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ac susceptibility and transport critical-current density of polycrystalline c-axis-oriented
YBa2Cu3O72d films: Josephson tunneling andd-wave pairing
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We determined the intergranular critical-current densityj cJ(T) of thin films of polycrystalline
c-axis-oriented YBa2Cu3O72d by measuring the isothermal ac susceptibilityx(hac) at zero dc magnetic field.
The temperature dependence ofj cJ was obtained from the temperature-dependent position of the intergrain
peak inx9(hac). We confirmed our results by measurements of the transport critical current performed under
self-field conditions. The observed temperature dependence of the critical current was compared with calcu-
lations of the Josephson critical current across rough interfaces. The experimental data can be explained by
either assumingd-wave symmetry of the superconducting order parameter or, alternatively, by assuming
s-wave symmetry and unusually strong pair breaking at the grain boundaries. The calculated critical currents
show temperature dependences significantly different from the Ambegaokar-Baratoff formula, and agree well
with recent measurements on single grain boundary junctions.@S0163-1829~97!02102-4#
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I. INTRODUCTION

The symmetry of the superconducting order parameter
flects the nature of the mechanism that leads to the forma
of Cooper pairs and constrains possible theories of h
temperature superconductivity. Recently, several exp
ments have been performed to investigate this symmetry~for
an overview see, e.g., Refs. 1–3!. There seems to be increa
ing evidence from these experiments that the supercond
ing order parameter hasd-wave symmetry in high-
temperature superconductors. Evidence ford-wave pairing
comes, e.g., from the temperature dependence of the pen
tion depth,4 angle-resolved photoemission spectroscop5

and especially from quantum interference experiments6–9

On the other hand, there are experiments that suggest o
symmetries10 precipitating a controversy over the symmet
of the superconducting order parameter.

Superconducting states with anisotropic pairing~such as
d-wave pairing! and isotropic pairing behave differently a
surfaces and interfaces.11 Elastic scattering at surfaces or in
terfaces will suppress an anisotropic order parameter to s
degree but will not affect an isotropic order paramet
Hence, one expects to gain information on the anisotrop
the order parameter by measuring the effects of grain bou
aries on superconducting properties. Polycrystalline hi
temperature superconductors can be viewed as a netwo
individual superconducting grains which are separated
grain boundaries and coupled via Josephson junctions.12 The
presence of Josephson junctions affects the magnetic as
as the transport properties of such systems. Whereas
granularity of the samples manifests itself in reduced val
of the transport critical current density, magnetic measu
550163-1829/97/55~2!/1254~8!/$10.00
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ments, especially of the ac susceptibility of such samp
show both intragrain and intergrain characteristics.13 ~For
further measurements concerning the temperature de
dence of the critical current density of granular films a
individual grain boundary junctions see, e.g., Refs. 14–1!
In a recent work on bulk (Y12xPrx)Ba2Cu3O72d ceramic
samples17 we observed that the temperature dependence
the intergranular critical-current density resembles a beh
ior theoretically predicted ford-wave superconductors by X
et al.18 This anomalous temperature dependence is tradit
ally interpreted in terms of flux creep.19 On the other hand,
the striking agreement between the temperature depend
measured on granular~misoriented! bulk samples and the
theory of Xu et al. has been interpreted in Ref. 17 as ev
dence ford-wave pairing.

To make the comparison between theory and experim
more precise, we have investigatedc-axis-oriented polycrys-
talline YBa2Cu3O72d ~YBCO! films and interpreted our re
sults using a model beyond the tunneling Hamiltoni
approach.20 Our calculations include an interface barrier, i
terface roughness, and the suppression of the order param
associated with an interface. We find good agreement of
observed temperature dependence of the critical current
the model calculations, which we consider as an indicat
of pair breaking effects at the grain boundary. Such p
breaking effects are a natural consequence of anisotr
d-wave pairing. Fors-wave pairing such pair breaking e
fects can arise from, e.g., magnetic scattering.

