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Arguments and evidence for a node-containing anisotropis-wave gap form
in the cuprate superconductors
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Although not widely recognized, there is much evidence suggesting that the superconducting cuprates have
an anisotropic-wave type of gap form, a form which is usually so highly anisotropic that it contains gap nodes
and regions of opposite sign. This evidence is presented and reviewed. This evidence motivates a search for
swave explanations of the many experiments which seem to requirg-wae gap forms- wave explana-
tions are presented here for three of the phase-sensitive Josephson tunnelling experiments, experiments which
are widely regarded as some of the most convincing evidence fo’thg? d-wave gap form. A key feature
in all of these explanations is orthorhombicity. Although the evidence and reinterpretations of phase-sensitive
experiments clearly improve the credibility of the anisotropigap form, some important issues are still
unsettled and the question of the gap form remains open. An experimental test is proposed.
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I. INTRODUCTION about this, it is nevertheless still reasonable to search for
swave explanations of these data. It is significant here that
It is well known that there is much experimental evidencealthough some of thd-wave evidence seems quite convinc-
favoring thex?—y? d-wave gap form for the hole-doped ing by itself, this is also true for some of treewave evi-
cuprate superconductors. This evidence has been extensivélgnce. This situation reveals that these experiments cannot
that the overall evidence is overwhelmingly in favor of this Critical examination. Having thus motivated such a search,

gap form. There is consequently a widespread belief that th&€ Present severatwave explanations we have found. We

d-wave gap form is now firmly established. Nevertheless Shall demonstrate that some of the apparently most direct and
convincingd-wave evidence is at least potentially also con-

there is also a lot of evidence suggesting that the cuprat , . . e ;
shoulc; instead have a,\i;llike gapufgogrm Iagform WhichUFi)s escé':)stent with the anisotropisgap form. This is evidence from

highly anisotropic and which typically has gap nodes anoIhree experiments involving phase-sensitive Josephson tun-

regions of opposite sign. This evidence is generally muchnehng: (i) c-axis tunneling through a planar junction which

. S ) ) straddles a single twin boundary of YBCO (Y0, _
less well known, and in our opinion this ew_dence_ has bee_rEKouznetsovet gI.G), (i) the Mary)I/and corner(s%c;ng)uct-
unde_rrate_d and de_serves more serlous_c0n3|_dera'gon. Ourﬂriﬁtg quantum interference devic€SQUID) experiment
goal in this paper is to present and review this ew_de(Bg. (Mathai et al’), and(iii) the high-symmetrya-b-plane tun-
d-wave ors-like, we mean that under a 90° rotation of the neling experiment with a multicrystal of T1-2201
tetragonal Cu@plane, the gap does or does not cha}nge SIgN¢T1,Ba,CuO;. ;) (Tsueiet al®). The key to all of these ex-
respectively. It has long been known that thsike  planations is orthorhombicity in the crystal structure. These
symmetry—tetragonah;, symmetry—does not rule out gap arguments do not disprove thlewave gap form, but they
nodes?) We must acknowledge that much of our motiva- definitely improve the credibility of the anisotropédform as
tion here is to defend a valence-fluctuation pairing mechaa reasonable alternative. To distinguish between these pos-
nism which leads to such an anisotrogigap form®>® But  sibled ands forms a specific experimental test is proposed, a
the gap-form issue has an obvious and fundamental impotest which should be quite feasible.
tance which is separate from the question of the specific The type of gap form considered here is
mechanism. The focus of this paper is on experimental evi-
dence and its interpretation. A(0)o<(1+r cos49). (1)

In spite of this experimental orientation, a theoretical
comment is needed at the outset. This is to counter the popU-he angled parametrizes the position on the “Fermi circle”
lar argument which claims that a largstrongly repulsive  as viewed from the enclosedr,7) point, the angle being
Hubbard U interaction must make the pair interaction too measured from a planar Cu-O bond direction. This gap is
repulsive to allow pairing in thes-symmetry channel. We maximum along the Cu-O bond direction, in agreement with
must point out that this argument is not conclusive. Thisthe x2—y? d-wave gap form. Assuming>1, this A has a
ignores the effect of the strong correlations induced bylthe pair of nodes near each diagonal(qrg) direction, for a total
interaction and also the possible beneficial effect of a strongf eight gap nodes, and there is also a subsidiary or second-
radial k dependence in the pair interactidn. ary maximum of negative sign at each diagonal point on the
There is another reason for presenting thiwave evi- Fermi circle. We do not insist on a precise césshgle de-
dence. This is to demonstrate that in spite of the abundangeendence. Higher harmonics of the form caog4(n
of apparentd-wave evidence and the widespread consensus integet>1) may also contributéput we assume that they
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do not change the gross features. This gap form can be d&Ve focus on examples of this phase-sensitive data in Secs.
scribed as $+¢,” with sbeing the isotropic component and IlI-V. There are of course many other types of data which
g labeling thel =4 component. Some investigators may call have been claimed as support for dhevave gap form, and
this an “extendeds’ form, but we avoid that term because we shall comment on some of these in the concluding sec-
this is usually attached to a precise form which is too restriction.
tive for the present context. We shall generally call this the Several other overviews of thevs-d issue also argue in
eight-node gap form or the anisotrogavave gap form. favor of ans-wave gap fornt! These papers present much
Two experimental consequences follow immediately fromfurther information which we do not attempt to cover. Their
this gap form. The first is a subsidiary or “within the gap” perspective is somewhat different from the present paper,
peak in the one-electron tunneling state derfsuch a peak being rather more skeptical of the validity of the data itself,
has been observed in several cupratesdiscussed in Sec. for the main examples of the apparektvave evidence. Here
II), and furthermore rather indistinct evidence for this featuréVe are more inclined to accept this data, but are instead
can often be seen. A second consequence is that the nodéré_)wdm_g a_lternatwe interpretations. Another aspect of our
and subsidiary maximum can be removed by sufficienfri€ntation is that we are assuming the gap form to be basi-
“dirt” or disorder in the sample, since disorder tends to cally time-reversal invariant, and assuming that any violation

angle-average the gap function. More subtle consequences Bff tr}'s Ln\éarﬁ\;].ce(e.g., by rt'r;]agt]netm |m|pur|t|e$%n be safefly
this gap form are presented in the detailed discussion. negiected. 1his means that we only consider gap torms
which are real valued. Evidence for a real-valugime-

A majority of the experimental studies which have been . : :

claimed as evidence for thwave gap form are in theon- reversal mvanar_)tga_p form was found in Ref. 7. Although
o . ) we are not considering the pseudogap here, a comment about

phase-sensitiveategory, I.€., they do not directly compare ;g may also be appropriate. We have argued elsewhere
the phase of the gap on d|ffer_ent parts of the Fermi s_qrfacetRef_ 5, Sec. 6)4that the pseudogap phenomena are mostly
(We refer here to the mank-integrated or nofespecific  onsequences of the microscopic phase separation observed
experiments, as contrasted to angle-resolved photoemissiogs “stripes.” We are also neglecting this phase separation.
The latter is discussed in the concluding secjidinese non- Following the initial submission of this paper, a very sig-
phase-sensitive experiments have in many cases been amgficant paper ors vs d has appearetf. This presents many
lyzed in terms of a convention&otropic swave gap form, arguments for the same type of gap form, EL).(described
in addition to and as a contrast to analysis in terms of thehere as “extended wave”). This work also presents several
x?—y? d-wave gap form. In such cases tlavave assump- successful quantitative analyses, including the above-
tion has nearly always provided a better fit to the data. It ismentioned study of the penetration depth and of its absolute
important here to recognize that the majority of these experisloped\ ,,/dT nearT=0 and of nonlinear Meissner effect
ments are really just providing evidence for gap nodes andata. There are also some significant differ-
are not specifically indicating ad-wave gap form. The ences: the attribution of apparehtvave Josephson tunnel-
anisos gap form(1) can also provide gap nodes if the an- ing evidence to a difference between surface and bulk gap
isotropy is strong enough, as has long been recogriiped, forms, and a different selection of tunneling features to iden-
this possibility has unfortunately been very often overlookedtify the main and subsidiary gap maxima in YBCO. The
(Even in the relatively few cases where an anisotropicviews about lowl (R, values inc-axis tunneling data are also
swave form has been used in modeling, the possibility ofdifferent.
nodes and negative or opposite-sign regions in the gap has Of course, many other alternatives to the conventional
typically not been considered. Thus, with faulty logic, the x?—y? d-wave gap form have been suggested. Perhaps the
finding of evidence for gap nodes has often been claimed awost relevant of these for the present context(ar¢he idea
evidence for al-wave gap form. It would be helpful to have of a pair of similar but not identical anisotropglike gap
more of these gap-node-evidence experiments analyzed alfarms for the bonding and antibonding bands of a bilayer
by means of the present gap form. Any such experimentsuprate model system, with opposite signs for the gaps of
with sufficient resolution to distinguish between these nodethese two band¥,"*®and (b) a related idea which assumes a
containing gap forms would of course be interesting and sigmajor role for the gap on the chains of YBC&! The
nificant. In Sec. Il we argue that some of the conventionaformer effortd>~® were motivated partly by the fact that
tunneling experiments do accomplish this, and there are alsmost of the data concerning cuprate gap symmetry have
some further examples of this class of data which appear toome from the bilayer materials YBCO and Bi-2212
favor the eight-node gap formA recent analysis of the full (Bi,Ba,CaCuyQs, 5), and they were also motivated partly by
temperature dependence of London penetration depth datae so-calledr resonance, the resonance at or near 41 meV
(for a high-quality fully oxygenated YBCO specimehas and at(w,,7) in the Brillouin zone, found belowT, in
found much better agreement with this eight-node form thannelastic neutron scattering for these same two bilayer
for the usuald-wave gap form, and likewise for an analysis materialst® It has been arguédthat this type of gap form
of nonlinear Meissner effect datd. (and/or the presence of a major chain contribution with op-

