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We report site-selective oxygen isotop€Q/180) effect (OIE) measurements on the in-plane penetration
depth\ 4, in underdoped ¥ ¢Pry BaCusO;_ 5, using the muon-spin rotation technique. A pronounced OIE on
the transition temperaturg, as well as or\;,?(0) was observed, which mainly arises from the oxygen sites
within the superconducting Cy(planes(100% within error bar The values of the corresponding relative
isotope shifts were found to beT./T,=—3.7(4)% andA)\;bz(O)/)\a_bz(O)= —6.2(1.0)%. Our results imply
that in this compound the phonon modes involving the movement of planar oxygen are dominantly coupled to
the electrons.
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More than 15 years after the discovery of the cuprateectly and accurately by using the transverse field muon-spin
high-T, superconductor€HTSC), their pairing mechanism is  rotation(TF-xSR) technique?® The result clearly indicates a
still not understood. For a long time, a role of phonons in thisstrong coupling of the electronic subsystem to phonon modes
mechanism was dismissed, despite evidence of their relnvolving movements of the oxygen atoms in the GuO
evance, for example, by isotope experimdisee, e.g., Refs. plane, while suggesting that modes involving apical and
1-6). One of the reasons for this was the prevailing beliefchain oxygen are less strongly coupled to the electrons. This
that phonons simply could not account for such high transiagrees with the conclusions observed from the combination
tion temperature$, . The recent discovery of MgB’ where  of INS (Refs. 10 and I1and ARPES(Refs. 12 and 18
phonons are clearly the pairing glue leading to an unexpectesults, which were obtained in a completely different way
edly highT,~40 K, clearly falsified this belief. Many other and in other HTSC.
widely cited reasons as to why phonons ought to play no role Polycrystalline samples of ¢gPr, ,Ba,Cus0;- 5 were
in HTSC also do not stand to scrutifi§.Recent work by ~Prepared by standard solid-state reacfibm order to pre-
inelastic neutron scatteringNS)*®** and angle resolved Pare oxygen site-selective samples a two-step exchange pro-
photoemission spectroscopdRPES 213 gave good indica- Cess was appliet>*In the first stef 500 °C, 35 h at 1.2 bars
tions of a strong electron-phonon coupling in various HTSCjn *°0, (**0,) gag two pairs of completely oxygen substi-
invigorating the debate about the relevance of phofd#s. tuted samples O, and *®0,,) were preparedhere in-

For conventional superconductoréincluding doped dexesp, a andc mean planafwithin CuG, planes, apical
fullerenes® and MgB,'"), key experimental evidence for a and chain oxygen, respectivélyn the second step (330 °C,
phonon mediated pairing was provided by measurements df50 h, 1.2 bartwo site-selective oxygen Samplé§Qp180ac
the isotope effectlE) on T.. In complex materials, such as and 18Opmoau.) were prepared via annealing orféopac
the HTSC, T, may depend on many parameters in a non-sample in a'®0, atmosphere and on€0,,. sample in*°0,
trivial way. Important complimentary information can be ob- gas. The other two samplésne 16Opacand onelsopa() were
tained from the IE on the magnetic penetration depth simultaneously annealed in the same atmosphere as before.
Previous studi€s® showed substantial oxygen isotope For the totally exchanged samplégcopa() the 0 content,
(*0/*®0) effect (OIE) on the in-plane penetration depth estimated from the change of the sample weight after anneal-
Nap, Which indicates an unusu#e.g., nonadiabaticcou- ing, was found to be 9@)%. The oxygen-tracer diffusion
pling of the electrons to phonon modes involving the move-calculatiorf* for the material used in this worlaverage mea-
ment of the isotope substituted atoms. It is important to idensured grain size is 1gm) shows that after annealing at
tify the relevant phonon modes responsible for this effect330 °C, during 150 h more than 90% of the ap&kain sites
Keen insight in this respect can be obtained from studyingand only about 10-15% of the plane sites should be ex-
the site-selective oxygen isotope effé&OIE), as we will  changed. Keeping in mind that there are 4 planar and 3 api-
detail below. While two reliable reports on the SOIE©n cal and chain oxygen sites in the unit cell of
exist?'8 the SOIE on\ ., was previously deduced only in a Y 0.6P10.ABaCu;0;, for the above-mentioned annealing pro-
very indirect way from magnetization measurements in thecedure, one would expect about 45% of an average oxygen
vicinity of T..*® substitution. The experimental estimafeom the change of

