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YBa,Cu;0,_ s films: Josephson tunneling andd-wave pairing
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We determined the intergranular critical-current densjly(T) of thin films of polycrystalline
c-axis-oriented YBaCu30-_ s by measuring the isothermal ac susceptibijh,) at zero dc magnetic field.
The temperature dependencejgf was obtained from the temperature-dependent position of the intergrain
peak iny"(h,). 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 assumingl-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 junctj{@®L63-1827)02102-4

[. INTRODUCTION ments, especially of the ac susceptibility of such samples,
show both intragrain and intergrain characteristicgFor

The symmetry of the superconducting order parameter refurther measurements concerning the temperature depen-
flects the nature of the mechanism that leads to the formatiodence of the critical current density of granular films and
of Cooper pairs and constrains possible theories of highindividual grain boundary junctions see, e.g., Refs. 14)-16.
temperature superconductivity. Recently, several experiln a recent work on bulk (¥Y_.Pr,)Ba,Cu;O-_ s ceramic
ments have been performed to investigate this symniégry sample$’ we observed that the temperature dependence of
an overview see, e.g., Refs. 1-Fhere seems to be increas- the intergranular critical-current density resembles a behav-
ing evidence from these experiments that the superconduder theoretically predicted fod-wave superconductors by Xu
ing order parameter hasl-wave symmetry in high- et al® This anomalous temperature dependence is tradition-
temperature superconductors. Evidence dewave pairing ally interpreted in terms of flux creép.On the other hand,
comes, e.g., from the temperature dependence of the penettae striking agreement between the temperature dependence
tion depth? angle-resolved photoemission spectroscopy, measured on granulgmisoriented bulk samples and the
and especially from quantum interference experim&mts. theory of Xuet al. has been interpreted in Ref. 17 as evi-
On the other hand, there are experiments that suggest othéence ford-wave pairing.
symmetrie&’ precipitating a controversy over the symmetry  To make the comparison between theory and experiment
of the superconducting order parameter. more precise, we have investigatedxis-oriented polycrys-

Superconducting states with anisotropic pairisgch as talline YBa,Cu;0,_ 5 (YBCO) films and interpreted our re-
d-wave pairing and isotropic pairing behave differently at sults using a model beyond the tunneling Hamiltonian
surfaces and interfacéSElastic scattering at surfaces or in- approact® Our calculations include an interface barrier, in-
terfaces will suppress an anisotropic order parameter to somerface roughness, and the suppression of the order parameter
degree but will not affect an isotropic order parameter.associated with an interface. We find good agreement of the
Hence, one expects to gain information on the anisotropy ofbserved temperature dependence of the critical current and
the order parameter by measuring the effects of grain boundhe model calculations, which we consider as an indication
aries on superconducting properties. Polycrystalline highef pair breaking effects at the grain boundary. Such pair
temperature superconductors can be viewed as a network bfeaking effects are a natural consequence of anisotropic
individual superconducting grains which are separated byl-wave pairing. Fors-wave pairing such pair breaking ef-
grain boundaries and coupled via Josephson junctfoke  fects can arise from, e.g., magnetic scattering.
presence of Josephson junctions affects the magnetic as well The experiments or-axis-oriented YBCO films are de-
as the transport properties of such systems. Whereas tlseribed in Secs. Il and lll. Their theoretical interpretation is
granularity of the samples manifests itself in reduced valuepresented in Sec. IV, and the results are summarized in
of the transport critical current density, magnetic measureSec. V.
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Il. EXPERIMENTAL DETAILS
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Polycrystallinec-axis-oriented YBaCuz0+_ s thin films
were deposited on polished,© ;-stabilized ZrGQ, substrates
using thermal coevaporation. The deposition chamber is de- 600 -
scribed in detail elsewhefd.The substrate temperature was
680—-700 °C and the oxygen pressure near the substrate was
0.002 mbar. To obtail-axis-oriented YBCO films, we de-
posited a 50-nm-thick buffer layer of amorphous YBCO at a
substrate temperature of only 400 °C. The substrate tempera-
ture was then increased and the polycrystalline YBCO film
was growr?? s g