In contrast to the data just mentioned, there has been conposite sigh®% can explain ther phase difference found in
mon agreement that the most definitive evidence for the gaporner-junction and corner-SQUID tunnelling experiments,
form should bephase-sensitiveata, which can be obtained the phase difference which is commonly viewed as the sig-
from Josephson tunneling in a variety of special geometriesiature of thed-wave gap form. Although the lack of gap
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nodes weighs against this particular proposal, this is not am tunneling (YBCO, Bi-2212, Bi-2223, TI-2212,
essential limitation; the pair of nodeless gap functions couldr1-2223),2%2% and there are also weak indications of such
be replaced by eight-node anisotrogigaps. The essential features in TI-2201 and Hg-12£2.In some of the data for
difference then comes down to the question of whether theeBCO, Bi-2212, and Bi-2223, the tunneling conductance is
bilayer aspectand/or the chain gap functidms required in  actually nonmonotoni6.e., hook-like inside the gap, and in
order to explain ther phase difference found in the corner gj.cuprate data the inner peak is sometimes amazingly sharp
tunneling experiments. A related question is whether the paigng prominent® This nonmonotonic feature—i.e., the exis-
interaction provides sufficient coupling between quasipartizence of a local maximum with energy less than the main
cle pairs on neighboring planes or chains. Our present agseak energy—is just what is expected for the anisotrspic-
sumption is that such an interplafer plane-chainpair in- 556 with nodedwhereas this is inconsistent with the com-
teraction is not S|gn|flca_nt, and theiefore_ the opposite signnon d-wave form. (In view of the typical angle-averaging
for thi}ggaps of the bonding and antibonding bands does nQifect of dirt or disorder, we expect that the data which show
occur.” Whether this can be reconciled with theresonance  he strongest or most sharp within-gap structure are the most
remains to be seefive comment on this in Sec. JlIWe also  jnginsic) In YBCO the inner gap at 4-5 meV could con-
assume that there is no major role for the pairing on chaing.ejyaply be due to the CuO chains, but the fact that inner-gap
Many consequences have been suggested for the chain pggayyres of nearly the same energy are found in Tl and Hg
ing (chain gap functiop™ and significant chain contribu- ¢ prates makes this chain interpretation unlikely. A curious
tions have been demonstrated for the superfluid defisid  feature of these data is that the strong within-gap structure
for the specific h'eat_jumff..lt has been shown, however, that pa5 peen found mainly in experiments with the conventional
the chain contributions in these experiments can be ®Xplanar geometry, i.e., with a macroscopic tunneling area.
plained by a proximity effect model, a model without any This sructure is generally much weaker in STstanning
plane-chain or intrachain pair interactiéhiThe general simi- tunneling microscope, i.e., vacuum tunne)irdata, and the
larity of monolayer and bilayer cuprates also argues againghore recent focus on STM data has therefore tended to mini-
any major role for plane-plane or plane-chain pair interacynize this evidence. This dependence on tunneling geometry
tions.(The cupratel; systematics has been explained in Ref.couid be a consequence of the tunneling contributions from
4 without a S|gn|f|9ant interplane pair mlteractibn. the planar oxygen |2 components of the band stafésl-

We also examine the gap-form evidence falectron-  ternatively, this may be due simply to noise and loss of reso-
dopedcuprates. This likewise indicates an ansgap form,  |ution resulting from inadequate stability of the STM tip po-
consstgnt with 'the. previous general concensus, although r&siion. (The STM data do generally look rather nojsyThe
cent evidence indicates stronger gap anisotropy and SOMg;ner-gap peaks are especially prominent in some of the data
times the presence of gap nodes. for the bismuth cuprate€,and, in fact, broadened remnants

In Sec. Il we summarize and review the main evidenceyf these features can be seen in much of the published tun-
suggesting an anisotropicgap form in the hole-doped cu- nejing data for Bi-2212. Although this latter aspect of Bi-

prates. Section Il provides anisotropgavave expla'nations 2212 data is often rather obvious, this has generally been
for two of the phase-sensitive Josephson tunneling eXperignored.

ments: c-axis tunneling through a planar junction which = (2) For several hole-doped cuprates there is conflicting
straddles a single YBCO_twin bounddrgnd the Maryland  ayidence from ordinarjone-electrontunneling, some of the
corner-SQUID experimertSection IV describes an experi- conductance data appearing-like” (flat bottomed or U
mental test which can distinguish between thevave and shaped inside the gamnd other data beingd:like” (V
anisotropics-wave interpretations of these two experiments,shaped’ suggestive of gap nop@9 This inconsistency can
and Sec. V shows that the high-symmesrp-plane tunnel-  pe rationalized in terms of a disorder or other angle-
ing experiment with a multicrystal of TI-220Ref. 8 is not  5yeraging scattering source in some of the junctions. There is
conclusive. Section VI discusses the gap-form evidence fogqya|ly considerable evidence for this vigwyhich there-
electron-doped cuprates. Concluding remarks are in Sec. Vi, o supports the anisotropipicture.[ Theoretical work has

shown that surface roughness can also provide significant
Il EVIDENCE SUGGESTING AN ANISOTROPIC- s variability in th_e tg_nneling data for d-wave gap, but in this
GAP EORM case this variability apparently does not include a flat-
bottomed ‘s-like” conductance fornt® On the other hand, in
We now review the current state of evidence suggesting goint (7) below a U shape is shown to be explainable by a
strongly anisotropics-like gap form for the hole-doped cu- d-wave gap form when tunneling edgewise into theb
prates. We focus first on the evidence we consider mogtlanes in some directiorisAn alternative possibility is that
sound and convincingn the points numbered belowafter  the cuprate surfaces in differeciaxis junctions may consist
which some other possible or at least claimed evidence isf different chemical layers, e.g., a BiO layer versus a €uO
discussed. Some of the following arguments have originatethyer.[Such a variation of cleavage surface is uncommon in
from other investigators, some are our previousBi-2212, as shown by the typical uniformity of its photo-
observations;?* with updates, and there is also some newemission datdalthough counterexamples are shown in Ref.
material. 30), but this variation may be more common in some other
(1) There are a number of hole-doped cuprates for whicltuprates. Having different types of surface layers becomes
distinct inner-gap or within-the-gap features have been seesspecially significant if some of these lead to surface or bar-
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rier states, whose spectrum is generally different from thevalue at optimum doping. Both of these aspects suggest a
bulk spectrunt! But whether this difference can account for strong reduction of the gap anisotropy by angle averaging
both “s-like” and “ d-like” conductance plots is unclear. due to scatterind® (The signal interpreted ad typically

(3) The rate of depression of. by impurity doping or represents thenaximunof the anisotropic gap, rather than its
radiation damage was found to be only about one-half of theverage, so that angle averaging should reduceXhiSee
minimum rate expected for @wave gap, in YBCO, when the tunneling state densities plotted in Rej. 2.
the amount of defect scattering is expressed in terms of the (6) Consistent with the previous point, angle-resolved
residual resistivity>>3 Consistent with this, another study photoemission spectroscopfRPES data on highly over-
found theT, depression rate to be only one-third of what is doped Bi-2212 T.=60K) have shown clear evidence of a
expected for ad-wave gap®* These findings are consistent g9ap at the 45° ofq,q) position on the Fermi surfadé.Be-
with an anisotropics gap, however, because in general thisSides showing a shift of the intensity midpoint, this data also
rate is proportional to the anisotropy parametft presents an intensity peak beld/y_. The latter is S|m|I§1r to
—((A)?/{A2))], and for a highly anisotropis-like gap this the well-known peak at the Fermi surface near Mh@oints

parameter can still be fairly largé With gap nodes present, _[(1,0) points_ vv_ith_respect to the Cu-O _bond _directiﬁqmmd .
a factor of 1/3 is quite reasonable hété caveat here is the in further similarity there is also a slight dip beyond this

possible importance of anisotropic scattering by the defects(q’cp peak, at wice the binding energy of this peakuis is

This has been shown to eliminate tHavave discrepancies data taken in thd’-Y direction, parallel to the superlattice
P distortion, so there should be no problem here from the sat-

. ) . Bllite bands generated by the superlatliceThis finite gap is
YBCO (data of Ref. 32if the anisotropic component of the just at the point where the?—y? gap form demands a gap

scattering is strong enough and is suitably oriented with reg,,4e - independent of the orthorhombic distortion which is
spect to the gap anisotropy/But it is doubtful whether the  ¢,,nq in this material(See Sec. V conceming the distortion
conditions required here are realistic. On the other hand, thig, Bi-2212)
evidence against thé:wave form is strengthened by another  (7) pata from Josephson tunneling perpendicular tocthe
consideration: In nearly all investigations of this type, it axis, in a systematic series of YBCO bicrystal junctions with
has been assumed that tbely effect of the defectéimpu-  different mismatch angles, show better agreement with the
rities or radiation damaggeif they are nonmagnetic, is to eight-node aniss-gap form than with thed-wave form?®
produce potential scattering which tends to angle-average thearlier data of this type also led to this conclusfén.
gap. This ignores the possibility that the defects may also be (8) There is also interesting data on one-electron tunnel-
directly degradingthe pair interaction, which is priori ing edgewise into tha-b planes(perpendicular to the axis)
quite plausible if the pair interaction comes at least partiallyin Bi-221228 Single crystals were cut with a razor blade to
from special electronic features involving orbital geometryproduce surfaces perpendicular to {i€0] direction (the
and chemical bonding:3"When this possibility is taken into  Cu-O bond directiop to the[110] or 45° direction, and also
account the likelihood of a genuine discrepancy from theto a variety of angles between these directions, and a scan-
d-wave prediction becomes even stronger. Also, if some suching tunneling microscope was used to obtain vacuum tun-
degradation is accepted, the upwards curvature seen in thieling into each of these cut surfaces. Data were taken at
data can be explained by an anisotropigap form3 many points on each surface, and, perhaps surprisingly, in
(4) For YBCO there is a monotonic and strong increase ineach case a generally good consistency was fo(@de
the isotope shift exponemt whenT, is degraded by doping, might have expected a stepped break structure, giving a bi-
with « appearing to approach the BCS val(@®5 as T, modal or more complex variation in the dataThe tunnel-
—0.2°This is consistent with the expectation of some new oring differential conductanced(/dV) taken rather near the
unconventional pairing mechanism in the cuprapgsyided [100] direction (at 9° and at 19° from this directiprwas
that this mechanism is acting together with the conventionastrongly U shaped, indicating an essentially complete gap
phonon mechanisnn the same pairing symmetry channel within the cone ok states which contribute strongly to these
(swave-like symmetry® It is significant here that the data tunnelling currents. At larger anglg27°, 35°, and 38°a
show no sign of a discontinuity as a function of doping—thekink appeared at zero voltage, and the data became progres-
discontinuity that one would expect if there were a transitionsively more V shaped, thus signaling a node within the cone
betweend-wave ands-wave pairing®® of significantk states. This is qualitatively what one would
(5) In Raman scattering for highly overdoped Bi-2212 andexpect for thex?—y? d-wave gap form, and the authors in-
TI-2201, in the superconducting state, the energies of théerpreted their data as evidence for this gap form. But for the
electronic continuum peaks for the three symmetry channeltinneling along the 45° drl10] direction, the data reverted
(A14.B14,Byg) are found to essentially coincidé.This is  back to a nearly U-shaped form, with only a weak kit
very different from the corresponding data for less hole dopcomponentat zero voltage(In this respect it resembles the
ing. This channel-independence feature implies a fairly iso27° data). Taken at face value, this result suggests a local gap
tropic gap(This feature has also been found for the electron-maximum at 45°, with a node roughly half way between 27°
doped material Ngd ,CeCuQ,* the cuprate for which and 45°. These 45° data have another interesting feature as
there is much independent evidence of a nodeless and ratheell. The peak in thisll/dV plot, which appears to represent
isotropic gag®®) Furthermore, for both compounds the ap- a local gap maximum, has an energy which is about half as
parent gap ratio &/kgT. has declined considerably from its large as the corresponding peak energy at smaller angles
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(e.g., in the 19° dajaThis ratio of 1/2 agrees with the loca- junction areas? But in spite of this problem, this experiment
tion of the within-gap featurésometimes a clear local maxi- is still very significant. The effect of such possible heating,
mum) found in the Bi-2212 data of pointl) above.(This  as just described, is that the apparkrg should all bdower
gap energy ratio is material dependent; for YBCO, this ratioygndsfor the corresponding true.’s. The fact that the ap-

