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Isotope effects and possible pairing mechanism in optimally doped cuprate superconductors
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We have studied the oxygen-isotope effectsTerand in-plane penetration depih,(0) in an optimally
doped three-layer cuprate BPk, sSr,CaCu;050. (Tc~107 K). We find a small oxygen-isotope effect on
T. (¢p=0.019), and a substantial effect 8g,(0) [AN,(0)/\ ;5(0)=2.5=0.5%]. The present results along
with the previously observed isotope effects in single-layer and double-layer cuprates indicate that the isotope
exponentxg in optimally doped cuprates is small while the isotope effect on the in-plane effective supercarrier
mass is substantial and nearly independent of the number of thg Iay€s. A plausible pairing mechanism
is proposed to explain the isotope effects, highsuperconductivity, and tunneling spectra in a consistent way.
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The pairing mechanism responsible for highsupercon- small isotope shift off ., a substantial isotope effect on the
ductivity is still controversial. In conventional superconduct- supercarrier massi® and a large reduced energy gap.
ors, a strong effect of changing ion madson the transition Here we report the observation of the oxygen-isotope ef-
temperaturdl . implies that lattice vibrationgphonong play  fects onT, and in-plane penetration depth,(0) in a three-
an important role in the microscopic mechanism of superiayer cuprate BigPh, ,SrL,CaCu;0,0,y (T~107 K). We
conductivity. An isotope exponent(=—dInT./dInM) of  find a small oxygen-isotope effect df, and a substantial
about 0.5 is consistent with the phonon-mediated BCSffect on\,,(0). We propose a possible theoretical model
theory. A nearly zero oxygen-isotope effeetd=0.03) was which is able to consistently explain these isotope effects and
earlier observed in a double-layer cuprate superconductdhe large reduced energy gap.
YBa,Cu;O;_ which is optimally doped T.~92 K) 1.2 Samples of BigPhysSrLCaCu0,0,, wWere prepared
Such a small isotope effect might suggest that phononfrom high purity BLO3, PbO, SrCQ, CaCQ, and CuO. The
should not be important to the pairing mechanism. On thesamples were ground, pelletized and fired at 865/855/845 °C
other hand, large oxygen-isotope shifts were later observefbr 37/40/44 h in air with two intermediate grindings. Two
in several underdoped cuprate superconduédr&urther,  samples were prepared under nearly the same heat treatment.
three indirect experiments have consistently demonstrateflo ensure that the samples have small grain size and enough
that the difference in the hole densities of tH®© and %0  porosity, they were reground thoroughly, pelletized, and an-
samples is smaller than 0.0002 per Cu iteMoreover, a  nealed in flowing oxygen at 600 °C for 10 h.
quantitative data analysis on the isotope-exchanged Two pelletized samples were broken into halyesoduc-
YBa,Cu;06 94 (Ref. 10 suggested that there is a negligible jng two sample paiis and the halves were subject to tH®
oxygen-isotope effect on the supercarrier density ~ and *%0 isotope diffusion, which was conducted in two par-

Since muon-spin rotation experimefitshowed thallc is  ajlel quartz tubes separated by about 2%h’ The diffusion
approximately proportional tos/m; in deeply underdoped \yas carried out for 68 h at 600°C and oxygen pressure of
cuprates(where my is the in-plane effective supercarrier 0.8 par for sample pair I, and for 40 h at 650 °C and oxygen
masg, a large oxygen-isotope shift af; observed in this pressure of 1 bar for sample pair Il. The cooling rate was
doping regime should arise from a large oxygen-isotope ef3p°C/h. The oxygen isotope enrichments were determined
fect onm}} . Indeed, several independent experimért¥  from the weight changes of botfO and 120 samples. The
have consistently demonstrated that both the average sup€fO samples had 855% 0 and 15-5% *°O.
carrier masam** and the in-plane supercarrier masgy The susceptibility was measured with a qguantum design
strongly depend on the oxygen isotope mass in underdopesliperconducting quantum interference dey®8@UID) mag-
cuprates. Such an unconventional isotope effect suggests thattometer. The field-cooled, measured-on-warming suscepti-
there exist polaronic charge carriers, which are condensehility was measured in a field of 15 Oe for sample pair I, and
into supercarriers in the superconducting state. This appeal® Oe for sample pair Il. The temperature measurements
to give support to a theory of (bi)polaronic were performed with a platinum resistance thermometer
superconductivity® On the other hand, within this theory, it (Lakeshore PT-11)placed in direct contact with the sample
is difficult to explain a small isotope shift df, and a large and driven by a microprocessor controlled ac bridge in the
reduced energy gdp.e., 2A(0)/kgT.>6] observed in opti- SQUID magnetometer. The resolution is 2.5 mK and repro-
mally doped cuprates where the single-particle excitation gapucibility is 10 mK at 77 K after cycling to room
vanishes abova.'* Therefore, an alternative theoretical temperaturé:*°
approach is required to explain superconductivity in opti- In Fig. 1, we show the susceptibility ne@, for the 60
mally doped and overdoped cuprates. A possibly correcand 0 samples of BigPhy sSCaCuU3Oqq. - (@) pair 1; (b)
pairing mechanism should be able to consistently explain @air Il. In all the cases, th&, for the %0 samples is 0.22
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FIG. 1. The susceptibility nedF, for the %0 and 0 samples
of Biy Py 4SCaCuUs040, y (Bi-2223): () pair I; (b) pair II.