In this communication, we report on the SOIE Bpand the sample weightgives 412)% for both site-selective
on \,p, in underdoped ¥ Pro.Ba,Cl,0,_ 5,2° measured di- samples, in good agreement with the theoretical calculation.
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FIG. 2. Section neaf . of the normalizedto the value at 5 K)
magnetization curves (1 mT, FQ of the site-selective
Y 0.6P1.sBaCusO;_ s samples.

. . L . Therefore, the Raman results confirm the almost complete
200 300 400 400 500 600 site-selective oxygen substitution in all samples.
Raman shift (cm™) To determine the site-selective oxygen isotope shift on
T., low field [1 mT, field cooled(FC)] superconducting
FIG. 1. Room-temperature Raman spectra of thequantum interference devi¢8QUID) magnetizatiotM mea-
Y0.Pr0.4B8Cus0;- ; samples. Foxx polarization the line corre-  gyrements were performed. Figure 2 showsNh@) depen-
sponds to the out-of-phase motion of the planar oxygen atd¥@s (- gencies in the vicinity off, for all four samples. It can be
o 01 peahese o B e e o, 56N thal 160y SapIE s  NghGT than the O
P 11 P o1 oxyg ' one with nearly the same transition width. The isotope shift
436 cm'L; 180, 415 cm'?) and to the bond-stretching mode of the AT.= 66 i letel bsti d |
. Y1 180 482 cmrY) T.=—1.66(17) K for completely substituted samples
apical oxygen {0, 512 em*; 0, ' (*0,,. and 0, is in agreement with i aits
bac ba g previous res

The site selectivity of the oxygen exchange was ther( Tc Was extracted from the intercept of the linear extrapola-
checked by Raman spectroscopy. The 488-nm and 514.5-nH¢n ?s shown in Fig. R The data points of the site-selective
lines of an Ar laser were used for excitation. Figure 1 shows 'Oy Oac Sample coincide within error with those of the
Raman spectra of all samples witlz and xx polarizations. ~ *°Opac Sample, whereas théBOmeac data points coincide
In the zz polarization for the'®0,,,. sample we observe two with the 0, ones, indicating that the OIE R is related
lines, one corresponding to the in-phase motion alongcthe to the oxygen within the Cuplanes. The results of the
axis of the planar oxygen atoms (436 ¢h) and one corre- SOIE onT, are summarized in Table I. The OIE exponent on
sponding to the bond-stretching mode of apical oxygenJ. was determined aso= —dInT./dIn Mg (Mg is the mass
which in this compound is located at 512 ch?? In thexx  of the oxygen isotope
polarization a line at 325 cit is seen, corresponding to the  In order to determine the SOIE o, we performed TF-
out-of-phase vibrations of the planar oxygen atéfim the ~ ©SR measurements at the Paul Scherrer Inst{R@), Swit-
18Opac sample, the Raman lines are all shifted to lower fre-zerland, using therM3 beam line. The samples were cooled
guencies with amounts agreeing well with the ones obtainefrom far aboveT in a magnetic field of 200 mT. In a powder
in Ref. 2, indicating a nearly complete exchange'®@ with ~ sample the magnetic penetration depthcan be extracted
180. In the site-selective sampf0,'®0,, only the posi- from the muon-spin depolarization rate(T)<1\*(T),
tion of the apical oxygen line is shifted to the lower fre- which probes the second moméntB2)*/2 of the probability
guency, whereas the lines corresponding to the plane oxygetistribution of the local magnetic-field functign(B) in the
stay the samgapart from a small shift of one Raman line mixed state® For highly anisotropic layered superconduct-
(433 cm ! instead of 436 cm?), probably due to a small ors(like the cuprate superconductpis is mainly determied
unintentional partial substitution b{?O]. Note that the api- by the in-plane penetration depiyy,: o(T)o<c1\2,(T). %
cal line (492 cm!) is also slightly shifted from the expected The depolarization rater was extracted from theuSR
482 cm!, indicating that oxygen exchange for the apicaltime spectra using a Gaussian relaxation functieft)
and chain oxygen is slightly incomplete. In tH80,'°0,,  =exg—o?%/2]. As discussed in Ref. 5, the measured total
sample only two planar lines are shifted, while the apical linedepolarization rater is determined by three terms: a super-
stays the same. The chain oxygen atom in yttrium bariuntonducting ¢s), an antiferromagnetice,¢,,), and a small
copper oxide'YBCO) with oxygen content close to seven is nuclear magnetic dipoleo(,,,) contribution. The antiferro-
not Raman active. However, based on the fact that diffusiomagnetic contributiorr,¢,, is presenonly at low tempera-
in YBCO occurs via the chain oxygedgee, e.g., Ref. 2lone  tures. Therefore data points below 10 K were excluded in the
can conclude that the chain oxygen is exchanged completelgnalysis. The dipole contributionm,, is practically tempera-
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TABLE |. Summary of the SOIE o, and )\;bZ(O) for Yo 6Pl BaCusO;_ s extracted from the experimental datsee text for an
explanation. The values oAT./T., aq, AA;DZ(O)/)\;bZ(O), and g are not corrected for the incomplete oxygen-isotope exchange. The
values ofag, and 85 are corrected for the 100% oxygen exchange within £planes(see text

