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Theory of Bi2Sr2CaCu2O8¿d cross-whisker Josephson junctions

Richard A. Klemm*
Max-Planck-Institut fu¨r Physik komplexer Systeme, No¨thnitzer Straße 38, D-01187 Dresden, Germany

~Received 19 November 2002; published 12 May 2003!

Takanoet al. @Phys. Rev. B65, 140513~2002!; J. Low Temp. Phys.131, 533 ~2003!# made Josephson
junctions from single crystal whiskers of Bi2Sr2CaCu2O81d crossed an anglef0 about thec axis. From the
mesa structures that formed at the cross-whisker interface, they inferred a critical current densityJc(f0). As
with the single crystal results of Liet al. @Phys. Rev. Lett.83, 4160~1999!#, we show that the whisker data are
unlikely to result from a predominantlyd-wave order parameter. However, unlike the single crystals, these
results, if correct, require the whiskerc-axis transport to be coherent.
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Recently, there have been a number of phase-sens
experiments relevant to the orbital symmetry of the sup
conducting order parameter~OP! in the high transition tem-
peratureTc superconductor Bi2Sr2CaCu2O81d ~Bi2212!.1–10

It was claimed that the tricrystal experiment demonstrate
dominantdx22y2-wave OP component in Bi2212 at low tem
peratureT for both underdoped and overdoped sample1

However, the Pb/Bi2212c-axis Josephson junction exper
ments demonstrated in many samples that at least a s
s-wave component was present forT below theTc of Pb ~or
Nb!.2,3 In the bicrystalc-axis twist experiment,4 a dominant
s-wave OP forT<Tc was claimed.4,11 The superb quality of
the junctions was supported by extensive experimental
simulation analyses including high resolution transmiss
electron microscopy~HRTEM! studies,5 demonstrating tha
the junctions were atomically clean over tens ofmm along
the junction direction. The twist anglef0 independence o
the c-axis Josephson critical current densityJc across the
twist junction forT just belowTc was interpreted in terms o
a dominants-wave OP for allT<Tc ,4,11 in apparent contra-
diction to the results of the tricrystal experiment.1 However,
these experiments would be compatible if Bi2212 we
mostly s wave in the bulk andd wave on the surface.12

Single crystal Bi2212 consists of a stack of intrinsic J
sephson junctions, and low-T measurements of the critica
currentI c and the normal resistanceRn across a singlec-axis
junction led toI cRn values'1/3 the Ambegaokar-Baratof
~AB! result.10,13,14 This is consistent with nonmetallic an
incoherentc-axis transport in Bi2212,15–17 and ans-wave
OP.14 Upon intercalation with HgBr2, mesa studies reveale
that I c andRn , respectively, decreased and increased by
orders of magnitude, but their productI cRn remained about
1/3 of the AB value.10 For incoherent transport,I c for an
s-wave or d-wave OP is, respectively, proportional to th
s-wave (1/ts) or d-wave (1/td) interlayer scattering rate, bu
Rn}ts for both OP’s. Hence, the invariance ofI cRn upon
intercalation is strong evidence for ans-wave OP.18

Recently, Takanoet al. crossed two single crystal Bi221
whiskers an anglef0 about thec axis and fused them
together,7,8 using a technique similar to that of Liet al.4 In
addition to the nominal composition of overdoped Bi221
with Tc'80 K, such whiskers usually have a second tran
tion at Tc2'105 K, due to Bi2Sr2Ca2Cu3O101d ~Bi2223!
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contamination.6,9 For a 90° cross-whisker junction, a HR
TEM picture revealed that this junction was uniform ov
100 nm, but the expected periodic lattice distortion was d
ficult to discern.9 No HRTEM pictures of other cross-whiske
junctions were made.19

Remarkably, Takanoet al. observed branch structures
the current-voltage (I -V) characteristics of their cross
whisker junctions at 5 K, indicating that the insulating ed
regions of the two whiskers had somehow fused into a m
structure,7 consisting of a stack of Josephson junctions.10,13

