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Nodeless pairing state in single-crystal YBa2Cu3O7
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Muon spin rotation (m1SR) measurements were conducted on a single crystal of YBa2Cu3O7 with a
superconducting transition temperature ofTc'91.3 K and a transition width ofDTc,0.5 K in zero applied
field. Data were taken at applied magnetic fields along thec axis of 0.05, 1.0, 3.0, and 6.0 T. We found, by
taking into account the expected field-dependent and temperature-activated flux-line disorder, that our results
were in fact consistent with a nodeless~s-wave! superconducting order parameter and that they appeared to be
inconsistent with order parameters possessing nodes, such as those havingdx22y2 symmetry. This result is
consistent with earlymSR measurements on sintered samples in which~we believe! strong pinning eliminated
the temperature and field dependence of the vortex lattice disorder. These data~including their observed
dependences on magnetic field! are, however, completely consistent withs-wave~or extendeds-wave! pairing,
provided that field-dependent and temperature-activated vortex depinning is also accounted for. Our results~i!
confirm thes-wave superconductivity character originally observed in 1989, and~ii ! show that the features of
mSR ~and microwave! data claimed by other authors to be evidence ford-wave superconductivity are instead
symptomatic of temperature-dependent depinning of vortices, which results in long-ranged distortion of the
flux lattice. Indeed, the probability that any publishedd-wave model gives a better fit than the two-fluid model
is less than 431026.
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I. INTRODUCTION

The pairing-state symmetry of thep-type high-Tc super-
conductors has been a subject of debate for several y
Are the hole carrier pairss-wave or d-wave in character?
Does the order parameter change sign with angle? Does
order parameter have nodes?

In 1991, Annett, Goldenfeld, and Renn1 reviewed the ex-
perimental data for YBa2Cu3O72d and concluded, with some
caveats, that the pairing symmetry is likely convention
s-wave pairing. But in a 1996 review by two of the sam
authors, Annett, Goldenfeld, and Leggett,2 a contrary opin-
ion, that the pairing is likelyd-wave, was put forth. Then in
2000, Annett and Wallington3 offered yet another opinion
that emphasizedd-wave pairing. In this paper, we shall sho
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that the original determination ofs-wave pairing in
YBa2Cu3O72d was correct,4–7 and remains correct.8,9

In the original theory of Bardeen, Cooper, and Schrief
~BCS!,10 the pairs ares-wave, and evidence for this was firs
provided for YBa2Cu3O7 using muon spectroscopy over
decade ago, both in powders4–6 and in crystals.7 A compa-
rable demonstration for Bi2Sr2CaCu2O8 was provided in
1991,11 wheres-wave-like behavior was recovered after th
fluxon motion was reduced by high fields. More recently
number of authors, most notably Van Harlingen12

Ginsberg,13 Kirtley,14,15 and Tsuei,16–19 none employing
muon spectroscopy, have argued that the pairing of hole
high-temperature superconductors is primarily ofd-wave
character.~See also Refs. 1, 2, and 3.!

Although currently most workers in the field seem to be
©2004 The American Physical Society05-1
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lieve that the pairing of holes in high-temperature superc
ductors has mostlyd-wave character, only a few years ag
the advocates of s-wave pairing were in the
majority4–8—suggesting that any conclusion that the pairi
is eithers-wave ord-wave should be taken with caution. Th
situation is further complicated by the fact that what
s-wave in the bulk can bed-wave at the surface: Wave func
tions with significant character that iss-wave in the bulk,
may becomed-wave at the surface,20 causing surface-
sensitive experiments to reflectsurface d-wave character for
what is actuallybulk s-wave behavior.

Moreover, the recent experiment executed by Liet al.21,22

in response to a suggestion by Klemm9 tested thephaseof
the wave function in Bi2Sr2CaCu2O8 and revived thes-wave
viewpoint,4–8 which, although championed by Dynes
group,8 had been out of favor even for Bi2Sr2CaCu2O8, al-
though not disproven. This experiment once more crea
uncertainty over whether the superconducting pairs are c
sistent withs-wave ord-wave superconductivity. There is, t
date, no consensus on the matter, with the current leade
the s-wave proponents being Harshman,4,7 Pümpin,5,6

Dynes,8 and Klemm,9 and the leaders of thed-wave super-
conductivity being Van Harlingen,12 Ginsberg,13 Kirtley,14,15

and Tsuei.16–19 No one claims that YBa2Cu3O7 and
Bi2Sr2CaCu2O8 have different angular momenta for th
paired holes: To our knowledge, most researchers bel
that in both bulk materials the paired holes have thesame
angular momenta; some authors favors-wave pairing and
others preferd-wave.

Fortunately, there are perhapstwo basic waysto deter-
mine the symmetry of the pairing in type-II supercondu
tors: ~i! from the magnetic penetration-depthl(T), mea-
sured by either muon spectroscopy,23 microwaves,24 or
~rather imprecisely! by neutrons;25 and~ii ! from the phase of
the wave function, as is done in a twisted bicrystal Joseph
junction experiment.~See the discussion ford-waves by
Refs. 12–19, and fors-waves by Ref. 9.! Both ways are
subject to criticism:~i! The problem with the measuremen
of the magnetic penetration-depthl(T) is that it measures
the length over which the magnetic fields inside the sup
conductor are attenuated, and as such, can be sensitive
to defects or to extrinsic effects, such as flux-motion, flu
pinning, or perturbations by magnetic ions;~ii ! measure-
ments of the phase of the wave function are subject to c
cism if the measurement is surface sensitive~as is often the
case! or if the sample contains some unexpected trap
magnetic flux, which can affect phase measurements. S
penetration-depth measurements performed usingm1SR on
YBa2Cu3O7 have produced differing conclusions for th
pairing: somes-wave,4–6 othersd-wave,19,26–30 and others
ambivalent abouts- vs d-wave pairing,31 we thought it would
be best to reproduce them1SR measurements of the basa
plane penetration depthlab(T,H) using purer YBa2Cu3O7
samples, to determine if the data still favor the origin
s-wave interpretation of many years ago for YBa2Cu3O7
~Refs. 4–7! and Bi2Sr2CaCu2O8.11 After all, the muon mea-
surements arebulk sensitive, whereas Josephson studies a
other measurements of the wave-functions’ phase~as well as
photoemission and tunneling measurements! are rather sur-
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face sensitive. In the rest of this paper, we focus on
bulk-sensitive muon studies.

