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We studied thes-axis transport of BiS,L,CaCyOg, s (Bi2212) cross-whisker junctions formed by annealing
“naturally” formed whisker crosses. These frequently appear during growth whexbtfaees of neighboring
whiskers come in contact. We obtained Fraunhofer patterns of the cross-junction critical currents in a parallel
magnetic field, and found a sharp increase in the quasiparticle tunneling conductavige5at-60 mV,
indicating high junction quality. For our weak junctions, the interface critical current density is about 3% of the
critical current density across the stack of bulk intrinsic junctions, as is the room-temperature conductivity, and
both are independent of the twist angle, in contrast to most of the data reported on “artificial” cross-whisker
junctions[Y. Takanoet al, Phys. Rev. B65, 140513R) (2002]. As a minimum, our results provide strong
evidence for incoherent tunneling at least at the interface, and for at least asswaale order-parameter
component in the bulk of Bi2212 fdr<T,. They are also consistent with the bicrystal twist experiments of Li
et al. [Phys. Rev. Lett.83, 4160(1999)].
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[. INTRODUCTION directions along the Cu-O bond directiond, reflections
about the planes normal to the layers containing the diago-
Since the discovery of the first high-temperature supernals bisecting neighboring Cu-O bond directions, &iiid
conducting compound$HTSC’s),! there has been a huge rotations by 90° about the axis. Based upon oddness or
amount of activity to understand why this occurs. Although€venness about these group operations, there are four OP
there is nearly universal agreement that the superconductijreducible representations dof,,, which are denoted,
ity arises from the spin-singlet pairing of holésr possibly ~ Ghe—y2, dyy, and guy2-y2), respectively. For example, if the
electrons, in some caseshere is no agreement as to the pairing interaction were attractive, as in the Bardeen-Cooper-
mechanism for this pairing. It is also agreed by nearly allSchrieffer(BCS) model, one would expect the OP to most
workers that the most likely place in the HTSC's for this likely have an orbital symmetry invariant under all of the
pairing to take place is in the ubiquitous Cu@yers. Al-  crystal point-group operations, tisevave OP. Although this
though many proposed pairing mechanisms varying widelyOP could be highly anisotropic, and could even change sign
in exoticity (and correspondingly inversely in likelihopd at certain points on the Fermi surface, it necessarily has a
have been suggested, it has so far been exceedingly difficutonvanishing Fermi-surface average. On the other hand,
to eliminate many of them, and it has been especially diffi-pairing mechanisms based upon a repulsive interaction nec-
cult to obtain incontrovertible evidence in support of only aessarily lead to a vanishing Fermi-surface average, and gen-
single possible mechanism. In essence, the wide variety afrally lead to an OP that is consistent wifp_>-wave or-
proposed mechanisms falls into two classes: those in whichital symmetry, which changes sign on opposite sides of the
the pairing interaction is attractive or repulsive in sign. Al- diagonals between the Cu-O bond directions and under 90°
though there is still no definite method to distinguish theseotations about the axis. For a tetragonal crystal, the OP
pairing interaction signs, at least it has generally been agreedust have only one of the four symmetries, except below a
that important information in this regard can be obtained ifsecond phase transition &, <T,, for which a mixed OP
there were to be a strong consensus as to the orbital symmisrm such agl,>_,2+is can occur.
try of the superconducting order paramet®P). Since the In orthorhombic YBaCu,O,_s the b axis parallel to the
superconducting coherence lengtlis comparable to a few CuO chain direction is longer than tleeaxis normal to it,
lattice constants at low temperatur€s one would further and hence group operatiotis) and (iii) no longer apply. In
expect the orbital symmetry of the OP to reflect the underlythis case, the point group is the orthorhomﬁ&;, for which
ing point-group symmetry of the Cy(lanes? the only effective group operation ), reflections in the
For the tetragonal point grou@,, appropriate for some mirror planes normal to the layers and containing either of
HTSC'’s containing a single CuQayer, the relevant group the Cu-O bond directiorn’s.In this cases-and dy2_y2-wave
operations for a spin singlet superconductor gereflec-  OP’s can mix without a second phase transition, as can the
tions about the planes normal to the layers containing thel, -andg,y2_,2-wave OP’s, although the relative weight of
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each component might depend upof. Although orthorhombicity effects. The experimentd{(¢) results are
Bi,Sr,CaCuy.s (Bi2212) is also orthorhombic, thé axis  still controversial: in the bicrystal experiments ofétial,” a
containing the orthorhombic distortion and the periodic lat-constantl,(¢) was found, but in the artificial CWJ experi-
tice distortion is along a diagonal bisecting neighboringments of Takancet al.® a strong, nonvanishing fourfold
Cu-O bond directions, leading to an effective point groupj (¢) was observed. The quality of the Josephson effects on