The experiments onc-axis-oriented YBCO films are de
scribed in Secs. II and III. Their theoretical interpretation
presented in Sec. IV, and the results are summarized
Sec. V.
1254 © 1997 The American Physical Society
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II. EXPERIMENTAL DETAILS

Polycrystallinec-axis-oriented YBa2Cu3O72d thin films
were deposited on polished Y2O3-stabilized ZrO2 substrates
using thermal coevaporation. The deposition chamber is
scribed in detail elsewhere.21 The substrate temperature w
680–700 °C and the oxygen pressure near the substrate
0.002 mbar. To obtainc-axis-oriented YBCO films, we de
posited a 50-nm-thick buffer layer of amorphous YBCO a
substrate temperature of only 400 °C. The substrate temp
ture was then increased and the polycrystalline YBCO fi
was grown.22

The degree of misorientation of thec-axis-oriented grains
was determined from rocking curves which have been p
formed on a Seifert XRD 3000 P diffractometer~Cu Ka
radiation!. Scanning electron microscopy~SEM! images
were used to determine the morphology of the grains and
porosity of the samples. Magnetic measurements were
formed in a homemade susceptometer using a stan
lock-in technique. The complex susceptibility of squa
shaped samples with dimensions 2.532.5 mm2 cut from a
131 cm2 parent film was measured at 1111 Hz as a funct
of the field amplitudehac (0.014 G<hac<18.4 G) at con-
stant temperature. The orientation of the ac fieldhac was
perpendicular to the film surface, i.e., parallel to thec axis of
the microcrystals. Transport critical currents were measu
using a standard four-point method. The sample for th
experiments was cut from the same parent specimen as
taken for the susceptibility measurements. The bridge~0.9
30.5 mm2) in the middle of the striplike sample~832
mm2) was patterned by carefully removing parts of t
YBCO film with the help of a diamond file. The transpo
intergranular critical-current densityj cJ of the film was ob-
tained by dividing the critical current of the patterned sam
by the cross section of the constricted area. The current
tacts were made of annealed gold foil and they were fixe
the sample with silver paint. For the voltage contacts,
used silver wires which also were initially annealed and
tached to the sample with silver paint. The electric field c
terion used was 3m V/cm.

III. EXPERIMENTAL RESULTS

A. Sample characterization

The x-ray-diffraction pattern for the polycrystallin
c-axis-oriented YBa2Cu3O72d film is shown in Fig. 1. The
c-axis orientation of the grains is confirmed by the diffra
tion profile which predominantly exhibits (00l ) peaks. Peaks
which result from the substrate are marked with an ‘‘S.’’ The
~200! peak is caused from small amounts ofa-axis-oriented
grains. The degree of misorientation of thec-axis-oriented
grains was determined from rocking curves. Figure 2 d
plays as an example the rocking curve of the~005! peak. The
full width at half maximum~FWHM! of the ~003!, ~005!,
and ~006! rocking curve was FWHM'4.8o. The morphol-
ogy, and the size of individual grains as well as the poros
of the sample were analyzed from SEM images; an exam
is shown in Fig. 3. The diameter of the platelike grains
'0.5 m m. A few a-axis-oriented grains can be seen
bright ‘‘sticks.’’ The temperature-dependent resistivity
our sample is shown in Fig. 4. Since the best single crys
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line YBa2Cu3O72d films have %ab(T)'0.6 m V cm
3T@K# above 100 K,23 the large resistivity of our sample i
caused from an increased resistivity of the intergrain laye
This can be understood by simply modeling our sample
square arrangement of 0.530.5 mm2 large superconducting
grains which are separated by a 10-Å-thick intermedi
layer. Using this model we obtain for the intermediate lay
%'0.3 V cm at T5100 K which is a typical value for a
semiconductor. Gross and Mayer24 observed similar values
for the normal resistivities (%'0.121 V cm) of single grain
boundary junctions.

