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Theory of Bi,Sr,CaCu,0Og., 5 cross-whisker Josephson junctions
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Takanoet al. [Phys. Rev. B65, 140513(2002; J. Low Temp. Phys131, 533 (2003] made Josephson
junctions from single crystal whiskers of J8r,CaCyOg, s crossed an angle, about thec axis. From the
mesa structures that formed at the cross-whisker interface, they inferred a critical current di€isjly As
with the single crystal results of lgt al.[Phys. Rev. Lett83, 4160(1999], we show that the whisker data are
unlikely to result from a predominantlg-wave order parameter. However, unlike the single crystals, these
results, if correct, require the whiskefaxis transport to be coherent.
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Recently, there have been a number of phase-sensitiveontaminatior?:® For a 90° cross-whisker junction, a HR-
experiments relevant to the orbital symmetry of the superTEM picture revealed that this junction was uniform over
conducting order parameté®P) in the high transition tem- 100 nm, but the expected periodic lattice distortion was dif-
peratureT, superconductor BSr,CaCyOs, 5 (Bi2212).110 ficult to discerr® No HRTEM pictures of other cross-whisker

It was claimed that the tricrystal experiment demonstrated &/nctions were mad®’ .
dominantd,2_,2-wave OP component in Bi2212 at low tem- Remarkably, Takanet al. observed branch structures in
peratureT Xf(;ry both underdoped and overdoped samples the current-voltage I€V) characteristics of their cross-

: : . i ~"whisker junctions at 5 K, indicating that the insulating edge
However, the Pb/Bi2212-axis Josephson junction experi- ragions of the two whiskers had somehow fused into a mesa

ments demonstrated in many samples that at least a smafirycture! consisting of a stack of Josephson junctidh¥
s-wave component was present fbbelow theT. of Pb(or By assumingd  of the centraM=0 branch corresponded to
Nb).2 In the bicrystalc-axis twist experimentt,a dominant  that of the twist junction and that the junction area was equal
swave OP forT<T, was claimed:'! The superb quality of to the entire whisker overlap, Taka®t al. inferred a value
the junctions was supported by extensive experimental anfdr the junctionJ. for each of their 10-16 samplé.in
simulation analyses including high resolution transmissiorsharp contrast to the single crystal twist experiménts,
electron microscopyHRTEM) studies; demonstrating that Jc(¢0) obtained in this way for the cross-whisker junctions
the junctions were atomically clean over tens,ah along ~ Varied substantially witfb,. - _ S
the junction direction. The twist anglé, independence of _, Nevertheless, forthe 45° cross-whisker junction in a par-
the c-axis Josephson critical current density across the allel magnetic field, a Fraunhoferlike diffraction patter
e . ) . ) consistent with the long-junction limit was observed for their
ansthnctlon forT just belowT. was mtgrpreted in terms of junction with width 36.7um and Josephson lengthy~3
a dominants-wave OP for allT<T,,*'*in apparent contra- "_4 ,m 813 |n addition, Shapiro step analysis of the 45°
diction to the results of the tricrystal experimérttlowever,  cross-whisker junction indicated that only first-order tunnel-
these experiments would be compatible if Bi2212 wereing is present® If we assume those results are correct, then
mostly s wave in the bulk andl wave on the surfact. the data for the crucially important regiof,~45° arises
Single crystal Bi2212 consists of a stack of intrinsic Jo-from weak first-order tunneling only. Since at 5 K(45°)
sephson junctions, and loWw-measurements of the critical =0.227 mA is orders of magnitude larger than the minimum
currentl . and the normal resistan€®, across a single-axis ~ measureable, ,® we use a logarithmic scale to fit tie data.
junction led tol R, values~1/3 the Ambegaokar-Baratoff Since the overdoped whiskers h@ig~80 K,® we take the
(AB) result’®**This is consistent with nonmetallic and maximum gap value in our fits to h&,=22 meV, consis-
incoherentc-axis transport in Bi221257'" and answave  tent with single crystal point contact tunneling val@és.
OP!* Upon intercalation with HgBy;, mesa studies revealed  AlthoughJ.(45°)#0, Takanoet al. nevertheless claimed
thatl . andR,, respectively, decreased and increased by twahat the strong, fourfold periodig, dependence ol (¢g)
orders of magnitude, but their produgR,, remained about was evidence for ad-like” OP.”8 Here we show that such
1/3 of the AB value'® For incoherent transport, for an  J (o) behavior, if correct, is merely a signal of coherent
swave ord-wave OP is, respectively, proportional to the tunneling in a nearly tetragonal crystal with a noncircular
swave (1f¢) or d-wave (1fy) interlayer scattering rate, but Fermi surface. Then, only the behavior &f( o) for ¢,
R, 75 for both OP’s. Hence, the invariance bfR, upon  ~45°, where the Josephson tunneling can safely be taken to
intercalation is strong evidence for arwave OP® be weak and first order, is sensitive to the OP symmetry.
Recently, Takanet al. crossed two single crystal Bi2212 Quantitative fits to the data of Takaebal. are obtained with
whiskers an anglep, about thec axis and fused them either a very anisotropis-wave gap function on the tight-
together;® using a technique similar to that of kit al* In  binding Fermi surface, or a constant gag limited to the
addition to the nominal composition of overdoped Bi2212,extended Van Hove saddle barfd$ut the only possibilities
with T,~80 K, such whiskers usually have a second transiof a predominantlyd-wave OP to fit the data are very
tion at T.,~105 K, due to BjSLCaCusO1¢; s (Bi2223)  unlikely.
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have either the tightbinding formé(k)= —t[cosk.a)
+coska) ]+t cosk@)coska)—u, where t=306 meV,
t'/t=0.90, andu/t=—0.675 or to represent the extended
“van Hove” saddle bands,é(k)=—t[|cosk.a)—cosk,a)

