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Muon spin rotation " SR) measurements were conducted on a single crystal of, (B®, with a
superconducting transition temperatureTei~91.3 K and a transition width oAT.<0.5K in zero applied
field. Data were taken at applied magnetic fields alongctlagis 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 nodelessvave superconducting order parameter and that they appeared to be
inconsistent with order parameters possessing nodes, such as those dyavipgsymmetry. This result is
consistent with earlyuSR measurements on sintered samples in whi@hbelieve strong pinning eliminated
the temperature and field dependence of the vortex lattice disorder. Theséndaiding their observed
dependences on magnetic fielde, however, completely consistent witvave (or extendeds-wave pairing,
provided that field-dependent and temperature-activated vortex depinning is also accounted for. Oui)results
confirm thes-wave superconductivity character originally observed in 1989,(&hdhow that the features of
#SR (and microwavgdata claimed by other authors to be evidencedfevave 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 publistédrave model gives a better fit than the two-fluid model
is less than & 107 .
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[. INTRODUCTION that the original determination ofswave pairing in
YBa,Cw,0,_ 5 was correct, " and remains correét®
The pairing-state symmetry of thetype highT, super- In the original theory of Bardeen, Cooper, and Schrieffer

conductors has been a subject of debate for several year®C9),'° the pairs ares-wave, and evidence for this was first
Are the hole carrier pairs-wave ord-wave in character? provided for YBgaCu;O; using muon spectroscopy over a
Does the order parameter change sign with angle? Does thecade ago, both in powdér§ and in crystals. A compa-
order parameter have nodes? rable demonstration for Bsr,CaCyOg was provided in

In 1991, Annett, Goldenfeld, and Renreviewed the ex- 1991 wheres-wave-like behavior was recovered after the
perimental data for YBZCu;O;_ s and concluded, with some fluxon motion was reduced by high fields. More recently, a
caveats, that the pairing symmetry is likely conventionalnumber of authors, most notably Van Harlingén,
swave pairing. But in a 1996 review by two of the same Ginsberg:® Kirtley,**> and Tsuet®~'° none employing
authors, Annett, Goldenfeld, and Leggets, contrary opin- muon spectroscopy, have argued that the pairing of holes in
ion, that the pairing is likeld-wave, was put forth. Then in high-temperature superconductors is primarily dfvave
2000, Annett and Wallingtohoffered yet another opinion character(See also Refs. 1, 2, and)3.
that emphasized-wave pairing. In this paper, we shall show  Although currently most workers in the field seem to be-
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lieve that the pairing of holes in high-temperature superconface sensitive. In the rest of this paper, we focus on the
ductors has mostlg-wave character, only a few years ago bulk-sensitive muon studies.

the advocates of swave pairing were in the The original penetration depth measurements of
majority*~8—suggesting that any conclusion that the pairingYBa,Cu;O; (Ref. 4 were performed with. * SR on sintered

is eithers-wave ord-wave should be taken with caution. The powders in 1987, and were clearly consistent with a nodeless
situation is further complicated by the fact that what isgap (i.e., swave or extended-wave pairing and with a
s-wave in the bulk can bd-wave at the surface: Wave func- basal-plane magnetic penetration depth\,,(T~0)

tions with significant character that swave in the bulk, ~140 nm. Several other investigatifissubsequently con-
may becomed-wave at the surfac® causing surface- firmed the conclusions of Ref. 4. No comparisons were made
sensitive experiments to reflestirface dwave character for at that time to show that those measurements were inconsis-

what is actuallybulk swave behavior. tent with d-wave pairing(which was not yet in favor at the
Moreover, the recent experiment executed bgtal??2  time).
in response to a suggestion by Klefhtested thephaseof Measurements of A,,(T) on single crystals of