B. Isothermal field-dependent ac susceptibility measurements
and transport critical-current measurements

To investigate the temperature dependence of the in
granular critical current densityj cJ(T) of the polycrystalline
c-axis-oriented YBa2Cu3O72d thin film, isothermal field-
dependent ac susceptibility measurementsx(hac) have been
performed at zero dc magnetic field. The imaginary part
the susceptibilityx9(hac) exhibits two maxima as can b
seen in Fig. 5 forT574 K. The low-field maximum athac

J is

FIG. 1. X-ray-diffraction pattern of a polycrystallinec-axis-
oriented YBa2Cu3O72d film. The peaks coming from the substra
are indicated with an ‘‘S.’’

FIG. 2. Rocking curve of the~005! peak.
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1256 55W. WIDDER et al.
caused by intergrain losses, whereas the high-field maxim
at hac

G is related to intragrain losses. Both of these maxi
shift to higher field amplitudes with decreasing temperat
~therefore in our case the intragrain maximum cannot be s
for the lower temperatures of Fig. 5!.

For a thin superconducting disk and small perpendicu
applied ac fieldshac, Clem and Sanchez25 obtained the fol-
lowing limiting behavior for the fundamental component
the ac susceptibility:

x8~hac!'2x0S 12
15hac

2

32hd
2 D , hac!hd , ~1!

x9~hac!'x0

hac
2

phd
2 , hac!hd . ~2!

Here hd5 j cd/2 is a characteristic field for a disk-shape
sample,d is the thickness of the disk,x058R/3pd, R is the
radius of the disk, andj c has been assumed to be indepe
dent of field~Bean approximation26!. From numerical calcu-

FIG. 3. SEM image from a part of the polycrystallin
c-axis-oriented YBa2Cu3O72d film.

FIG. 4. Temperature dependence of the resistivity of the po
crystallinec-axis-oriented YBa2Cu3O72d film.
m
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lations they found that the peak inx9 occurs at
hac51.942hd wherexmax9 /x050.241. Brandt showed that th
difference in the ac response of a disk-shaped sample
opposed to our square-shaped sample is less than 1%
can be neglected.27

Thus the intergranular critical-current density for a
temperature is given by the position of the maximumhac

J in
x9(hac):

j cJ~T!5
hac
J ~T!

1.942d/2
. ~3!

Figure 6 shows the temperature dependence ofj cJ(T) ob-
tained from Eq.~3!. For temperatures below 60 K the me
sured valuesxmax9 /x0'0.22–0.25~see Fig. 5! are in good
agreement with Clem’s calculationxmax9 /x050.241, which
confirms the validity of the assumed Bean approximation

In addition, we have performed transport critical-curre
measurements to confirm the inductively obtained tempe
ture dependence ofj cJ(T). We find the temperature depen

-

FIG. 5. Field dependence of the imaginary partx9(hac) of the
complex susceptibilityx(hac) at T 5 6, 40, 56, and 74 K for the
polycrystallinec-axis-oriented YBa2Cu3O72d film.

FIG. 6. Temperature dependence of the intergranular criti
current density j cJ(T) for the polycrystalline c-axis-oriented
YBa2Cu3O72d film as determined fromx9(hac) measurements.
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dence shown in Fig. 7. Although these resistively obtain
values are about a factor of 1.6 larger than those obta
inductively, both methods yield temperature dependen
that are in quite good agreement. This can be seen in Fig
below, where we have plotted the normalized intergranu
critical current densityj cJ(T)/ j cJ(0) of the polycrystalline
c-axis-oriented YBa2Cu3O72d film as determined induc
tively (h) and resistively (s). Also included in Fig. 10 is
the inductively obtained temperature depende
j cJ(T)/ j cJ(0) of a second film (n) which has been covere
ex situwith several nm of LaAlO3. As can be seen in Fig. 1
this protective layer does not influence the temperature
pendence ofj cJ . The solid, dashed, and dotted lines are
result of a theoretical analysis described below.

