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We report site-selective oxygen isotope effectsTgrand penetration depth ing%Pry sBa,CusOg g7 and in
YBa,Cuy0O5_ 5 In Pr-substitutedunderdopefisamples witht®0 in only the CuQ plane-sites, th& shift was
—1.46 K vs—1.7 K for 180 at all sites; thexg values are 0.2 and 0.24. The correspondingshifts in pure
YBa,Cuzs0,_ s were —0.24 K and—0.3 K. The shift is dominated by CyQplanar oxygen mass in both
compounds, and not by the apical sites. Thus, apical site isotope induced charge transfey pta@Ga®does
not seem a viable explanation for the isotope effects in YBCO. Our results indicate that the oxygen related
phonons in the Cu®planes play a significant role in the pairing mechanigB0163-18206)01129-¢

The pairing mechanism responsible for highsupercon- isotope samples in Ref. 3 is too broad to be reliably defined.
ductivity in cuprates is still an open question. In conven-Since the sight-selective isotope shifts in optimally doped
tional superconductors, the dependence of the transition tenand overdoped YBZ£u;,O, are so small and could be ex-
peratureT .M~ ¢ on the ion mas$/ gives strong evidence plained by any conventional or unconventional model, these
for phonon-mediated pairing #~0.5. A small oxygen iso- results cannot effectively show whether the phonons are im-
tope effect onl; was observed in optimally doped cuprates, portant in the pairing mechanism, and which phonons play a
while a large oxygen isotope effect was found in underdopedlominant role if they are significant in the pairing. For un-
cuprates=® The large oxygen isotope effect in the under-derdoped cuprates, the oxygen isotope shift is, however,
doped regime may suggest an important role of the phonorilarge, making them attractive candidates to study the contri-
in the pairing mechanism. butions of the oxygen isotope effects from the different oxy-

However, attempts have been made to argue against thlgen sites. Here we report site-selective oxygen isotope ef-
importance of the phonons by explaining these isotope refects onT. and the penetration depth in, Y, Pr,Ba,Cu;Og o7
sults as due to a dependence of the hole concentration on tléth x=0.0 and 0.3. The results clearly show that the oxygen
mass of the apical oxygenif this explanation were correct, in the CuQ plane sites predominantly contributes to the total
one would expect a large oxygen isotope effect on the penexygen isotope effects on the penetration depth &pdn
etration depth for the fully*®O-substituted samples, but a both optimally doped YB£u;0, and underdoped
negligible isotope effect on the penetration depth for the site¥Y  /Pry Ba,Cus0, .
selectively substituted samples whéf® atoms are in the The samples were prepared from high-purity,Of
plane sites andfO atoms in the apical and chain sites. There(99.99%, Pr;0;; (99.999%, BaCQ,; (99.999%, and CuO
would also be a negligible oxygen isotope shift for the un-(99.999%. The well-ground powder mixtures were calcined
derdoped plane-sit?O-substituted samples if the above ex- at 920 °C for 15 h in flowing oxygeri70 cn¥/min). The
planation were correct. So measurements of site-selectiveamples were ground, pelletized, and then sintered at 920 °C
oxygen isotope effects of, and the penetration depth in for 15 h in flowing oxygen. To ensure that the samples have
underdoped and optimally doped cuprates will distinguistsmall grain size and enough porosity, they were reground
which oxygen is responsible for these isotope effects anthoroughly, pelletized, annealed in flowing oxygen at 800 °C
eventually pinpoint the pairing mechanism of highsuper-  for 10 h, and cooled to room temperature in a rate of 50 °C/h.

conductivity. The resulting pellets have mass density 08.0 g/cn?,
The site-selective oxygen isotope effect ©p has been which is ~60% of the theoretical density.
recently measured for overdopednd optimally dopetf The pelletized samples were broken into halves, and the