The original penetration depth measurements
YBa2Cu3O7 ~Ref. 4! were performed withm1SR on sintered
powders in 1987, and were clearly consistent with a node
gap ~i.e., s-wave or extendeds-wave pairing! and with a
basal-plane magnetic penetration depth,lab(T'0)
'140 nm. Several other investigations5,6 subsequently con-
firmed the conclusions of Ref. 4. No comparisons were m
at that time to show that those measurements were incon
tent with d-wave pairing~which was not yet in favor at the
time!.

Measurements of lab(T) on single crystals of
YBa2Cu3O72d ~Ref. 32! were first reported in 1989,7 and
confirmed the earlier conclusion that the pairing state w
either s-wave or extendeds-wave for both the 90 K (d
'0.05) and the 60 K (0.3<d<0.4) bulk phases, but did no
establish a bound on anyd-wave contribution.7,33 The main
problem with the 1989 penetration depth measurements
the YBa2Cu3O7 crystals was that the critical temperature w
slightly low, 86 K ~in zero applied field!, which suggests tha
the measurements should be repeated on a better crystal
Tc above 90 K. It is important to point out, however, that
all of the earlier work,lab(T) tended to reflect the tempera
ture dependence of the two-fluid model,34 which indicated
strong coupling, andshowed no linear-in-temperature depe
dence, as expected ford-wave pairing.29,30

After the original work4–7 on the pairing state of
YBa2Cu3O7, several other groups26–28,35began reconsider
ing data for YBa2Cu3O7, based on the assumption that th
absence of case-II coherence effects~such as the Hebel
Slichter anomaly36–38! necessarily implied higher angula
momentum~other thans-wave! pairing. As we shall demon-
strate, this assumption of higher angular momentum~e.g.,
d-wave! pairing is invalid.

Significant deviations from conventionals-wave behavior
have been reported by other groups, based onm1SR
data: Specifically, Sonieret al. have interpreted~incor-
rectly, as we shall show! their measurements oflab(T) per-
formed well after 1991, on single crystals of YBa2Cu3O7, as
evidence ford-wave pairing.35 Moreover, in their review ar-
ticle, Sonier, Brewer, and Kiefl28 claimed that the earlier ex
periments on powders by Harshmanet al.4 and by Pu¨mpin
et al.5,6 and on crystals7 found consistency withs-wave pair-
ing due to the misuse of Gaussian line shapes. This claim
Sonieret al. is contrary to the facts: ~i! the single crystal
data of Ref. 7 showeds-wave behavior and were fitted as
suming a cutoff exponential, not a Gaussian, and~ii ! it is a
simple matter to show that the powder-averaged line sh
generated by the internal magnetic field distribution of a v
tex lattice is well approximated by a Gaussian, as has b
well documented.6 Since the qualitativeshape of the
magnetic-field distribution is independent of temperature,
the width varies with temperature, we expect the Gauss
fits of the data to produce linewidths that closely track t
second moment of the field distribution as a function of te
perature.

Moreover, thes-wave temperature dependence of the p
etration depthlab observed in the YBa2Cu3O7 powder
5-2
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experiments4–6 and in the heavily twinned early single
crystal samples7 likely reflected the true underlying pairin
state: the extremely strong pinning forces clearly eviden
and below Tc very likely suppressed any temperatur
dependent reordering of the flux lines, as would occur if
pinning were weak~which is very likely the case in sample
with Tc.90 K).

As the quality of single-crystal samples has improv
from 1989 to the present, flux pinning in the best cryst
should have becomeweaker; this has introduced the poss
bility of temperature-dependent fluxon reordering in the b
samples now available. Such fluxon reordering has alre
been observed in high-quality Bi2Sr2CaCu2O8 crystals,
where strong temperature and field effects onm1SR data
were found,11 reflecting weak pinning. Very similar tempera
ture and field dependences are observed in the present
for our higher-quality YBa2Cu3O7 samples, which we shal
show are indicative of flux pinning, not due tod-waves or
LÞ0 angular momenta.

In this work we first discuss~Sec. II! how the experiment
was performed and analyzed. Then we prove~Sec. III A! that
neithers-wave pairing nord-wave pairingalonecan explain
the current data from muon spectroscopy. Then we cons
pairing~eithers-wave ord-wave! in combination with vortex
pinning ~Sec. III B!. In Sec. III C we introduce our collective
pinning model. And in Sec. III D we show thats-wave pair-
ing plus flux pinning does describe the data rather well. A
finally, Sec. III E is devoted tod-wave pairing plus flux pin-
ning, which fails to fit the data. Section III F contains a d
cussion of data from other probes, data which cast doub
the d-wave interpretation. Our conclusions are developed
Sec. IV.

Hence, we show that the deviations froms-wave pairing
could be associated with temperature-dependent flux-pin
phenomena, not withd-wave pairing. To accomplish this, w
first present m1SR data acquired on a high-quali
YBa2Cu3O7 crystal at applied magnetic fields of 0.05, 1.
3.0, and 6.0 T. The temperature and field dependences o
internal field distributions are carefully compared using
self-consistent analysis in which deviations froms-wave
symmetry behavior are attributed to weak flux-pinning ph
nomena, rather than tod-wave effects. We argue that th
purported intrinsicd-wave behavior previously claimed fo
muon experiments is probably not due tod-waves, but is an
extrinsic phenomenon caused by flux pinning.

II. EXPERIMENT

The YBa2Cu3O6.95 crystal measured for the present wo
was grown in a Y-stabilized ZrO2 crucible according to
methods described elsewhere.39 The sample exhibits a tran
sition temperature ofTc'91.3 K, has a transition width o
DTc,0.5 K ~in zero applied field!, and has dimension
53430.75 mm3, dimensions which correspond to a dema
netization coefficient of about 0.793 for magnetic fields a
plied along thec axis.40

The mSR experiments were conducted on the M20 a
M15 secondary channels of the TRIUMF cyclotron facili
in Vancouver, British Columbia, Canada, using the LAMP
17450
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~low-field! and Belle ~high-field! spectrometers. The time
differential technique used in these studies is descri
elsewhere,41 so only a brief description will be presente
here.