IV. THEORETICAL INTERPRETATION

The theory of Josephson weak links together with stro
pair breaking effects associated with interfaces betw
grains provides an excellent description of our data. For
anisotropic superconductor, interface roughness is a na
pair breaking mechanism. On the other hand~see below!,
unusually large pair breaking scattering rates associated
the interface~e.g., inelastic scattering or magnetic scatterin!
are required to obtain the same agreement for an isotr
‘‘ s-wave’’ superconductor. Our approach differs fundame
tally from models in which the critical current is determine
by flux motion.19

We will model our granular films in the following as
network of superconducting-insulating-superconduct
~SIS! junctions, because there is increasing evidence tha
boundaries between superconducting grains in polycrys
line YBa2Cu3O72d are insulating and not metallic. The fo
lowing arguments support this picture.

~1! Apart from the Y-123 phase there are no meta
phases in the Y2O3-BaO-CuO-phase diagram.

~2! Transmission electron microscopy~TEM! images of
polycrystalline Y-123 samples show no evidence for che
cal segregation at grain boundaries.28 Thus the formation of
metallic impurity phases by chemical segregation at the g
boundaries appears to be unlikely.

FIG. 7. Temperature dependence of the intergranular criti
current density j cJ(T) for the polycrystalline c-axis-oriented
YBa2Cu3O72d film as determined from transport measurement
d
ed
es
0,
r

e

e-
e

g
n
n
ral

ith

ic
-

g
he
l-

i-

in

~3! An amorphous zone at the grain boundaries res
from the strain associated with an increased dislocation d
sity at the boundaries.28,29The cores of these grain bounda
dislocations are believed to suppress the superconductin
der parameter. In addition, oxygen-annealing experime
provide evidence that the interface layers between adja
grains are oxygen deficient.30 Both oxygen disorder and oxy
gen deficiency lead to a decrease ofTc and ultimately to
insulating behavior.

~4! The normal resistances obtained for single gr
boundary junctions are typical for semiconductors and s
nificantly larger than the values for metallic interfac
layers.24

~5! The observation of electromagnetic resonances al
a YBCO bicrystal grain boundary junction gives further ev
dence that the grain boundary is insulating.31,32

We focus first on a single SIS junction. The critical cu
rent of Josephson junctions was calculated by Ambegao
and Baratoff.33 They considered isotropic superconducto
and established the following universal formula for a S
Josephson junction:

I c~T!5
p

2eRN
D~T!tanh

D~T!

2kBT
. ~4!

The temperature dependence and magnitude of the cri
current are determined in this theory by the BCS energy
D(T) and the normal state resistanceRN of the junction. The
corresponding formula34 for anisotropic superconductors
given by

I ~T,c!54eNf
l Nf

rkBT

3(
en

ImK K uTpW
f
l pW

f
r u2

pD l~pW f
l !

Aen
21uD l~pW f

l !u2

3
p„D r~pW f

r !…* exp~ ic!

Aen
21uD r~pW f

r !u2 L
pW
f
l

L
pW
f
r

, ~5!

where c is the phase difference across the junction. T
critical current is obtained as the maximum Josephson
rent, I c(T)5max$c%I(T,c). Here,Nf

l (Nf
r ), pW f

l (pW f
r ), andD l

(D r) are the density of states, the Fermi momenta, and
momentum-dependent order parameters of the supercon
ors on the left ~right! sides of the junction,
en5(2n11)pkBT are the Matsubara energies, an
^•••&pW

f
l ,r means averaging over the Fermi surfaces. The te

perature dependence obtained from Eq.~5! is no longer uni-
versal but generally depends on the gap anisotropy, the
isotropy of the Fermi surface, and the exact form of t
tunneling matrix elementsTpW

f
l pW

f
r . The magnitudeuTpW

f
l pW

f
r u2 is

the probability for a quasiparticle~in the normal state! to
tunnel from statepW f

l on the left side of the junction to stat

pW f
r on the right side. Equation~5! does not reproduce th

observed anomalies in the critical currents across g
boundaries. The resulting temperature dependence obta
from Eq. ~5! is not very sensitive tod-wave pairing or

l-
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anisotropies of the Fermi surface,35 andI c(T)/I c(0) deviates
only slightly from the Ambegaokar-Baratoff result. Only th
overall magnitude of the critical currents might be sensit
to details of the tunneling probabilities, the anisotropy of t
order parameter, or the orientation of the grains. For
ample, formula~5! gives zero critical current ford-wave
superconductors and isotropic tunneling probabilities.