the wave function in BiSr,CaCuyOg and revived theswave  YBa,Cu;0;_ 5 (Ref. 32 were first reported in 1989 and
viewpoint?*~® which, although championed by Dynes's confirmed the earlier conclusion that the pairing state was
group® had been out of favor even for 8r,CaCyQg, al-  either swave or extendedswave for both the 90 K §
though not disproven. This experiment once more createek0.05) and the 60 K (08 §<0.4) bulk phases, but did not
uncertainty over whether the superconducting pairs are corestablish a bound on arpwave contributior:*® The main
sistent withs-wave ord-wave superconductivity. There is, to problem with the 1989 penetration depth measurements on
date, no consensus on the matter, with the current leaders tife YBaCu;O; crystals was that the critical temperature was
the swave proponents being Harshntah, Pimpin®®  slightly low, 86 K (in zero applied fielil which suggests that
Dynes® and Klemm?® and the leaders of the-wave super- the measurements should be repeated on a better crystal with
conductivity being Van Harlinget?, Ginsberg'® Kirtley,2**> T, above 90 K. It is important to point out, however, that in
and Tsuet® ' No one claims that YBZu;O; and all of the earlier work) ,,(T) tended to reflect the tempera-
Bi,Sr,CaCyOg have different angular momenta for the ture dependence of the two-fluid modélwhich indicated
paired holes: To our knowledge, most researchers believstrong coupling, andhowed no linear-in-temperature depen-
that in both bulk materials the paired holes have shene  dence as expected fod-wave pairing?>°
angular momenta; some authors favewave pairing and After the original work~’ on the pairing state of
others prefed-wave. YBa,Cu;0;, several other group$283°began reconsider-
Fortunately, there are perhapso basic wayso deter- ing data for YBaCu;O;, based on the assumption that the
mine the symmetry of the pairing in type-ll superconduc-absence of case-ll coherence effettsich as the Hebel-
tors: (i) from the magnetic penetration-depk{T), mea-  Slichter anomal$f—3% necessarily implied higher angular
sured by either muon spectroscdpymicrowaves:’ or  momentum(other thans-wave pairing. As we shall demon-
(rather impreciselyby neutrons® and(ii) from the phase of strate, this assumption of higher angular momentieng.,
the wave function, as is done in a twisted bicrystal Josephsod-wave pairing is invalid.
junction experiment.(See the discussion fod-waves by Significant deviations from conventionstwave behavior
Refs. 12-19, and fos-waves by Ref. 9.Both ways are have been reported by other groups, based wohSR
subject to criticismi{(i) The problem with the measurements data: Specifically, Sonieet al. have interpreted(incor-
of the magnetic penetration-depi{T) is that it measures rectly, as we shall shomtheir measurements of,,(T) per-
the length over which the magnetic fields inside the superformed well after 1991, on single crystals of Y&a;0;, as
conductor are attenuated, and as such, can be sensitive eitfetidence ford-wave pairing> Moreover, in their review ar-
to defects or to extrinsic effects, such as flux-motion, flux-ticle, Sonier, Brewer, and Kiefl claimed that the earlier ex-
pinning, or perturbations by magnetic iondi) measure- periments on powders by Harshmanal® and by Pmpin
ments of the phase of the wave function are subject to critiet al>® and on crystalsfound consistency witls-wave pair-
cism if the measurement is surface sensitae is often the ing due to the misuse of Gaussian line shapes. This claim of
case or if the sample contains some unexpected trappe&onieret al. is contrary to the facts: (i) the single crystal
magnetic flux, which can affect phase measurements. Sinatata of Ref. 7 showed-wave behavior and were fitted as-
penetration-depth measurements performed uginGR on  suming a cutoff exponential, not a Gaussian, &idit is a
YBa,Cu;0O; have produced differing conclusions for the simple matter to show that the powder-averaged line shape
pairing: somes-wave?® othersd-wavel®?-*Cand others generated by the internal magnetic field distribution of a vor-
ambivalent abous- vs d-wave pairing®* we thought it would ~ tex lattice is well approximated by a Gaussian, as has been
be best to reproduce the" SR measurements of the basal- well documented. Since the qualitativeshape of the
plane penetration deptk,,(T,H) using purer YBa,Cu;O, magnetic-field distribution is independent of temperature, but
samples, to determine if the data still favor the originalthe width varies with temperature, we expect the Gaussian
swave interpretation of many years ago for Y,BayO, fits of the data to produce linewidths that closely track the
(Refs. 4—7F and BpSKL,CaCuyOg. " After all, the muon mea- second moment of the field distribution as a function of tem-
surements arbulk sensitivewhereas Josephson studies andperature.
other measurements of the wave-functions’ phasewell as Moreover, thesswave temperature dependence of the pen-
photoemission and tunneling measuremeate rather sur- etration depthh,, observed in the YB#Zu;O; powder
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experiment$® and in the heavily twinned early single- (low-field) and Belle (high-field) spectrometers. The time-
crystal sampléslikely reflected the true underlying pairing differential technique used in these studies is described
state: the extremely strong pinning forces clearly evident aelsewheré! so only a brief description will be presented
and below T. very likely suppressed any temperature-here.

dependent reordering of the flux lines, as would occur if the Positive muons(4.2 MeV) are stopped in the sample,
pinning were weakwhich is very likely the case in samples where they decaymuon lifetime 7,~2.197us) with each
with T,>90 K). emitting a positron preferentially along its final spin-

As the quality of single-crystal samples has improvedpolarization direction. A clock is started when the incident
from 1989 to the present, flux pinning in the best crystalsmuon enters the sample, and is stopped upon the detection of
should have becomeeaker this has introduced the possi- the decay positron. Since the muons are created via pion
bility of temperature-dependent fluxon reordering in the bestlecay at rest, with spins antiparallel to their momenta, the
samples now available. Such fluxon reordering has alreadfme evolution of the muon spins can be measured. Typically,
been observed in high-quality fBr,CaCyOg crystals, one measures the time evolution of millions of positive
where strong temperature and field effects @hSR data muons’ spingone at a timg yielding an ensemble average.
were found!! reflecting weak pinning. Very similar tempera- Standard magnetic-field geometries allow the application of
ture and field dependences are observed in the present wofiklds in directions paralle(longitudina) or perpendicular
for our higher-quality YBaCu;O, samples, which we shall (transversgto the initial muon polarization. In the present
show are indicative of flux pinning, not due tbwaves or work, only transverse-field measurements are employed,
L+#0 angular momenta. yielding a relaxation functionG,,(t), consisting of a relax-

In this work we first discus§Sec. 1) how the experiment ation envelope modulating a precessing muon spin amplitude
was performed and analyzed. Then we pré&ec. Il A) that  [see Eq.(5) below]. This is analogous to free-induction de-
neithers-wave pairing noid-wave pairingalonecan explain  cay in nuclear magnetic resonance. To allow for measure-
the current data from muon spectroscopy. Then we considanents in high transverse fields, the muon spins are rotated
pairing (eithers-wave ord-wave in combination with vortex ~90° (by anEX B filter) and the field is applied parallel to
pinning (Sec. Il1 B). In Sec. Il C we introduce our collective the incident beam momentum vectahus still conforming
pinning model. And in Sec. Il D we show thatwave pair- to a transverse-field geomelrywhich also helps focus the
ing plus flux pinning does describe the data rather well. Andncident muon beam. Since only one muon is in the sample
finally, Sec. lll E is devoted ta-wave pairing plus flux pin- at a time, there are no complications dueuto-u ™ interac-
ning, which fails to fit the data. Section Ill F contains a dis- tions.
cussion of data from other probes, data which cast doubt on For the present experiments, data were taken at applied
the d-wave interpretation. Our conclusions are developed irmagnetic fields along thedirection of 0.05, 1.0, 3.0, and 6.0
Sec. IV. T. About 10 total muon-decay events were accumulated at

Hence, we show that the deviations fremvave pairing each temperaturghe temperatures were held to an accuracy
could be associated with temperature-dependent flux-pinningf better than 0.1 Kand at each field. The fields were accu-
phenomena, not with-wave pairing. To accomplish this, we rate to better than 810 ° T.
first present w*SR data acquired on a high-quality  For the analysis of th@SR data presented here, we first
YBa,Cu;0; crystal at applied magnetic fields of 0.05, 1.0, compared the data with the Ginzburg-Landau model of Ref.
3.0, and 6.0 T. The temperature and field dependences of t#2 and then with the more conventional London mddel,
internal field distributions are carefully compared using awith an added Gaussian cutoff, as defined in €g.below.
self-consistent analysis in which deviations fromwave  While the fit qualities were indistinguishable between these
symmetry behavior are attributed to weak flux-pinning phe-two models, the coherence distance and the penetration depth
nomena, rather than td-wave effects. We argue that the parameters were found to be very strongly correlated with
purported intrinsicd-wave behavior previously claimed for each other in the Ginzburg-Landau case. This correlation un-
muon experiments is probably not duedavaves, but is an doubtedly led to the factor of 3 or 4 variation in the coher-
extrinsic phenomenon caused by flux pinning. ence distance with magnetic field reported by Sonier
et al,?528 when one should have expected the vortex core
size to vary only about 20%Ref. 44 over the same field
range. Moreover, the field dependence in the penetration