By assumingI c of the centralV50 branch corresponded t
that of the twist junction and that the junction area was eq
to the entire whisker overlap, Takanoet al. inferred a value
for the junctionJc for each of their 10–16 samples.7,8 In
sharp contrast to the single crystal twist experimen4

Jc(f0) obtained in this way for the cross-whisker junctio
varied substantially withf0.7,8

Nevertheless, for the 45° cross-whisker junction in a p
allel magnetic field, a Fraunhofer-like diffraction patte
consistent with the long-junction limit was observed for th
junction with width 36.7mm and Josephson lengthlJ'3
24 mm.8,13 In addition, Shapiro step analysis of the 45
cross-whisker junction indicated that only first-order tunn
ing is present.20 If we assume those results are correct, th
the data for the crucially important regionf0'45° arises
from weak first-order tunneling only. Since at 5 K,I c(45°)
50.227 mA is orders of magnitude larger than the minimu
measureableI c ,8 we use a logarithmic scale to fit theJc data.
Since the overdoped whiskers hadTc'80 K,8 we take the
maximum gap value in our fits to beD0522 meV, consis-
tent with single crystal point contact tunneling values.21

AlthoughJc(45°)Þ0, Takanoet al. nevertheless claimed
that the strong, fourfold periodicf0 dependence ofJc(f0)
was evidence for a ‘‘d-like’’ OP.7,8 Here we show that such
Jc(f0) behavior, if correct, is merely a signal of cohere
tunneling in a nearly tetragonal crystal with a noncircu
Fermi surface. Then, only the behavior ofJc(f0) for f0
'45°, where the Josephson tunneling can safely be take
be weak and first order, is sensitive to the OP symme
Quantitative fits to the data of Takanoet al.are obtained with
either a very anisotropics-wave gap function on the tight
binding Fermi surface, or a constant gapD0 limited to the
extended Van Hove saddle bands,22 but the only possibilities
of a predominantlyd-wave OP to fit the data are ver
unlikely.
©2003 The American Physical Society09-1
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RICHARD A. KLEMM PHYSICAL REVIEW B 67, 174509 ~2003!
For weak tunneling across a cross-whisker Joseph
junction with cross anglef0 , Jc is given by11

Jc~f0!5U4eT(
v

^ f J~k,k8!Fv~k!Fv* ~ k̃8!&U, ~1!

where we have set\5c5kB51, ^•••& represents the inte
grations over the first Brillouin zones~BZ’s! on each side of
the junction,Fv(k)5D(k,T)/@v21j2(k)1uD(k,Tu2# is the
anomalous Green function,D(k,T) is the OP with wave vec-
tor k, j(k) is the quasiparticle dispersion, thev are the
Matsubara frequencies, andk̃ represents the wavevectorsk
5(kx ,ky) rotated byf0 about thec axis.11 Here we setTc
580 andT59 K, sufficiently close to 5 K, allowing us to
include only 500 Matsubara frequencies in the sum in
~1!. For overdoped cross whiskers, the normal state is ra
metallic, and the BCS-like model, employed above, w
general orbital OP symmetry, is a good approximation.

For strongly incoherent tunneling,Jc(f0)/Jc(0)51 for
all s-wave OP forms, and although for alld-wave forms,
Jc(0) is vanishingly small,Jc(f0)/Jc(0)'ucos(2f0)u, re-
gardless of the details of the quasiparticle states.11 Neither
form fits the cross-whisker data.7,8 However, for the quasi-
particle states pictured in Fig. 1, a substantial fraction
coherent tunneling necessarily leads to a strong, fourfoldf0
dependence toJc(f0) for f0'0°,90°,11,23 even for an iso-
tropic s-wave OP, andJc(f0) is mainly sensitive to the OP
symmetry forf0'45°.11,23 Regardless of the tunneling co
herence, for weak tunneling between single compon
nearly tetragonald-wave superconductors, at some particu
f0 value f0* '45°, the quantity inside the absolute valu
signs in Eq.~1! changes sign, and henceJc(f0* )50.11,24