The degree of misorientation of tlzeaxis-oriented grains L__J S os
was determined from rocking curves which have been per- or ' , . L
formed on a Seifert XRD 3000 P diffractometéEu K« 0 20 40 60 80
radiatior). Scanning electron microscop¢SEM) images 26 [deg]
were used to determine the morphology of the grains and the
porosity of the samples. Magnetic measurements were per- FiG. 1. X-ray-diffraction pattern of a polycrystalline-axis-

formed in a homemade susceptometer using a standaggliented YBaCus0;_ ; film. The peaks coming from the substrate
lock-in technique. The complex susceptibility of square-are indicated with an S.”

shaped samples with dimensions 255 mn? cut from a
1x 1 cm? parent film was measured at 1111 Hz as a functionine  vYBa,Cu.O films have 0.,(T)~0.6 wQcm
of the field amplitudeh, (0.014 G=h,=18.4 G) at con- Zer8 o ab
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. . : X T[K] above 100 K2® the large resistivity of our sample is
stant temperature. The orientation of the ac fibld was caused from an increased resistivity of the intergrain layers.

perpe_ndicular to the film surfacg_, l.e., parallel to thaxis of This can be understood by simply modeling our sample as
the microcrystals. Transport critical currents were measuregquare arrangement of 0.5 um? large superconducting

using a standard four-point method. The sampl.e for thes rains which are separated by a 10-A-thick intermediate
experiments was cut from the same parent specimen as wds

taken for the suscepibility measurements. The bride ayer. Using this model we obtain for the intermediate layer

. . o 0~0.3 Q) cm at T=100 K which is a typical value for a
X0-25 mn?) in the middle of the stnpllke_ samplégx 2 semiconductor. Gross and Ma?/‘éobser\)//gd similar values
mm’) was patterned by carefully removing parts of theforthe normal resistivitiesd~0.1—1 Q cm) of single grain
YBCO film with the help of a diamond file. The transport b . : '
. - o ' oundary junctions.
intergranular critical-current densify; of the film was ob-
tained by dividing the critical current of the patterned sample
by the cross section of the constricted area. The current conB. Isothermal field-dependent ac susceptibility measurements
tacts were made of annealed gold foil and they were fixed to and transport critical-current measurements
the sample with silver paint. For the voltage contacts, we 14 jnvestigate the temperature dependence of the inter-
used silver wires wh|ch'alsq were |'n|t|ally annealled.and ""_t‘granular critical current densitiy,,(T) of the polycrystalline
taqhed to the sample with silver paint. The electric field Cri-_axis-oriented YBaCusO,_ 5 thin film, isothermal field-
terion used was & Vicm. dependent ac susceptibility measuremey(ts,) have been
performed at zero dc magnetic field. The imaginary part of
IIl. EXPERIMENTAL RESULTS the susceptibilityx”(h,J exhibits two maxima as can be

seen in Fig. 5 foff =74 K. The low-field maximum &l is
A. Sample characterization

The x-ray-diffraction pattern for the polycrystalline 600 — —
c-axis-oriented YBaCu;0-_ s film is shown in Fig. 1. The
c-axis orientation of the grains is confirmed by the diffrac-
tion profile which predominantly exhibits (D0peaks. Peaks
which result from the substrate are marked with 87" The
(200 peak is caused from small amountsastixis-oriented
grains. The degree of misorientation of theaxis-oriented
grains was determined from rocking curves. Figure 2 dis-
plays as an example the rocking curve of (885 peak. The
full width at half maximum(FWHM) of the (003, (005),
and (006) rocking curve was FWHM=4.8". The morphol-
ogy, and the size of individual grains as well as the porosity
of the sample were analyzed from SEM images; an example ol P - P
is shown in Fig. 3. The diameter of the platelike grains is 14 16 18 20 22 24 26
~0.5 um. A few a-axis-oriented grains can be seen as o [deg]
bright “sticks.” The temperature-dependent resistivity of
our sample is shown in Fig. 4. Since the best single crystal- FIG. 2. Rocking curve of th€005 peak.