The YB&Cuz04 g5 Crysta| measured for the present work depth and coherence distance that Soateal. found in fit-
was grown in a Y-stabilized ZrQcrucible according to ting the theory of Ref. 42 to their data is contrary to the
methods described elsewhéfeThe sample exhibits a tran- theoretical assumption that they are constants.
sition temperature of .~91.3 K, has a transition width of ~ Since our primary goal is to accurately extract the second
AT.<0.5K (in zero applied fiely and has dimensions mMoment of the vortex lattice field distribution as a function
5% 4x0.75 mn?, dimensions which correspond to a demag-0f both temperature and field, we have chosen to adopt a
netization coefficient of about 0.793 for magnetic fields ap-Spatial field distribution of the London forff,
plied along thec axis: . _ 1.2

The uSR experiments were conducted on the M20 and B(r)=BXqexpig-r) (1+27g%) " Fexp(—2£69%), (D
M15 secondary channels of the TRIUMF cyclotron facility whereB is the average internal field, is a reciprocal lattice
in Vancouver, British Columbia, Canada, using the LAMPFvector for a triangular vortex lattice, is a parameter which

Il. EXPERIMENT
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under ideal conditions would equal the magnetic penetratio
depth, and we have added a core cutoff at smallith a
cutoff distanceé,. To avoid the problem of coherence-
parameter and penetration-depth correlati¢discussed
above, and to circumvent anomalous results for the field
dependence of the coherence distafiéthe cutoff param-
eter &, was fixed at 0.1 nm for all four fields analyzéce.,
all vortices were assumed to be virtually point vortites

In order to obtain the relaxation functid@g,,(t), we first
found the field probability distribution functiom(b), as nu-
merically derived from Eq(1) by determining the area of a
vortex lattice unit cell that falls between magnetic fiels
andb+db. Thusn(b) was obtained from

n(b):j 5(b—b’)dA(b’)/ fdA(b’), (2
wheredA(b’) is an elemental piece of the vortex lattice unit
cell for which the field ish’ and the unit cell has a total area
of fdA(b").

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

G0 = [ Mibiowcos bt pidb, @
where b is the field sensed by the muom, is the initial
phase,y, (=2mx13.55342 MHz/kG) is the muon gyro-
magnetic ratio, an@i(b;oy) is given by

'ﬁ(b;aM)ZN’lj n(b’)exp(—[b—b'1%25%)db’. (4)

Hereo(T,H) is the smearing parameter determined by fit-
ting the data to Eq(5) below, andN~! is a normalization
constant. The Gaussian convolution, E4), is employed to
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account for the variation in the local average field arising

from vortex lattice distortions.

Finally, the complete asymmetry functié,(t) used for
fitting the data is constructed by addingCﬁQl((t) a Gaussian
decaying signal to describe the small signal from the muon
which stop outside the superconducting sample, but are glel

FIG. 1. Comparison of thd-wave theory for the effective mag-
netic penetration depth(T,H) of Ref. 30 with(a) the fitted\ data
of Fig. 3 from Ref. 30, andb) the present data with fittexd param-
eter. The curves in fram@) are as given in Ref. 30 foe=65 and
(T=0H=0)=107.8nm. The parameter values necessary to

mpare with the data in pafth) areN(T=0H=0)=151.5, 120.0,

vetoed by the electronics. Definirigo be the fraction of the 1205, and 147.5 nm fdd =0.05, 1.0, 3.0, and 6.0 T, respectively.

total spgctrum arising from muons stopped inside the SUPEIxs discussed in the text, a comparison could not be made with a
conducting sample, we have universal value oh(0,0).

Gy(t)= fG)U(L(t) +(1—f )exp(— A%t?/2)cog 2mvt+ ¢b). magnetic field distribution of the idegberfec) vortex lattice
(5) in the presence of perturbatiofis.g., flux pinning, which
we treat in Sec. lll.
HereA is the decay rate andis the precession frequency for
muons stopped outside the sample, @nd, again, the initial
phase. The raw spectra for all of the fields measured were

fit*® assuming the function given in E¢G). In the case of the  penetration-depth parametey as a function of temperature
6.0 T data, no background component was pregedt f T o (g) the data provided in Ref. 30 fét=0.5, 4.0, and 6.0
=1), but for 0.05, 1.0 and 3.0 T,is 0.95, 0.84 and 0.96, T, and(b) our data for applied fieldsi of 0.05, 1.0, 3.0, and
respectively. 6.0 T. Bear in mind thah is a fitted parameter and is not
From this analysis, the fitting parameteosy(T,H) and  necessarily the actual magnetic penetration deptl,.

A(T,H) were obtained. These parameters model the ranwhile these two sets of datég) and(b), have some similar
domly broadened vortex lattice field distribution, and can befeatures, there are significant quantitative differences, which
used to obtain experimental results for the deformation of thguggest that some extrinsic effects play a significant role in

Ill. RESULTS AND INTERPRETATION
Figure 1 shows\~2, the inverse square of the
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shaping them. Specificallyj) the data in Fig. (@) are sys- ture below 20 K and the purported agreement with the 0.5 T
tematically greater than those in Fig(b; (i) there is a « "SR data do not, in fact, support tdewave pairing®® the
distinctive inflection point in\~2 versus temperature near 0.5 T "SR data actually negate the microwave data as evi-
T~20 K, which is most evident at intermediate field®., dence ford-wave pairing also.