I:Hab]%l}ltB()ilZZEé.lgeVieaV\?gSrquQt:Cq mles (r:ztr']% 'gt;?gé\g 'gg:f arentl .’s (and therefore the truk.'s) remain large for twist
Y, P u P ngles at and near 45°, with no sign of a decrease in this

for tunneling into thea andb orthorhombic axes to be con- reqion. is clearly inconsistent with the-wave gap form
siderably different from each other, even without the effects glon, y ncon: g-wave gap ’
of the superlattice; see Sec.)\The authors interpret their even after considering its orthorhombic distortion, because

45° or [110] data differently, however. For these data theyforoad wave thel ; must vanish somewhere in. the vicinity of
appeal to the analysis of Tanaka al?’ on the effects of 45°. In fact, examination of the orthorhombic symmetry of

surface oxygen atoms, which are assumed to provide thgi-2212 (which differs from that of YBCO; see Sec.)V
dominant amplitudes for the vacuum tunneling process. Bughows thatany swave component should be precisely or-
this interpretation isad hog because there is no justification thogonal to the orthorhombically distortad—y? form. This
for this use of the model of Tanala al. for the[110] (and  experiment therefore leads to the striking conclusion that Bi-
also[100]) tunneling while ignoring this special role of oxy- 2212 hasio x¥*—y? gap component at af®** (This result is
gens for the tunneling at intermediate angl@sso, the de- also in sharp contrast to the caseaalh-plane bicrystal junc-
tailed atomic geometries of the various cut surfaces, in partions, for YBCO, where with increasing mismatch angle
ticular the locations or the absences of oxygens at theséere is an enormous falloff of the tunneling critical current
surfaces, are unknown. The sharpness of the gap peak atby factors of~10*-10 * and likewise for thd ;R,, prod-
45°, the fact that its energy is far smaller than the correuct, by ~10 2.5 Those rapid falloffs have, however, been
sponding peak energy at smaller angles, and the energy-ratéxplained by mechanisms that are basically independent of
consistency with poinfl) above all suggest that the interpre- the gap symmetry?)
tation of Tanakaet al. is not appropriate here and that the (10) A very recent analysis of the full temperature depen-
eight-node anisotropis-gap is playing a significant role. dence of the London penetration depth, for a high-quality
This evidence clearly favors the anisgap form. fully oxygenated YBCO sample, found excellent agreement
(9) A recent experiment ot-axis Josephson tunneling with the eight-node gap form and clear disagreement with
through [001] twist grain boundaries in Bi-2212 has pro- the commond-wave gap formt® This paper also demon-
duced the remarkable result that ttritical current is essen- strated agreement with nonlinear Meissner effect data, for
tially independent of the twist angf The junctions in this the eight-node gap form.
experiment are of exceptionally high quality, and there is Most of the evidence just described has not been ex-
also extensive theoretical analy3is*A rather weak depen- plained or has not even been considered in the context of the
dence on the twist angle might be expected for and-wave gap fornt® However, the history of the-vs-d con-
anisotropics gap form, because of an effective angle averagtroversy has had so many unexpected twists and turns that it
ing of the gap due to strong in-plane scattering of the elecwould be dangerous to claim any one or any combination of
trons or quasiparticles. An obvious source for such stronghe above arguments as being presently adequate to prove an
scattering is the epitaxial mismatch at thaxis grain bound- s-wave gap form. We do not make such a claim. But it is
ary, but if this were the entire source, one might expect arcertainly clear now that this evidence makes the eight-node
increase of the critical current for small and especially fors-wave gap form a very reasonable candidate which must be
vanishing twist angle. Such an increase was not fo(iflis ~ seriously considered. In Sec. IV we propose an experiment
increase might not be observable, however. Even a minisculehich would provide an important constraint.
twist could lead to major misregistry of opposing Cu rows Other data claimed as s-wave evidentée now discuss
over much of the junction area. On the other hand, theiseveral other cases of claimsdvave evidence. These are
c-axis bonding tendency might confine this misregistry toexamples which we consider to have lesser degrees of valid-
limited regions of discommensuration. This issue is separatiy.
from the angle dependence of the transfer matrix elements There are othec-axis Josephson tunneling data for Bi-
considered in Ref. 51, which also contributed there to a steep212, using more conventional contacts of lead with a silver
drop at small twist angles, in the absence of angle averagirbuffer layer’” These junctions have very smallR, prod-
g.) Another plausible source for strong in-plane quasiparti-ucts, however, whose average value is only 2u§.
cle scattering is a thermal effet,which is possible here (This is 10°% times smaller than estimates of the
because these data were taken at the relatively high temper&mbegaokar-Baratoif type) Another experiment has
ture of 0.97.. (If this is correct, the gap nodes of our as- used Bi-2212/Au/Nb junctiori8 and produced essentially the
sumed eight-node gap form may not persist at temperaturegame result. On the one hand, the existence of a nonvanish-
nearT..) The observed angle independence could thereing tunneling current could be argued as evidence for an
fore be consistent with the anisogap form. But it is also s-wave gap component and, thus, by an argument just men-
quite possible that this angle independence is spurious and i®ned in point(9), as evidence against txé—y? gap form.
instead the result of a runaway heating effect from the norBut this does not explain the extreme smallness of the
mal contacts for the applied current, since the junction areak.R,'s. On the other hand, there is a proposal to explain this
were somewhat larger than the current contact ate@his  in terms of ad-wave cuprate gap interacting with the small
experiment should therefore be repeated with much smalléntrinsic anisotropy of the gap in PBThis could explain the

054503-5



B. H. BRANDOW PHYSICAL REVIEW B 65 054503

Nb result as well, since Nb also has some gap anisotropyherefore presently inconclusive about the gap form.

and this would also at least qualitatively explain the small- There is also a Raman-scattering study of Hg-1223 which
ness of the .R,’s. However, the tunneling current formula claimed to strongly support the eight-node anisotrapiap
used in that study has been shown to be incoffeand itis  form8® Two types of evidence were presented. One is a
therefore not clear whether a realistic treatment of this typgrominent linear-ino behavior in theB,q spectrum. The
could explain the observetiR,’s. And in any event, the other is a data fit of the peak regions of tBg;, and A,
c-axis twist data in point9) is a major obstacle for this spectra, in which their peak energies were identified with the
proposal. It must also be noted that similarly smalR,’s  positive and negative extrema, respectively, of the eight-node
have been observed @axis tunneling between lead and the gap form. This paper also argued for an energy-magnitude
electron-doped cuprate bd,Ce,CuQ,_ 5 (NCCO),°* where  connection between these Raman peaks and features in one-
the gaplessand thus apparentisswave character of the gap electron tunneling data, for several cuprate materials. But a
is reasonably well establish&dbut see Sec. \Jl The small-  more recent work from the same group, with more strongly
ness here is especially surprising, and this too is unexplainedinderdoped Hg-1223, showed data of much more conven-
[This is in striking contrast to some corresponding data fottional form®® This latter work therefore concluded that the
YBCO, where the orthorhombic symmetry allows fiso-  gap probably has the conventiongiwave form. Another
tropic) component to coexist withk?—y?2. As discussed in work has analyzed the formdéRef. 69 Hg-1223 data in
Sec. Ill, thel R, products can in this case be quite large,terms of ad+s gap form®’ Although the data fit is better in
even large enough to suggest that$heave component may some respects, the overall quality of the fit is, in our opinion,
be the dominant one. Nevertheless, there are also tunnelimpt as good as in Ref. 65ln this context we want to men-
data for YBCO thin films with Pb or Ag/Pb junctions where tion a proposal made in Ref. &ec. 6.3 to interpret the
the observed .R,’s were only a fewuV,%? just as in the typically rather large difference in the energies of the
Bi-2212 and NCCO cases above, so it appears that the thimaxima in theA;4 and B;; Raman spectra. It was argued
film character may somehow be responsible for the justthere that the higher energy of tBg, maximum(and part of
mentioned NCCO result. At least two possibilities for re- its breadth as wellis due to a strong but unresolved contri-
ducing I:R, have been suggested—the effect of heavybution from the van Hove singularity, which has a finite en-

twinning®? and the proximity effect of having a normal-metal €r9y separation from the Fermi energ¢s explained in Ref.
layer next to the insulating barrier lay&rbut so far there 5, the theory of Ref. 3 implies a strong enhancement of the
has not been a consistent resolution of the present probleméan Hove contribution.A corrollary is that the extremely
The significance of these-axis tunneling experiments is large values of the gap ratioAZkgT., which have been

therefore unclear. deduced fromB,4 spectra in strongly underdoped samples,
The so-calledr resonance, an inelastic neutron-scatteringare partly spurioug. _
resonance at or near 41 meV which is found belvat the There is other evidence which appeared to support an

(ar,m,7) point in bilayer cuprateYBCO and Bi-2212,'%has  Swave gap form, but which was later found to be invalid for
also led to the suggestion of aike gap functiont® This  this purpose. This is a Josephson tunneling experiment in-
was concluded from an analysis in terms of the conventionayolving a misoriented hexagonal grain within a thin-film ep-
RPA (random phase approximatipdescription of a collec- itaxial crystal of YBCO, where the effect of successively
tive excitation, suitably modified below, by inclusion of ~ destroying the six junctions along the sides of this hexagon
coherence factors. A key assumption here was that the prodtas measuretf. The problem for this experiment is that the
uct A, A, o must be negative for the dominant state pairs'éngth scale for the individual tunneling segmefiiexagon
kk+Q near the Fermi surface, in order to obtain a coherencéides was much larger than the Josephson penetration
enhancement instead of a near-vanishing coherence factdngth, so that spontaneous flux could be generated at the
This negative-sign feature is commonly assumed in order t§égment endéthe hexagon cornex§® This flux could there-
explain why this collective mode is found at the zone fore effectively compensate for any sign di.fferences in the
boundary. In the scenario of Ref. 13 it was therefore deducedosephson couplings of the various tunneling segments, so
that the assumed nodelessvave gaps of the bonding band that a d-wave gap form could produce nearly the same
and the antibonding band must have opposite signs, consi§titical-current data as aswave form.

tent with Refs. 12 and 14-16. Adequacy of thevave gap

for this purpose has also been claimed in_Ref. 14. This latter || coRNER-JUNCTION TUNNELING GEOMETRY
conclusion is contrary to Ref. 13 where it was argued that

this is inconsistent with the location of this resonance at the Most of the phase-sensitive Josephson tunneling experi-
k, zone boundary. But an alternative explanation has beements which seem to demonstrate therave gap form have
offered for this zone boundary feature, in terms of a strongebeen done with YBCO, a material which is obviously ortho-
nesting for thek—k+ Q transitions which are interband rhombic because of its CuO chains. Takectronic orthor-
(bonding band to antibonding banimansitions>* This weak- hombicity of this material is known to be quite stroffgrhe

ens thes-wave conclusion of Ref. 13, but it also allows the distortion of the gap form by this orthorhombicity is com-
possibility that the present anisagap form, with gap nodes monly described by the addition of évotropic swave com-
and without a sign change between the bonding and antiponent to the presumed makt—y? d-wave component:
bonding bands, may somehow be consistent with the obthus, in shorthand notationd”” —** d+s,”” where this s
served s resonance. Ther resonance data and theory are component is subsidiary.
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ortho

for k's aligned with the normal to the twin boundary, marked
45° in the figure. If the various parameters have suitable
values, the dominank contributions to the tunneling will