C;5, with only the group operatiotii) remaining? In this 450 CwJ's subsequently studied by Takaeé al. was
case, the relative mixed OP forms in the absence of a seconghperfect!?

phase transition are either mixturessefandd,-wave OP’s,

or mixtures ofd,2_y2- andgyy,2-,2-wave OP’s. Hence, to the

extent that the crystal is perfect, a mixture of and . Bi2212 NATURALLY GROWN
dy2-y2-wave OP’s could only occur astge_2+is OP below a CROSS-WHISKER JUNCTIONS
second phase transition at, <T..

For the last decade, there has therefore been a raging de- Here we report on experiments on a different type of twist
bate with regards to thiswavet-wave controversy* How-  junction, naturally grown CWJ's. We found Fraunhofer-like
ever, as the HTSC'’s exhibit a nonsuperconducting pseudogagscillations of the critical currents of our CWJ's in parallel
in addition to this OP,many experiments cannot distinguish magnetic fielddd that clearly indicate dc Josephson behavior
them very well, complicating the analysis. In particular, across the interface thickneés-4 A. This suggests that the
angle-resolved photoemission spectroscq®RPES and  naturally grown CWJ interface represents a single tunnel
point contact tunneling experiments primarily measure thgunction with a small thicknesé. We also found an increase
quasiparticle density of states, and can infer an overall gap iin the quasiparticle tunneling conductivity nes=2A/e
its spectrum, but cannot infer any information about the=~50-60 mV that is much sharper than for intrinsic stacks of
phase of the OP. Although such experiments can infer thai2212 junctions. We also found to be reduced from the
both the pseudogap and the superconducting gap arisigulk value, but independent of. These results provide
from the nonvanishing OP below the superconducting transtrong evidence for the existence of at least a ssralave
sition temperaturd,, can be highly anisotropic, they cannot OP component in the bulk of Bi2212.
distinguish if the combined superconducting gap and Bi2212 single crystal whisketsare known to possess a
pseudogap actually vanishes at some positions in the firdtigh degree of crystalline ordét. They grow along the
Brillouin zone, or is just less than the experimental resolu-a-axis direction, independent of the crucible or substrate.
tion there, and they certainly cannot provide any informationThe thin whiskers(with thicknessesd<0.3um and b-axis
as to whether it might change sign there. However, phasewidths w<10-20um) are often free of growth steps, mac-
sensitive experiments based upon Josephson junctions ai@scopic defects, and dislocatiotfsThat motivated us to use
not affected by the pseudogap, and can distinguish #vhiskers to fabricate junctions with small twist junction ar-
dy2_,2-wave OP from a highly anisotropgwave OP form, eas. Takanet al. prepared their CWJ’s by placing one whis-
such as an “extendesl-wave OP. Recently, scanning tunnel- ker upon a MgO substrate, a second atopaitsface, and
ing microscopy(STM) with atomic resolution has examined annealing them togeth&f3They reported, (90°) values of
surfaces of Bi2212 cleaved at loW and determined that a their CWJ's comparable to the intrinsig of a Bi2212 junc-
disordered array of pseudogap and superconducting regiotion stack, with a rapid decrease Jy(¢) with decreasingp,
of characteristic size £=3 nm is stable for long timeslf  followed by a plateau inl.(¢) for 30° < ¢ <60°83 How-
true, this would suggest that there might not be any preferredver, thel-V characteristics of their junctions revealed multi-
underlying symmetry relevant for the OP, so that a mixturebranched structures, suggesting that the interfaces them-
of all four OP forms would be possible beloW. Further-  selves consisted of rather ill-defined stacks of about ten
more, this observation would lend strong support to the nointrinsic junctions.
tion that thec-axis tunneling across the intrinsic layers in  In order to obtain CWJ's with more definite interface
Bi2212 ought to be strongly incoherent. properties, we studied naturally grown whisker crosses.