H=0.5Tin Fig. Xa) andH=1.0 and 3.0 T in Fig. (b)]; and
(i) a nonmonotonic dependence ®f >(T—O0H) on ap-
plied magnetic fieldH is shown in Fig. 1b). The curves in o ) .
Fig. 1(a) are the same as those given in Ref. 30 for 65 Clearly, the combl_natlon_ of_theonmonotonlcbehawor of
and a value oh (T~0,H=0)=107.8 nm. However, a com- Nap(T—0,H) and theinflectionin the data_ at-20 K suggest
parison of the same thedRwith the data in Fig. () is not that at least t_vvo phenomena are affectmg .the ddRather
possible with a universal value af(T—0,H=0), due pri- than attempting to force the data to fit into tllewave
marily to the nonmonotonic behavior it of \~2(T  Picture;>"we take the approach that the deviations from
—.0H), and the fact thak ~2(T,H) at the lowest field§i.e.,, SWave behavior in Fig. 1 are due to quantifiable phenomena,

0.05 T in Fig. 1b)] is not linear in temperature, as predicted MOSt notably fluxon pinning and fluxon reordering, which
in Ref. 30. The parameter values necessary to “reasonablyW€re omitted by Sonieet al. Common sense would dictate
compare thed-wave model of Ref. 30 with the data in Fig. that one first consider such flux-pinning effects in the context
1(b) are given in the figure caption. of ordinarys-wave pairing before proffering an intrinsic and
unquantifiedd-wave-pairing (or higher angular-momentum
pairing picture. The clear sample dependency of the data
A. Neither s-wave pairing nor d-wave pairing alone fits exhibited in Fig. 1 implies the importance sbmeextrinsic
the data effect.
It is clear that the data of Fig. 1 for~2 cannot be ad- 'I_'he _results presented in the next section correspond to the
equately explained with aswave model alone. It is equally €9ion in the vortex-state phase diagram where the fluxons
form a solid-phase vortex latticesee Fig. 4 of Ref. 48

clear, from the comparison with theory shown in Fig. 1, that'~ . )
the d-wave model alone does néand canndtdescribe the <iNc€ the maximum temperature for th&R data acquired
gat each field is 1 to 2 K below the vortex lattice melting

data particularly well either. Consequently, it was surprisin . -
to us that Sonieret al, citing similar data, claimed that (emperaturéthe irreversibility boundary, namely tité vs T

d-wave pairing accounts for the observed deviationa of curv@, the vortex lattice is subject to pinning. Thergfore, we
from a “conventional” swave model's temperature depen- consider a model of temperature-activated flux pinning, as
dence. Indeed Amiret al.%° upon comparison of their non- could occur in very clean crystals where the Abrikosov flux

local d-wave theory withu SR data provided by Sonier, Ie_lttice becomes locked-in by weak pinning at oxygen vacan-
found poor agreement and stat@dferring to their theoreti- cles apd/or other_deft_ac‘i%A_s we shall ShOW’ the anomalou;
cal prediction forx ~2), “The main discrepancy between the behavior shown n '.:'g' L IS consistent with thermally acti-
theory and experiment in Fig. ®@f Ref. 30 is the lack of vated vortex deplr_mlng V.V.h'Ch masks the tsseave charac-
linearity (in temperature of the theory for=2) at 0.5 T: ter of the u_nderlyl_n_g pairing state. We shall also argue that
however, it is difficult to envision how nonlinear corrections the underlying pairing symmetry cannot bevave, and in

could cure this.” In making this statement, Amat al. ac-  [2ct Isswave.
knowledged that thed-wave theory doeshot explain the
1« SR data. In fact, while the nonlocadwave theory of Ref. C. Collective pinning model

30 doespredict\ (T—0H) to be linear in fieldd at 0.05 T, As we analyze the data using a more sophisticated model
the data of Fig. (b) do not bea_r this out. It should also be o that in Fig. 1, it becomes desirable to treat instead of
noted that the value ok(0,0) (= 107.8 nm necessary 10 ' the total second moment due solely to vortex-lattice

compare with theu " SR datg[Fig. 1(a)] (Ref. ?Q is signifi-  tormation (without dipolar broadeningo(T,H), as defined
cantly smaller than the well established vaftie. by

Interestingly, although the data of Soniet al. for H
=0.5T (Ref. 30 appear to be somewhat “linear” in tem-
perature below the-20 K inflection point, the theory pre-
dicts that 0.5 T is actually not a low enough field to permit
E;e Z?Sr?gljirzogf ?;éherggéenvcin;}y\?;/ae”;ﬁ egr?:%tﬁ(\jﬂgztci\?ié?’ thetional broadening due to distortions of the vortex lattice, and

y sig P “_p o ’ L is the square-root of the second moment of pesfect
One must, therefore, conclude that the “linearity” seen at 0. . L . !

: . i . ““vortex-lattice distribution. The parametey, is obtained by
T is not evidence ofd-wave pairing, and that an alternative

Vs L , fitting the data withG,,(t) [Eg. (5)], and correcting for
explanat|on_(V|z., fI_ux pinning of those datdespecially the nuclear broadening by subtracting in quadrature the broaden-
0.5 T data is required.

Moreover, the fortuitous low-temperature agreement 9 7dipolar due to nuclear dipole$ (determined by fitting
aboveT,). For a triangular vortex-lattice geometry,

shown in Fig. 2 of Ref. 26 between zero-field microwave ?dipolar GHOVE S 5152
data(taken from Ref. 28and Sonier’s 0.5 T.* SR data has 7L '° defined in terms ok a

often been erroneously cited as corroborating evidence for ) 91

d-wave superconductivity. Since “linearity” with tempera- o =[0.0609b,/\"]". (7)