A(0) :
couple the— to + and + to — regions of the two gap
‘ functions, leading to a nets-junction” (7 phase=negative
0 : \)., : coupling for the dominant '$+g’’ component of the gap.
0° 180° 570° T 600 Just such am-junction coupling for thes-wave (isotropig

component of YBCO has been demonstratedciaxis tun-
neling into Pb, with the junction straddling a single twin

FIG. 1. The eight-node $+g” gap form for a CuQ plane. boundary This result has been interprefdd as evidence
Dashed line: undistorted tetragonal case. Solid line: orthorhombiéor a d-wave-dominant gap form, the “usuabi-wave form
case for YBCO. Paik vectors at the Fermi surface are parametrizeddistorted by orthorhombicity, but it is now clear that this is
by 6, their angle position as viewed frofar,m), the center of the not the only reasonable interpretatidhiVith either interpre-
holelike Fermi surface. tation, this experimental result raises the question of why

relatively large critical currents, as measured| pi,, were

In contrast, what we are describing as the anisotrepic-observed in earliec-axis tunneling experiments with heavily
gap form, for an ideal tetragonal Cu@lane, is s+g,”  twinned YBCO’?>"® A plausible answéer is that uniaxial
where thiss is an isotropic component angl means an stress in the sample can enlarge the domains of one of the
=4 (here cos4) component. With a sufficiently largg  twin orientations, at the expense of the other twin orienta-
component this gap form has eight nodess shown by the tion, and such a dominance of one twin orientation has in
dashed line in Fig. 1. In common with the usuilvave fact been directly observéd.On the other hand, foun-
form, experiment suggests and the valence-fluctuatiomwinnedYBCO the correspondint.R, is ~1 mV,” which is
theory’ predicts that this gap is largest along the Cu-O boncabout 20% of the Ambegaokar-Baratoff value obtained by
directions ¢=0°,90°,180°,270°) [Here # is an angle pa- assuming a conventionalwave gap’>"®This magnitude of
rametrizing thek states on the Fermi surface, as viewed from| R, is so large that this is even suggestive ofi@ninant
(m, ), the center of the holelike Fermi surfafe.The effect swave component here, as other investigators have noted.
of the orthorhombicity in YBCO is now described by adding Essentially the same large magnitudel gR,, has also been
a subsidiary ¥—y? d-wave component to produce the form observed in an ingenious geometry of a misoriented grain in
shown by the solid line in Fig. 1. Note the shifts in the a YBCO thin film, which provided a pair of very cleah00)/
angular positions of the nodes and of the most negativ€d01) grain-boundary junctions in serié[This latter paper
points(shifts away from 45° etg,. and also the alternation of also has corresponding and quite intriguing data (fidr0)/
stronger and weaker gap maxima along the CuO bond direg001) junctions. The authors suggest that thiglwave evi-
tions. dence, but it is actually not clear how this latter data should

Consider now what this orthorhombic distortion can do tobe interpreted)
the tunneling across a twin boundary, assuming the present We now consider the effect of these geometric features for
eight-node gap form. Since the twin boundaries in YBCO arethe case of a corner-junction tunneling experiment, assuming
aligned at 45° to the planar Cu-O bonds, the relevant gapa heavily twinned sample. The relevant geometry is shown in
function geometry could be as shown in Fig. 2. The twoFig. 3, where the diagonal stripes represent individual twin
offset parabolic curves represent the lowest parts of the twdomains and the arrows show theiraxis (or possibly
gap functiongfrom the two sides of the twin boundanand  b-axis) orientations] The other superconductor, which wraps
the bell curve represents the relative amplitude for Josephsaround the corner, is NtRef. 7) or Pb(Ref. 76.] The key
tunneling of a pair at the Fermi surface, whdseector di-  feature now is the alternation between the stronger and
rection is labeled by. (The tunneling amplitude is greatest weaker gap maxima, as shown in Fig. 1. These stronger and
weaker lobes are symbolized by the larger and smaller
bulges along the andy crystal faces in Fig. 3. Clearly, the
positive contributions should dominate along one of these
crystal faces and the negative contributions along the other,
leading to an apparent phase shiftobetween thex andy
crystal faces. Subject to some caveats below, this result can

0

W - 0 explain the experiment of Mathait al.” This has been con-
; sidered one of the most convincing of tdewave experi-
45 ments, mainly because a SQUID scanning microscope was

FIG. 2. Possible gap-function geometry for a YBCO twin USed to ensure the absence of trapped flux. In this experiment

boundary, showing howr-junction behavior can arise. The offset there was actually a hole at the corner, making this a corner
parabolic curves represent the lowest sections of the gap functionsQUID instead of a corner junction, but this difference does
from opposite sides of the twin boundary. The bell curve shows thé0t affect the present argumelithis experiment also dem-
relative amplitude for Josephson tunneling of a pair at the Fermpnstrated time-reversal invariance, thus ruling out complex
surface. Paik vectors are parametrized as in Fig. 1, where the gap forms such as t+is.””) The present explanation
normal to the twin boundary is at 45°. bears some resemblance to previeswave proposals in-
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Yy patterns, for critical current as a function of applied field,
were stated to be essentially independent of the twin density.
(Nevertheless, a deviation from the ideal diffraction pattern
was quite noticeablg. This is clearly a problem for the
present picture. There have, however, been two major criti-
cisms of this experimerit- One criticism is that a flux line is
likely to be trapped at the sample corner, during the
+ cooldown throughT;, because of its “mirror charge” attrac-
tion to each one of the two crystal edges. There is thus a need
A - for SQUID microscope examination of sharp-cornered
- single-crystal samples of YBCO to see if such a flux trapping
A may be the typical behavior. This suspicion also applies to
- the untwinned single-crystal corner SQUID experiment of

x W Brauner and Otf® The other criticism is the experimental
+ + +

observatiof”® that self-field effectgarising from junction

FIG. 3. Effect of twinning in a YBCO comer junction. The asymmetry can produce phase shifts similar to those ob-
diagonal stripes are the individual twin domains, the arrows showserved by Wollmaret al’®
ing their respective axes(or possibly theitb axes. The alternating
larger and smaller bulges, along thandy crystal edges, represent
the alternating stronger and weaker positive gap lobes from Fig. 1. IV. PROPOSAL FOR AN EXPERIMENTAL TEST
The alternating signs come from thejunctions at the twin bound-
aries. This interpretation of the corner-junction and corner-
_ . o SQUID tunneling experiments can be tested. Along the
volving competition between gaps of opposite signs for theyg g ¢rystal face, where there is a junction with an s-wave
ﬂg:;%giezingsg)%ﬂgmgr alrl]st 2%%?9':2,{;?1‘3} ?n tilr_]e superconductofPb), each twin-boundary termination pro-
yer p y ’ vides a tricrystal junction. According to the present interpre-

present case these gaps have the same sign and the blla¥aetﬁon, if the spacing between the twin boundaries is large

character of YBCO does not play an essential role. The chaunnough there should be approximately a half-quantum of

gap is also assumed here to be unimportant for symmetrﬁ : . .

sensitive experiments. A common defect of these aIternativmgf.por'ta_neous flux localized around ea_ch such tricrystal pqmt,
schemes for YBCO is that they have not dealt with the prob@1d this flux should be detectable with a SQUID scanning
lem of continuity versus sign change of the isotropicom- ~ MICroscope. The criterion to have such regions of relatively

ponent across a twin boundary. As just discussed, and 4a"9€ Spontaneous flux, of alternating sign, is that the dis-
emphasized in Ref. 71, this issue is very important. tance between the tricrystal points should be larger than the
The caveats are the followind1) We are ignoring the Josephson penetration len§& which for the YBCO-Pb
effects of electronic coupling between adjacent gplanes, junction is probably>1 um and perhaps-10 um. (The
as well as such coupling to the chaifighis is appropriate in Josephson penetration length plays the role of an effective
the context of the valence fluctuation theory, at least to a@veraging distance for the gap behavior along the
reasonable first approximation, as explained in Ref. 4. It wagunction®®) However, in the only SQUID scanning mi-
shown there that this assumption is compatible with the comeroscope examination to date for such a tunneling geometry
mon and strong dependenceTgfon the number of adjacent (the experiment of Mathaét al.’), the typical twin domain
CuG, planes, which is attributed to changes in the effectivewidth was<<1 um. This experiment did not find such spon-
electronic parameters controlling the individual GuO taneous flux, in agreement with the expectation for these
planes) (2) The twin boundary must provide a sufficient narrow twin domains. Another reason, however, is the rela-
barrier to restrict the tunneling amplitude ks in a not-too-  tively large diameter of the scanning SQUID pickup loop,
wide angular window around the boundary normal. There isvhich was~10 um. It would thus be worthwhile to do simi-
some evidence for a significant barrier héte(3) The lar SQUID scanning examinations of YBCO corner junctions
strength of the electronic orthorhombicity, specifically here(or corner SQUID’$ having much wider twin domains, with
the angular offsets of the minima in Fig. 2, must be within anPb-junction arms long enough to cover several such do-
appropriate rangd4) Scattering from irregularity along the mains. Actually, such a Pb junction alongsingle YBCO x
twin boundaries must not be too stror(§) Any net excess ory crystal face should suffice here. According to the com-
area of one of the twin orientations over the other, due tanon d-wave picture, the dominant d-wave component con-
uniaxial stress, must not be too largé) The individual twin  tinues across each twin boundary without change of
domain widths must be smaller than the Josephson penetraign®’*"3and since this is the component which determines
tion length, as discussed in the following section. the tunneling at thex or y crystal face, there should thus be
In the corner-junction experiment of Wollmat al’®the  no such spontaneous flux. This is a clear difference from the
various single-crystal samples had widely varying twin den{present anisa-prediction. With the present technology of
sities and even included samples with no twin boundary irsample preparation and SQUID microscopes, this test should
the corner-junction region. The Frauenhoffer-like diffractionbe quite feasible.
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V. SYMMETRY OF TI-2201 nearby ions in the TI-O plarf&. This technique has shown
that the short TI-O bonds are linked to provide zigzag TI-O
chains oriented at 45° to the planar Cu-O bond directions, at

Tsuei, Kirtley, et al® (hereafter TK has the elegant feature . :
of relying entirely on symmetry arguments to establish the least over some undetermined short range. According to Ref.
85, the obtained short TI-O bonds have a length of 2.39 A,

q-wave gap form. This experiment is claimed to b.e_a'l dennl'close to the chemically expected 2.28 A and much shorter
tive proof for thed-wave gap form—the most definitive of

. . : than the 2.73 A length in the undistorted structure. This zig-
the d-wave experiments. An essential feature here is the a g g