Positive muons~4.2 MeV! are stopped in the sample
where they decay~muon lifetimetm'2.197ms) with each
emitting a positron preferentially along its final spin
polarization direction. A clock is started when the incide
muon enters the sample, and is stopped upon the detectio
the decay positron. Since the muons are created via p
decay at rest, with spins antiparallel to their momenta,
time evolution of the muon spins can be measured. Typica
one measures the time evolution of millions of positi
muons’ spins~one at a time!, yielding an ensemble averag
Standard magnetic-field geometries allow the application
fields in directions parallel~longitudinal! or perpendicular
~transverse! to the initial muon polarization. In the presen
work, only transverse-field measurements are employ
yielding a relaxation function,Gxx(t), consisting of a relax-
ation envelope modulating a precessing muon spin amplit
@see Eq.~5! below#. This is analogous to free-induction de
cay in nuclear magnetic resonance. To allow for measu
ments in high transverse fields, the muon spins are rota
;90° ~by anE3B filter! and the field is applied parallel to
the incident beam momentum vector~thus still conforming
to a transverse-field geometry!, which also helps focus the
incident muon beam. Since only one muon is in the sam
at a time, there are no complications due tom1-m1 interac-
tions.

For the present experiments, data were taken at app
magnetic fields along thec direction of 0.05, 1.0, 3.0, and 6.
T. About 107 total muon-decay events were accumulated
each temperature~the temperatures were held to an accura
of better than 0.1 K! and at each field. The fields were acc
rate to better than 531025 T.

For the analysis of themSR data presented here, we fir
compared the data with the Ginzburg-Landau model of R
42 and then with the more conventional London mode43

with an added Gaussian cutoff, as defined in Eq.~1! below.
While the fit qualities were indistinguishable between the
two models, the coherence distance and the penetration d
parameters were found to be very strongly correlated w
each other in the Ginzburg-Landau case. This correlation
doubtedly led to the factor of 3 or 4 variation in the cohe
ence distance with magnetic field reported by Son
et al.,26,28 when one should have expected the vortex c
size to vary only about 20%~Ref. 44! over the same field
range. Moreover, the field dependence in the penetra
depth and coherence distance that Sonieret al. found in fit-
ting the theory of Ref. 42 to their data is contrary to t
theoretical assumption that they are constants.

Since our primary goal is to accurately extract the seco
moment of the vortex lattice field distribution as a functio
of both temperature and field, we have chosen to adop
spatial field distribution of the London form,43

B~r !5BSg exp~ ig•r ! ~11l2g2!21 exp~2 1
2 j0

2g2!, ~1!

whereB is the average internal field,g is a reciprocal lattice
vector for a triangular vortex lattice,l is a parameter which
5-3
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under ideal conditions would equal the magnetic penetra
depth, and we have added a core cutoff at smallr with a
cutoff distancej0 . To avoid the problem of coherence
parameter and penetration-depth correlation~discussed
above!, and to circumvent anomalous results for the fie
dependence of the coherence distance,26,28 the cutoff param-
eterj0 was fixed at 0.1 nm for all four fields analyzed~i.e.,
all vortices were assumed to be virtually point vortices45!.

In order to obtain the relaxation functionGxx(t), we first
found the field probability distribution function,n(b), as nu-
merically derived from Eq.~1! by determining the area of
vortex lattice unit cell that falls between magnetic fieldsb
andb1db. Thusn(b) was obtained from

n~b!5E d~b2b8!dA~b8!Y E dA~b8!, ~2!

wheredA(b8) is an elemental piece of the vortex lattice un
cell for which the field isb8 and the unit cell has a total are
of *dA(b8).

Oncen(b) is known, the relaxation function arising from
the vortex lattice (v l ) is then given by the cosine transform

Gxx
v l ~ t !5E ñ~b;sM !cos~gmbt1f!db, ~3!

where b is the field sensed by the muon,f is the initial
phase,gm (52p313.55342 MHz/kG) is the muon gyro
magnetic ratio, andñ(b;sM) is given by

ñ~b;sM !5N21E n~b8!exp~2@b2b8#2/2sM
2 !db8. ~4!

HeresM(T,H) is the smearing parameter determined by
ting the data to Eq.~5! below, andN21 is a normalization
constant. The Gaussian convolution, Eq.~4!, is employed to
account for the variation in the local average field aris
from vortex lattice distortions.

Finally, the complete asymmetry functionGxx(t) used for
fitting the data is constructed by adding toGxx

v l (t) a Gaussian
decaying signal to describe the small signal from the mu
which stop outside the superconducting sample, but are
vetoed by the electronics. Definingf to be the fraction of the
total spectrum arising from muons stopped inside the su
conducting sample, we have

Gxx~ t !5 f Gxx
v l ~ t !1~12 f !exp~2D2t2/2!cos~2pnt1f!.

~5!

HereD is the decay rate andn is the precession frequency fo
muons stopped outside the sample, andf is, again, the initial
phase. The raw spectra for all of the fields measured w
fit46 assuming the function given in Eq.~5!. In the case of the
6.0 T data, no background component was present~i.e., f
51), but for 0.05, 1.0 and 3.0 T,f is 0.95, 0.84 and 0.96
respectively.

From this analysis, the fitting parameters,sM(T,H) and
l(T,H) were obtained. These parameters model the r
domly broadened vortex lattice field distribution, and can
used to obtain experimental results for the deformation of
17450
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magnetic field distribution of the ideal~perfect! vortex lattice
in the presence of perturbations~e.g., flux pinning!, which
we treat in Sec. III.