B. Pairing and flux pinning

U=[UE+ crf,,]llz, (6)

where thesmearingparameteio,, helps to model the addi-
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This is consistent with our choice of point vortices and a 0.1thermally-activated line disordeu, . We further assume pin-

nm cutoff. Here,®,=(hc/2e)=2.068<10 ' Gen? is the  ning by random, local pinning forces that induce deforma-

flux quantum. tions in the ideal vortex lattice. It has already been shwn
The transformation to treating (rather than onlyA) is  that the increases in the second moment of the local field

necessary since, in the presence of perturbatiioas distor-  distribution, arising from sinusoidal fluctuations in the vortex

tions due to flux pinning the associated effects are reflecteddensity, scale with the pinning energy. Incorporating a wave

in both\ and o, . The notion thatr,, measures the distor- vector dependence, which is modeled here by a distribution

tion of the vortex lattice and is free of distortion effects is of pinning energies, we assume a pinning enefgythat

clearly untrue. This second momentT,H) incorporategi)  scales with thdine fluctuations® as

pinning and vortex motion, andi) an underlying pairing

symmetry(eithers-wave ord-wave). By applying our analy- E= 77U§ ; (10

sis in a self-consistent manner, we hope to determine the true

: L X Where 7 is a proportionality constant. Allowing for a ther-
nature of the underlying pairing stdtiee., \ 5,(T,H)], and to : : L
extract the London value of the penetration depth. mally activated temperature dependefité)e line pinning

distortionu, is modeled in terms of its enerdyaccording to
Nap(T=0H=0)=[(mZ,c2)/(4mne?) ]2 ®) the activation equation

2__,,2
wherem?, is the mean hole mass in tleb plane,c is the U= Uzl 1—exp(—E(u)/kgT)], (11)

speed of light, anch is the density of hole carriers. The \herey,, is the zero-temperature limit of, . Equation(11)
penetration depth in Eq. (7) reduces ta\,p(T,H=0) for  oypresses the thermal transition from a uniform lattice in the
the ideal(nontriangular or obliquevortex lattice. limit of high temperature to a vortex lattice distorted by pin-
ning at low temperature. The temperature dependence of

is then found by solving the transcendental EL) above.

As in Ref. 52, we consider two types of vortex displace-The randomness and wave vector dependence of the relation-

ments: (i) shifts of the vortexpoints from their smooth ship betweenE and u, are further incorporated into the
lines up, and(ii) shifts of the smootlines from their posi-  model by convolvingu% with a Gaussian having a second

1. Point and line vortex displacements

tions in the flux-line latticeu,. The point distortions,u,,  moment ofu?, to better approximate pinning-well character-

tend to narrow the field distributiofi.e., decrease?), while  jstics.

line distortions,u,, tend to broaden the distributiofi.e., Point fluctuations along the flux lines are modeled by the
increases?). For arbitrarily largguncorrelatefiaverage dis- parameteru . Brandb? treated the case of random point

pIacementsu=[u,23+ u?]“z, one obtain¥ fluctuations of point vortices. In general, line waves along

the flux lines increase the line tension and cost energy. The
o?~oglexp—26.2%/a%) +24.8INkui/a?)]. (9  energy is supplied by pinning forces and by thermal energy
which scales a&gT. These two contributions are modeled

. ) 2
Here, the numerical factors come from Brandt's théry;  for each field by two parametens,; andu,,, following the
is the second moment or variance of the field distribution forequation

an ideal flux lattice, ®2=(uZ+2\2)/(UP+4£2,), Eap
=M\ap/k, k is the Ginzburg-Landau parameter, ard u,z)zuf,l(H)+ur2)2(H)(T/Tc). (12
=(2d,/3"?B)¥?is the vortex lattice parametéB is the av-
erage local fieldl

At low applied magnetic fields, where the amplitude of
the line distortion of a flux liney, is small compared with The theoretical form for fitting ther(T,H) data, as ob-
the vortex lattice parameter; one expects a minimal effect tained from Eq.(6), was examined for variouswave pair-
from such distortions. Likewise at high fields, where the in-ing models(d-wave pairing is discussed in the next section
tervortex interactions act to suppress the amplitugdeone  The temperature dependence\gf,(T,H=0) was tested for
also expects a minimal effect. In contrast, pdiot “fuzzy- three values of the BCS theory coupling strenfftff namely
core”) distortions u, are most dominant at low applied for the BCS coupling paramet&(0)V=0.4, 1.0, and 4.6
fields, where flux motion and vortex diffusion can occur, andand for a two-fluid model expressidfh[See Eq.(13).] The
at high fields, where small deviations of the individual flux- field dependence of(T,H) was determined from the mod-
ons from the flux line can be a significant fraction of the els based on Ginzburg-Landau theory presented in Refs. 42
lattice parameter. Thus we expect a peak in line distortionsind 52 and from models based on the quasiclassical Eilen-
u, and a minimum in point distortions, as a function of berger theory’ presented in Ref. 44. The penetration depth,
applied magnetic fieldH. Nan(T,H=0), does not vary wittH in these theories. But,

To show that the anomalous temperature and field deperthe field dependence of the data critically enters into the fit to
dences ofs are likely due to pinning effects, it is necessary o(T,H). The best fit to the datéminimization of x?) is
to develop a self-consistent fit to the data for all four appliedobtained with the field dependence ®fT,H) as calculated
fields (simultaneously. To this end, we have adopted a fitting by Brandt>?> which reduces to Eq(1) for H<H,. A two-
algorithm which incorporates a temperature- and fieldfluid model-like expression is used for the temperature de-
dependent point disordey,, and a field-dependent and pendence of the penetration depth:

D. swave picture with flux pinning
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TABLE |. Parameters of the fit of the two-fluid-wave-based pinning model. Here we hagw%)
= oS Teud(T) dT/T,.

Field-dependent parameters

Field (T) Ugg/a <u§)1’2/a

0.05 0.031(+0.061/~0.03) 0.204(*+0.012
1.0 0.107(+0.050/0.06% 0.128(*+0.022
3.0 0.088(+0.034/0.05)) 0.087(*0.030
6.0 0.010(+0.008~0.010 0.119(+0.032

Global parameters

T, 90.8(+0.5 K

Nap(T=0H=0) 127.6(+1.5 nm

K 43.8(*+1.89

Pinning “temperature&/kg 19.60(+18.2~12.2 K

Reducedy? 2.38(Chi-square per degree of freedpm
Nap(T,H=0)=\,(T=0H=0) [1—(T/To)*] 2 Figures 3a) and 3b) show the field-dependences of the

(13 line distortion parameten,,, and the temperature-averaged
(rms) point distortion parameter(uz)'/?=[uj,+3uj,]"?
which reduces to the two-fluid model for=4. respectively, both normalized to the vortex-lattice spaeing

Treating the exponent as an adjustable parameter pro- As predicted, point distortions are most important at low and
duces ay? minimization witha=4.16+0.20. The best fitis high fields, whereas line distortions are important at interme-
statistically indistinguishable from the conventional two- diate fields. The contribution to the data arising from pinning
fluid model, for whicha=4. Thus Eq.(13) with @=4.0is  effects can be removed using the fitted parameters. This
selected to model the temperature dependence,gfT,H  elimination of the pinning effects also reveals results for the
=0). penetration depth. We define affectivepenetration depth in

This work also examined several forms for the temperathe vortex state, e.g., as in Ref. 30, by the expression
ture dependence of the coherence distardgg(T,H=0).