c-axis bicrystal twist junction$,and more recently artifi- Many of these form when thab faces of two whiskers come
cial cross-whisker junctiondCWJ's), have attracted consid- in contact during their growth’s, as pictured in Figs. (&)
erable attention because of the possibility of providingand ib). The results of an analysis of 267 natural crosses
phase-sensitive tests of the orbital symmetry of the ordeshown in Fig. 1c) reveal a greater abundance of crosses with
parameteOP) in (Bi2212).°-1* With incoherentc-axis qua- ¢ > 20°, with abundance maxima at 30°, 60°, and 90°. How-
siparticle tunneling, thec-axis critical current densityd.  ever, these as-grown crosses have quite high interface resis-
across a junction twisted an angpds a constant fos-wave  tancesR of several tens of & at 300 K, with semiconduct-
or «|coq2¢)| for d-wave OP’s, respectively*? For coherent ing R(T) behavior, and without any sign of a super-
tunneling, an anisotropic Fermi surface causes both OlRonducting transition temperatur€.. After annealing in
forms to exhibit a strong, fourfold dependenceldkp), buta  flowing oxygen at=845°C for 20 min,R(300 K) decreased
d-wave OP leads for weak, first-order tunnelingJ¢45°) by two to three orders of magnitude and the barrier became
=0, wheread(45°) # 0 for ans-wave OP. The vanishing of transparent to a supercurrent beldyw Some parameters of
J. for a predominantlyd-wave OP with weak, first-order co- seven “natural” CWJ's selected for study are listed in Table I.
herent tunneling is a consequence of the fact thamust  These cross whiskers were grown in the slightly overdoped
change sign at about 45°, even in the presence of wealxygen stoichiometry regime.
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FIG. 1. SEM pictures ofa) a batch of Bi2212
whiskers containing natural crossél) of an in-
dividual cross-whisker junctionic) a histogram
of the cross-angle distribution ®=267 natural
whisker crosses, whene/N is the relative frac-
tion of the crosses found within different 10° in-
tervals, and the straight line is the weighted aver-
age value.
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To demonstrate the electrical uniformity of our fabricatedtypical of that for p.(T) for slightly overdoped single
CWJ's, a log-log plot of the four-probe interface resistaRce  crystals'® Below T, the low-T |-V characteristics of CWJ's
at 300 K of each sample versus the junction aBedeter-  pictured in Fig. 8a) show a long, lineai(V) quasiparticle
mined using a high-resolution optical microscope is preyranch region of the tunneling type at low bias voltayes
sented in Fig. 2. Although th&, S, and ¢ values of our  fo|lowed by a sharp rise ihatV,=50-60 mV, accompanied
samples varied widely, the junctions we tested were all conpy 4 switch to the normal, resistive state at some curignt
sistent with the simple formul&®=R./S expected for an tie cyrrent density corresponding to this switth=1.,/S
electrically uniform set of junctions with a best fit to the was found to be~2 kA/cr? for three CWJ's studied at high
Scirg%nt mz'nfﬁ:face _reS|stancfe hi per lunlt squaR?] currents. ThisJg, value corresponds td. for the intrinsic
=1074) cnv. The consistency of thiB5 value suggests that junctions in slightly overdoped Bi2212 stackKs'® suggest-
itis |_ndepen(_1ent ofp ar_1d that the el_ectrlcal contact area Is ing that the switching may be associated with the spreading
consistent with the o_ptlcally determingl For comparison, of the resistive state inside the bulk of the whiskers in con-
yve.es.tlmate_thg re§|stancfe perlsquﬁmmlr Stzgfg }é for tact. In the subgap bias regio<V,, the quasiparticle
Intrinsic c-axis junctions of single-crystal Bi2 S, branch exhibits fine structure characterized by 10-20 jumps
wherepc_|s thec-axis r§S|st|V|ty andss the spacing between in V with increasingl which are 1—2 mV in magnitude.
cgrldgctlng Iayers._ Using the_tlyglcallc\rlglaeg n}zofl c%gnd Application of anH of several T parallel to the layers re-
$=1.5 nm, we estimat&giny=1.5X cm~Rp/60. moves thes& jumps, as shown in Fig.(B). More details of
I1l. SUPERCONDUCTING RESULTS this fine structure will be published elsewhere. _
One of the most remarkable features of natural CWJ’s is