£
o
o

200

Intensity [cps]




1256 W. WIDDER et al. 55

/ Y ‘*“;’ T LA | T T Ty M T
L) V )
Bt B 13:_ 11-MAR<86
g g - 02}
BN V-J’ ’ &
. ) 7 2
T 4 % ~
= 01F
| AA o 2 oOooo “‘:‘ |
[o]
0.0} 8§ oooonlE § 8800 .
0.1 1 10
hac [Gl
| FIG. 5. Field dependence of the imaginary pgfth,) of the

complex susceptibilityy(h,) at T = 6, 40, 56, and 74 K for the

FIG. 3. SEM image from a part of the polycrystalline polycrystallinec-axis-oriented YBaCuzO;-—; film.

c-axis-oriented YBaCu;O7- film. lations they found that the peak iny” occurs at
caused by intergrain losses, whereas the high-field maximutfjac= 1-9421 wherex .,/ xo=0.241. Brandt showed that the

at hS is related to intragrain losses. Both of these maximaliference in the ac response of a disk-shaped sample as

(o .
shift to higher field amplitudes with decreasing temperaturéPP0Sed to our square-shaped sample is less than 1% and
n be neglectet.

(therefore in our case the intragrain maximum cannot be seetf X - .

for the lower temperatures of Fig).5 Thus the _mte_rgranular cnucg_l—current dens_lty for_ any
For a thin superconducting disk and small perpendicuIaFeﬁmperf’Jlture is given by the position of the maximbgpin

applied ac fields,., Clem and SanchéZobtained the fol- X" (had:

lowing limiting behavior for the fundamental component of

Del hadT)
the ac susceptibility: ; _
, 1ed(M= T gaziiz° ©
x' (had=~—xol 1— 1 2") h,<hg, (1) Figure 6 shows the temperature dependencg. gfT) ob-
32h; tained from Eq.(3). For temperatures below 60 K the mea-
) sured valuesyy./xo~0.22-0.25(see Fig. 5 are in good
" - ac . agreement with Clem’s calculatiogy,,/ xo=0.241, which
X' (had Xow_hg' hac<hq- @ confirms the validity of the assumed Bean approximation.

. i L . In addition, we have performed transport critical-current
Here hy=j.d/2 is a characteristic field for a disk-shaped neasurements to confirm the inductively obtained tempera-

sampled is the thickness of the dislgo=8R/37d, Risthe  y,re dependence gt,(T). We find the temperature depen-
radius of the disk, angl; has been assumed to be indepen-

dent of field(Bean approximatiof}). From numerical calcu-
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FIG. 6. Temperature dependence of the intergranular critical-
FIG. 4. Temperature dependence of the resistivity of the polycurrent density j.;(T) for the polycrystalline c-axis-oriented
crystallinec-axis-oriented YBaCuzO-_ s film. YBa,Cuz05_; film as determined frony”(h,) measurements.
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(3) An amorphous zone at the grain boundaries results

1.9x10% R 4 from the strain associated with an increased dislocation den-
o . : 29 i
%, sity at the boundang@: The cores of these grain bound_ary
1.0x10° - oy - dislocations are believed to suppress the superconducting or-
°% : der parameter. In addition, oxygen-annealing experiments
8.0x10 I ° . provide evidence that the interface layers between adjacent
€ - 00% ] grains are oxygen deficieft Both oxygen disorder and oxy-
§ 6.0x10% |- » 1 gen deficiency lead to a decreaseTgf and ultimately to
= r ° insulating behavior.
£ 4.0x10* O%o T (4) The normal resistances obtained for single grain
I ®o 1 boundary junctions are typical for semiconductors and sig-
2.0x10% - S 7 nificantly larger than the values for metallic interface
ool . . . o, | layers®*