We note that the derivation of Eq.~5! requires the as-
sumption that the order parameter is not affected by the p
ence of the Josephson contact and keeps its bulk value u
the interface. This assumption breaks down for strongly
isotropic superconductors, such asd-wave superconductors
and the depletion of the order parameter leads to the
served anomalous temperature dependences~see below!.

Self-consistent calculations of the spatial dependenc
the order parameter show36,37 that the gap amplitude of a
d-wave superconductor is, in general, strongly suppres
near a surface or interface, as a consequence of quasipar
reflecting from the surface~interface!. Recently, Barash
et al. 38 considered the case of twod-wave superconductor
separated by a weakly transparent smooth interface.39 They
showed that the Josephson current depends in a nontr
way on the order parameter up to distances from the ba
of the order j0 where j05\v f /2pkBTc is the zero-
temperature coherence length. We use here the quasiclas
theory to calculate the distortion of the order parame
With this input we calculate the Josephson current den
j (T,c) and the critical-current densityj c(T). We will sketch
our scheme for calculatingj c(T) only briefly. Details of the
calculations will be published elsewhere.35

A. Quasiclassical equations

The quasiclassical theory of superconductivity was dev
oped by Eilenberger,40 and Larkin and Ovchinnikov.41 The
theory is conveniently formulated in terms of the quasicl
sical matrix propagatorĝ(pW f ,RW ;en), which is a 232 matrix.
Its diagonal terms carry the information on supercurrents
other measurable quantities of interest, whereas the
diagonal part f̂ (pW f ,RW ;en) determines the order-paramet
matrix D̂(pW f ,RW ). The quasiclassical propagator can be cal
lated from Eilenberger’s differential equation

@ i ent̂32D̂~pW f ,RW !,ĝ~pW f ,RW ;en!#1 i\vW f•¹W RW ĝ~pW f ,RW ;en!50,
~6!

which couples the diagonal and off-diagonal parts ofĝ. The
coupling is provided by the order-parameter matrixD̂, which
must be calculated self-consistently from the off-diago
quasiclassical propagator via the gap equation

D̂~pW f ,RW !5kBT(
en

ec

^V~pW f ,pW f8! f̂ ~pW f8 ,RW ;en!&pW f8. ~7!

Here, t̂3 is a Pauli matrix in particle-hole space,pW f andvW f
are the Fermi momentum and Fermi velocity, andRW is the
spatial coordinate. We will use here an isotropic tw
dimensional model for the conduction electrons, i.e., a cy
drical Fermi surface with radiuspf , an isotropic Fermi ve-
locity vW f , and a constant density of statesNf . The
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calculation of D̂(pW f ,RW ) involves the pairing interaction
V(pW f ,pW f8) which we write in the case of ad-wave supercon-

ductor @D(pW f)5Dcos(2f)# as

V~pW f ,pW f8!52V0cos~2f!cos~2f8!. ~8!

The anglesf andf8 are the polar angles of the momen
pW f and pW f8 . For isotropic pairing we haveV(pW f ,pW f8)5V0 .
The critical temperature is determined by the coupling c
stant V0 and the cutoff energyec via the BCS relation
kBTc51.13ece

21/V0. We are in particular interested in th
superconducting current density, given in terms ofĝ by

jW~RW !52eNfkBT(
en

^vW f
1
2 Tr@ t̂3ĝ~pW f ,RW ;en!#&pW f . ~9!