In order to fit the whisker data, we therefore assume
herent tunnelingf J(k,k8)5 f 0d (2)(k2k8), and takej(k) to

FIG. 1. Quasiparticle excitation features used in the fits. So
tight-binding Fermi surface. Dotted and dashed: Van Hove line
constant energy -25 and -90 meV, respectively, relative toEF .
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have either the tightbinding formj(k)52t@cos(kxa)
1cos(kya)#1t8 cos(kxa)cos(kya)2m, where t5306 meV,
t8/t50.90, andm/t520.675,11 or to represent the extende
‘‘van Hove’’ saddle bands,j(k)52t@ ucos(kxa)2cos(kya)
u2n#, as shown in Fig. 1. Here we taket5500 meV andn
52.02, so that the extended van Hove states never cros
Fermi energyEF , but lie just below it in the vicinity of the

M̄ points at (0,p/a), etc. This form is a rather crude ap
proximation to the actual van Hove states, but serves to
lustrate the effects of a cross-whisker junction rather w
Since both of these quasiparticle state forms are perio
umklapp processes are automatically included in
calculations.23 For simplicity of notation, we setf(k)
[@cos(kxa)2cos(kya)#N, so the ordinaryd-wave OP is
D0f(k), where N50.5 for the van Hove case, andN
50.5315 for the tight-binding case, which lead to the ma
mum value of the gapD0522 meV at the respective close
approaches to theM̄ points in the BZ.

A mixed d1 is OP could occur below a second pha
transition, provided that thebc plane containing the periodic
lattice distortion is indeed a good mirror plane.24 However, if
the disorder suggested by the STM measurements on cle
single crystal Bi2212 were present in the Bi2212 whiskers17

then there might not be any relevant mirror plane, and
mixed d6s type of OP could occur without a second pha
transition. Hence, we considered both OP forms. Adx22y2

1 idxy OP is inconsistent with both the single crystal tw
experiment and with the Pb~Nb!/Bi2212 Josephson junction
experiments,2–4 with consequences very similar to those
the dx22y21 is state.

The d1 is scenario might at first sight appear to be co
sistent with the observation of an effect claimed to be due
spontaneous time-reversal symmetry breaking below
pseudogap onset in underdoped Bi2212.25 However, in the
overdoped regime of the cross-junction experiments,
angle-resolved photoemission spectroscopy~ARPES! mea-
surements were only made aboveTc , and the effect was no
observed.25 There is very strong evidence that the pseudog
exists aboveTc for all Bi2212 dopings, and that it is distinc
from the superconducting gap.17,26–28Whatever the source o
the effect, if it were simply a property of the pseudogap
should have been seen for all Bi2212 dopings. Since
effect was only seen in the underdoped regime, wh
Bi2212 is known to be very strongly disordered,17 the effect
itself might be a combined property of the pseudogap and
disorder. In any event, it is unlikely to be relevant to t
superconducting OP in the overdoped regime.

In Fig. 2, we show our results for the bestd-wave fits to
the data, assuming the tightbindingj(k) form. In this and
subsequent figures, we assumed coherentc-axis tunnelingT
59 K and took the valuêJc(90°)& to be the average of the
three data points in that vicinity. We then fit the data to t
ordinary dx22y2-wave form D0f(k), a cubedd-wave OP
D0f3(k), as suggested by recent ARPES measurement
underdoped (Pb,Bi)2Sr2CaCu2O81d ,29 a single-domain
time-reversal symmetry brokend1 is state D0@f(k)
1 i e#/(11e2)1/2 and a single-domaind6s stateD0@f(k)
6e#/(11ueu). For the d6s state, the best fit was fore

:
f
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THEORY OF Bi2Sr2CaCu2O81d CROSS-WHISKER . . . PHYSICAL REVIEW B 67, 174509 ~2003!
50.25. Over the region of available data, this curve w
nearly indistinguishable from thed1 is curve with e50.15
shown in Fig. 2. In Fig. 2, we also show the result of
multidomain average of thed1s, d2s domains with e
50.25, which includes the identical contributions ofd
6sud6s domains across the cross-whisker junction, and
inequivalentd6sud7s domain contributions.