0 20 20 60 80 (5) The observation of electromagnetic resonances along
a YBCO bicrystal grain boundary junction gives further evi-
dence that the grain boundary is insulatig?
FG. 7. T wre d q ¢ the int | iical We focus first on a single SIS junction. The critical cur-
- /. Temperalure dependence of the intergranular critical, oy ¢ josephson junctions was calculated by Ambegaokar
current density j.5(T) for the polycrystalline c-axis-oriented 3 . . .
: . and Baratoff® They considered isotropic superconductors
YBa,Cuz;0-_ s film as determined from transport measurements. . . .
and established the following universal formula for a SIS
d]osephson junction:

Temperature [K]

dence shown in Fig. 7. Although these resistively obtaine
values are about a factor of 1.6 larger than those obtained

inductively, both methods yield temperature dependences 1(T)=
that are in quite good agreement. This can be seen in Fig. 10, 2eRy
below, where we have plotted the normalized intergranula
critical current densityj.5(T)/j.3(0) of the polycrystalline

c-axis-oriented YBaCuzO;_ film as determined induc- 5 i1y and the normal state resistarfg of the junction. The

tively (.D) a’?d resistively ©). Also included in Fig. 10 is corresponding formuf4 for anisotropic superconductors is
the inductively obtained temperature dependencegiven by

jci(M/jc3(0) of a second film L) which has been covered

77' A(T)

A(T)tan KT (4)

The temperature dependence and magnitude of the critical
current are determined in this theory by the BCS energy gap

ex situwith _several nm of LaAIQ. As can be seen in Fig. 10 I(T, )= 4eNiNTkgT
this protective layer does not influence the temperature de-
pendence of.;. The solid, dashed, and dotted lines are the wA'(p})
result of a theoretical analysis described below. X >, Im |T5',r5;| _
“n Ver+|Aa'(pp)]?
IV. THEORETICAL INTERPRETATION
rear :
The theory of Josephson weak links together with strong " m(A"(py))* expliy) ©
pair breaking effects associated with interfaces between 2 reRry |2 '
i : inti Ve +A"(py) )
grains provides an excellent description of our data. For an ol
f f

anisotropic superconductor, interface roughness is a natural
pair breaking mechanism. On the other hasde below, . ) ) )
unusually large pair breaking scattering rates associated withn€re # is the phase difference across the junction. The
the interfacee.g., inelastic scattering or magnetic scattering Cfitical current is obtained as the maximum Josephson cur-
are required to obtain the same agreement for an isotropkent, | (T)=max,I(T,¥). Here,Ni (N}), p; (pf), and A'
“s-wave” superconductor. Our approach differs fundamen{A") are the density of states, the Fermi momenta, and the
tally from models in which the critical current is determined momentum-dependent order parameters of the superconduct-
by flux motion® ors on the left (righty sides of the junction,

We will model our granular films in the following as a e,=(2n+1)7kgT are the Matsubara energies, and
network of superconducting-insulating-superconducting- - -),;If,r means averaging over the Fermi surfaces. The tem-

(SI9) junctions, because there is increasing evidence that “‘E‘erature dependence obtained from E.is no longer uni-
boundaries between superconducting grains in polycrystalersal but generally depends on the gap anisotropy, the an-
line YBa,Cu307_; are insulating and not metallic. The fol- jsotropy of the Fermi surface, and the exact form of the
lowing arguments support this picture. tunneling matrix element$ ;i ;r. The magnitudd T 5| is

ph;t)e?ﬁ]a::];rgg tEZJ Cluzg SE:;: Otlgegrreagre no meta"'Cthe probability for a quasiparticlén the normal stateto
3' = = .