05 |-v], as shown in Fig. 1. Here we take-500 meV andv
=2.02, so that the extended van Hove states never cross the
Fermi energyEg, but lie just below it in the vicinity of the
B M points at (Os/a), etc. This form is a rather crude ap-
Q@ of: proximation to the actual van Hove states, but serves to il-
X

lustrate the effects of a cross-whisker junction rather well.
Since both of these quasiparticle state forms are periodic,
umklapp processes are automatically included in our
calculations® For simplicity of notation, we setp(k)
=[cosk@)—coska)|N, so the ordinaryd-wave OP is
Agp(k), where N=0.5 for the van Hove case, and
=0.5315 for the tight-binding case, which lead to the maxi-
mum value of the gapjy=22 meV at the respective closest

o _ approaches to th® points in the BZ.
kva/m A mixed d+is OP could occur below a second phase
transition, provided that thiec plane containing the periodic
FIG. 1. Quasiparticle excitation features used in the fits. Solid;|attice distortion is indeed a good mirror p|a%df|owever, if
tight-binding Fermi surface. Dotted and dashed: Van Hove lines othe disorder suggested by the STM measurements on cleaved
constant energy -25 and -90 meV, respectively, relativego single crystal Bi2212 were present in the Bi2212 whiskérs,
] ] then there might not be any relevant mirror plane, and a
For weak tunneling across a cross-whisker Josephsogixedd= s type of OP could occur without a second phase

junction with cross angleb,, J. is given by* transition. Hence, we considered both OP formsd,A 2
+idy, OP is inconsistent with both the single crystal twist
Jel o) =4eTY, (F(kK)F(KF:(K))|, (1)  experiment arld with the RND)/Bi2212 Josephson junction
© experiment$; 4 with consequences very similar to those of

thed,2_2+is state.

The d+is scenario might at first sight appear to be con-
sistent with the observation of an effect claimed to be due to
. . . spontaneous time-reversal symmetry breaking below the
anomalous Green function,(k, T) is the OP with wave vec-  nqe\,qogap onset in underdoped Bi231However, in the
tor k, &(k) is the quasiparticle dispersion, the are the 4 ergoped regime of the cross-junction experiments, the
Matsubara frequencies, ahdrepresents the wavevectdks  angle-resolved photoemission spectroscépRPES mea-
=(Ky.ky) rotated by, about thec axis'* Here we sefl;  surements were only made abdlg, and the effect was not
=80 andT=9 K, sufficiently close to 5 K, allowing us to observed® There is very strong evidence that the pseudogap
include only 500 Matsubara frequencies in the sum in Edqexists above, for all Bi2212 dopings, and that it is distinct
(1). For overdoped cross whiskers, the normal state is rathgfom the superconducting gap2®~®wWhatever the source of
metallic, and the BCS-like model, employed above, withthe effect, if it were simply a property of the pseudogap, it
general orbital OP symmetry, is a good approximation.  should have been seen for all Bi2212 dopings. Since the