The best single domaind1 is andd6s fits straddled the
dataless region near to 40°, and hence could be consi
with the data for 0.1<e<0.25. However, this time-reversa
symmetry breakingd1 is state has a vanishingJc(f0) in the
dataless regime in the vicinity off0540°, but not also at the
crystallographically identical cross-whisker angle 50°,
which nonvanishing data were available. Hence, this s
would require a singled1 is domain, in apparent contradic
tion with STM studies.17 For a mixedd1 is or d6s state
with multiple domains, averaging over the domains alwa
leads toJc(45°)50 for e ,1, as pictured in Fig. 2. We not
that averaging over multipled1 is domains with the optima
e50.15 results in a curve that is nearly indistinguisha
over the region of available data from thed-cubed state plot-
ted in Fig. 2.

In Fig. 3, we show the bests-wave fits using the sam
tight-bindingj(k). Here we show fits to the isotropics-wave
OPD0, the extended-s-wave OPD0uf(k)u, and several val-
ues of the highly anisotropic-s-wave OP (D02Dc)f

8(k)
1Dc ~indicated in Fig. 3 by ‘‘ext81c-s’’ ! for Dc50, 1, 1.2,
1.4, and 2 meV, as indicated. The best fits are forDc'1.2
21.4 meV, but 1<Dc<2 meV is acceptable. These valu
are compatible with the resolution of recent ARPE
experiments.29 The flatk dispersion away from the minimum
gap position on the tight-binding Fermi surface is also co
patible with the ARPES data. We note that ARPES data
complicated by the nonsuperconducting pseudogap, w

FIG. 2. Plot of log10@Jc(f0)/^Jc(90°)&# versusf0 obtained
from Ref. 8~solid circles!. Also shown are the fits at 9 K assumin
coherentc-axis tunneling, the tight-bindingj(k), and OP’s of the
ordinary d-wave (d, long-dashed! and d-wave cubed (d3, dotted!
forms, along with the bestd1 is single domain fite50.15 ~solid!
and the domain-averaged result of the best single domaind6s fit
~dot-dashed!. See the text.
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appears atT* .Tc for all Bi2212 dopings,26,27 so that the
superconducting gap at eachk of observation is merely con
strained to be less than or equal to the gap observed
ARPES. We note that the curves in Figs. 2 and 3 for
ordinary d, ordinary s, and extended-s-wave OP’s differ
slightly from those presented previously,11 since those curves
were calculated just belowTc , and these results are fo
9 K!Tc .

Finally, we present our fits relevant to the van Hove s
nario. Here we adjusted the bandwidtht and the maximum of
the saddle bands2tn relative toEF to obtain the best fit for
the ordinarys- and d-wave OP’s. The values shown here,t
5500 meV andn52.02, are intermediate to both optim
values. In addition, we showed the calculations for the sin
domaind1 is ~or s1 id) stateD0@f(k)1 i e#/(11e2)1/2 for
e50.75, 1, and 2, respectively. Fore51, we also showed
the results for the single domains6d state D0@f(k)
6e#/(11ueu). We note that the ordinaryd-wave curve and
the three curves withe50.75, 1 are inconsistent with th
data, but the curve withe52 is consistent with the data
However, this~predominantlys wave! d1 is state exhibits a
strong amount of time-reversal symmetry breaking, and
hence unlikely to be compatible with a variety of other e
periments, as noted above.