(2) Transmission electron microscopyEM) images of tynnel from statep; on the left side of the junction to state
polycrystalline Y-123 samples show no evidence for chemip; on the right side. Equatior5) does not reproduce the
cal segregation at grain boundarf@sThus the formation of observed anomalies in the critical currents across grain
metallic impurity phases by chemical segregation at the graitboundaries. The resulting temperature dependence obtained
boundaries appears to be unlikely. from Egq. (5) is not very sensitive tod-wave pairing or
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anisotropies of the Fermi surfateand|.(T)/1,(0) deviates
only slightly from the Ambegaokar-Baratoff result. Only the \b
overall magnitude of the critical currents might be sensitive

a nb
to details of the tunneling probabilities, the anisotropy of the ") A ‘ﬂ Or

az

order parameter, or the orientation of the grains. For ex- Ll
ample, formula(5) gives zero critical current fod-wave ’
superconductors and isotropic tunneling probabilities.

We note that the derivation of Ed5) requires the as-
sumption that the order parameter is not affected by the pres-
ence of the Josephson contact and keeps its bulk value up to FIG- 8. Schematic geometry of our model for a grain boundary.
the interface. This assumption breaks down for strongly anIhe clover-shaped-wave order parameter is fixed to the crystal
isotropic superconductors, such dsvave superconductors, lattice. The trajectory of an incoming qua3|part|cle is specified by
and the depletion of the order parameter leads to the off'® angled. The anglesy anda; are defined as the angles between
served anomalous temperature dependetsess below. the nqrmal of the |_nterface and the crystal lattice on the left and

Self-consistent calculations of the spatial dependence orfght sides, respectively.
the order parameter shdW’ that the gap amplitude of a .
d-wave superconductor is, in general, strongly suppressechlculation of A(ps,R) involves the pairing interaction
near a surface or interface, gs a consequence of quasiparticleegf,f 5 /) which we write in the case of d-wave supercon-
reflecting from the surfacdinterfacg. Recently, Barash Sy
et al. 3 considered the case of twbwave superconductors ductor[A(py) = Acos(2)] as
separated by a weakly transparent smooth interfaddey ..
showed that the Josephson current depends in a nontrivial V(ps,ps)=2Vocog2p)cog24"). 8
way on the order parameter up to distances from the barrier
of the order & where ¢&,=hv/2mkgT, is the zero- The angles$ and ¢’ are the polar angles of the momenta
temperature coherence length. We use here the quasiclassigal and p; . For isotropic pairing we hav¥(p¢,p;)=Vo.
theory to calculate the distortion of the order parameterThe critical temperature is determined by the coupling con-
With this input we calculate the Josephson current densitgtant V, and the cutoff energye, via the BCS relation
j (T, ) and the critical-current densify(T). We will sketch  kgT.=1.13.e No. We are in particular interested in the
our scheme for calculating,(T) only briefly. Details of the  superconducting current density, given in termgdfy
calculations will be published elsewhefre.

A. Quasiclassical equations J?( I:»{):ZekaBTE <Jf%Tr[ }3g(5f 'FE; En)]>l5f' ©

The quasiclassical theory of superconductivity was devel-
oped by Eilenbergef® and Larkin and Ovchinnikof! The
theory is conveniently formulated in terms of the quasiclas-
sical matrix propagatog(p; ,R; €,), which is a 2x 2 matrix. Interfaces enter into the quasiclassical theory as boundary
Its diagonal terms carry the information on supercurrents an§onditions connecting the quasiclassical propagators across

other measurable quantities of interest, whereas the offhe interface’ *®Zaitse? was the first to derive the bound-
diagonal partf(p R: determines the order-parameter &7 condition for qsmooth interface Wlth. reflectmn prqbabll-
9 partf(pr.Rien) P ity R. We use Zaitsev’s boundary condition to describe the

matrix A(py ,R). The quasiclassical propagator can be calCUsgmqath part” of grain boundary scattering. The reflection

lated from Eilenberger's differential equation probability depends on the angle of inciderg®f a quasi-
o e e s . particle (for a definition of the various angles see Fig. &
[i€nm3—A(Pr,R),9(Pr,R;€n) ] +ifvs- VRI(Ps ,R;Gn)=(()é) standard reflection law 15