B. Model for a grain boundary

Interfaces enter into the quasiclassical theory as bound
conditions connecting the quasiclassical propagators ac
the interface.42–46Zaitsev42 was the first to derive the bound
ary condition for a smooth interface with reflection probab
ity R. We use Zaitsev’s boundary condition to describe
‘‘smooth part’’ of grain boundary scattering. The reflectio
probability depends on the angle of incidenceu of a quasi-
particle ~for a definition of the various angles see Fig. 8!. A
standard reflection law is47

R~u!5
R0

R01~12R0!cos
2~u!

. ~10!

Irregularities at the interface, e.g., a lattice constant m
match or any kind of defects, will lead to some degree
diffuse scattering of quasiparticles at the grain boundaries
order to model these irregularities we generalize Zaitse
model to include interface roughness.48 We model the grain
boundary as a smooth interface coated on both sides wi
thin dirty layer which scatters quasiparticles. The thin di
layers are described by Ovchinnikov’s model,49 generalized
to include elastic as well as inelastic scattering50 at the grain
boundaries.

The transport of quasiparticles across the dirty lay
~DL’s! is described by the transport equation43

FIG. 8. Schematic geometry of our model for a grain bounda
The clover-shapedd-wave order parameter is fixed to the cryst
lattice. The trajectory of an incoming quasiparticle is specified
the angleu. The anglesa l anda r are defined as the angles betwe
the normal of the interface and the crystal lattice on the left a
right sides, respectively.



er

t

a
o
th

d
in

y
y
ra
a
e
a
or
-
a
e
n
de
s
l b

th
on
ct
o
et
al
de

ia
si

ka

n

h
re

al-
ary

i-
find
for
g

he

g
of

to
ate
ion
cur-
ion
ing
ear

t
ted
al
we
he
en-
ity

for
uite

e

sity
tal

55 1259ac SUSCEPTIBILITY AND TRANSPORT CRITICAL- . . .
F ir int̂32 r0
2p

^ĝDL&6 ,ĝDLG1 ipx]xĝDL50, 0<uxu<1 ,

~11!

whereĝDL is the quasiclassical propagator in the dirty lay
The second term in Eq.~11! is Ovchinnikov’s elastic self-
energy for incoming and reflected quasiparticles, whereas
first self-energy term, proportional tot̂3, models isotropic
inelastic scattering. The propagators in the dirty layers
matched continuously to the propagators in the superc
ducting grains. The propagators are discontinuous at
smooth interface between the dirty layers, and the jump
given by Zaitsev’s relations

d̂l5d̂r , 2 ip
12R

11R F ŝr S 12
i

2p
d̂r D ,ŝl G5d̂r~ ŝr !

2,

~12!

where d̂l (d̂r) and ŝl ( ŝr) are defined as the difference an
the sum of the propagators in the dirty layer of the incom
and reflected particles on the left~right! side of the interface.

Our model for a grain boundary has three parameters:~1!
a reflection probabilityR0 for perpendicular incidence
(u50°), ~2! an elastic scattering rater0, and~3! an inelastic
scattering rater in . A quasiparticle hitting the grain boundar
has a probabilityR(u) to be reflected and a probabilit
12R(u) to cross the grain boundary. The momentum pa
lel to the boundary is conserved for an ideal grain bound
(r05r in50). Deviations from ideality are described by th
elastic and inelastic scattering rates. Elastic scattering le
to pair breaking for superconductors with an anisotropic
der parameterD̂(pW f), but not for an isotropic order param
eter. Inelastic scattering is pair breaking for both. The sc
tering ratesr0 and r in are assumed in the following to b
independent of temperature because the normal resista
of single grain boundary junctions are reported to be in
pendent of temperature.16 A more detailed description of thi
model and a discussion of its physical consequences wil
published elsewhere.35

In order to obtain the current-phase relationship across
interface we solve the quasiclassical differential equati
self-consistently in the superconducting electrodes, subje
the matching condition across the interface obtained fr
our model. This gives us the self-consistent order param
and the corresponding quasiclassical propagators. The c
lations are done for a fixed phase difference of the or
parameter across the junction,c5c r2c l5const. The
critical-current density of the junction is then obtained v
formula ~9! as the maximum Josephson supercurrent den

j cJ~T!5max
c

u j ~c,T!u. ~13!