III. RESULTS AND INTERPRETATION

Figure 1 shows l22, the inverse square of th
penetration-depth parameterl, as a function of temperatur
T for ~a! the data provided in Ref. 30 forH50.5, 4.0, and 6.0
T, and~b! our data for applied fieldsH of 0.05, 1.0, 3.0, and
6.0 T. Bear in mind thatl is a fitted parameter and is no
necessarily the actual magnetic penetration depth,lab .
While these two sets of data,~a! and ~b!, have some similar
features, there are significant quantitative differences, wh
suggest that some extrinsic effects play a significant role

FIG. 1. Comparison of thed-wave theory for the effective mag
netic penetration depthl(T,H) of Ref. 30 with~a! the fittedl data
of Fig. 3 from Ref. 30, and~b! the present data with fittedl param-
eter. The curves in frame~a! are as given in Ref. 30 fork565 and
l(T50,H50)5107.8 nm. The parameter values necessary
compare with the data in part~b! arel(T50,H50)5151.5, 120.0,
120.5, and 147.5 nm forH50.05, 1.0, 3.0, and 6.0 T, respectivel
As discussed in the text, a comparison could not be made wi
universal value ofl~0,0!.
5-4
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shaping them. Specifically,~i! the data in Fig. 1~a! are sys-
tematically greater than those in Fig. 1~b!; ~ii ! there is a
distinctive inflection point inl22 versus temperature nea
T'20 K, which is most evident at intermediate fields@i.e.,
H50.5 T in Fig. 1~a! andH51.0 and 3.0 T in Fig. 1~b!#; and
~iii ! a nonmonotonic dependence ofl22(T→0,H) on ap-
plied magnetic fieldH is shown in Fig. 1~b!. The curves in
Fig. 1~a! are the same as those given in Ref. 30 fork565
and a value ofl(T'0,H50)5107.8 nm. However, a com
parison of the same theory30 with the data in Fig. 1~b! is not
possible with a universal value ofl(T→0,H50), due pri-
marily to the nonmonotonic behavior inH of l22(T
→0,H), and the fact thatl22(T,H) at the lowest fields@i.e.,
0.05 T in Fig. 1~b!# is not linear in temperature, as predicte
in Ref. 30. The parameter values necessary to ‘‘reasona
compare thed-wave model of Ref. 30 with the data in Fig
1~b! are given in the figure caption.

A. Neither s-wave pairing nor d-wave pairing alone fits
the data

It is clear that the data of Fig. 1 forl22 cannot be ad-
equately explained with ans-wave model alone. It is equally
clear, from the comparison with theory shown in Fig. 1, th
the d-wave model alone does not~and cannot! describe the
data particularly well either. Consequently, it was surpris
to us that Sonieret al., citing similar data, claimed tha
d-wave pairing accounts for the observed deviations ofl22

from a ‘‘conventional’’ s-wave model’s temperature depe
dence. Indeed Aminet al.,30 upon comparison of their non
local d-wave theory withm1SR data provided by Sonie
found poor agreement and stated~referring to their theoreti-
cal prediction forl22), ‘‘The main discrepancy between th
theory and experiment in Fig. 3~of Ref. 30! is the lack of
linearity ~in temperature of the theory forl22) at 0.5 T;
however, it is difficult to envision how nonlinear correction
could cure this.’’ In making this statement, Aminet al. ac-
knowledged that thed-wave theory doesnot explain the
m1SR data. In fact, while the nonlocald-wave theory of Ref.
30 doespredictl(T→0,H) to be linear in fieldH at 0.05 T,
the data of Fig. 1~b! do not bear this out. It should also b
noted that the value ofl~0,0! ~5 107.8 nm! necessary to
compare with them1SR data@Fig. 1~a!# ~Ref. 30! is signifi-
cantly smaller than the well established value.47

Interestingly, although the data of Sonieret al. for H
50.5 T ~Ref. 30! appear to be somewhat ‘‘linear’’ in tem
perature below the;20 K inflection point, the theory30 pre-
dicts that 0.5 T is actually not a low enough field to perm
the observation of the relevant linearity effect, which is t
key signature of the presence ofd-wave superconductivity.29

One must, therefore, conclude that the ‘‘linearity’’ seen at
T is not evidence ofd-wave pairing, and that an alternativ
explanation~viz., flux pinning! of those data~especially the
0.5 T data! is required.

Moreover, the fortuitous low-temperature agreem
shown in Fig. 2 of Ref. 26 between zero-field microwa
data~taken from Ref. 23! and Sonier’s 0.5 Tm1SR data has
often been erroneously cited as corroborating evidence
d-wave superconductivity. Since ‘‘linearity’’ with tempera
17450
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ture below 20 K and the purported agreement with the 0.
m1SR data do not, in fact, support thed-wave pairing,30 the
0.5 T m1SR data actually negate the microwave data as
dence ford-wave pairing also.

B. Pairing and flux pinning

Clearly, the combination of thenonmonotonicbehavior of
lab(T→0,H) and theinflectionin the data at;20 K suggest
that at least two phenomena are affecting the data. Rather
than attempting to force the data to fit into thed-wave
picture,26–30 we take the approach that the deviations fro
s-wave behavior in Fig. 1 are due to quantifiable phenome
most notably fluxon pinning and fluxon reordering, whic
were omitted by Sonieret al. Common sense would dictat
that one first consider such flux-pinning effects in the cont
of ordinarys-wave pairing before proffering an intrinsic an
unquantifiedd-wave-pairing~or higher angular-momentum
pairing! picture. The clear sample dependency of the d
exhibited in Fig. 1 implies the importance ofsomeextrinsic
effect.

The results presented in the next section correspond to
region in the vortex-state phase diagram where the flux
form a solid-phase vortex lattice~see Fig. 4 of Ref. 48!.
Since the maximum temperature for themSR data acquired
at each field is 1 to 2 K below the vortex lattice meltin
temperature~the irreversibility boundary, namely theH vs T
curve!, the vortex lattice is subject to pinning. Therefore, w
consider a model of temperature-activated flux pinning,
could occur in very clean crystals where the Abrikosov fl
lattice becomes locked-in by weak pinning at oxygen vac
cies and/or other defects.49 As we shall show, the anomalou
behavior shown in Fig. 1 is consistent with thermally ac
vated vortex depinning which masks the trues-wave charac-
ter of the underlying pairing state. We shall also argue t
the underlying pairing symmetry cannot bed-wave, and in
fact is s-wave.