We remark that the highly anisotropic OP ‘‘ext81c-s’’
used phenomenologically in Fig. 3 to fit the data could ar
from a van Hove scenario, in which the dominant pairi
occurs over the van Hove bands pictured in Fig. 1, and
pears on the tight-binding Fermi surface by weak coupling
the electronic states, as discussed elsewhere.22,30 We note
that a good fit could be obtained within the van Hove s
nario using an isotropics-wave OP, as shown in Fig. 4, so th
physics of the generalizeds-wave OP’s in Figs. 3 and 4 nee
not be substantially different or exotic.

FIG. 3. Plot of log10@Jc(f0)/^Jc(90°)&# versusf0 obtained
from Ref. 8~solid circles!. Also shown are the fits obtained at 9
with the tight-bindingj(k), and OP’s of the isotropics-wave~‘‘ s, ’’
dotted! and extended-s-wave ~‘‘ext-s, ’’ dashed! forms, and of the
anisotropic ‘‘ext81c-s, ’’ ( D02Dc)f

8(k)1Dc , forms with theDc

values in meV of 2~long-dashed!, 1.4 ~dotted!, 1.2 ~solid!, 1 ~dot-
dashed!, and 0~solid!, as indicated.
9-3
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RICHARD A. KLEMM PHYSICAL REVIEW B 67, 174509 ~2003!
Since this work was submitted for publication, it came
our attention that evidence exists that might cause on
suspect that some of theJc(f0) values reported by Takan
et al. might not represent the intrinsicJc(f0) of the cross-
whisker junctions.9 For the same 90°, 75°, and 60° cros
whisker junctions for which the mesa branchings we
shown,7 the measured resistancesR in the T region 70–75
K'Tc<T<105 K revealed significant complications, su
gestive of the presence of more superconducting Bi222
the 90° cross-whisker interface than for the 75° cross w
ker, and what might be evidence for a nonsuperconductin
possibly eveninsulating barrier at the junction of the 60°
cross whisker.9 Extensive studies of Bi2212 mesas cut fro
single crystals established that the centralV50 branch, with
the smallestI c , is frequently associated with the junctio
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closest to the current lead, and hence furthest from the m
center.13 In addition, the branch with the lowestI c corre-
sponds to the true critical current of the stack.13 These prop-
erties might lead to an overestimate ofJc(90°), and an un-
derestimation ofJc(60°), for example. Hence it is possibl
that the intrinsicf0 dependence ofJc might be weaker than
reported.

In summary, we have shown that the recent cross-whis
Josephson junction results of Takanoet al., while different in
detail from the single crystal results of Liet al., also render a
predominantlyd-wave OP form unlikely. As for a mixeds-
and d-wave OP, there is a narrow window of 10–25 %s
wave that would be allowed in a particular single domain
mixed OP’s, but otherwise, it appears that one is forced
accept the result that the dominant OP is indeeds-wave,
although it could be highly anisotropic. Although the resu
are compatible with an isotropic OP on an extended v
Hove saddle band of quasiparticle states, if the pairing w
to take place mainly on the tightbinding Fermi surface, t
s-wave gap functions would have to be highly anisotrop
with a minimum value in the range 1–2 meV, consistent w
ARPES experiments.29

In order to strengthen these conclusions, we urge that
ditional data points in the range 30°<f0<60° be taken, and
that the temperature of the measurement be raised up ne
Tc .24 A few more junctions withf0'45° are currently un-
der study, and the preliminary results appear to be consis
with the above data.19 We would also like to see other mea
surements to investigate if the quasiparticlec-axis transport
is indeed coherent, unlike Bi2212 single crystals. We a
urge that resistivity measurements betweenTc and 105 K be
made on cross-whisker junctions withf0'45°, and that al-
ternative fabrication procedures be investigated, in orde
guarantee their uniformity.
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