B. Model for a grain boundary

which couples the diagonal and off-diagonal pa[t@oﬂ'he R(0)= Ro (10)
coupling is provided by the order-parameter matxpwhich Ro+(1—Rg)cos(6)
must be calculated self-consistently from the off-diagonal
quasiclassical propagator via the gap equation Irregularities at the interface, e.g., a lattice constant mis-
match or any kind of defects, will lead to some degree of
. L €c e . L diffuse scattering of quasiparticles at the grain boundaries. In
A(ps ,R) =ksT > (V(ps,p{)f(py Rien))p;- (1) order to model these irregularities we generalize Zaitsev's

model to include interface roughné$swe model the grain
~ _ . . - - boundary as a smooth interface coated on both sides with a

Here, 73 Is a Pauli marix in particle-hole SpanLande thin dirty layer which scatters quasiparticles. The thin dirty
are the Fermi momentum and Fermi velocity, &Rds the  |ayers are described by Ovchinnikov’'s modegeneralized
spatial coordinate. We will use here an isotropic two-tg include elastic as well as inelastic scattetfha the grain
dimensional model for the conduction electrons, i.e., a cylinhgundaries.
drical Fermi surface with radiup;, an isotropic Fermi ve- The transport of quasiparticles across the dirty layers
locity v¢, and a constant density of statéd;. The (DL's) is described by the transport equafidn
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S Po ,~ ~ . ~ — T T T
I PinT3— E(gDOi .OpL | T1Pxdx0p =0, O<|x|<1, 10 . . i
(11 sy,
PO . . . . 0.8 TNy _
wheregp, is the quasiclassical propagator in the dirty layer. s R,
The second term in Eq11) is Ovchinnikov's elastic self- = 06f N _
energy for incoming and reflected quasiparticles, whereas the >~
first self-energy term, proportional te;, models isotropic ':3 04l §
inelastic scattering. The propagators in the dirty layers are = o N
matched continuously to the propagators in the supercon- 0.2} oo A
ducting grains. The propagators are discontinuous at the "
smooth interface between the dirty layers, and the jump is . ' ' - :
. Lo . 0.0 0.2 0.4 0.6 0.8 1.0
given by Zaitsev's relations
TIT,
A~ A _1-RJ. N I N
d=d,, —ITI RIS 1—ﬂdr S| =dc(S0)%, FIG. 9. Temperature dependence of the critical-current density

12 of a symmetric single grain boundary junction. The experimental
L data are taken from Mannheet al. (Ref. 53 [10° (O) and 15°
whered, (d,) ands, (S;) are defined as the difference and (O) YBa,CuzO;_; tilt boundany. The solid (dashed line is a
the sum of the propagators in the dirty layer of the incomingtheoretical curve obtained from our model fdrwave (s-wave
and reflected particles on the I¢fight) side of the interface. Pairing with interface parameter®,=0.999, py=0.5, pjy=0,
Our model for a grain boundary has three parametays: «=5°, and a,=—-5° (R,=0.999 andp;,=0.17). Dotted line:
a reflection probabilityR, for perpendicular incidence Ambegaokar-Baratoff behavigEq. (4)].