C. Collective pinning model

As we analyze the data using a more sophisticated mo
than that in Fig. 1, it becomes desirable to treat instead
lab , the total second moment due solely to vortex-latt
formation ~without dipolar broadening! s(T,H), as defined
by

s5@sL
21sM

2 #1/2, ~6!

where thesmearingparametersM helps to model the addi
tional broadening due to distortions of the vortex lattice, a
sL is the square-root of the second moment of theperfect
vortex-lattice distribution. The parametersM is obtained by
fitting the data withGxx(t) @Eq. ~5!#, and correcting for
nuclear broadening by subtracting in quadrature the broad
ing, sdipolar, due to nuclear dipoles50 ~determined by fitting
sdipolar aboveTc). For a triangular vortex-lattice geometr
sL is defined in terms ofl as51,52

sL
25@0.0609F0 /l2#2. ~7!
5-5
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This is consistent with our choice of point vortices and a
nm cutoff. Here,F05(hc/2e)52.06831027 G cm2 is the
flux quantum.

The transformation to treatings ~rather than onlyl! is
necessary since, in the presence of perturbations~i.e., distor-
tions due to flux pinning!, the associated effects are reflect
in both l andsM . The notion thatsM measures the distor
tion of the vortex lattice andl is free of distortion effects is
clearly untrue. This second moments(T,H) incorporates~i!
pinning and vortex motion, and~ii ! an underlying pairing
symmetry~eithers-wave ord-wave!. By applying our analy-
sis in a self-consistent manner, we hope to determine the
nature of the underlying pairing state@i.e.,lab(T,H)], and to
extract the London value of the penetration depth,

lab~T50,H50!5@~mab* c2!/~4pne2!#1/2, ~8!

wheremab* is the mean hole mass in thea-b plane,c is the
speed of light, andn is the density of hole carriers. Th
penetration depthl in Eq. ~7! reduces tolab(T,H50) for
the ideal~nontriangular or oblique! vortex lattice.

1. Point and line vortex displacements

As in Ref. 52, we consider two types of vortex displac
ments: ~i! shifts of the vortexpoints from their smooth
lines, up , and~ii ! shifts of the smoothlines from their posi-
tions in the flux-line latticeu, . The point distortions,up ,
tend to narrow the field distribution~i.e., decreases2), while
line distortions,u, , tend to broaden the distribution~i.e.,
increases2). For arbitrarily large~uncorrelated! average dis-
placements,u5@up

21u,
2#1/2, one obtains52

s2's0
2@exp~226.3u2/a2!124.8 ln~ k̃u,

2/a2!#. ~9!

Here, the numerical factors come from Brandt’s theory,52 s0
2

is the second moment or variance of the field distribution
an ideal flux lattice, k̃25(u,

212lab
2 )/(u214jab

2 ), jab

5lab /k, k is the Ginzburg-Landau parameter, anda
5(2F0/31/2B)1/2 is the vortex lattice parameter~B is the av-
erage local field!.

At low applied magnetic fields, where the amplitude
the line distortion of a flux line,u, is small compared with
the vortex lattice parametera, one expects a minimal effec
from such distortions. Likewise at high fields, where the
tervortex interactions act to suppress the amplitudeu, , one
also expects a minimal effect. In contrast, point~or ‘‘fuzzy-
core’’! distortions up are most dominant at low applie
fields, where flux motion and vortex diffusion can occur, a
at high fields, where small deviations of the individual flu
ons from the flux line can be a significant fraction of t
lattice parameter. Thus we expect a peak in line distorti
u, and a minimum in point distortionsup as a function of
applied magnetic fieldH.

To show that the anomalous temperature and field dep
dences ofs are likely due to pinning effects, it is necessa
to develop a self-consistent fit to the data for all four appl
fields~simultaneously!. To this end, we have adopted a fittin
algorithm which incorporates a temperature- and fie
dependent point disorder,up , and a field-dependent an
17450
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thermally-activated line disorder,u, . We further assume pin
ning by random, local pinning forces that induce deform
tions in the ideal vortex lattice. It has already been show51

that the increases in the second moment of the local fi
distribution, arising from sinusoidal fluctuations in the vort
density, scale with the pinning energy. Incorporating a wa
vector dependence, which is modeled here by a distribu
of pinning energies, we assume a pinning energy,E, that
scales with theline fluctuations51 as

E5hu,
2, ~10!

whereh is a proportionality constant. Allowing for a ther
mally activated temperature dependence,53 the line pinning
distortionu, is modeled in terms of its energyE according to
the activation equation

u,
25u,0

2 @12exp„2E~u,!/kBT…#, ~11!

whereu,0 is the zero-temperature limit ofu, . Equation~11!
expresses the thermal transition from a uniform lattice in
limit of high temperature to a vortex lattice distorted by pi
ning at low temperature. The temperature dependence ou,

is then found by solving the transcendental Eq.~11! above.
The randomness and wave vector dependence of the rela
ship betweenE and u, are further incorporated into th
model by convolvingu,

2 with a Gaussian having a secon
moment ofu,0

2 to better approximate pinning-well characte
istics.

Point fluctuations along the flux lines are modeled by
parameterup . Brandt52 treated the case of random poi
fluctuations of point vortices. In general, line waves alo
the flux lines increase the line tension and cost energy.
energy is supplied by pinning forces and by thermal ene
which scales askBT. These two contributions are modele
for each field by two parameters,up1 andup2 , following the
equation

up
25up1

2 ~H !1up2
2 ~H !~T/Tc!. ~12!

D. s-wave picture with flux pinning

The theoretical form for fitting thes(T,H) data, as ob-
tained from Eq.~6!, was examined for variouss-wave pair-
ing models~d-wave pairing is discussed in the next sectio!.
The temperature dependence oflab(T,H50) was tested for
three values of the BCS theory coupling strength,10,43namely
for the BCS coupling parameterN(0)V50.4, 1.0, and 4.0,54

and for a two-fluid model expression.34 @See Eq.~13!.# The
field dependence ofs(T,H) was determined from the mod
els based on Ginzburg-Landau theory presented in Refs
and 52 and from models based on the quasiclassical E
berger theory55 presented in Ref. 44. The penetration dep
lab(T,H50), does not vary withH in these theories. But
the field dependence of the data critically enters into the fi
s(T,H). The best fit to the data~minimization of x2) is
obtained with the field dependence ofs(T,H) as calculated
by Brandt,52 which reduces to Eq.~1! for H!Hc2 . A two-
fluid model-like expression is used for the temperature
pendence of the penetration depth:
5-6
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TABLE I. Parameters of the fit of the two-fluids-wave-based pinning model. Here we have^up
2&

50*Tcup
2(T) dT/Tc .