For strongly incoherent tunneling(#0)/J.(0)=1 for  effect was only seen in the underdoped regime, where
all swave OP forms, and although for allwave forms, Bi2212 is known to be very strongly disorder€dhe effect
J(0) is vanishingly small,J.(¢o)/Jc(0)~|cos(2h)|, re-  itself might be a combined property of the pseudogap and the
gardless of the details of the quasiparticle stateseither  disorder. In any event, it is unlikely to be relevant to the
form fits the cross-whisker daf&. However, for the quasi- superconducting OP in the overdoped regime.
particle states pictured in Fig. 1, a substantial fraction of |n Fig. 2, we show our results for the bastave fits to
coherent tunneling necessarily leads to a strong, foudgld the data, assuming the tightbindirggk) form. In this and
dependence td.( o) for ¢o~0°,90°** even for an iso- subsequent figures, we assumed cohetemtis tunnelingT
tropic swave OP, andl (¢o) is mainly sensitive to the OP =9 K and took the valué¢J.(90°)) to be the average of the
symmetry foro~45°.""?* Regardless of the tunneling co- three data points in that vicinity. We then fit the data to the
herence, for weak tunneling between single componenfrdinary d,z_y2-wave form Ayé(k), a cubedd-wave OP
nearly tetragonad-wave superconductors, at some particularA ,¢3(k), as suggested by recent ARPES measurements on
¢ value ¢y ~45°, the quantity inside the absolute value underdoped (Pb,BjBr,CaCuyOg, 5,2° a single-domain
signs in Eq.(1) changes sign, and hendg(¢¢)=0.14%* time-reversal symmetry brokerd+is state Ag[ (k)

In order to fit the whisker data, we therefore assume co-+ie]/(1+€?)¥2 and a single-domainl+s state Ao ¢(k)
herent tunneling?(k,k')=f,6?)(k—k’), and takeé(k) to  +€]/(1+]|e|). For thed+s state, the best fit was foe

where we have sdi=c=kg=1, (- --) represents the inte-
grations over the first Brillouin zond8Z’s) on each side of
the junction,F (k) =A(k, T)/[ @+ €2(k) + |A(k,T|?] is the
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FIG. 2. Plot of logd Jo(¢o)/(Jc(90°))] versus ¢, obtained FIG. 3. Plot of logd Jc(¢0)/(Jc(90°))] versus ¢, obtained
from Ref. 8(solid circleg. Also shown are the fits at 9 K assuming from Ref. 8(solid circles. Also shown are the fits obtained at 9 K
coherentc-axis tunneling, the tight-binding(k), and OP’s of the ~ Wwith the tight-bindingé(k), and OP’s of the isotropiswave("s,”
ordinary d-wave (d, long-dashefand d-wave cubed 43, dotted ~ dotted and extended-wave (“ext-s,” dashed forms, and of the
forms, along with the besd+is single domain fite=0.15 (solid) ~ anisotropic “ext8+c-s,” (Aq—Ac) ¢*(k) + A, forms with theA .
and the domain-averaged result of the best single douhais fit ~ values in meV of 2long-dashey 1.4 (dotted, 1.2 (solid), 1 (dot-
(dot-dashell See the text. dashegl and O(solid), as indicated.

=0.25. Over the region of available data, this curve wasappears afi* >T, for all Bi2212 doping$®?’ so that the
nearly indistinguishable from the+is curve withe=0.15  superconducting gap at eaklof observation is merely con-
shown in Fig. 2. In Fig. 2, we also show the result of astrained to be less than or equal to the gap observed by
multidomain average of thel+s, d—s domains withe = ARPES. We note that the curves in Figs. 2 and 3 for the
=0.25, which includes the identical contributions df ordinary d, ordinary s, and extended-wave OP’s differ
+s|d=s domains across the cross-whisker junction, and thelightly from those presented previoushsince those curves
inequivalentd+s|d+ s domain contributions. were calculated just below., and these results are for
The best single domaid+is andd=s fits straddled the 9 K<T..
dataless region near to 40°, and hence could be consistent Finally, we present our fits relevant to the van Hove sce-
with the data for 0.%€<0.25. However, this time-reversal nario. Here we adjusted the bandwiditind the maximum of
symmetry breakingl +is state has a vanishiny(¢) inthe  the saddle bands tv relative toEg to obtain the best fit for
dataless regime in the vicinity @,=40°, but not also at the the ordinarys- andd-wave OP’s. The values shown hete,
crystallographically identical cross-whisker angle 50°, for=500 meV andv=2.02, are intermediate to both optimal
which nonvanishing data were available. Hence, this statgalues. In addition, we showed the calculations for the single
would require a singlel+is domain, in apparent contradic- domaind+is (or s+id) stateAq[ ¢(k) +ie]/(1+ €2)Y? for
tion with STM studies.’ For a mixedd+is or d+s state €=0.75, 1, and 2, respectively. Far=1, we also showed
with multiple domains, averaging over the domains alwayshe results for the single domais*d state Ayl ¢(k)
leads toJ.(45°)=0 for € <1, as pictured in Fig. 2. We note =*¢€]/(1+]€|). We note that the ordinarg-wave curve and
that averaging over multipld+is domains with the optimal the three curves witke=0.75, 1 are inconsistent with the
€=0.15 results in a curve that is nearly indistinguishabledata, but the curve witke=2 is consistent with the data.
over the region of available data from tHeubed state plot- However, this(predominantlys wave d+is state exhibits a
ted in Fig. 2. strong amount of time-reversal symmetry breaking, and is
In Fig. 3, we show the bestwave fits using the same hence unlikely to be compatible with a variety of other ex-
tight-binding £(k). Here we show fits to the isotropgewave  periments, as noted above.
OPA,, the extended-wave OPA|4(k)|, and several val- We remark that the highly anisotropic OP “ext&-s”
ues of the highly anisotropisswave OP (\g—A.) $8(k) used phenomenologically in Fig. 3 to fit the data could arise
+ A (indicated in Fig. 3 by “ext8tc-s” ) for A.=0, 1, 1.2, from a van Hove scenario, in which the dominant pairing
1.4, and 2 meV, as indicated. The best fits arefgr=1.2  occurs over the van Hove bands pictured in Fig. 1, and ap-
—1.4 meV, but =A.<2 meV is acceptable. These values pears on the tight-binding Fermi surface by weak coupling of
are compatible with the resolution of recent ARPESthe electronic states, as discussed elsewtfefeWe note
experimentg? The flatk dispersion away from the minimum that a good fit could be obtained within the van Hove sce-
gap position on the tight-binding Fermi surface is also com-nario using an isotropis-wave OP, as shown in Fig. 4, so the
patible with the ARPES data. We note that ARPES data arghysics of the generalizeswave OP’s in Figs. 3 and 4 need
complicated by the nonsuperconducting pseudogap, whichot be substantially different or exotic.
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FIG. 4. Plot of logd J.(#0)/{Jc(90°))] versus ¢, obtained
from Ref. 8(solid circles. Also shown are the fits obtained from the
extended van Hové(k), for OP’s of the ordinaryd-wave (long
dasheg, ordinary sswave (solid), extendeds-wave, (dotted, and
the d+is forms (dot dashed for the ¢ values indicated. Foe
=1, results for thes+d state(short dashedare also shown.