(6=0°), (2) an elastic scattering ra®, and(3) an inelastic C. Numerical results and comparison with experiments
scattering rate;,. A quasiparticle hitting the grain boundar . .
g ratein- A4 P 9 9 y In Fig. 9 we compare temperature-dependent critical-

has a probabilityR(6) to be reflected and a probability current measurements on symmetric single grain boundary
1-R(6) to cross the grain boundary. The momentum paral"unctions by Mannhartet al®® (10° and 15° YBCO tilt

lel to the boundar_y IS conservgd fo_r an ideal grain boundar{ﬁoundarie}s with our theoretical calculations. The experi-
(po=pin=0). Deviations from ideality are described by the o ni5| gata are scanned from the original paper. We find
elastlp and |r_1elast|c scattering rates. Elastlc scattering leads cellent agreement between theory and experiment for
to pair breaking Eor superconductors with an anisotropic or_yave as well as-wave models. The optimum fit assuming
der parameteA(py), but not for an isotropic order param- d-wave pairing in the grains is obtained wigy=0.5 and
eter. Inelastic scattering is pair breaking for both. The scatp;,=0. The theoretical data fofF<0.05T. are extrapolated
tering ratespy, and p;, are assumed in the following to be data. Since the ratio of the critical-current density of the
independent of temperature because the normal resistandegictions and the depairind-andau critical current density
of single grain boundary junctions are reported to be indeat zero temperature is about 0 we consider only weakly
pendent of temperaturé A more detailed description of this transparent interfaces with a reflection probabiRy close
model and a discussion of its physical consequences will bt 1. For isotropics-wave calculations, the elastic scattering
published elsewher®. rate po does not influence the temperature dependence of
In order to obtain the current-phase relationship across thk:- The only possibility to fit the data in this case is to
interface we solve the quasiclassical differential equation@ssume an unusually large inelastic scattering rate
self-consistently in the superconducting electrodes, subject tin=0-17. The essential effect responsible for the deviation
the matching condition across the interface obtained fron®f the temperature dependence of the Josephson critical cur-
our model. This gives us the self-consistent order parametdfnt from the Ambegaokar-Baratoff behavior is the reduction

and the corresponding quasiclassical propagators. The calc@f the order parameter at the boundary due to pair breaking
lations are done for a fixed phase difference of the ordefffects. This effect is more pronounced at temperatures near

parameter across the junctionf=,—¢,=const. The Te. ) ) . ' .
critical-current density of the junction is then obtained via Our polycrystallinec-axis-oriented YBCO films consist

formula (9) as the maximum Josephson supercurrent densit§f Superconducting grains which are randomly oriented
within the a-b plane. In order to compare our theoretical

jei(T)=max]j(¢,T)|. (13)  calculations on single junctions with our experiments we
4 have to take into account this arbitrary orientation of the

We emphasize that our model reproduces the Ambegaokairdividual grains. Figure 10 shows the temperature depen-
Baratoff expressiofiEg. (4)] and its generalizatiofEq. (5)] dence of the normalized intergranular critical-current density
for the Josephson critical currefit) for s-wave supercon- j.5(T)/j.;(0) for the polycrystalline c-axis-oriented
ductors in the limit of weak transparenciR{~1) and no YBa,Cuz0,_ films as determined frony”(h,J) measure-
inelastic scattering, an@) in the limit of a smooth interface ments and from transport measurements. As in the case for
with weak transparency fai-wave superconductors with an the single grain boundary junctions mentioned above, a quite
interface oriented parallel to a crystal main aXié°In these  good fit of the experimental data is obtained $ewave pair-
cases there is no suppression of the order parameter, whiahg (dashed ling with reflection probabilityRy=0.999 and
would lead to deviations from the Ambegaokar-Baratoff re-an unusually large inelastic scattering ratg=0.6. In con-
sult. trast to isotropics-wave pairing there is an influence of the
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describe an intrinsic effect ad-wave pairing in the grains
which is not caused by a varying quality or thickness of the

10 ................................ _

.................. ] junctions.
] In this paper, we have restricted ourselves to the discus-

0.8 T sion of s-wave andd-wave pairing(see the Introduction
) 0° 157", 1 We have also carried out calculations for superconductors
S 06 4 with anisotropics-wave and extendegtwave pairing. While
= the data cannot be fitted by an anisotropiwave model, an
tg 04l /"/f extendeds-wave symmetry of the order parameter leads to
=< 7 ,/&300‘_300) similar results as described in Fig. 10 fhwave pairing.