Field-dependent parameters
Field ~T! u,0 /a ^up

2&1/2/a

0.05 0.031~10.061/20.031! 0.204~60.012!
1.0 0.107~10.050/20.067! 0.128~60.022!
3.0 0.088~10.034/20.051! 0.087~60.030!
6.0 0.010~10.008/20.010! 0.119~60.032!

Global parameters

Tc 90.8 ~60.5! K
lab(T50,H50) 127.6~61.5! nm
k 43.8 ~61.8!
Pinning ‘‘temperature’’E/kB 19.60~118.2/212.2! K
Reducedx2 2.38 ~Chi-square per degree of freedom!
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lab~T,H50!5lab~T50,H50! @12~T/Tc!
a#21/2,

~13!

which reduces to the two-fluid model fora54.
Treating the exponenta as an adjustable parameter pr

duces ax2 minimization witha54.1660.20. The best fit is
statistically indistinguishable from the conventional tw
fluid model, for whicha54. Thus Eq.~13! with a54.0 is
selected to model the temperature dependence oflab(T,H
50).

This work also examined several forms for the tempe
ture dependence of the coherence distance,jab(T,H50).
The fits presented below are obtained by fitting the data w
a temperature-independent Ginzburg-Landau parametek
5lab(T,H50)/jab(T,H50). We found that fits using the
Hc2(T) functions given in Ref. 56, withHc2(0) taken to be
a fitting parameter, produce comparably goodx2 minimiza-
tion, albeit with k varying with temperature~k increasing
nearTc).

Table I shows the results forlab(T50,H50) and all the
other parameters of our fit withs-wave pairing and fluxon
pinning, as described above.

The curves shown in Fig. 2 represent the best fit to
s(T,H) data of our self-consistent pinning model. The fit
global, meaning that all four curves for the various fiel
were fit at the same time with one set of parameters in c
mon. This yields ax2 per degree of freedom of 2.38~based
on statistical errors only!, with the fitting parameters show
in Table I. Interestingly, thea54.0 parameter in Eq.~13!
shows that the best fit is consistent with strong coupling.

We have found with trial functions from extended BC
theory that the fit improves with increasing BCS coupli
strength,N(0)V.54 However, the simple form of Eq.~13!,
with a consistent with the two-fluid form, provides the be
fit to the data. This is a very important result since, as
reader may recall, the two-fluid model34 also best described
the powders and early crystals.4–7 Therefore the present dat
confirm our earlier assertion that the measurements be
1991 of the strongly pinned samples reflected the true un
lying pairing state~i.e., strong-coupleds-wave pairing!.
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Figures 3~a! and 3~b! show the field-dependences of th
line distortion parameter,u,0 , and the temperature-average
~rms! point distortion parameter,̂up

2&1/25@up1
2 1 1

2 up2
2 #1/2,

respectively, both normalized to the vortex-lattice spacinga.
As predicted, point distortions are most important at low a
high fields, whereas line distortions are important at interm
diate fields. The contribution to the data arising from pinni
effects can be removed using the fitted parameters. T
elimination of the pinning effects also reveals results for
penetration depth. We define aneffectivepenetration depth in
the vortex state, e.g., as in Ref. 30, by the expression

lab~T,H !5lab~T,H50! @s~T,H !/s~T,H50!#21/2,
~14!

FIG. 2. The square-root of the second moment,s, versus tem-
perature,T, for single-crystal YBa2Cu3O7 in applied fields of 0.05,
1.0, 3.0, and 6.0 T. The errors shown are statistical, correspon
to one standard deviation. The solid curves through the data re
sent the best~global! fit of our self-consistent pinning model with
the underlying pairing function of Eq.~13!, and a54. The fitted
parameters are given in Table I.
5-7
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where lab(T,H50) is the zero-field penetration depth,
given by the two-fluid model, and the ratios(T,H)/s(T,H
50) is the field dependence given by Ginzburg-Land
theory as calculated in Ref. 52. Experimental values
lab(T,H) and lab(T,H50) are determined by comparin
the individual data points fors(T,H) with the fitted theoret-
ical function for s(T,H). The result for the zero-
temperature, zero-field, London penetration depth islab(T
50,H50)5127.661.5 nm.

The result for the effective penetration depth,lab(T,H),
is shown in Fig. 4~a!. It is a monotonically increasing func
tion of temperature and magnetic field. The result
lab(T,H50), which is obtained as an extrapolation of ea
data point to zero applied field, is shown in Fig. 4~b!.
Clearly, the self-consistent agreement between the pinn
theory detailed here, assuming ans-wave ground state, fa
exceeds the comparatively poor agreement found using
nonlocald-wave theory of Ref. 30~see Fig. 1!.

E. d-wave picture with flux pinning

We also attempted to incorporate the nonlocald-wave
pairing model of Ref. 30 into our pinning model. Th

FIG. 3. The dependence on magnetic field of~a! the zero-
temperature limit of the line distortion parameter,u,0 , and~b! the
root-mean-square average overT<Tc of the point distortion,
^up

2&1/2, normalized to the vortex-lattice spacinga.
17450
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critical-field curveHc2(T) for d-wave pairing in Fig. 1 of
Ref. 56 was used. In addition, we investigated the followi
modifications to improve the fits with thed-wave model
function for s(T,H): ~a! allowing an empirical effective
shift in Tc(H), which was not explicitly included in Ref. 30
~b! allowing Hc2(0) to be a fitting parameter; and~c! taking
k to be a temperature-independent fitting parameter as in
s-wave model fits.

The d-wave model, with or without the modifications
generally yields extremely poor fits, havingx2 per degree of
freedom in the range 13 to 14~as opposed to 2.38 for th
s-wave model!, which is significantly greater~worse! than
that found for the two-fluid and BCS analyses above. T

FIG. 4. The~a! temperature dependence of theeffectivemag-
netic penetration depth in the vortex state,lab(T,H), with the fitted
effects of pinning removed. The curves through the data repre
the s-wave pairing model of Eq.~13! with a54.0 and magnetic
field dependence model of Ref. 52. Frame~b! shows the tempera
ture dependence of the zero-field penetration depth,lab(T,H50),
with the fitted effects of pinning removed. The curves are fitted w
a London penetration depth oflab(T50,H50)5127.661.5 nm.
5-8
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d-wave model fit yieldslab5120.561.8 nm andTc590.6
60.7 K.