We emphasize that our model reproduces the Ambegao
Baratoff expression@Eq. ~4!# and its generalization@Eq. ~5!#
for the Josephson critical current~1! for s-wave supercon-
ductors in the limit of weak transparency (R0'1) and no
inelastic scattering, and~2! in the limit of a smooth interface
with weak transparency ford-wave superconductors with a
interface oriented parallel to a crystal main axis.38,46 In these
cases there is no suppression of the order parameter, w
would lead to deviations from the Ambegaokar-Baratoff
sult.
.

he

re
n-
e
is

g

l-
ry

ds
-

t-

ces
-

e

e
s
to
m
er
cu-
r

ty

r-

ich
-

C. Numerical results and comparison with experiments

In Fig. 9 we compare temperature-dependent critic
current measurements on symmetric single grain bound
junctions by Mannhartet al.51 ~10° and 15° YBCO tilt
boundaries! with our theoretical calculations. The exper
mental data are scanned from the original paper. We
excellent agreement between theory and experiment
d-wave as well ass-wave models. The optimum fit assumin
d-wave pairing in the grains is obtained withr050.5 and
r in50. The theoretical data forT,0.05Tc are extrapolated
data. Since the ratio of the critical-current density of t
junctions and the depairing~Landau critical! current density
at zero temperature is about 1024, we consider only weakly
transparent interfaces with a reflection probabilityR0 close
to 1. For isotropics-wave calculations, the elastic scatterin
rate r0 does not influence the temperature dependence
j c . The only possibility to fit the data in this case is
assume an unusually large inelastic scattering r
r in50.17. The essential effect responsible for the deviat
of the temperature dependence of the Josephson critical
rent from the Ambegaokar-Baratoff behavior is the reduct
of the order parameter at the boundary due to pair break
effects. This effect is more pronounced at temperatures n
Tc .

Our polycrystallinec-axis-oriented YBCO films consis
of superconducting grains which are randomly orien
within the a-b plane. In order to compare our theoretic
calculations on single junctions with our experiments
have to take into account this arbitrary orientation of t
individual grains. Figure 10 shows the temperature dep
dence of the normalized intergranular critical-current dens
j cJ(T)/ j cJ(0) for the polycrystalline c-axis-oriented
YBa2Cu3O72d films as determined fromx9(hac) measure-
ments and from transport measurements. As in the case
the single grain boundary junctions mentioned above, a q
good fit of the experimental data is obtained fors-wave pair-
ing ~dashed line! with reflection probabilityR050.999 and
an unusually large inelastic scattering rater in50.6. In con-
trast to isotropics-wave pairing there is an influence of th