02 7 / . V. SUMMARY

(0°,45°)

o ‘ L We have determined the temperature dependence of the
0.0 0.2 0.4 0.6 08 1.0 intergranular critical current density;; of polycrystalline,
TIT c-axis-oriented YBaCu3;O,_ thin films at zero dc mag-
c netic field from isothermal ac susceptibilig(h,) measure-
o ments. The obtained results have been compared with and
FIG. 10. Temperature dependence of the normalized intergrantsonfirmed by transport critical current measurements per-
lar critical-current density for our YBCu;07_, films as deter-  farmeqd under self-field conditions. The measured tempera-
mined fromx"(h,) measurements.{ andA) and from transport ;e gependences deviate  significantly from  the
megsurementsCQ_). Sc_)lld Ilnt_as: numerlcal_ cal_culatl_ons for single Ambegaokar-Baratoff behavior, and are usually explained in
grain boundary junct.lons with s_ever_al misorientation ang!e_s, ( terms of flux creep. In this paper, we have presented an al-
;) of the two adjacent grains in case af-wave pairing ternative interpretation. Using a rather general model for in-
(Ro=0.999, py=0.5, p=0). Dashed line:s-wave pairng ierfaces, we have computed numerically the temperature de-
(Ro=0.999,p;,=0.6). Dotted line: Ambegaokar-Baratoff. For de- nangence of the Josephson critical current across interfaces
tails see text. with arbitrary degree of transparency and roughness, includ-
o ) ] . ing a self-consistent calculation of the order parameter in the
misorientation angles, anda, of the two adjacent grains on vicinity of the boundary. Our theoretical results were com-
the critical current density for anisotropi-wave pairing.  pared(a) with measurements on single grain boundary junc-
The anglesa, (a,) are defined as the angles between thetions and(b) with our experiments owr-axis-oriented poly-
normal of the interface layer and tlaeaxis of the left(right) crystalline films. In both cases we have found excellent
grain (cf. Fig. 8. The solid lines shown in Fig. 10 represent agreement between theory and experiment. We obtained sig-
numerical results for different misorientation angles in casenificant deviations from the Ambegaokar-Baratoff behavior
of d-wave pairing. From upper right to lower left the tilt which can be understood by the depletion of the order pa-
angles along the dashed-dotted line are as followsfameter due to pair breaking effects at the interface. For
(a,a,)= (0°,15°), (0°,0°), (0°,30°), (15°,15°), (15°, d-wave symmetry of the pairing interaction in. the grains this
30°), (15°,45°), (30°,30°), (30°,45°), (45°,45°), (30°,  Pair breaking is a natural consequence of ti€fuse) scat-
—30°), and(0°,45°). The junction parameters are kept con-tering of quasiparticles at the boundary which has no effect
stant for all configurationsRy=0.999,p,=0.5, p;;=0). As in isotropic superconductors. In order to explain the experi-

can be argued from Fig. 10, a description of the behavior ofental data in case of isotropgewave pairing in the grains
our film by an effective junction mod@would be acciden- W& had to take into account an unrealistically large inelastic

tal rather than systematic. Since the temperature dependen%@ttegng rate. th?]us' \_/;/_e ||nterpretttge o_l?[served temperature
shown in Fig. 10 are similar for a wide range of misorienta- ?gen etr:cesto el_cn Eat-curren ensl ydastfi CO”S?q“e’.‘t‘;]e
tion angles with deviations only for angles close to 45°, tOf Josephson tunneling between superconducting grains wi

seems plausible that the measured temperature depender%&vave symmetry.
of t_he mtergranular critical-current der_15|ty of_ our polycrys- ACKNOWLEDGMENTS
talline film can be modeled by @omplicatedl interplay of
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