The fits presented below are obtained by fitting the data with

a temperature-independent Ginzburg-Landau parameter, X, (T,H)=\,,(T,H=0) [o(T,H)/o(T,H=0)]"?,
=Nap(T,H=0)/&,5(T,H=0). We found that fits using the (14
Hq,(T) functions given in Ref. 56, withd .,(0) taken to be

a fitting parameter, produce comparably gogdminimiza-

tion, albeit with x varying with temperaturéx increasing

nearT,). 80

Table | shows the results far,,(T=0,H=0) and all the
other parameters of our fit witek-wave pairing and fluxon
pinning, as described above. 60

The curves shown in Fig. 2 represent the best fit to the __
o(T,H) data of our self-consistent pinning model. The fitis £
global, meaning that all four curves for the various fields b
were fit at the same time with one set of parameters in com-
mon. This yields g¢? per degree of freedom of 2.38ased
on statistical errors onjy with the fitting parameters shown 20
in Table I. Interestingly, thex=4.0 parameter in Eq(13)
shows that the best fit is consistent with strong coupling.

We have found with trial functions from extended BCS ol v 11 -
theory that the fit improves with increasing BCS coupling 0 20 40 60 80 100
strength,N(0)V.>* However, the simple form of Eq13),
with a consistent with the two-fluid form, provides the best £ 2 The square-root of the second momentyersus tem-
fit to the data. This is a very important result since, as thgeratureT, for single-crystal YBaCus0, in applied fields of 0.05,
reader may recall, the two-fluid modéklso best described 1.0, 3.0, and 6.0 T. The errors shown are statistical, corresponding
the powders and early crystdis’ Therefore the present data to one standard deviation. The solid curves through the data repre-
confirm our earlier assertion that the measurements beforgnt the bestgloba) fit of our self-consistent pinning model with
1991 of the strongly pinned samples reflected the true undethe underlying pairing function of Eq13), and a=4. The fitted
lying pairing state(i.e., strong-coupled-wave pairing. parameters are given in Table I.

40

YR ST SR [N VNN WY SO [N TR SR T NN S WS S M
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FIG. 3. The dependence on magnetic field (af the zero-
temperature limit of the line distortion parameteyy, and(b) the
root-mean-square average ovérsT. of the point distortion,

(u2)*2, normalized to the vortex-lattice spaciag 100

T (K)

where N 5,(T,H=0) is the zero-field penetration depth, as

given by the two-fluid model, and the ratie(T,H)/o(T,H FIG. 4. The(a) temperature dependence of taffectivemag-

=0) is the field dependence given by Ginzburg-Landaunetic penetration depth in the vortex statg,(T,H), with the fitted
theory as calculated in Ref. 52. Experimental values ofkffects of pinning removed. The curves through the data represent
Map(T,H) and \,,(T,H=0) are determined by comparing the swave pairing model of Eq(13) with «=4.0 and magnetic
the individual data points fos(T,H) with the fitted theoret- field dependence model of Ref. 52. Frafig shows the tempera-
ical function for o(T,H). The result for the zero- ture dependence of the zero-field penetration depfh(T,H=0),
temperature, zero-field, London penetration depth jg(T with the fitted effects of pinning removed. The curves are fitted with
=0H=0)=127.6+1.5 nm. a London penetration depth af,,(T=0H=0)=127.6-1.5 nm.

The result for the effective penetration depkh,(T,H),
is shown in Fig. 4). It is a monotonically increasing func- critical-field curveH¢,(T) for d-wave pairing in Fig. 1 of
tion of temperature and magnetic field. The result forRef. 56 was used. In addition, we investigated the following
Map(T,H=0), which is obtained as an extrapolation of eachmodifications to improve the fits with thd-wave model
data point to zero applied field, is shown in Figlby}  function for o(T,H): (& allowing an empirical effective
Clearly, the self-consistent agreement between the pinninghift in T.(H), which was not explicitly included in Ref. 30;
theory detailed here, assuming amvave ground state, far (b) allowing H¢,(0) to be a fitting parameter; ar{d) taking
exceeds the comparatively poor agreement found using theto be a temperature-independent fitting parameter as in the
nonlocald-wave theory of Ref. 3@see Fig. 1 s-wave model fits.

The d-wave model, with or without the modifications,
generally yields extremely poor fits, having per degree of
freedom in the range 13 to 1és opposed to 2.38 for the

We also attempted to incorporate the nonlodavave  s-wave model, which is significantly greatetworse than
pairing model of Ref. 30 into our pinning model. The that found for the two-fluid and BCS analyses above. The