. » 5z'ag chain arrangement is similar to the form of short-range
sumed tetragonality, orlack of ~orthorhombicity, of ~ gisiortion encountered in Bi-2212, where the long-range con-
TI,Ba,CuQ; (TI-2201), the material which was used. It is (nyity and near periodicity of the distortion has led to more

recognized that this mgterial can be prepared with either tesecure information from Bragg diffractid¥i.Although Bi-
tragonal or orthorhombic structure, depending on the amourg212 has the additional complications of extra oxygen ions
of Cu substitution at the Tl sites and on the amount of excesgnd an incommensurate modulation or superstructure, there
oxygen®"#2The epitaxial film sample of TK was determined are analog materials without these complications
to be tetragonal within the resolution limits of a number of [ (Bi, Pb),(Sr,La,CuQ; and (Bi, Pb),Sr,(Ca, Y)Cu,Og),
different characterization techniquéaslithough some of this where “pure” zigzag chains of this form have been con-
evidence was inferred from tests on similar samples firmed as the long-range ordered structiftéThis peculiar
There is, however, another study, by Willemin, Rosselzigzag structure is governed by the feature that the short
et al® (hereafter WR using angle-dependent torque magne-TI-O bonds preserve O-TI-O bond angles of nearly 90°, and
tometery, which found that two very simifdrand also nomi- similarly for the bismuth analogs. There is also additional
nally tetragonal(tetragonal at room temperatyirepitaxial ~chemical and electronic motivation for this type of
film samples hadrery strongelectronic orthorhombicity in  structure’®®® The radial pair distribution study was actu-
the superconducting statéThese samples had different film ally done on TI-2212, but this evidence from TI-2212, Bi-
thicknesse$ At T/T.=0.6, the ratio H,(b)/H¢,(a), forthe 2201, and Bi-2212, together with the bond-length and other
H.,’s along the orthorhombib and a axes, was found to chemical motivatiorf?®® now makes this form of distortion
exceed 1.6. At first sight this result is very surprising andhighly likely also for TI-2201, at least on a short-range scale.
paradoxical. It is unlikely that such a large electronic effect Atroom temperature in the “tetragonal” TI-2201 samples
could come from an orthorhombicity which is undetectablythe TI-O layers have no long range order, wheratgow
small at room temperature and which is temperature indetemperaturest is quite possible that the distortions may be-
pendent. As the most likely explanation, the authors sugcome organized into long-ranged chains of the type just men-
gested that an orthorhombic distortion developed spontandioned, thus providing a macroscopically orthorhombic
ously in the samplest low temperature Another feature distortion®° (Whether this actually occurs, for a particular
found by the authors provides some independent support feample, may depend rather delicately on details such as the
this proposal. The authors tried repeatedly warming theitype and concentration of defects at the thallium sites—the
samples abov@, and then cooling and repeating the mea-substitutions or vacancigs. This conclusion is based on
surements. It was found that this thermal cycling sometimeg&nalogy to the bismuth cuprates, where there is some evi-
shifted the orientation of the anisotropy by 90°. These shiftglence for an order-disorder transition far above room tem-
are consistent with spontaneous distortion, whereas they aperature and for which a statistical-mechanical model has
probably inconsistent with most of the possible experimentabeen developetf. It was furthermore argued in that model
artifacts. We shall now argue that this proposed spontaneo@udy that the temperature scale for this transition should be
distortion is quite likely the correct explanation, becausemuch smaller for the thallium cuprates than for the bismuth
there is a very reasonable mechanism for this. It followscuprates. In the TI-2201 experiment of WR it appears that the
from this argument, as well as from the WR experiment, thaprthorhombicity sets in just at or very ne#g. (This could
a similar low-temperature orthorhombicity may well have be an illusion, because the sought-for signal depends on su-
occurred in the experiment of TK. perconductivity and the data shown have been subjected to a
There is much crystallographic evidence for straihgrt-  subtraction of abové-, data, but on the other hand the form
range(within unit cell) distortion within the thallium-oxygen of the data also suggests onseTat) A nearT, onset is also
layers of the thallium cupraté2>8®which involveslarge  supported by the above-mentioned result of thermal cycling.
in-plane displacements of these ions away from their nomiThere are also several other experiments indicating structural
nal positions[shifts of ~0.4 A for O, ~0.3 A for Tl (Ref.  changes at or quite nedr..°"°2 |n particular, a radial pair-
85)]. These displacements are local adjustments to relieve @istribution neutron studyof TI-2212) (Ref. 91) revealed
mismatch between the chemically preferred planar TI-O angtrong buckling in the Cu©plane, a distortion which repre-
Cu-O bond lengths: namely, to create shortend thus sents tilting of the Cu@octahedralor CuQ; pyramids, for
more optimum planar TI-O bonds. Unfortunately, lack of this material. [Such a tilting distortion is well known to
long-range order has severely limited the information aboubccur in La_,(Ba, Sr),Cu0,.%®] The pattern of this buck-
this distortion that can be extracted from conventional Bragding was found to change at or nea.
diffraction analysis. Analysis of the radial pair distribution In the present context this “tilting” character of the
function has therefore been very helpful here, by providingCuO,-plane distortion has two appealing aspect&@) This
constraints on thecorrelations between displacements of provides a means to coordinate or lock together the distor-

A multicrystal (tetracrystal tunneling experiment by
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tions in different planes, so as to generate a threenodes remain symmetrically displaced from the 45° and 225°
dimensional orthorhombic structure. The Tl displacementslirections by angles §;, while they are displaced from the
can be expected to cause similar displacements of the apicaB5° and 315° directions by different shifts afd,. This
oxygens and vice versa, thus linking the TI-O plane distordistortion can be qualitatively described by adding a subsid-
tions to the Cu@ (or CuQ,) tilts, while the tilts coordinate iary d-wave component of they form (instead of*—y?). If
the distortion order on opposite sides of the Guflanes. this distortion is strong enough, this will remove four of the
There is not yet any direct evidence of coordination between©riginal” eight nodes. At the same time the displacements
adjacent TI-O planes, but this is probably similar to what is” @ Of the other four nodes should be enlarged, and the
observed in Bi-22187 (b) This tilting allows for a strong Magnitude of the corresponding antinodeay, at 45° and
orthorhombic distortionwithout requiring changes of the 2259 should be increased. This latter aspect could be the
Cu-Cu lattice parameters. In a single crystal such latticel®@S0n why the within-gap feature of Bi-2212 occurs at a
parameter changes would of course be expected, but in tH€'atively higher energyabout one-half of the gap maxi-
case of epitaxially pinned filmgthe TK and WR experi- mum) thgn fori th.e other materials in poirtl) of Sec. II,
ments it is quite possible that the pinning would not inhibit Where this ratio is generally near 0.25. The nature of any
this form of orthorhombic distortion. twin boundaries—namely, the appropriate analog of Fig.

Because the picture we have just described has not begT—iS unclear, but there is much less tendency for twinning in
directly confirmed for TI-2201, we must emphasize the vari-these materials. This was not a problem_m the experiment of
ety of clues that this is based on: chemical bond lengths?VR. where the sample consisted of a single domain.
crystallographic data, tight-binding band calculations related
to chemical valencédoping consideration§5:8° analogy to VI. GAP FORM IN ELECTRON-DOPED CUPRATES
bismuth cuprates, statistical-mechanical modelffhand the
anisotropy-orientation shifts resulting from thermal cycling.  As is well known, there is much evidence for a nodeless
Furthermore, the development of this picture was quite indeand fairly isotropics-like gap in the electron-doped cuprate
pendent of the WR experiment, and indeed this was dondld;_,CeCu0,_, (NCCO).* This evidence includes an ac-
without any concern for the gap symmetry. More low- tivated exponential decrease of the penetration depth incre-
temperature studies are needed, with examination of the sy§1entAN(T) =\(T)—\(0) atT<T., Raman evidence for a
tematic effects of copper substitution on thallium sites and ohearly isotropic gap, and the absence of any zero-bias con-
extra oxygen.(We emphasize again that the realization ofduction peak in tunneling data. There are, however, several
this low-temperature orthorhombicity in “tetragonal” recent papers which challenge this conclusion for the
samples is likely to be sensitive to sample detpilsSthe  electron-doped cuprates NCCO and , BCgCuQ,_,
lack of adequate experiments for TI-2201 has been due, 4°PCCQO. We now briefly examine this recent work.
least in part, to inadequate sample homogeneity at the time A study of the temperature and magnetic field dependence
of the above-mentioned experiments. of \ has found power-law behavior in thé dependenc&®

The net result of this discussion is that, due to the veryThe authors argued that this indicates gap nodes. But the
reasonable possibility of such a strong crystallographic antpwest temperature reached in this study was still rather
electronic orthorhombicity developing at low temperature inhigh—namely, 0.Z.—so the validity of this apparent
the TK sample(as strongly suggested by the WR experi- power-law behavior is questionable. On the other hand, there
mend, the symmetry-based experiment of TKrist conclu-  was also an excellent activated exponential fito(T) for
sive d-wave evidence. Thd-wave gap form is therefore not H=0, from 17 K to the lowest temperature of 7.5 @here
proved in this experiment, although it is not disproved eitherwas also evidence for very little influence from the paramag-
While one cannot expect an arbitrary ansgap form to  netism of the Nd&"* ions)
explain the TK result, it is quite possible treimesuch form Two more recent studi@s®® of the temperature depen-
may work. This is suggested, for example, by the bicrystaence ofA\, for NCCO and PCCO, also found reasonable
tunnelling experiments in poirt¥) of Sec. II.(It is notewor-  consistency with the power-law behavior expected for the
thy that the maximum group velocity at the Fermi surface isd-wave gap form. These studies featured better samples,
at or very near where the eight-node gap form is negativemnore refined apparatus, and lower temperat(otes/n to 1.2
which may therefore enhance the influence of the negativeand 0.4 K, respectivejythan in previous works. But both of
gap regions. In a modeling study it would of course be these studies also found consistency with the activated expo-
important to determine whether a gap parameter regime camential form AX(T)=\(0)[ wA(0)/kgT1¥2ex — aA(0)/
be found that also explains the earlier tricrystal experimenkg T], where« is a constant. In both papers the authors re-
with this materiaf® jected these activated fits as unreasonable, because of con-

In common with the bismuth cuprates, e.g., Bi-2201 andspicuously small values obtained for the parametéfs and
Bi-2212, the orthorhombicity of the thallium compounds dif- A(0). We note, however, that for a strongly anisotropic but
fers geometrically from that of YBCO. In the Tl and Bi cu- nodeless gap, thé\(0) from such a low-temperature fit
prates the orthorhombic axes are at 45° to the planar Cu-@ould be theminimumvalue occurring in this gap form. The
bonds, instead of being parallel to these bonds. Thus, in thassociated\(0) would also be small because, according to
d-wave picture, the orthorhombic distortion in these cuprateshis AX(T) formula, it would in effect be characterizing the
does not shift the node locations away from their undistortedraction of the Fermi surface associated with a near-
positions at 45° to the Cu-O bonds. In awave picture the  minimum gap. At higheil the AN(T) should rise faster than
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this simple activated form, because of the additional contricommonly believed. A specific experimental test has been
butions from Fermi surface regions with larger gap valuesproposed.