Te ATe  ATC/T 7sd0)  Aas(0)  AN(0)/\5(0)
Sample  (K) (K) (%) ao % (us™  (us™) (%) Bo  BS
%0, 44.6212 1.09Q7)
1%0,'%0,, 44.6610) 0.0416)  0.0936) —0.007(29) —0.048(30) 1.07(®) —0.020(11)  —1.8(1.0) 0.148) 0.0798)
18Opac 42.9612) -1.66(17) —3.72(40) 0.29632) 0.33136) 1.0229) —0.068(11) —6.2(1.0) 0.508) 0.569)
1%0,1%,, 43.1711) -1.45(16) —3.25(36) 0.26R9  0.29733) 1.0187) —0.072(10) —6.6(0.9)  0.587) 0.618)
ture independent below 100 K, and sint® and 0 oxy-  0s{(T)/0s(0)=1—(T/T)" with os(0) as a free

. .. 0 K
gen have no nuclear magnetic moments it is also not sensparametef’ The value ofT, was taken from the magnetiza-

tive to the oxygen substitution. Thus,. was determined by
subtractingo,,, measured abové&_; from o according to

tion measurementtsee Table ), n was fitted as a common
parameter for all four data sets and was found tonbe

oe=\Jo?— . Figure 3 shows the temperature depen-=1.874), which is typical for underdoped YBCE. Two

dence of oy, for the Y,4PryBaCu0,;_s site-selective

points should be mentioni) The exponent is isotope

samples. It is evident that a remarkable oxygen isotope shifidependerit® therefore fits with the samefor all data sets

of T, as well as ofo . is present. More importantly, the data
points of the site-selectivé®0,"%0,(*%0,'°0,) samples co-
incide with those of the'®0,,(*#0,,) samples. In order to

allow us to increase the accuracy in the determination of
os(0). (ii) Fits of experimental data with the power law
satisfy they? criterion, indicating that this function describes

put into evidence these results, the curve fitting the temperQUr data well. The values af;(0) obtained from the fits are

ture dependence af(T) for 0, (shown below was
subtracted from the experimental d@fg. 3(b)]. It can be

seen that the experimental points for the two pairs of samplehift of the in-plane penetration depth\

mentioned above coincide within the error barsearly
within the error bars in the case dfO,c and *°0,'%0,)).
The data in Fig. 3 were fitted to the power law

30 40
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listed in Table | and are in agreement with previous
results®*® From the values ofr¢(0) the relative isotope
a5 (0)/A 5 (0)
:[Usc(x)(o)_a'sc(16opac)(O)J/Usc(wopa()(o) and the OIE
exponentBo=—dIn )\;bZ(O)/d InMgy were determinedsee
Table ). HereX denotes'®0,"%0,;, *%0,"0,;, and *®0,.
Our results(summarized in Table)lare in good agreement
with previous estimates of SOIE from magnetization
experiment® and our previoustSR non-site-selective OIE
results?