E. d-wave picture with flux pinning

174505-8



NODELESS PAIRING STATE IN SINGLE-CRYSTA. .. PHYSICAL REVIEW B 69, 174505 (2004

16 | | 1 T | We use the~-distribution statistical analysis test to com-
- . pare they? results shown in Fig. ®) for the s- andd-wave
14 () % 1  fits5” This test parameter is defined Bs- x5/ x5, wherey?
Q3N 1 is the chi-square for the two-fluid modsiwave fit SW-1,
12 1 2 : .
x NLDW and x5 is the chi-square for any of the other model fits. The
10 i _ probability, P, for statistically random occurrence of the
__ | Iargerxg for fits with any of the other models, when com-
sl A | pared with the two-fluiclsswave model, is given by the ex-
I -0 pression
= sk a7
| el i
._.-';‘.O"" o0
4+ __,_.;:.‘:I~" ] P= f dfC((vy+ v) 2T (v /2)T Y w,o/2)
X 1 .
2F ° X( / v1l2¢(v—1)12 (vq+vy)l2
| V1 V2) vefin (1+fVl/V2) 1mr2ne (15)
0 | 1 ! ! |
2\17%, M OJK /VKOJK /V(O)K 420»;/ wherev,; andv, are the number of degrees of freedom cor-
d 7 Qg responding toy? andy3, respectively. For the-wave model,
Pairing Model we haver=37; for thed-wave models is 36 to 38. Figure
5(b) shows the probability calculated according to ELH)
E T T T T T E for each of the model fits. This statistical analysis finds that
o F (b) 3 the probability for anyd-wave model to give a better fit than
107 ., 1 the two-fluid model(also assuming-wave pairing is less
F i, 3 than 4x10°6.
3 Qe 3 The failure of thed-wave model can also be illustrated by
B eI O~.._‘ . plotting the residualgi.e., the difference between the fitted
2197k A, §  theory and the dajafor \,,(T,H=0) for the nonlocal
B a ' O 1 d-wave based pinning model, and comparing them with the
% 2 “A 3 residuals obtained assuming the underlying two-fluid form
& 1oL N above. This is shown in Fig. 6, where the horizontal line at
E O SW-1 3 ANap(T,H=0) denotes perfect agreement between theory
[ SRR ]  and data. As is obvious, the strong-couptedave assump-
3 3 tion shown in Fig. €a) fits the data far better than the fit
10-¢L {( - obtained assuming thé-wave model of Ref. 30 shown in
3 E Fig. 6(b). This is mainly due to the inability of the underly-
[ ! | L L | ing d-wave model to deal with the absence of a linear tem-
20 perature dependence in the 0.05 T data. Since the strong field

dependence of thd-wave model comes primarily from the

nonlocal contributiorf’ we are confident in concluding that

an underlyingd-wave pairing statéor any pairing state re-
FIG. 5. (a) Results for chi-squar@educedy?) values, andb) ql_Jiring nodes in the gap functipns entirely inconsistent

probability of statistical significance of the fits relative to the two- With these data.

fluid sswave pairing model, obtained from fitting(T,H) with the

vortex-lattice pinning model and various forms of superconducting

pairing. The two-fluid model withswave pairing and magnetic F. More problems with a d-wave interpretation

field dependence as in R_ef. 53W-1) and as in Ref. 44SW-2)._ Experiments utilizing microwave cavity resonarifegc

and BCS theory for couplings(0)V=4.0, 1.0, and 0.4 also with  gsceptibility®® or rf resonanc® have been executed on

pairing apd magnetic-field dependences. SW—l and SW-2 are ShOWWBaZCugO7 to test theoretical predictions dfwave pairing

The nonlinead-wave model of Ref. 30 fit is denoted NLDW. theory for the nonlinear Meissner efféd®2 The predicted

d-wave model fit yieldsk,,=120.5+1.8 nm andT.=90.6 effects turned out to be either absent or unobservably
+0.7 K. small®® Moreover, the predicted fourfold symmetry in thk

The results fory? are shown in Fig. &) for various Pplane for ad,2_,2. order parameter is also found to be
s-wave models of temperature and field dependence and trabsent?®
d-wave model from Refs. 30 and 56. Lowgf values are In addition, the linear temperature dependence in the
obtained for the field dependence model of Ref(f& de- changeof effective penetration depthaA, or A\, in the
noted SW-]1, when compared with that of Ref. 4fits de-  abplane of YBaCu;O; crystals, may not be actual evidence
noted SW-2. The minimumy? is obtained for the SW-1 fit that the absolute penetration depths themselves, either
with the two-fluid model. \p, underwent the required changes. In fact, the observed

47 47 A Y,
< 7 g

Pairing Model
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O T T T loop vortices and affect Meissner-effect measurem@ts.
Thus, kinetic inductance of nascent vortex motion and trans-
60 port through weak links are at least two extrinsic mecha-
40 nisms that could cause a measurement of the effective
~ I penetration-depth differenc&\ to be increased relative to
E 20 the intrinsic AN, or A\,. A key advantage of the.SR
— | method is that the penetration depth is determined primarily
‘,? ) by supercurrent flow on a microscopic scale in the bulk
T (around fluxonsand is insensitive to Meissner current flow
t‘é—zo over macroscopic sample dimensions.
3 —40 - fluid 1
two—fluid s—wave
_60._ Ay = 127.6 nm - IV. CONCLUSION
| ] From the data and analyses presented here, along with the
go bl U data of Sonieet al. and their comparison with the nonlocal
0 20 40 60 80 100 d-wave theory of Ref. 30, it is clear that therenis evidence
T (K in any of the data fod-wave pairing. All of the modern data
are, however, completely consistent wittemperature-
80 T T e | activated vortex depinning, which masks an underlying
sol- @ (1).85Tl§|salo (b) 3 | s-wave (or extended s-wave) pairing stafrong-coupling
| e 3.0 Tesla } i theory and a two-fluid model describe the data well. More-
sl © 60 Tesla | over, attempts to incorporate the nonlochWave pairing
T L } i . function of Ref. 30 into the pinning model did not produce a
E 20} . satisfactory comparison with the data. Since the nonlocal as-
s ig §§ 2% o i ¢ } - pect of this modéP provides a stronger field dependence
n o L S é than that available from standagewave pairing schemes, it
,:'_:- 838 %%{%{ - ] is safe to assume thatwave pairing, even when coupled
520 % | with pinning effects, cannot adequately explain th&R
2 oL data.
| :—vaﬁ 20.6 nm ] The effects of temperature-dependent, activated pinning
ol ’ ] of the type seen here were first observaithough much
i more pronounced in unannealedBi,S,CaCyOg single
T B S —— crystalst! In that case, a strong departure framvave be-
0 20 40 T (K) 60 80 100 havior was observed at intermediate fiel@3 and 0.4 T