A typical R(T) for a CWJ measured with an ac current o very sharp increase IfV) at V,~50—-60 mV, pictured
~1 pA is shown in the inset of Fig. 2. Thi dependence is

10000
TABLE I. Natural cross-whisker junction data is the twist E ;: #
angle,Sis the junction areal,,, is the annealing temperatuiR is 1 ﬁo:e
the room temperature resistance of the cross-whisker junction, and g 109 £
I is the critical current at 4.2 K of the cross junction. 3 o2
§ 100 \$°‘ OO %0 T8 0 30 o
No. e(deg) Sum?  T,n°C  Rohm I, uA 3 e O Tommperature 1)
é 1 “ﬂﬁo\\Cmss junctions
1 56 309 845 33.0 180.0 103~ e
3 e LN
2 80 138 845 76.0 62.0 ] Sse,. nbinelciunclons
3 50 183 847 50.0 200.0 1 — .
10 100 1000 10000
4 30 201 845 80.0 s s
5 70 341 840 25.0
6 89 119 840 65.0 172.0 FIG. 2. The dependence of the cross-junction resistance on its
7 38 1696 843 75 450.0 area for the junctions listed in Table I. The inset shd¥(3) for a

natural cross-whisker junction.
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(@ no. 2 and(b) no. 6 on the parallel magnetic field at T
FIG. 3. Thel-V characteristics of Bi2212 cross-whisker junc- =42 K. The solid lines correspond to the functiQ_n:Ico|_sin xIX
tions: (a) for junction 1 at large and small voltage scalgg) a o1 With x=7Hw{/®o, wherew is the width of the junction and
comparison of the normalizetiV characteristics with the initial 1S the thickness of the junction. For no. 2 with parametas$
linear parts subtracted of Bi2212 junctions of different types: an~0-43 T.w=11.2um, £=4.3 A, 1co/1c=0.84. For no. 6 withAH
intrinsic junction within a Bi2212 stackcurve 3 (Ref. 19, a  -0-39 T.w=13.6um, £=3.9 A, leo/1c=0.47.
Bi2212/Dy2278/Bi2212 junctioicurve 2 (Ref. 22, and our cross-
whisker junction 2, wherd, and the subgap structure are sup- Studies of I, in a parallel magnetic fieldH show
pressed by a 4-T parallel magnetic field. The inset shows the origiFraunhofer-like oscillations,
nal, unsubtractettV curve of sample 2 in the same field. See text.
in Figs. 3a) and 3b), accompanied by a vanishing of the shx
dynamic resistance. This behavior is expected for
e S WITEX=THA D, By 5 the o quartum, an
from intrinsic tunneling experiments on slightly overdopedar.e the in-plane Junction widtf. H a_nd gﬁectlve Junction
Bi2212 mesas using a pulsed voltage technique to avoid seﬁh'CkneSS’ respectively. The nonoscillation bgckg_round part
heating effectd? and from scanning tunneling microscopy ©f le(H). le1, was only 10% o1(0) for the best junction, no.
(STM) measuremenf®. Hence our CWJ interfaces are also 2 but can be as large as 50% Igf0) for a lower quality
likely to be elementary single junctions with highly sup- junction such as no. 6, as shown in Fig. 4. In the intrinsic
pressed self-heating effects. Experiments on mesas éfacked junctiorf=c/2=15.6 A, one-half the-axis lattice
Bi,Sr,CaCu;0;0.5 CONtaining a single intrinsic junction led parametet’ Remarkably, for natural CWJ's we reproducibly
to the same conclusici. found€~4 A, about four times smaller tha’2. That indi-