Such a faster rise was indeed seen for both materials. These Although there are now alternative explanations for some
data are therefore consistent with nodeless but strongly af the apparently most importadtwave evidence, we have
isotropic gaps in NCCO and PCCO. It appears from this thabbviously not covered all of this evidence. We now consider
the anisotropy is stronger in samples of higher qudlibe  some of this other evidence.

fitted A(0)'s are smalle}, as should be expected. The PCCO  The data for|A| from angle-resolved photoemission ex-
data of Ref. 98 are analyzed in much detail in Ref. 10, showperiments is a serious problem for the present interpretation

ing good consistency with a nodeless but anisotropic gapang. perhaps, the most serious problem. The observed gap
and inconsistency with a dirty wave. There are also data on inimum at 45° is too sharp: i.e., it shows too much of a V
tunneling through bicrystal grain-boundary junctions WhiChshape, suggesting d-wave rather than an aniso-gap
indicates strong gap anisotropy in both NCCO and P(?fto. form 1% And farther away from 45° this data continues to
There are also papers which present appatemive evi-  fo|jow the d-wave prediction quite weli® But there are sev-
dence. By tunneling into tha-b plane of NCCO, a zero-bias  grg| possibilities which may be able to explain this. The pho-
conduction peak has been observéSuch a peak is gen- toemission data beloW, could be dominated by surface pair
erally regarded as ewdencg for bound states due to Andreegfates’ which might provide this V shap&®1% Also, a
reflection and, thus, as evidence for a gap node among the,mper of recent works argue that these data are complicated
important tunnelingk vectors (although a contrary mecha- by a strong interaction between the “simple” quasiparticle
nism has recently been propos&il Tricrystal experiments _state and an accompanying virtual spin fluctuatignt has
have found a half quantum of flux around the three-grainyso heen suggested that the variation along the Fermi sur-
intersection point, for both NCCO and PCCBThis result  ace of the quasiparticle peak width may be influencing the
clearly requires gap nodes. Although this suggests the cornsRpES.-deduced g8 due to the typical use of the “lead-
ventionald-wa}ve gap form, .it is also quite possible that this ing edge shift” criterion to determine this gap. Another prob-
can be explained by the eight-node gap fofth [Encour- o is the one-electron or band-structure effaf the mi-
agement for this can be found in poif) of Sec. Il] A ¢ro5copic phase separation found in the stripe picture, since
detailed modeling study is needed h&te. L stripes may well be present in the samples Usedr optimal
The most straightforward and likely possibility to recon- 4oping. [The ARPES data show several similarities to the
cile all of this information is that in all cases the gap has alorresponding data for 2H-TaSE 1%a material well known
anisos form and that the previous general absence of nodeg; its charge-density-wawCDW) distortion. The CDW can
and the near isotropy has been due to angle averaging fropk viewed as an incipient stripe formatibn.Thus, by any
poorer sample_quality. This possibility is nicely consistgntof these means, the V-shaped dip may not represent the in-
with swave .eV|denLc1:e for the hole-doped cuprates and likeyinsjc angle variation ofA|. A further problem is that the
wise with evidenct for anisotropicswave gaps in the ma-  ARpES technique itself has recently been shown to be less
jority of the other exotic superconductors. straightforward than was generally believed. There are unex-
pectedly strong matrix element effeétd which are so strik-
ing that the Fermi surface has appeared to change signifi-
cantly (from hole to electron topologywhen the incident
We have presented evidence for an anisotrepi@ve  photon energy is changélf There are claims that the
gap form, with nodes, for the hole-doped cuprates, and wearlier-obtained Fermi surface has now been reestabli$fed.
have reviewed the current state of this evidence. The comi-lowever, a more complete resolution of this problem is now
bined weight of this evidence provides strong motivation torecognized to be the existence of a bilayer splitting of the
search for alternative explanations for the many experimentguasiparticle bands in Bi-2212, and a photon energy depen-
which appear to require dwave gap form. We have noted dence of the matrix elements that favors the shallojaati-
at the outset that most of the non-phase-sensitive experbonding band at lower photon energi€s-22 eV) and the
ments can plausibly be accounted for by the nodes in théeeper (bonding band at higher photon energigs>30
anisotropics gap form. Further examination of this data is eV).!'* The implications for the previoug\| data are still
desirable to see to what extent this data can distinguish bemclear. (This bilayer splitting requires a reassessment of
tween the d-wave and the eight-node anisotrogicgap  other conclusions from ARPES data, such as the above-
forms. Conventional one-electron planar tunneling is one exmentioned strong interaction between “simple” quasiparti-
ample which clearly favors the latter form, and other 8ata cles and an accompanying spin fluctuation or paramagnon.
are suggestive. There are very recent analyses of several eXH of these matters may complicate the determinatiop\bf
amples of such data which clearly favor the amsgap  Another concern to be dealt with in this context is the
form .10 ARPES data on highly overdoped Bi-2242which is
We have also presented anisotropigrave explanations clearly contrary to the standaddwave picturepoint (6) in
for three of the phase-sensitive Josephson tunneling expergec. II|. It is also noteworthy that for the single-layer mate-
ments. These are experiments which are widely regarded aiml Bi-2201 the|A| determined by angle-resolved photoemis-
some of the most convincing-wave evidence. Altogether, sion is strongly U shapétf and is even somewhat sugges-
these arguments demonstrate that the anisotepiave evi-  tive of the eight-node anisotropigap form.
dence is stronger and tlikwave evidence is weaker than is  Another area of much current interest is the systematics of

VIl. CONCLUDING REMARKS
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the zero-bias anomalies in quasiparticle tunnelfigflhese  sonable than this has seemed in recent years. The experimen-
anomalies are attributed to states at the tunneling barrieal test proposed in Sec. IV should be quite significant.

which arise from sign changes in the gap under Andreev Finally, we must say that the anisesave picture for the
reflection, so these data may also provide evidence for thRole-doped cuprates has an appealing consistency with the
gap form(but see Ref. 101 So far, most of these data show anisos conclusion of Sec. VI for electron-doped cuprates.
good consistency with the dominasiwave type of gap This eliminates the problem of apparently needing different
form (see Ref. 101 for exceptionsbut the theoretical con- mechanisms for the hole-doped and electron-doped cuprates.
sequences of the present eight-node form with orthorhombicrhis is also nicely consistent with the evidence for

ity have not been investigated. The same can be said for thgnisotropics-wave gaps in the majority of the other exotic
recently observed spatial modulation of the STM tunnelingsyperconductor®®*
conductance in the neighborhood of a zinc or nickel impurity  Note added in proofEvidence for strong gap anisotropy

in Bi-2212:*" The possibility of answave explanation of i the electron-doped material NCCO has also been obtained
the 41-meVr resonance was considered in Sec. lll. As notedhy angle-resolved photoemissidi.

in Secs. V and VI, there is also a need for modeling of the
various tricrystal and related experiments, and furthermore
the apparent inconsistencieslgR,, for c-axis tunneling data
(Sec. I) need a consistent explanation. The puzzle of the
nonlinear Meissner effect data has, however, now been ex- | am indebted to P. Chaudhari and R. A. Klemm for many
plained by means of the anisogap form*° enlightening discussions abostvs-d issues, to Q. Li, J. H.
The difficulties just mentioned must of course be weighedMiller, D. Van Harlingen, and F. C. Wellstood about their
against the problems for tretwave picture, as discussed in phase-sensitive tunneling experiments, to L. Bulaevskii for
Sec. Il. Just as a seriosswave proposal must confront the an important comment about one of these experiments, to S.
apparentd-wave evidence, thel-wave proponents should M. Anlage for discussion of the electron-doped cuprates, to
now be expected to deal with tlsevave evidence of Sec. Il T. Egami, J. D. Jorgensen, Z. F. Ren, C. Rossel, and M. A.
and Ref. 10. The gap form in the hole-doped cuprates haSubramanian for information about TI-2201, and to D. S.
continued to be a slippery problem, but the possibility of aDessau for discussion of ARPES data. This work was par-
consistent anisotropis-outcome now looks much more rea- tially supported by the U.S. Department of Energy.

ACKNOWLEDGMENTS

"A. Mathai et al, Phys. Rev. Lett74, 4523(1995; F. C. Well-
stood (private communication

8C. C. Tsuei, J. R. Kirtleyet al, Nature (London 387, 481
(1997.

IrR. C. Dynes, Solid State Commu@2, 53 (1994); J. R. Schrief-
fer, ibid. 92, 129 (1994; D. Pines, Physica @35-240, 113
(1994); C. Kallin and A. J. Berlinsky, Hyperfine Intera@6, 489
(1994; A. Barone, Nuovo Cimento 16, 1635(1994; C. M.

Varma, J. Phys. Chem. Soli@®, 1685(1995; D. J. Scalapino,
Phys. Rep.250, 331 (1999; D. J. Van Harlingen, Rev. Mod.
Phys.67, 515(1995; J. Annett, N. Goldenfeld, and A. J. Leg-

gett, inPhysical Properties of High Temperature Superconduct-

ors, edited by D. M. GinsbergWorld Scientific, Singapore,
1996, Vol. 5, p. 375; J. Low Temp. Phy4.05 473(1996; Y.
Gimet al,, J. Phys. b, 2299(1996; K. A. Muller and H. Keller,

in High-T, Superconductivity 1996: Ten Years after the Discov-

ery, edited by E. Kaldiset al. (Kluwer Scientific, Dordrecht,
1997, p. 7; C. C. Tsuei and J. R. Kirtley, Rev. Mod. Phy2,
969 (2000. See also a proceedings volunidie Gap Symmetry
and Fluctuations in High § Superconductorsedited by J. Bok,
G. Deutscher, D. Pavuna, and S. A. Wolf, Vol. 371 NATO
Advanced Study Institute, Series B: PhygRlenum, New York,
1998.

2G. D. Mahan, Phys. Rev. B0, 11 317(1989; A. J. Fedro and D.
D. Koelling, ibid. 47, 14 342(1993. Similar calculations for
other gap formsd+s,g+s,d+g,g+d) can be found in M. T.
Beal-Monod and K. Makijbid. 53, 5775(1996; R. Nemetschek
et al, Eur. Phys. J. B, 495(1998.

3B. H. Brandow, Int. J. Mod. Phys. B, 2667(1994.

4B. H. Brandow, Int. J. Mod. Phys. B, 3859(1994.

5B. Brandow, Philos. Mag. B0, 1229(2000).

K. A. Kouznetsovet al, Phys. Rev. Lett79, 3050(1997.

9T. Jacobset al, Phys. Rev. Lett75, 4516 (1995; M. MoRble
and R. Kleiner, Phys. Rev. B9, 4486(1999 (see Fig. 8.

10G.-m. Zhao, Phys. Rev. B4, 024503(2001).

1R, A. Klemm, M. Ledvij, and S. H. Liu, Proc. SPIE697, 44
(1996; R. A. Klemm, Phys. Rev. B55, 3249 (1997; Int. J.
Mod. Phys. B12, 2920(1998.

12N, Bulut, D. J. Scalapino, and R. T. Scalettar, Phys. Re45B
5577(1992; A. I. Liechtenstein, I. I. Mazin, and O. K. Ander-
sen, Phys. Rev. Let?4, 2303(1995.

131 |. Mazin and V. M. Yakovenko, Phys. Rev. Leff5, 4134
(1995; 76, 1984E) (1996.

1T, Dahm and L. Tewordt, Physica 253 334 (1995.

15D, 7. Liu, K. Levin, and J. Maly, Phys. Rev. B1, 8680(1995.

