and sample-dependent quantities, as sh
below. On the other hand, in the absence of magnetic fi
the parameterh reduces tod/2z0 . This case will also be
discussed below.

In Figs. 2~a! and 2~b! we used the critical current functio
of Eq. ~13! to fit the experimental data. These data have b
measured for two polycrystalline Y-Ba-Cu-O samples w
different oxygenation periods~5 and 12 h!, and critical tem-
peratures of 92 K, which we will denote as Y5 and Y12.

FIG. 3. The exponenta as a function of the external magnet
field. In ~a! we have this parameter for sample Y5, and in~b! for
Y12.
o-

wn
ld

n

measure the critical current, four-probe indium contacts w
made on parallelepiped-shaped samples, which were
cooled to temperatures of 20 K. At this point an extern
magnetic fieldB1 and a transport currentI 1 through the
sample were fixed, allowing the temperature to slowly go
At a certain value of the temperature, sayTc1, the onset of
the transition to the normal state was reached with a pr
sion of 0.1mV. Once the voltage difference grew to approx
mately 10mV, we lowered the transport current toI 2,I 1,
and the sample went back to its superconducting state w
the temperature continued to slowly rise. With the sa
magnetic fieldB1 and lower transport currentI 2, a new tran-
sition point at temperatureTc2.Tc1 was reached, and so on
This procedure was repeated increasing the magnetic fie
stepwise fashion. An interesting feature of the experimen
data is the systematic change in the curvature ofJc as func-
tion of T nearTc . The inflection points move to lower tem
peratures as the magnetic field increases. Each curve c
sponds to a fixed value of the external magnetic field a
only one value ofa is used to fit the data. In other words, fo
a given sample and fixed magnetic field, the temperat
behavior including the A-B to G-L crossover is describ
with only one value ofa. Varying the magnetic field cause
a to change as shown in Figs. 3~a! and 3~b!. Slightly larger
values ofa characterize the 12-h oxygenation sample Y1
Even for low magnetic fields theJc curves of this sample are
much more concave than those of the 5-h oxygena
sample Y5. Similar behavior has been observed in Ref.
where two exponentsa far and aclose were used for each
curve. The numerical values ofa vary there also between 0.
and 2.2. The conclusions of Ref. 10 concerning the gr
sizes, conducting properties of the intergrain material, a
the ratio between the weak and the Josephson junctions
main the same. We also show in Fig. 4 the magnetic fi
behavior forh0. From this figure it is clear that the decohe
ence lengthz0.d0 for the Y5 sample whilez0,d0 for the
Y12 sample. This is a clear consequence of the differ
oxygenation times for these samples, as the decoher
length contains both the influence of the intergrain and
intragrain properties.

FIG. 4. The parameterh0 as a function of the external magnet
field. The points lying on the upper part correspond to Y12 a
those with lower values to Y5. As explained in the text, the poi
at B50 are fitted with the parameterd/2z0 .
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From our data for the critical current as a function
temperature and using Eq.~13!, we obtain the isothermal
shown in Fig. 5. This kind of behavior is predicted for th
long junction limit.20 It is interesting to notice that, as func
tions of the magnetic field, the critical current decrea
while thea exponent reaches a kind of limiting value.

Notice that forB50 andd/2z0.0, the critical current of
Eq. ~13! reduces to

I c~T,0!5I 0~12T/Tc!
a. ~14!

In Fig. 6, we plot data from Refs. 12 and 14 which corr
spond toB50. Two of these curves have a typical G-
behavior. Using our Eq.~13! we fit these data witha.1.4
andd/2z0.0. This means that, for these samples, the gr
separation is small or the intragrain depairing mechanis
have strong influence. The other two curves in Fig. 6 exh
the A-B to G-L crossover. To fit these data we requ
d/2z0.0, whilea.1.3. All these tell us that the G-L regim
is reached by the confluence of a large decoherence lengz
anda exponents of the order of 3/2, augmented by the m
netic field. On the other hand, it is evident that lowera
values correspond to critical currents with the AB-GL cro
over temperature closer toTc .

IV. CONCLUSIONS

In this paper we studied the effect of intergrain regions
the temperature and magnetic field dependences of the

FIG. 5. Transport critical current as a function of the magne
field. These points were obtained from the data appearing in
2~b! and using Eq.~13!. The dotted curves are guidelines.
.R
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cal current. We introduced an exponentially suppressed o
parameter for the intergrain region and, in the framework
the Ginsburg-Landau theory, we have deduced the temp
ture dependence of an attenuation constant which leads
consider the junction induced superconducting decohere
lengthzq as a relevant parameter in the description of tra
port current in tunneling regions. This quantity and the st
dard current definition is used to deduce a new expres
for the critical current, which describes rather well the A
to G-L crossover observed in the temperature dependenc
critical currents measured in thin film and ceramic Y-B
Cu-O samples. The current of Eq.~13! allows us also to fit
data obtained in the presence of external magnetic fields.
critical exponents take values between 0.8 and 2.2, dep
ing on the magnetic field. As mentioned previously the su
pression of the order parameter is mainly due to the gran
characteristic of highTc cuprates. Our result supports th
suggested universality of the A-B to G-L and dG crosso
for granular superconductors. We believe that a furt
analysis of the microscopic description of Josephson ju
tions will lead to different critical exponents of the gap p
rameter.
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