YBa,Cu;0, . For overdoped YBZu,0,, Nickel et al® have  halves were subject t8O and'®0 isotope diffusion, which
observed a small negative oxygen isotope effecTowhen  was conducted in two parallel quartz tubes separated by
the 80 samples contain-95% %0 in the CuQ plane sites about 2 cnt® The diffusion was carried out for 20 h at
and primarily*®0 in the apical and chain sites. For optimally 670 °C and oxygen pressure of1.0 bar. The cooling time
doped YBaCu;Og o5 Zechet all® have, however, found a from 670 to 120 °C was 11 (50 °C/h. The oxygen isotope
positive isotope effect off, when only planart®O is ex-  enrichment was determined from the weight changes of both
changed by0. The reason for the above discrepancy may*°0O and®0 samplegthe weights decreased by0.15% for

be that the superconducting transition of the site-selectivéhe °0 samples and increased by1.9% for the 8O
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samples The %0 samples had-95% 0 and ~5% 0. 1400 : . , S
The lattice constants for the=0 samples were determined (@ x=0 |
to bea=3.821 A,b=3.884 A, andc=11.687 A, correspond- 1200 L ‘ ]
ing to an oxygen content of 6.90.02!* For the Pr-doped & 315 cm R
samples, the oxygen content may be slightly larger than the § 1000 | 150, 16 { Thild
pure samples, but the same oxygen conter.94 as the s Yo <Y 0.> ‘ 1
pure samples will be used for the later calculation. 8 800 [ (i I

The site-selectively isotope-substituted samples were ob- 3, 'ﬂl" i
tained by annealing both thH€0 and'®0 standard samples G 600 | o 16 g ]
together at 320 °C for 100 h in flowing oxygen. After this § < Op 0,> | !
treatment, the weights of th&O samples decreased by = N ™ " ]
~0.05%, while the weights of thO samples decreased by 400 337 om’! b
0.78% forx=0 and by 0.84% forx=0.3. Normally, right 200 3 cm ‘ ‘ , ‘

?g‘ter being ta}ken out of the furnace, the weight loss of the 250 300 350 400 450 500 550
O samples is-0.10-0.15%due to loss of water and GO Raman Shift (cm™)
etc) if the oxygen content remains the same after annealing.
For the site-selectivé®0 samples, the weight loss is only 1200 . ' ' -
~0.05%, which is~0.05-0.10% less than the normal weight b x=03
loss. This implies that the oxygen content increases by
~0.02-0.04 after annealing at 320 °C for 100 h. Then we
calculate that~2.66/6.97 and~2.92/6.97 of the'®O atoms
are exchanged back to tH80 atoms forx=0.0 and 0.3,
respectively. Since the isotope exchange primarily occurs to
the chain and apical oxygen sites below 330'2@he above
weight-change results imply that the site-selectively substi-
tuted 0 samples contain primarily°0 in the apical and
chain sites, and~95%/85% 0 in the planar sites for
x=0.0/0.3.
Site occupancy of thé®0 and®0 oxygen isotopes was 200 020 ""300 350 200 250 500 350
also checked by Raman spectroscopy. Raman spectra were ] 1
generated by the 488-nm line of an "Alaser, focused to a Raman Shift (cm™)
15-mm spot. Typical collection times were 5—7 min at an
instrumental resolution of 2.5 cm. Figures 1a) and ib) FIG. 1. The Raman spectra of the site-selecti® and ‘%0
show the Raman spectra of the site-selectit@ and 20 sl%mpllgs with(a) x=0.0 and (b) x=0.3. For the site-selective
samples with x=0.0 and 0.3. For the site-selective (*°0p 049 samples, the 500-cnt peak(corresponding to the mo-

18~ 16 tion of the apical oxygenhas no observable shift, while the 337- or
Op 040 Samplegwherep means plane, ac means apical/ - ) :
E:halr‘) tﬁg 500% g peak(%orrespor?dlng to the mOtIOE of 317-cmt peak(correspl)ondlng to the motion of the 1planar oxygen
. hif 22:2 cm - for x=0.0 and by 123 cm - for x=0.3.
the apical oxygenhas no observable shift while the 337- or is shifted by em - forx and by em " orx

1 K di h . f the ol The Raman shifts are consistent with the weight-change measure-
317-cm . pea. (corresponding :“1) the motion of the planar ments, implying that the oxygen loading is done uniformly through-
oxygen is shifted by 222 cm™* for x=0 and by 173