18A. A. Golubov and I. I. Mazin, Physica 243 153(1995.

711. Mazin, A. A. Golubov, and A. D. Zaikin, Phys. Rev. Le#5,
2574 (1995; R. Combescot and X. Leyronaiyid. 75, 3732
(1995; Phys. Rev. B54, 4320(1996.

18For a recent experimental survey, see H. F. Fehgl, Phys.
Rev. B61, 14 773(2000.

95ee the discussions in Refs. 15 and 16.

20y, 7. Kresin and S. A. Wolf, Phys. Rev. 86, 6458(1992; N. D.
Whelen and J. P. Carbottiaid. 62, 15 221(2000.

21K. Zhanget al, Phys. Rev. Lett73, 2484 (1994; A. G. Sun
et al, Phys. Rev. B52, R15731(1995; D. N. Basovet al,

054503-12



ARGUMENTS AND EVIDENCE FOR A NODE. ..

Phys. Rev. Lett74, 598(1995; J. L. Tallonet al, ibid. 74, 1008
(1995.

223, Buanet al, Phys. Rev. B49, 12 220(1994); V. Breit et al,,
ibid. 52, R15 727(1995.

Z3W. A. Atkinson, Phys. Rev. B59, 3377(1999.

24B. Brandow, Phys. Ref296, 1 (1998. For a summary of this
survey and its main implicatior(hose independent of a specific
theory) see Sec. 2 of Ref. 5 or B. Brandow, Int. J. Mod. Phys. B
13, 3482(1999.

257 Geerket al, Physica C162-164, 837 (1989; M. Gurvitch
et al, Phys. Rev. Lett.63, 1008 (1989; I. Takeuchi et al,
Physica C158 83 (1989; J. Lesueuret al, ibid. 191, 325
(1992; H. J. Taoet al, Phys. Rev. B45, 10 622(1992; Ch.
Renner and/OFischer,ibid. 51, 9208 (1995 (see Fig. 1§ L.
Ozyuzeret al, ibid. 57, R3245(1998 (a weak sign of an inner-
gap feature in TI-2201 can be seen in Fig. th mercury cu-

prates there are also weak signs of an inner-gap feature; see Fig.

1 of J. Y. T. Weiet al, ibid. 57, 3650(1998.

26T, Ekino and J. Akimitsu, Phys. Rev. BO, 6902 (1989; G.
Briceno and A. Zettl, Solid State Commur0, 1055(1989; J.
M. Valles, Jr. et al, Phys. Rev. B44, 11 986(199)) (see Fig.
10); S. I. Vedeneeet al, ibid. 49, 9823(19949; A. I. Akimenko
et al, J. Low Temp. Phys107, 511 (1997; S. Matsuoet al,
Physica C282-287, 1497(1997; N.-C. Yehet al, Phys. Rev.
Lett. 87,087003(2001).

PHYSICAL REVIEW B 65 054503

(1996. Some of the earlier data show a strong increase af
small T, suggesting a near divergence, but the Byregion is
more sensitive to errors.

40The difficulties in accounting for this data by means afaave

gap form can be seen in H.-B. Stter and C.-H. Pao, Phys.
Rev. Lett.75, 4504(1999; C. Buzeaet al, Physica C270, 317
(1996; T. Dahmet al, Phys. Rev. B54, 12 006(1996. There

is, however, some contrary evidence from a substadtighve
phonon pairing interaction that has been obtained from band-
theoretic calculations: S. Y. Savrasov and O. K. Andersen, Phys.
Rev. Lett.77, 4430(1996; T. S. Nunner, J. Schmalian, and K.
H. Bennemann, Phys. Rev. B9, 8859(1999; and further pa-
pers reviewed by Tsuei and Kirtle§Ref. 1). But such band-
theoretic calculations ignore the substantial reduction of
electron-phonon coupling due to the strong correlations induced
by U: J.-H. Kimet al, Phys. Rev. B10, 11 378(1989; 44, 5148
(1991); M. L. Kulic and R. Zeyher,bid. 49, 4395(1994); M.
Mierzejewski, J. Zielinski, and P. Entehid. 60, 10 442(1999.
Neither have these band-theoretic calculations dealt with the re-
gime of low T, due to doping, where the isotope shift becomes
large (~0.5).

41C. Kendziora, R. J. Kelley, and M. Onellion, Phys. Rev. L&,

727 (1996; 78, 4892 (1997. See also C. Kendziora and A.
Rosenberg, Phys. Rev. ®, R9867(1999; C. Kendzioreet al,
Physica C364-365,541 (2002.

2’Consideration of the tunneling amplitude contribution from the #?B. Stadloberet al, Phys. Rev. Lett74, 4911(1995.
planar oxygen P components of the band states is argued to “*The evidence for a nodeless and rather isotropic gap in
lead, in the STM experimental geometry, to a strong suppression Nd,_,CeCuQ, is in D. H. Wu et al, Phys. Rev. Lett70, 85

of the tunneling fronk’s around thg(1,1) direction: S. Tanaka
et al, J. Phys. Soc. Jpré4, 1476 (1999; 65, 2212(1996; E.
Uedaet al, Physica C249 181 (1995.

283ee, for example, J. Chest al, Phys. Rev. B49, 3683(1994);
G. T. Jeonget al, ibid. 49, 15 416(1994); Renner and Fischer
(Ref. 25; T. Ekino, T. Doukan, and H. Fujii, J. Low Temp. Phys.
105, 563(1996.

29H. Murakami and R. Aoki, J. Phys. Soc. Jid, 1287(1995; K.
Kitazawa, H. Sugawara, and T. Hasegawa, Physi@6& 214
(1996; K. Kitazawa, Scienc@71, 313(1996.

3OMurakami and Aoki(Ref. 29; T. Tanuma, Y. Tanaka, M. Ya-
mashiro, and S. Kashiwaya, Phys. ReVbB 7997(1998.

313, H. Liu and R. A. Klemm, Phys. Rev. Leff3, 1019(1994);
Phys. Rev. B52, 9657(1995; M. Lindroos and A. Bansil, Phys.
Rev. Lett.75, 1182(1995; Klemm, Ledvij, and Liu(Ref. 11).

32R. J. Radtkeet al, Phys. Rev. B18, 653(1993; A. G. Sunet al,
ibid. 50, 3266 (1994); J. Giapintzakiset al., ibid. 50, 15967
(1994.

33L. A. Openov, V. F. Elesin, and A. V. Krasheninnikov, Physica C
257, 53 (1996.

343, K. Tolpygoet al, Phys. Rev. B53, 12 454(1996.

35G. Haran and A. D. S. Nagi, Phys. Rev.58, 15 463(1996.

38Qur theory indicates that such degradation should occur at sev-
eral copper sites in or adjacent to the defect. See Ref. 4 and also

Sec. 6.5 of Ref. 5.

3"The possibility of defects degrading the pair interaction was also
pointed out by R. Lal, Phys. Rev. Bl, 640 (1995.

38H. Kim and E. J. Nicol, Phys. Rev. B2, 13 576(1995.

(1993; A. Andreoneet al, Phys. Rev. B19, 6392(1994; S. M.
Anlage et al, ibid. 50, 523 (1994; C. W. Schneideret al,
Physica C233 77 (1994); Stadloberet al. (Ref. 42; J. W. Ekin

et al, Phys. Rev. B56, 13 746(1997); S. Kashiwayaet al., ibid.

57, 8680(1998; L. Alff et al, ibid. 58, 11 197(1998; Phys.
Rev. Lett.83, 2644(1999; Physica C341-348 1659 (2000.
The conventional tunneling evidence is ambiguous, how-
ever: Ekinoet al. (Ref. 28. [See point(2) of Sec. Il for pos-
sible explanation$ A possible flaw in some of the above work
was pointed out by J. R. Cooper, Phys. Rev6B 3753(1996),

due to the paramagnetic effect of the Nd ions, but this objection
has been eliminated by the recent works of Afffal., Schneider

et al,, and Refs. 10, 97, and 98.

#In these highly overdoped samples one might suppose that the

source of such a strong scattering is the high concentration of
the doping centers. According to the valence-fluctuation theory
of Ref. 3, however, the most likely source is instead a conse-
guence of this doping: namely, a high concentration of “inac-
tive” copper ions(the copper ions near the dopanighere the
quasiparticle interaction at the Fermi surface has stronger
repulsion—stronger than at the other copper sites which are re-
sponsible for the superconductivifsee Ref. 4. For the one-
electron(normal quasiparticlebasis states these “inactive” sites
therefore act like dirt. There is some evidence for this picture: G.
Q. Zhenget al, Physica C208 339 (1993; I. F. Schegolev

et al, J. Phys. 16, 2265(1996; Y. J. Uemura, Hyperfine Inter-
act. 105,35 (1997 (see Sec. ¥ S. H. Panet al, Nature(Lon-

don) 413,282 (2007).

39see especially H. J. Bornemann and D. E. Morris, Phys. Rev. B*I. Vobornik et al, Physica C317-318 589(1999. See also Ref.

44, 5322(1991); J. P. Franck, S. Harker, and M. Yu, Physica B
194-196, 2087(19949); G. Zhaoet al,, Phys. Rev. B4, 14 956

10.

467, G. Ivanovet al, Phys. Rev. B57, 602 (1998. See also G.

054503-13



B. H. BRANDOW

Deutscher and R. Maynard, Europhys. Ld®, 81 (2000.

473, Y. Lin, P. Chaudhari, N. Khare, T. Shaw, L. S. Yu-Jahnes, A.
Gupta, E. Stepantsov, and Z. lvan@npublishegl

48K. Suzukiet al, Phys. Rev. Lett83, 616(1999; J. Phys. C11,
3133(1999.

49Q. Li et al, Physica C282-287, 1495(1997); Phys. Rev. Lett.
83, 4160(1999; Appl. Phys. Lett.74, 1323(1999; Y. N. Tsay
et al, Proc. SPIE348Q 21 (1998.

50R. A. Klemm, C. T. Riech, and K. Scharnberg, Phys. Re%&83
1051(1998; 61, 5913(2000; A. Bille, R. A. Klemm, and K.
Scharnbergibid. 64, 174507(200J); R. A. Klemm et al,, ibid.
58, 14 203(1998; Int. J. Mod. Phys. BL3, 3449(1999; J. Low
Temp. Phys117, 509(1999.

51G. B. Arnold and R. A. Klemm, Phys. Rev. &, 661 (2000).

52gee, for example, M. B. Walker and M. F. Smith, Phys. Rev. B
61, 11 285(2000.

53| am indebted to L. Bulaevskii for this observation.

54H. Hilgenkamp, J. Mannhart, and B. Mayer, Phys. Re\6®
14 586(1996, and references therein. See also U. Schetog.,
IEEE Trans. Appl. Supercon®, 3409(1999.

557, Betouras and R. Joynt, Physic&280, 256 (1995; A. Gurev-
ich and E. A. Pashitskii, Phys. Rev. &, 13 878(1998.