FIG. 9. Temperature dependence of the critical-current den
of a symmetric single grain boundary junction. The experimen
data are taken from Mannhartet al. ~Ref. 51! @10° (h) and 15°
(s) YBa2Cu3O72d tilt boundary#. The solid ~dashed! line is a
theoretical curve obtained from our model ford-wave (s-wave!
pairing with interface parametersR050.999, r050.5, r in50,
a l55°, and a r525° (R050.999 andr in50.17). Dotted line:
Ambegaokar-Baratoff behavior@Eq. ~4!#.
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misorientation anglesa l anda r of the two adjacent grains o
the critical current density for anisotropicd-wave pairing.
The anglesa l (a r) are defined as the angles between
normal of the interface layer and thea axis of the left~right!
grain ~cf. Fig. 8!. The solid lines shown in Fig. 10 represe
numerical results for different misorientation angles in ca
of d-wave pairing. From upper right to lower left the ti
angles along the dashed-dotted line are as follo
(a l ,a r)5 ~0°,15°), ~0°,0°), ~0°,30°), ~15°,15°), ~15°,
30°), ~15°,45°), ~30°,30°), ~30°,45°), ~45°,45°), ~30°,
230°), and~0°,45°). The junction parameters are kept co
stant for all configurations (R050.999,r050.5,r in50). As
can be argued from Fig. 10, a description of the behavio
our film by an effective junction model52 would be acciden-
tal rather than systematic. Since the temperature depende
shown in Fig. 10 are similar for a wide range of misorien
tion angles with deviations only for angles close to 45°
seems plausible that the measured temperature depend
of the intergranular critical-current density of our polycry
talline film can be modeled by a~complicated! interplay of
individual single junctions. Such a model should include s
tistical methods as suggested, e.g., by Rhyner and Blatt53

who used the limiting path model which searches for
current limiting path in a two-dimensional array of random
oriented grains arranged on a square lattice.

In contrast to the measured angle dependences of the
cal current density in single grain boundary junctions~see
Refs. 16,54–56, and references therein! which phenomeno-
logically can be described byj cJ(a)' j cJ(0)exp(20.2a) for
0°<a<45° (a5a l2a r), the calculated curves in Fig. 1

FIG. 10. Temperature dependence of the normalized intergr
lar critical-current density for our YBa2Cu3O72d films as deter-
mined fromx9(hac) measurements (h andn) and from transport
measurements (s). Solid lines: numerical calculations for singl
grain boundary junctions with several misorientation angles (a l ,
a r) of the two adjacent grains in case ofd-wave pairing
(R050.999, r050.5, r in50). Dashed line: s-wave pairing
(R050.999,r in50.6). Dotted line: Ambegaokar-Baratoff. For de
tails see text.
e

e
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describe an intrinsic effect ofd-wave pairing in the grains
which is not caused by a varying quality or thickness of t
junctions.

In this paper, we have restricted ourselves to the disc
sion of s-wave andd-wave pairing~see the Introduction!.
We have also carried out calculations for superconduc
with anisotropics-wave and extendeds-wave pairing. While
the data cannot be fitted by an anisotropics-wave model, an
extendeds-wave symmetry of the order parameter leads
similar results as described in Fig. 10 ford-wave pairing.

V. SUMMARY

We have determined the temperature dependence of
intergranular critical current densityj cJ of polycrystalline,
c-axis-oriented YBa2Cu3O72d thin films at zero dc mag-
netic field from isothermal ac susceptibilityx(hac) measure-
ments. The obtained results have been compared with
confirmed by transport critical current measurements p
formed under self-field conditions. The measured tempe
ture dependences deviate significantly from t
Ambegaokar-Baratoff behavior, and are usually explained
terms of flux creep. In this paper, we have presented an
ternative interpretation. Using a rather general model for
terfaces, we have computed numerically the temperature
pendence of the Josephson critical current across interf
with arbitrary degree of transparency and roughness, inc
ing a self-consistent calculation of the order parameter in
vicinity of the boundary. Our theoretical results were co
pared~a! with measurements on single grain boundary jun
tions and~b! with our experiments onc-axis-oriented poly-
crystalline films. In both cases we have found excelle
agreement between theory and experiment. We obtained
nificant deviations from the Ambegaokar-Baratoff behav
which can be understood by the depletion of the order
rameter due to pair breaking effects at the interface.
d-wave symmetry of the pairing interaction in the grains th
pair breaking is a natural consequence of the~diffuse! scat-
tering of quasiparticles at the boundary which has no eff
in isotropic superconductors. In order to explain the expe
mental data in case of isotropics-wave pairing in the grains
we had to take into account an unrealistically large inela
scattering rate. Thus, we interpret the observed tempera
dependences of the critical-current density as a consequ
of Josephson tunneling between superconducting grains
d-wave symmetry.
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