The results forx2 are shown in Fig. 5~a! for various
s-wave models of temperature and field dependence and
d-wave model from Refs. 30 and 56. Lowerx2 values are
obtained for the field dependence model of Ref. 52~fits de-
noted SW-1!, when compared with that of Ref. 44~fits de-
noted SW-2!. The minimumx2 is obtained for the SW-1 fit
with the two-fluid model.

FIG. 5. ~a! Results for chi-square~reducedx2) values, and~b!
probability of statistical significance of the fits relative to the tw
fluid s-wave pairing model, obtained from fittings(T,H) with the
vortex-lattice pinning model and various forms of superconduct
pairing. The two-fluid model withs-wave pairing and magnetic
field dependence as in Ref. 52~SW-1! and as in Ref. 44~SW-2!,
and BCS theory for couplingsN(0)V54.0, 1.0, and 0.4 also with
pairing and magnetic-field dependences SW-1 and SW-2 are sh
The nonlineard-wave model of Ref. 30 fit is denoted NLDW.
17450
he

We use theF-distribution statistical analysis test to com
pare thex2 results shown in Fig. 5~a! for the s- andd-wave
fits.57 This test parameter is defined asF5x2

2/x1
2, wherex1

2

is the chi-square for the two-fluid models-wave fit SW-1,
andx2

2 is the chi-square for any of the other model fits. T
probability, P, for statistically random occurrence of th
larger x2

2 for fits with any of the other models, when com
pared with the two-fluids-wave model, is given by the ex
pression

P5
F
E`

d fG„~n11n2!/2…G21~n1/2!G21~n2/2!

3~n1 /n2!n1/2f ~n121!/2~11 f n1 /n2!~n11n2!/2, ~15!

wheren1 andn2 are the number of degrees of freedom co
responding tox1

2 andx2
2, respectively. For thes-wave model,

we haven537; for thed-wave modelsn is 36 to 38. Figure
5~b! shows the probability calculated according to Eq.~15!
for each of the model fits. This statistical analysis finds t
the probability for anyd-wave model to give a better fit tha
the two-fluid model~also assumings-wave pairing! is less
than 431026.

The failure of thed-wave model can also be illustrated b
plotting the residuals~i.e., the difference between the fitte
theory and the data! for lab(T,H50) for the nonlocal
d-wave based pinning model, and comparing them with
residuals obtained assuming the underlying two-fluid fo
above. This is shown in Fig. 6, where the horizontal line
Dlab(T,H50) denotes perfect agreement between the
and data. As is obvious, the strong-coupleds-wave assump-
tion shown in Fig. 6~a! fits the data far better than the fi
obtained assuming thed-wave model of Ref. 30 shown in
Fig. 6~b!. This is mainly due to the inability of the underly
ing d-wave model to deal with the absence of a linear te
perature dependence in the 0.05 T data. Since the strong
dependence of thed-wave model comes primarily from th
nonlocal contribution,30 we are confident in concluding tha
an underlyingd-wave pairing state~or any pairing state re-
quiring nodes in the gap function! is entirely inconsistent
with these data.

F. More problems with a d-wave interpretation

Experiments utilizing microwave cavity resonance,58 ac
susceptibility,59 or rf resonance60 have been executed o
YBa2Cu3O7 to test theoretical predictions ofd-wave pairing
theory for the nonlinear Meissner effect.61,62 The predicted
effects turned out to be either absent or unobserva
small.60 Moreover, the predicted fourfold symmetry in theab
plane for a dx22y2 order parameter is also found to b
absent.63

In addition, the linear temperature dependence in
changeof effective penetration depths,Dla or Dlb , in the
ab plane of YBa2Cu3O7 crystals, may not be actual evidenc
that the absolute penetration depths themselves, eitherla or
lb , underwent the required changes. In fact, the obser

g
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changes may actually be due to defects, interrupted w
links, or other obstacles to supercurrent flow. Conseque
the results forDl may have been generally overinterpreted
terms of Meissner screening currents purportedly flowingun-
obstructedalong surfaces. Effects of current flow around t
sample edges and along thec direction ~ac or bc crystal
faces! were generally assumed or argued not to be import
when there is some evidence that they are: In their
~inductance-capacitance! resonance experiments with ve
weak rf probe fields,,231027 T, Carrington et al. ob-
served highly reproducible Fraunhofer-like oscillations in t
field dependence ofDlab , which they concluded are an in
dication of the presence of weak links on the edges of
crystal.60 The field dependence ofDl observed by Car-
ringtonet al. and its temperature dependence were attribu
by those authors to vortex motion. Moreover, in their an
lytical treatment of Meissner-London currents in superc
ductors, Brandt and Mikitik have cautioned that diverge
surface currents at the samples’ corners can nucleate qua

FIG. 6. Residual dataDlab(T,H50) for lab(T,H→0), with
the effects of pinning removed, assuming an underlying pair
state described by~a! the strong-coupleds-wave form of Eq.~13!,
and ~b! the nonlocald-wave model of Ref. 30.
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loop vortices and affect Meissner-effect measurements.64,65

Thus, kinetic inductance of nascent vortex motion and tra
port through weak links are at least two extrinsic mech
nisms that could cause a measurement of the effec
penetration-depth differenceDl to be increased relative to
the intrinsic Dla or Dlb . A key advantage of themSR
method is that the penetration depth is determined prima
by supercurrent flow on a microscopic scale in the b
~around fluxons! and is insensitive to Meissner current flo
over macroscopic sample dimensions.