PHYSICAL REVIEW B 65 054503

reduction of the gap parameter at the twin boundary, due to
oxygen vacancies: D. L. Fedet al, Phys. Rev. B56, R5751
(1997; Y. Zhu and D. O. Welch, iPAdvances in Twinninged-
ited by S. Ankem and C. S. Pand€he Metallurgical Society,
Metals Park, OH, 1999 @. Fischer(private communication
M. Suenagaprivate communication Y. Zhu (private commu-
nication.

78D, A. Brauner and H. R. Ott, Phys. Rev.3®, 6530(1994.

9A. Mathai, Ph.D. thesis, University of Maryland, 1995; F. C.
Wellstood (private communication See also D. F. Agterberg
and M. Sigrist, Phys. Rev. LetB0, 2689(1998.

80L. N. Bulaevskii, V. V. Kuzii, and A. A. Sobyanin, Solid State
Commun.25, 1053 (1978; J. H. Miller, Jr. et al,, Phys. Rev.
Lett. 74, 2347(1999; J. H. Xu, J. H. Miller, Jr., and C. S. Ting,
Phys. Rev. B51, 11958(1995; J. R. Kirtley et al, ibid. 51,
12 057(1995; M. Sigrist et al, ibid. 53, 2835(1996; J. Man-
nhartet al, Phys. Rev. Lett77, 2782(1996; J. R. Kirtley, K. A.
Moler, and D. J. Scalapino, Phys. Rev5B, 886 (1997).

8ly. Shimakawa, Physica Q04 247 (1993; M. A. G. Aranda
et al, Phys. Rev. B51, 12 747(1995.

823, L. Wagneret al, Physica C277, 170(1997).

83C. Rossel, M. Willemiret al, Physica C282-287, 136 (1997);

S6Exceptions are some theoretical attempts to reconcile the node/ M. Willemin, C. Rossekt al, Phys. Rev. B57, 6137(1998.
absence-of-node dichotomy for the hole-doped/electron-doped®The substrates for the samples of VifRef. 83 were claimed to

cuprates: A. A. Abrikosov, Phys. Rev. B, R15 738(1995);
K. Kuroki and H. Aoki, J. Phys. Soc. Jpf7, 1533(1998.
5"MoRle and KleinekRef. 9; M. MoRle, R. Kleiner, and P. Mler,

Physica C317-318, 392(1999.

58\, Ambegaokar and A. Baratoff, Phys. Rev. Létf, 486(1963;
P. W. Anderson,Lectures on the Many-Body Probleféca-
demic, New York, 1964 Vol. 2, p. 113; M. Ledvij and R. A.
Klemm, Phys. Rev. B51, 3269(1995.

59|, Kawayamaet al., Physica C325 49 (1999.

80A. 1. M. Rae, Phys. Rev. LetB4, 2235(2000).

615, . Woodset al,, IEEE Trans. Appl. Supercon8, 3917(1999.

623, Lesueuret al, Phys. Rev. B55 R3398(1997. See also R.
Kleiner et al, Phys. Rev. Lett76, 2161(1996.

53M. Ledvij and R. A. Klemm, Phys. Rev. B2, 12 552(1995.

54N. Bulut and D. J. Scalapino, Phys. Rev5B, 5149 (1996.

5A. Sacutoet al, Phys. Rev. B58, 11 721(1998; 59, 11 603E)
(1999.

%6 A. Sacutoet al, Phys. Rev. B61, 7122(2000.

5”Nemetschelet al. (Ref. 2.

8p, Chaudhari and S.-Y. Lin, Phys. Rev. Lét?, 1084(1994.

89A. J. Millis, Phys. Rev. B49, 15 408(1994).

Ozhanget al. (Ref. 21); Sunet al. (Ref. 21); Basovet al. (Ref.
21); J. Buanet al. (Ref. 22.

"'The same interpretation is provided in M. E. Zhitomirsky and M.
B. Walker, Phys. Rev. Let79, 1734(1997. Further discussion
comparing thed-dominant ands-dominant cases of d+s gap
form can be found in M. B. Walker and J. Luettmer-Strathmann,
Phys. Rev. B54, 588(1996.

2A. G. Sunet al, Phys. Rev. Lett72, 2267(1994); Kleiner et al.
(Ref. 62.

BA. G. Sunet al, Phys. Rev. B54, 6734(1996.

74C. O’'Donovanet al, Phys. Rev. B55, 9088(1997).

SY, Ishimaruet al, Phys. Rev. B55, 11 851(1997).

8D, A. Wollmanet al, Phys. Rev. Lett74, 797 (1995.

have miscut angles of less than 0.2°, and their epitaxial films of
TI-2201 were prepared by the same team that made the film for
TK (Ref. 8. Both experiments used substrates of SETiO

85W. Dmowskiet al, Phys. Rev. Lett61, 2608(1988. Compare
this result with the uncoordinated displacements of Tl and O
deduced from conventional x-ray diffraction of TI-2201: Ref.
82 and N. N. Kolesnikoet al, Physica C195 219(1992.

86D, Jung et al, Physica C160, 381 (1989, and references
therein. Compare with Ref. 89.

87G. Calestangt al, Physica C161, 598(1989; Y. LePageet al.,
Phys. Rev. B40, 6810(1989; V. Petriceket al, ibid. 42, 387
(1990; A. Yamamotoet al, ibid. 42, 4228(1990; A. A. Levin,
Yu. I. Smolin, and Yu. F. Shepelev, J. Phys.: Condens. Méiter
3539(1994.

883, M. Tarascoret al, Physica C172 13 (1990; G. Calestani
et al, ibid. 197, 283(1992.

893, Renet al, Physica C159, 151 (1989, and references therein.

9E. E. Tornau, S. Lapinskas, and A. Rosengren, Physie8%-
287, 847 (1997); 291, 173(1997), and references therein.

91B. H. Tobyet al, Phys. Rev. Lett64, 2414(1990; T. Egami and
S. J. L. Billinge, Prog. Mater. ScB8, 359(1994.

92T, Egamiet al, Physica C185-189 867 (199)); P. G. Allen
et al, Phys. Rev. B44, 9480(199)); S. Sasaket al, Physica C
247, 289(1995.

933, J. L. Billinge, G. H. Kwei, and H. Takagi, Phys. Rev. L&®,
2282(1994), and references therein.

94T, Egami (private communication The very limited pair-
distribution information obtained for TI-2201 was reported by B.
H. Toby et al, Physica C162-164, 101 (1989.

%C. C. Tsueiet al, Science271, 329 (1996.

9A. Maeda, H. Yasuda, and T. Hanaguri, J. Phys. Soc. 8pn.
594 (1999.

973. D. Kokaleset al, Phys. Rev. Lett85, 3696 (2000.

98R. Prozorovet al, Phys. Rev. Lett85, 3700(2000.

""There is some experimental evidence for a substantial barrier and®L. Alff et al., Physica B284-288, 591 (2000).

054503-14



ARGUMENTS AND EVIDENCE FOR A NODE. .. PHYSICAL REVIEW B 65 054503

100, Hayashiet al,, J. Phys. Soc. Jpi67, 3234(1998. toemission aspect. See, for example, X. J. Zkbal, Science
101K V. Samokhin and M. B. Walker, Phys. Rev. ®, 172506 286, 268 (1999; A. Bianconi et al,, Physica C317-318 304

(2002. (1999; G. Seiboldet al,, Eur. Phys. J. BL3, 87 (2000; R. S.
102¢ . Tsuei and J. R. Kirtley, Phys. Rev. L85, 182 (2000. Markiewicz, Phys. Rev. B62, 1252 (2000; M. Fleck et al,

103Fjtting the tricrystal data would probably require that the transfer ~ Phys. Rev. Lett84, 4962 (2000; M. Moraghebiet al, Phys.
matrix elements very strongly favor the Bloch states with higher Rev. B63, 214513(2001); M. Fleck, A. I. Lichtenstein, and A.
group velocities: namely, the states closer to (hpe) or 45° M. Olés, ibid. 64, 134528(2001).
direction. On the other hand, the absence of flux in the geometry*°R. Liu et al, Phys. Rev. Lett80, 5762 (1998.
of Fig. 3(c) of Ref. 102, where the critical junction has a mis- 1A, Bansil and M. Lindroos, Phys. Rev. Le&3, 5154(1999; S.
alignment of 34°%(in contrast to 30° for each of the three junc- Haffneret al, Phys. Rev. B61, 14 378(2000; M. Lindroos, S.
tions of their Fig. J can be rationalized by the empirical formula Sahrakorpi, and A. Bansil, cond-mat/0109088publishegt M.
(1) of this reference, which indicates that the critical current  C. Asensioet al,, cond-mat/Q11197(unpublished
density of the 34° junction is smaller by a factor of abedt '2Y.-D. Chuanget al, Phys. Rev. Lett83, 3717 (1999; A. A.
=7.4 than for the 30° junctions. Because of the limited flm  Zakharovet al,, Phys. Rev. B61, 115(2000; S. Legneret al.,
thickness, the resulting critical current may thus be too small to ibid. 62, 154 (2000. The study of Zakharoet al. also revealed
support the half-quantum of flux, according to discussion in this a lack of data invariance when a Bi-2212 sample is rotated by

reference. 180° around it axis. This is formally allowed by the fact that
1045ee Secs. 3.5 and 3.6 of Ref. 24 and Sec. 2.5 of Ref. 5, and also the superlattice distortion vector has-@xis component in this
S. B. Dierkeret al, Phys. Rev. Lett50, 853 (1983; Y. Kish- material.
imoto, T. Ohno, and T. Kanashiro, J. Phys. Soc. 14.1275  '3H. M. Fretwell et al, Phys. Rev. Lett84, 4449 (2000; S. V.
(1999; M. Noharaet al, ibid. 68, 1078(1999; T. Yokoyaet al, Borisenkoet al, ibid. 84, 4453 (2000; J. Mesotet al, Phys.
Phys. Rev. Lett85, 4952(2000. Rev. B63, 224516(2001).
1054, Ding et al, Phys. Rev. B4, R9678(1996; T. Yokoyaet al,  '*D. L. Feng et al, Phys. Rev. Lett.86, 5550 (2001); P. V.
ibid. 53, 14 055(1996. Bogdanovet al, Phys. Rev. B64, 18050%R) (200D; Y.-D.
106There is ARPES evidence for a surface state aigvi@ YBCO, Chuang etal, Phys. Rev. Lett. 87, 117002 (2003);

which in this case is attributed to the CuO chains: M. C. Scha- cond-mat/0107002unpublished
bel et al, Phys. Rev. B57, 6090(1998. Whether this has any '°J. M. Harriset al, Phys. Rev. Lett79, 143(1997.

relevance for Bi-2212 is unclear. 18C -R. Hu, Phys. Rev. B7, 1266(1998, and references therein;
1077 -X. Shen and J. R. Schrieffer, Phys. Rev. Let8, 1771 Kashiwayaet al. (Ref. 43; Alff et al. (Ref. 43.

(1997); M. R. Normanet al., ibid. 79, 3506(1997. 1173, H. Paret al, Nature(London) 403 746(2000; E. W. Hudson
1083 -X. Li, C.-Y. Mou, and T. K. Lee, Phys. Rev. &, 640(2000. et al, ibid. 411, 920(2001).

109There are now many publications on this band-structure and pho=®N. P. Armitageet al, Phys. Rev. Lett86, 1126 (2001).

054503-15