&) ; out the samples at low temperatufesy., 320 °Q. The peak posi-
Clrg? ugor x=0.3. The Raman results thus confirm that theons defined in this way are only for the deduction of the relative
(0,049 samples contain primariljO in the apical and  Raman shifts.

chain sites and-(100+10%)/(85+15%) 80 in the planar
sites for x=0.0/0.3. The consistent determinations of the In Figs. 2a) and Zb), we show the susceptibility near,
oxygen isotope enrichments from the weight changes antbr (a) the standard®0 and*®0 samples of YBsCuOg o,
Raman spectra imply that the site-selectively oxygen isotopand (b) the site-selective®0 and %0 samples of
exchange is done uniformly throughout the samples, inYBa,Cu,Oq 47 The T, shift of the plane-sité®0O-substituted
agreement with Ref. 12. sample is —0.25 K, while the T. shift of the fully
The susceptibility was measured with a quantum desigi®O-substituted sample is0.30 K. The result indicates that
superconducting quantum interference devB®UID) mag-  the main contribution(>80%) to the oxygen isotope shift
netometer. The field-cooled, measured-on-warmiRGW) comes from the planar oxygen, in agreement with Ref. 10.
susceptibility was measured in a field 6fl0 Oe. For the From Figs. Za) and Zb), we also note that there are well-
x=0 samples, the temperature measurements were pedefined linear portions on the transition curves ju$t.5 K
formed with a platinum resistance thermometeakeshore below the diamagnetic onset temperatures. The negative cur-
PT-111 placed in direct contact with the sample and drivenvature neafl; (~0.5-K range is due toH .,>H.,(T) and to
by microprocessor controlled ac bridge in the SQUID mag-the fluctuation and/or inhomogeneity. It is evident that the
netometer. The resolution is 2.5 mK and the reproducibilityslope (denoted byP,) of the linear portion for the standard
is 10 mK at 77 K after cycling to room temperature. The 0 sample is~6.8+1.0% smaller than for the standaftD
magnetic field was kept unchanged throughout the wholsample, while the slope for the site-selecti’® sample is
series of measurements. ~4.0+1.0% smaller than for th®0 sample. The procedures
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FIG. 2. The susceptibility data nedy, for (a) the standard®0 6
and80 samples of YBCu;O; o, and (b) the site-selectiva®0 and FlIBG 3. The susceptibility data neay, for (a) the standardeo
180 samples of YBgCW0, o The slope(denoted byP,) of the and 18O samples of ¥ /Prp Ba,Cus0y and(b) the site- selectivé®O
linear portion neafT, for the standard®0 sample is~6.8+1.0% and ™0 of Y%7Pr0 BaCus0, . The slope of the linear portion for
smaller than for the standaf§O sample, while the slope for the }26 standard®0 sample~3.5+1.0% smaller tt%g for the standard
site-selective'®0 sample is~4.0+1.0% smaller than for théO O sample, while the slopeeof the site-selectiv® sample is~2.3
sample. The in-between straight lines are parallel to the lines for the 1.0% smaller than for th&%0 sample.
160 samples.

grained and decoupled samples is reduced due to the penetra-

for drawing the straight lines can be seen in our previougion depth which is comparable with the radii of grains. We
paper® We have also shown that the oxygen isotope effechave shown that the slope of the linear portion néars
on P, (i.e., AP,/P,) is the same in the measuring fields of given by'®
1.0 and 10 Oe, although the magnitudePgfdoes depend on
the measuring field slightl}? This suggests that the ob-
served isotope effect dR, is not caused by the difference in
the flux pinning of the'®0 and ¥0 samples, which will
depend on the measuring field. Also note that the site-
selective'®0 sample has a larger slope than the stand¥dd
sample by~10% due to a larger oxygen content and hole
concentration in the site-selective sample.