IV. CONCLUSION

From the data and analyses presented here, along with
data of Sonieret al. and their comparison with the nonloca
d-wave theory of Ref. 30, it is clear that there isno evidence
in any of the data ford-wave pairing. All of the modern data
are, however, completely consistent withtemperature-
activated vortex depinning, which masks an underly
s-wave (or extended s-wave) pairing state. Strong-coupling
theory and a two-fluid model describe the data well. Mo
over, attempts to incorporate the nonlocald-wave pairing
function of Ref. 30 into the pinning model did not produce
satisfactory comparison with the data. Since the nonlocal
pect of this model30 provides a stronger field dependen
than that available from standardd-wave pairing schemes, i
is safe to assume thatd-wave pairing, even when couple
with pinning effects, cannot adequately explain themSR
data.

The effects of temperature-dependent, activated pinn
of the type seen here were first observed~although much
more pronounced! in unannealedBi2Sr2CaCu2O8 single
crystals.11 In that case, a strong departure froms-wave be-
havior was observed at intermediate fields~0.3 and 0.4 T!
due to flux motion and pinning, complete with an inflectio
in s at about 15 K. As in the present case, the effects
temperature-dependent pinning were also suppresse
higher magnetic fields~in the Bi2Sr2CaCu2O8 case, 1.5 T!,
revealing thes-wave character of the underlying pairin
function. Narrowing of the internal field distribution due t
vortex disordering was also observed at 1.5 T. These s
features are observed in the YBa2Cu3O7 data presented her
and elsewhere, and occur at higher fields due to the relati
stronger pinning energies present in YBa2Cu3O7 crystals
than found inunannealedBi2Sr2CaCu2O8 crystals.

The presence of strong pinning of fluxons in the powd
samples and early crystals actually allowed for a relativ
accurate extraction of the ground state pairing symme
~i.e., s-wave!. In fact, the data almost always reflected tw
fluid behavior, symptomatic of strong coupling. Unfort
nately, as the quality of YBa2Cu3O7 single-crystal samples
improved to effectively match the quality of the availab
Bi2Sr2CaCu2O8 crystals, effects arising from temperatur
dependent vortex motion and depinning became evid
While the occurrence of such phenomena in high-qua
high-Tc materials was well reported11 and widely cited,28 the
vortex-motion and depinning effects~which became more
significant as the crystal-quality improved! were mistakenly
attributed tod-wave superconductivity.26–30Since~i! few au-

g

5-10



-
n

h
-
in

n

T
h
,

f.
ta
a

of
is

g

in
u

op

as

por-

s a
to

ate

the

n
r-

are
t
the

of

pure
ers

uti-
ri-
ther

ff
of

nd

ort

No.
ho

H
e

nd

.

Y.
.

.
ki,

pli,
Ll.

s.
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thors realized that the superconductivity can bes-wave in the
bulk andd-wave at the surface,20 and ~ii ! surface-sensitive
experiments providing evidence ofsurface d-wave supercon-
ductivity donot necessarily implybulk d-wave superconduc
tivity, some authors became confused about whether or
the bulk superconductivity wass-wave in character. The
present work shows clearly that the pairing iss-wave in the
bulk. In fact, all of themSR data published to date whic
exhibit deviations froms-wave pairing, can readily be ex
plained as resulting from temperature-activated depinn
which masks the true underlyings-wave character of the
ground state symmetry.

A word about the microwave data: Sonieret al.26 have
shown in Fig. 2 of their paper that microwave measureme
of lab(T,H) from Ref. 23 give very similar results tomSR
data taken at low temperature in an applied field of 0.5
However, the microwave data cited match neither any ot
mSR data of Sonieret al.,26 nor any data known. Indeed
there is no fundamental reason for the microwave data
compare well withonly the 0.5 TmSR measurements of Re
26. Since the ‘‘linearity’’ of the low-temperature 0.5 T da
cannot be due tod-waves, as discussed in Ref. 30, one c
only conclude that the microwave work of Hardyet al.23

does not necessarily represent sustainable evidence
d-wave pairing.

Thus, while our data do not rule out the possibility
surface d-wave effects, the evidence for our main point
overwhelming: thebulk superconductivity of YBa2Cu3O7
~and, by inference, of Bi2Sr2CaCu2O8) is unquestionably
s-wave in character, once temperature-activated depinnin
taken into account.

Finally, we wish to comment about how this picture fits
with what many other authors believe: that the supercond
tivity is d-wave in character, with a prominent Cud-wave
signal, such as is evident in scanning tunneling microsc
~STM! data for Bi2Sr2CaCu2O8.66 We doubt thisd-wave in-
terpretation of the superconductivity.67,68

Many probes, such as STM, detectd-wave behavior be-
cause they sense thesurface layers, without determining if
the detected layers are all superconducting. In contr
muons detect only thesuperconductingcarriers, and~be-
cause of the muon penetration depth! are especially sensitive
to bulk layers more than to surface layers.
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The surface of Bi2Sr2CaCu2O8 has a BiO layer, a SrO
layer below it, and then a CuO2 plane even below that. STM
senses the BiO layer, the SrO layer beneath it, and that
tion of the CuO2 layer that consists of Cud-states sticking up
out of the cuprate plane into the SrO layer. STM sense
large d-wave component from the cuprate plane closest
the surface, which leads to the conclusion that if the cupr
planes superconduct, then the superconductivity isd-wave,
not s-wave. This would be correct if the CuO2 planes super-
conducted, and implies that the muons should also sense
CuO2 planes, and hence should also exhibitd-wave behavior.
But them1SR data definitely donot exhibit d-wave behavior
in YBa2Cu3O7, and appear to behave similarly i
Bi2Sr2CaCu2O8. This fact implies that the primary supe
conducting layers arenot the cuprate planes.

Muons sense the superconducting carriers only, which
essentially pures-wave in character experimentally, no
d-wave. Their wave functions are nodeless. This means
superconducting layers arenot cuprate planes, but are layers
that have s-wave character, such as the SrO layers
Bi2Sr2CaCu2O8 or the BaO layers of YBa2Cu3O7. If the
superconductivity were in the CuO2 planes, the muons~one
would expect! would sense thed-waves of Cu, which they do
not. Hence the fact that the muons sense essentially
s-waves implies that the superconductivity is in other lay
than the cuprate planes, such as the SrO or BaO layers.68 We
believe this reinterpretation to be consistent with the bea
ful STM measurements of Davis’s group, provided the p
mary superconductivity is assigned to the SrO layers, ra
than to the cuprate planes.
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