In Fig. b), we compare our CWJ interfadéV charac- cates that the CWJ interfaces contain only one insulating
teristics of sample 2 with those of two other sample types|ayer. It is well known that a regular Bi2212 crystalline struc-
plotting the curves with the linear part of the quasiparticleture contains two insulating distances between elementary
branch subtracted. The subtracted quasiparticle branch of tnducting layers. One is a short distance of 3 A formed by
intrinsic stacked junctiom/V data, curve 1, differs consider- the Ca layer between single Cy@yers. The larger distance
ably from our subtracted CWJ interface data, and shows af 15.6 A is associated with the coupling of the cuprate
much more smooth increase neav=2A. In curve 2 we bilayers!’ That contains two BiO and two SrO layers. If the
show the earlier data obtained from artificial Bi2212 struc-only parameter involved in the tunneling matrix elements
tures containing a single insulating Br,Dy,Ca,_,CusO5.,  Were the junction thickness, then one might infer that the
(Dy2278 layer?? In that experiment thé-V characteristics CWJ interface were related to the shorter elementary CuO
also have a subtracted, long linear initial part and a verynterlayer distance, and that the interfaces would be the ter-
sharp quasiparticle current increase \g=50 mV, corre- minating layer of each contacting whisker. However, since
sponding toeV=2A. the interfaces lead to a factor 60 weaker transparency in the

+le, (1)

I(::|<:0

094517-4



c-AXIS TRANSPORT IN NATURALLY GROWN... PHYSICAL REVIEW B 70, 094517(2004

10° 3 R
3 f f f } f H —e—g-38°
10° 1 ®) T
T 3 OO 09 g 08t
X 1007 é 3
b S 064
3 3 ﬂ% JBNQ---%- £ 06
4 (5]
10' § B o041
#4  p7#3 #1 #2 #6 E
1 S 02+ L
10° +———+—+——+—+++++—+t z *
0 15 30 45 60 75 90 010 , : : : : :
[} 10 20 30 40 50 60 70

Angle, ¢ (degree)
T(K)

FIG. 5. Dependencies of the critical current dengjtpf Bi2212
natural cross-whisker junctions on the twist angleThe full sym-
bols and stars correspond to naturally grown cross-whisker Junc86

tions, the different symbols relating to the three different definitions i . .
of J; given in the text. The open circles correspond to the data ogound Fraunhofer-liké(H) patterns with a high background

Takanoet al. for “artificial” cross-whisker junctiongRef. 13. value of ~50% OﬂC(O)'lB For other angles the b_aCkg_roundS
of the Josephsod, values were not analyzed in this way.

normal state than do the intrinsic junctions, a more likelyVery recently, they also presented Shapiro step data on a 45°
scenario is that the interfaces uniformly contain some morartificial CWJ23 Combined with the Fraunhofer data, the
strongly insulating oxide barrier. Shapiro step analysis provided strong evidence that their ar-