P,=df(T)/dTxR?T:\(0)?, D

whereR is the average radius of grains an@) is the ef-
fective penetration depth at zero temperature. Equéfipis
valid when the temperature is higher th@h (above which
complete field-induced grair; deczoupling has occurraad
; _ _ _ 14 N

In Figs. 3a) and 3b), we show the susceptibility nedr, Te, at Wh'(.:h)\_R’ f(TEff)._R 19\ "=1/15; or X(.Te“) 0.8
for (2 the standard %0 and 0 samples of emu/m_ol(wﬂhout porrectlng for a der_nagnetlzatlon factor of
Yo Pl BaCu0, and (b) the site- selective!®0 and 80 1/3). Sl_nce there is a small oxygen isotope effgcthnfor
samples of \57Pro Ba,Cu0, . The T, shift of the plane-site the op_t|m_ally doped sampl_es, the large oxygen isotope effect
180.substituted sample ISl 46 K, whlle theT, shift of the on P, indicates that there is a large oxygen isotope effect on
fully *8O-substituted sample is1.70 K. The result indicates Ege penetration deptfthe average gran radii of th€0 and
that the main contributiof=85%) to the oxygen isotope O samples must be the same smc.e't.hey are frqm the same
shift comes from the planar oxygen. From Figga)3and pellet and have the same susceptibility before isotope ex-

3(b), we can also see the differencedHipof the underdoped change. From Eq.(1), we obtain
180 and'®0 samples.
It is known that the Meissner fractiof(T) for fine- AP, /Py=—AT./T.—2AN(0)/N(0), 2
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where A means the isotope-induced change. From @g. The alternative explanation is that the effective mass of
and Fig. 2, we obtainAN(0)/A(0)~+3.5% for the fully carriers depends on the oxygen mass. Evidence of this has
isotope-substituted sample ane+2.0% for the plane-site  been shown in our recent papéiThe ion-mass dependence
180-substituted sample witk=0. So the oxygen in the CuyO  of the effective mass is connected to the polaronic effect due
plane sites contributes te-4/7 of the total oxygen isotope to the breakdown of the Migdal approximati&hThe strong
effect on the penetration depth for tire=0 samples. This interaction of the electrons with optical phonons narrows the
may indicate that the oxygen from different sites contributeslectronic bandwidth and enhances the effective mass of car-
equally to the total oxygen isotope effect on the penetratiomiers by a factorA(w)exp(B/w), whereA(w) has a weak de-
depth in the optimally doped samples. For the Pr-doped sitggendence onw and B is a constant depending on the
selective samples, almost all the shiftlip can be associated electron-phonon coupling constditThe enhancement fac-
with the shift in\. From Eq.(2) and Fig. 3, we findAN(0)/  tor depends on the ion mass, and so there is an isotope effect
M0)~+3.5% for the fully O-substituted sample and on the effective mass of carriers.
~+2.4% for the plane-sité®O-substituted sample. In summary, we have observed a large oxygen isotope
An oxygen isotope effect oR(0) has been predicted by a shift in the underdoped site-selective samples of
scenarid where the hole concentration depends on the mas¥, 7Pr0 BaLYO,, where 80 atoms are in the plane sites
of the apical oxygen. In Ref. 9, Kresin and Wolf assumed aand'®0 atoms in the apical and chain sites. We show that the
large asymmetry in the double-well potential for the apicaloxygen in the Cu@ plane sites predominantly contribute to
oxygen and showed that the hole concentration would dethe total oxygen isotope shifts df, in the optimally doped
pend on the mass of the apical oxygen. If their model were/Ba,Cu;O, and underdoped §;Pr, 8a,Cu:0,. We also
true, there would be negligible oxygen isotope effectsTon  show that there is an oxygen isotope effect on the penetration
and the penetration depth in the underdoped site-selectivdepth for the fully and site-selectively substituted samples,
samples wheré®0 atoms are in the plane sites atf at-  which can be explained as due to an oxygen isotope effect on
oms in the apical and chain sites. This is in contradictionthe effective mass of carriers. Our results thus confirm that
with our experimental resulsee Fig. )]. So it is unlikely  the oxygen or related phonons in the Gufanes are impor-
that there are effects of thepical oxygen mass on the hole tant to the superconductivity and will place a strong con-
concentration and, therefore, anandT,. straint on the highF. pairing mechanism.
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