due to flux motion and pinning, complete with an inflection
FIG. 6. Residual data\ ,,(T,H=0) for \,,(T,H—0), with  IN o at about 15 K. As in the present case, the effects of
the effects of pinning removed, assuming an underlying pairing€Mmperature-dependent pinning were also suppressed in
state described bgg) the strong-coupled-wave form of Eq.(13),  higher magnetic field¢in the B,Sr,CaCyOg case, 1.5 T,
and (b) the nonlocald-wave model of Ref. 30. revealing thes-wave character of the underlying pairing
function. Narrowing of the internal field distribution due to
changes may actually be due to defects, interrupted weakortex disordering was also observed at 1.5 T. These same
links, or other obstacles to supercurrent flow. Consequenthfeatures are observed in the Y&a,O; data presented here
the results foA\ may have been generally overinterpreted inand elsewhere, and occur at higher fields due to the relatively
terms of Meissner screening currents purportedly flowing  stronger pinning energies present in ¥%BayO, crystals
obstructedalong surfaces. Effects of current flow around thethan found inunannealedi,Sr,CaCyOg crystals.
sample edges and along tleedirection (ac or bc crystal The presence of strong pinning of fluxons in the powder
faces were generally assumed or argued not to be importansamples and early crystals actually allowed for a relatively
when there is some evidence that they are: In their LCaccurate extraction of the ground state pairing symmetry
(inductance-capacitanceesonance experiments with very (i.e., swavé. In fact, the data almost always reflected two-
weak rf probe fields,<2x10 ’ T, Carringtonetal. ob-  fluid behavior, symptomatic of strong coupling. Unfortu-
served highly reproducible Fraunhofer-like oscillations in thenately, as the quality of YB&£u;0; single-crystal samples
field dependence af\,;,, which they concluded are an in- improved to effectively match the quality of the available
dication of the presence of weak links on the edges of th&i,Sr,CaCyOg crystals, effects arising from temperature-
crystal®® The field dependence oA\ observed by Car- dependent vortex motion and depinning became evident.
ringtonet al. and its temperature dependence were attributedVhile the occurrence of such phenomena in high-quality
by those authors to vortex motion. Moreover, in their ana-high-T, materials was well reportétand widely cited?® the
lytical treatment of Meissner-London currents in superconvortex-motion and depinning effectsvhich became more
ductors, Brandt and Mikitik have cautioned that divergentsignificant as the crystal-quality improvedere mistakenly
surface currents at the samples’ corners can nucleate quartaittributed tod-wave superconductivit§?~3°Since(i) few au-
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thors realized that the superconductivity carsbveave in the The surface of BiSr,CaCyOg has a BIiO layer, a SrO
bulk andd-wave at the surfac®, and (i) surface-sensitive layer below it, and then a Cy(lane even below that. STM
experiments providing evidence siirface dwave supercon- senses the BiO layer, the SrO layer beneath it, and that por-
ductivity donot necessarily implpulk dwave superconduc- tion of the CuQ layer that consists of Cd-states sticking up
tivity, some authors became confused about whether or n@jut of the cuprate plane into the SrO layer. STM senses a
the bulk superconductivity was-wave in character. The large d-wave component from the cuprate plane closest to
present work shows clearly that the pairingsi&/ave in the  the surface, which leads to the conclusion that if the cuprate
bulk. In fact, all of theuSR data published to date which planes superconduct, then the superconductivitgi-vgave,
exhibit deviations froms-wave pairing, can readily be ex- notswave. This would be correct if the Cy(Qlanes super-
plained as resulting from temperature-activated depinninggonducted, and implies that the muons should also sense the
which masks the true underlyingwave character of the Cu0, planes, and hence should also exhibitave behavior.
ground state symmetry. But the ™ SR data definitely daot exhibit d-wave behavior

A word about the microwave data: Sonietal?® have in YBa,Cw,O,, and appear to behave similarly in
shown in Flg 2 of their paper that microwave measurementBiZSrZCaCLtos_ This fact |mp||es that the primary super-
of Nap(T,H) from Ref. 23 give very similar results taSR  conducting layers areot the cuprate planes.
data taken at low temperature in an applied field of 0.5 T.  Muons sense the superconducting carriers only, which are
However, the microwave data cited match neither any othegssentially pureswave in character experimentally, not
©SR data of Sonieet al,”® nor any data known. Indeed, d-wave. Their wave functions are nodeless. This means the
there is no fundamental reason for the microwave data t@uperconducting layers anet cuprate planesbut are layers
compare well withonly the 0.5 TuSR measurements of Ref. that have swave character, such as the SrO layers of
26. Since the “linearity” of the low-temperature 0.5 T data Bj,Sr,CaCyOg or the BaO layers of YB&LW,O,. If the
cannot be due ta-waves, as discussed in Ref. 30, one cansyperconductivity were in the Cy@lanes, the muonne
only conclude that the microwave work of Haray al®®  \yould expectwould sense the-waves of Cu, which they do
does not necessarily represent sustainable evidence f@bt Hence the fact that the muons sense essentially pure
d-wave pairing. s-waves implies that the superconductivity is in other layers

Thus, while our data do not rule out the possibility of than the cuprate planes, such as the SrO or BaO I4§&vs.
surface dwave effects, the evidence for our main point is pelieve this reinterpretation to be consistent with the beauti-
overwhelming: thebulk superconductivity of YBsCWwO;  ful STM measurements of Davis's group, provided the pri-

(and, by inference, of BBr,CaCyOg) is unquestionably mary superconductivity is assigned to the SrO layers, rather
swave in character, once temperature-activated depinning ian to the cuprate planes.

taken into account.

Finally, we wish to comment about how this picture fits in
with what many other authors believe: that the superconduc-
tivity is d-wave in character, with a prominent Ghwave
signal, such as is evident in scanning tunneling microscopy We are grateful to the TRIUMF Cyclotron Facility staff
(STM) data for BySr,CaCuOg.%¢ We doubt thisd-wave in-  for their help and expertise, and we thank the U. S. Office of
terpretation of the superconductivft{®® Naval Research for their financial support of J.D.D. and

Many probes, such as STM, detattvave behavior be- D.R.H. (Contract No. N00014-03-1-03Y5as well as the
cause they sense tisirface layerswithout determining if  U.S. Air Force Office of Scientific Research for their support
the detected layers are all superconducting. In contrastf C.E.S. and D.R.N(Contract No. F49620-97-1-0287The
muons detect only thesuperconductingcarriers, and(be-  uSR research was conducted under Physikon Project No.
cause of the muon penetration depdne especially sensitive PL-206. We are especially grateful to Dr. Andreas Erb, who
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