To test theJ(¢) dependence, we measurdd for six tificial CWJ's contained only weak, first-order quasiparticle
natural CWJ's with various twist angles(see Table)l Our  CwJ tunneling. They also showed that the strdgg) they
data differ significantly from those found for “artificial” optained for their artificial CWJ's was independentTofor
crosses studied by Takano and co-workefsas shown in 5<T<60 K. Thus they concluded that the superconducting
Fig. 5. We defined]; in three different ways(i) from J.  gap did not vanish in the bulk, even along the “nodal direc-
=l¢/S (stary, (i) from J.=I/S wherely is the amplitude  tion,” for temperatures up to at least 60%K.
of the oscillatingl (H) defined in Eq(1) (filled circles, and For our natural CWJ's, we found an angularly indepen-
(iii) from the switching currents, into the resistive state dentJ. of about 50 A/cr, 30 times smaller than the Takano
(filled squares If Iy, corresponds to the bulk intrinsid, et al. data for ¢=90°, but very close to their data for
~2x 10°A/cm? 38 thenJ=(1¢/15,)Je. As seen from Fig.  30°< p<60°, as shown in Fig. 5. Our data neas90°,
5, the values ofl, defined in these three different ways are however, were confirmed by Fraunhofer patterns. Anyway,
roughly consistent with each other for each sample. The moshe J; values of our junctions are much lower than the intrin-
reliable data obtained by the second method were availablsic J,, values measured on mesas fabricated from the same
only for samples 2 and 6. However, averaging all of the dat&i2212 whiskers.” The c-axis transport and magnetotrans-
for six samples shows @-independend, (dashed lingwith  port on those mesas at low temperatures were well described
the averaged,~50 A/cn¥, a factor 20-40 smaller thahh by ad-wave Fermi-liquid model with a significant amount of
for bulk intrinsic junctions. coherent interlayer tunnelinig:?® In that model one would

An angularly independeril(¢) data set was reported for expect to observe a strong fourfolgd(¢) dependence at the
bicrystal twist junctiond. Those authors measured the sameinterface, whichvanishedat 45°926 As one possible qualita-
J. as the interface as in the bulk, and attributed this result taive explanation of the reduced and angularly independgnt
s-wave symmetry of the OP in the crystal bdlfhe experi-  through the interface of our natural CWJ's, we suggest that
ment was done, however, on large crystals with an in-planehe scattering at the interface of the twist junctions might be
cross section 100—-300m and with a somewhat reduced highly incoherent due to either the breaking of translational
critical current densityl,~200 A/cn? at low T.” They did  symmetry at the interface, or to junction disorder. The former
not present convincing evidence for Josephson behavior afould impose a mixed order parameter of theis type, with
the interface. However, as they observed the sdmalues  a subdominans component in the layers near to the inter-
for their twist junctions as for their single-crystal junctions atfaces, at least at low.2® However, such behavior is not
0.9T,, their low-T twist junctionJ, values were much larger expected near td@..2®6 We therefore measured the tempera-
than our CWJ interfacéd, values. ture dependence ol for two natural CWJ's with cross-

The experiments of Takano and co-worérson artifi-  whisker angles 38° and 86°, and the results are presented in
cial CWJ's showed highJ, values of 1.5<10°A/cm? at ¢ Fig. 6. We conclude that there is no qualitative difference in
=90° that decreased with decreasipg exhibiting an ex- the onset of], for these twoe values, arguing strongly
tended, flat minimum for 30< ¢ <60°. They initially con-  against thatl+is scenario, as ang-wave component would
sidered that strong dependence af.(¢) to be evidence for have to be present at 68 K. In addition, translational symme-
a predominant-wave OP symmetry. However, they subse-try breaking would cause the quasiparticles to change their
quently found reproduciblenonvanishingy J.(45°) values in  momentum locally in tunneling from one atomic site to an-
many artificial CWJ's, and for thesg~45° junctions they other one on the opposite side of the junction, which would