Since this work was submitted for publication, it came to
our attention that evidence exists that might cause one t

suspect that some of thk(¢y) values reported by Takano
et al. might not represent the intrinsi¢.(¢,) of the cross-

whisker junctions. For the same 90°, 75°, and 60° cross-
whisker junctions for which the mesa branchings were

shown! the measured resistancBsin the T region 70-75

K~T,<T=<105 K revealed significant complications, sug-

gestive of the presence of more superconducting Bi2223

a
the 90° cross-whisker interface than for the 75° cross whis
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closest to the current lead, and hence furthest from the mesa
center® In addition, the branch with the lowest corre-
sponds to the true critical current of the stat¢Rhese prop-
erties might lead to an overestimate R{90°), and an un-
derestimation ofl.(60°), for example. Hence it is possible
that the intrinsic, dependence af, might be weaker than
reported.

In summary, we have shown that the recent cross-whisker
Josephson junction results of Takagtoal., while different in
detail from the single crystal results of &t al,, also render a
predominantlyd-wave OP form unlikely. As for a mixed-
and d-wave OP, there is a narrow window of 10-25%%6
wave that would be allowed in a particular single domain of
mixed OP’s, but otherwise, it appears that one is forced to
accept the result that the dominant OP is indsedave,
although it could be highly anisotropic. Although the results
are compatible with an isotropic OP on an extended van
Hove saddle band of quasiparticle states, if the pairing were
to take place mainly on the tightbinding Fermi surface, the
swave gap functions would have to be highly anisotropic,
with a minimum value in the range 1-2 meV, consistent with
ARPES experiments

In order to strengthen these conclusions, we urge that ad-
ditional data points in the range 38%%,<60° be taken, and
that the temperature of the measurement be raised up near to

<.2* A few more junctions withgy~45° are currently un-

er study, and the preliminary results appear to be consistent
with the above dati) We would also like to see other mea-
surements to investigate if the quasiparticlaxis transport
is indeed coherent, unlike Bi2212 single crystals. We also
urge that resistivity measurements betwé@grand 105 K be
made on cross-whisker junctions withy~45°, and that al-
tFrnative fabrication procedures be investigated, in order to
guarantee their uniformity.

ker, and what might be evidence for a nonsuperconducting or The author would like to thank A. Castro-Neto, K. Kad-

possibly eveninsulating barrier at the junction of the 60°

owaki, R. Kleiner, Q. Li, T. M. Rice, K. Scharnberg, J. R.

cross whiskef. Extensive studies of Bi2212 mesas cut from Schrieffer, J. Sethna, and M. Tachiki for useful discussions,

single crystals established that the centfal0 branch, with
the smallestl ., is frequently associated with the junction

and especially Y. Takano for a preprint containing his latest
data, a copy of Ref. 9, and extensive communications.
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