In Fig. 4, we plot the OIE exponentfg
[—AN2(0)/N,2(0)] vs the OIE exponent ag
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FIG. 3. (a) Temperature dependence of the depolarization rate FIG. 4. Plot of the OIE exponeny (—A)\;bz(O)/)\a_bz(O)) Vs

o In site-selective ¥ ¢Pry BaCu;O;_ s samples(200 mT, FQ.
Data points below 10 K are not showsee text for an explanatipn
The solid lines correspond to fits to the power law(T)/osd0)
=1—(T/T,)" for the %0, and **0,,. samples(b) Same as irta),
but after subtracting the fitted curve for tHEOpaC sample.

the OIE exponent ag (—AT./T,) for site-selective
Y .6P1.4BaCus0;_ s samples. The error bars of the “triviaIlﬁOpaC
point (zero isotope shift by definitionindicate the intrinsic uncer-
tainty of the experimental procedures on the estimatioit oand
)\ab .
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(—AT./T.), in analogy with Ref. 5. Substantial OIE A, Y¢Plh sBaCusO;_ s samples. It was found that the whole or
and\,7(0) are observed for the completelO substituted nearly the whole effect on the transition temperafiigeand
(*¥0,49 and the site selectivé®0,'%0,; samples, which are On the in-plane magnetic penetration depg_faz (about 100%
the same within error bars. The other site-selective sampl#ithin error barg comes from the oxygewithin the super-
(%0 80, ) shows zerdwithin error baj OIE on T, and a conducting Cu@ planesand not from the apical and chain
very small, but possibly nonzero, OIE (Ngbz(O). This ef-  OXygen. Noting thqt the lattice pgra%(:ztesers remain essentially
fect very likely arises from the small fraction dfO that unaffe(_:ted by the isotope SUbSt't.u tiotT, our results S.h ow

. 16 L . the existence of a strong coupling of the electronic sub-
substituted="O oxygen within the Cu@ planes, as seen in

. = system to phonon modes involving movements of the oxy-
the Raman datésee Fig. 1L However, within the error bars,

< - . gen atoms in the CuQplane, while suggesting that modes
tlrée OIE Onl)gab g)) can still be considered the same for thejnyolving apical and chain oxygen are less strongly coupled
Opac and ~O, "0, samples. Based on the fact that nearlyto the electrons. This is in agreement with recent inelastic

the whole OIE onT, and \,,(0) arises from the oxygen neutron scatterin@! and photoemissidd*® studies, indi-
within CuQ, planes, and using the plane oxygen content cating a strong interaction between charge carriers and Cu-O
(=87.5%) obtained from the tracer-diffusion calculatbn bond-stretching-type of phonons.

we may perform correction of the OIE exponents and 8o This work was partly performed at the Swiss Muon

for the 100% site-selective oxygen substitution. The COrgource ($S), Paul Scherrer InstitutéPSI, Switzerlangd
rected values ofxg and g5 are listed in Table Kthe OIE  The authors are grateful to A. Amato and D. Herlach for help
exponents for'®0,,. sample are corrected for 90980 con-  during thex SR measurements, D. Di Castro for helpful dis-
tent estimated from the mass chapge cussions, and L. Meier for the measurements of the grain size

In summary, we performedtSR measurements of the distribution. This work was supported by the Swiss National
site-selective oxygen isotope effect on the in-plane magneticScience Foundation and by the NCCR program MaNEP
field penetration depth in underdoped polycrystallinesponsored by the Swiss National Science Foundation.
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