FIG. 6. J.(T)/J.(4.2 K) for two natural CWJ's withp=38° and
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be displaced parallel to the junction in real space even for aveak tunnel barriers, and that the OP was predominantly
90° junction. However, the quasiparticles on each side of thevave. We remark that the presence of at least a ssnatve
junction have a well-defined wave vectdrsandk’, respec-  component of the OP was also reported atdfais interface
tively, and the ones most likely to contribute to the tunnelingof Bi2212/Pb Josephson junctioffs.

have dispersiong(k) = e(k)-Er and £(k’) that are small on We remark that the sharp increase of the quasiparticle
both sides of the junction. As shown far-axis twist  conductivity ateV=2A may also be a signature of the pres-
junctions;*?for bandwidths consistent with ARPES experi- ence of a rather isotopiwave component of the OP in our
ments, it is still possible to have quasielastic coherent tunynctions and in Bi2212/Dy2278/Bi2212 junctiofis This

neling that is only weakly suppressed from that for intrinsic, imight suggest that the superconductivity could arise prima-
untwisted junctions for twist angles up to 2—-5°, regardless of. —

the OP symmetry? Hence interface imperfections pose anly.on the saddle bands near the Pc."”tszg'” the first Bril-
more likely origin for any possible incoherent interface tun-!0Uin Zone, as suggested by Tachétial,” and would ap-
neling. However, we do not have any specific experimentaP€@r t0 be rather constant for eithex or d-wave
evidence to demonstrate conclusively that the interfaces a@Perconductors. For a substantialiwave OP with a gap
disordered. In the absence of any such evidence, we have & the regular Fermi surface at the interface, this onset would
also consider the possibility that the tunneling between th&€ expected to be very broad.
intrinsic layers of Bi2212 might also be incoherent, consis-
tent with the STM (_)bs_erva.tions. of Lareg al® . IV. CONCLUSIONS

The R of our twist junctions is a factor of 60 higher than
for the individual intrinsic junctions, in spite of the lower  Experiments on naturally grown and annealed Bi2212
effective barrier thicknesses. However, we note thais  cross-whisker junctions show a small effective interface
only a factor 20-40 lower than for the bulk intrinsic junc- thickness=4 A and a very sharp quasiparticle gap edge in
tions, suggesting that iR were to represent the intrinsic, their I-V characteristics, in contrast to intrinsic Josephson
low-T values ofR,, IR, for our CWJ’'s would be at least as junctions in bulk single crystals. We also found that the Jo-
large as those for intrinsic Bi2212 single-crystal junctions.sephson critical current density at the interface is signifi-
Thus it seems that a likely explanation for our valueslof cantly reduced from the intrinsic bulk value, and is insensi-
being lower than those obtained from intrinsic bulk junctionstive to the twist angle. However, this reduction in the critical
is simply due to the weaker tunneling matrix elements, asurrent density may simply be a consequence of more com-
evidenced by the largeR values of our CWJ's. Because of parably greatly increased normal-state resistance at the inter-
the presumed strongly incoherent scattering at the interfacdéace, which is also independent of the twist angle. As a mini-
any d-wave component to the critical current would be com-mum, we infer incoherent quasiparticle and Josephson
pletely suppressed, and the observed small critical curreriinneling at least at the interface, and the presence of at least
might be due to the remainirgwave bulk component. This a small(3% of the total or greatgis-wave component of the
qualitative explanation implies a reducdq value of the order parameter in the bulk of the samples fb=T;
junction T; relative to the bulk valué¢.?® In our experi- =68 K. Our results on natural CWJ'’s are also consistent with
ments we observed a reductionTqf by about 8 K below the  the Li et al. bicrystal twist experiments.
intrinsic T,y of the whiskers(T,,=76 K), which places a
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