+0.01 K lower than for the'®0 samples. Extrapolating to
100% exchange, we calculate the isotope exponegt
=—dInT,/dIn My=0.019: 001. We also note that there is
a well-defined linear portion on the transition curvel K

below the diamagnetic onset temperature. It is evident that

the slope of the linear portiofdenoted byP,) for the 80
samples is 5.6 1.0 % smaller than for thé®0 samples, that

is, AP,

For

/P,=—5.0+1.0%.

comparison, the results

for

single-layer

Lay gsSIp.1Cu0, (LSCO) and double-layer YBZu;Og g4

(YBCO) compounds are reproduced in Fig. 2. It is clear tha

AP{/P;=-55£1.0% for LSCO and—6.8£1.0% for

YBCO. Comparing Fig. 2 with Fig. 1, one can see that the

isotope effect onP, is nearly the same for all three com-

pounds within the experimental uncertainty. It is also inter-

esting to note that the isotope effect ©p decreases mono-
tonically with increasingr ...
The observed oxygen-isotope effect on the sléheis

oxygen mass. For nearly isotropic materials wih,(0)
~X\¢(0)~A(0), it was shown that® AP, /P;=—AT,/T,
—2AN(0)/\(0). For highly anisotropic materials such as
cuprates, a relation.(T) >\ ,5(T) >R (whereR is the maxi-
mum particle size holds nearT. so that the diamagnetic

signal is proportional to 42,(T).*®

that

AP /Py=—AT/T.—2AN55(0)/N\35(0).

)

From Fig. 1 and Fig. 2, we obtaiAA,,(0)/A,,(0)=3.2
+0.7 % using Eq(1). This is in remarkably good agreement ning tunneling microscopySTM) on a slightly overdoped
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FIG. 2. The susceptibility data nedr, for the *0 and 0
samples of(a) Laj gsSrp1:CU0, (LSCO) and (b) YBa,CuzOg.oa

(YBCO) (after Refs. 8 and 10

with the recent muon spin rotation experiments on the
oxygen-isotope exchanged YRau;Og 95, Which show that

AN ap(0)/\ 45(0)=2.5+0.5%1°

Since bothn andng are independent of the isotope mass

as discussed above, the observed oxygen-isotope effect on
the in-plane penetration depth is caused by the isotope de-

**
pendence ofm}y .

The substantial isotope effect an}y

may suggest that charge carriers in the optimally doped cu-
rates remain polaronic nature, and that those polaronic car-
iers are condensed into supercarriers in the superconducting

state.

Now a question arises: why is the isotope effectnaf}

substantial while the isotope shift @f is very small in these
optimally doped cuprates? In order to answer this question,
we should first find out which phonon modes are strongly
coupled to doped holes in these materials. Inelastic neutron

scattering experimenits'® show that the Cu-O bond stretch-

caused by the dependence of the penetration depth on ﬂi]r?g modes in the CuDplanes are strongly coupled to the

doped holes. The average frequency of this mode is about
75 meV in La gShLCu0,t” and about 60 meV in
YBa,Cu;0g 0.1 Such a strong electron-phonon coupling
should be also manifested in tunneling spectra, as is the case
in conventional superconductors. Although it is difficult to

Then one readily finds  opain reliable tunneling spectra for cuprates due to a short

coherent length, there are two high-quality tunneling spectra

for slightly overdoped
Bi,Sr,CaCy0g., (BSCCO.?°

YBCO

(Ref. 19 and

In Fig. 3, we show normalized conductance data for scan-
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3 - - - - - ' Therefore, these tunneling specifféigs. 3 and # consis-
YBCO tently suggest that both the low-energy phonon mode at
about 20 meV and the high-energy phonon mode at about 73
meV are strongly coupled to conduction electrons in these
double-layer compounds.
A theoretical approach to a strong electron-phonon cou-
pling system depends not only on the adiabatic rati&
but also on the coupling strengths with different phonon
modes. When the Fermi enerdye is smaller than these
strong-coupling phonon energies, the phonon-induced effec-
0 00 20 o 50 150 1% tive interaction between carriers is nonretarded so that the
real-space pairing(e.g., intersite bipolaron formation
Vi(mv) becomes possibfe:?> This should be the case for the

FIG. 3. The normalized conductance data for a scanning tunnef—jOpIng levelx=<0.10 in Lai_XSrXCu_O4. In contrast,Eg in
ing microscopy(STM) tunnel junction on a slightly overdoped doped oxygen-hole bands may lie in between 20 and 73 meV

YBa,Cu;0;_, (YBCO) crystal with a Pt-Ir tip at 4.2 K(after I the optimally doped and overdoped regimes, so that the
Ref. 19. pairing interaction becomes retarded for the low-energy

phonons, and remains nonretarded for the high-energy
YBCO crystal with a Pt-Ir tip at 4.2 B® The crystal has Phonons. The retarded electron-phonon coupling for the low-
T,=90 Kwith~1 K transition width'® Since the presence €Nergy pho.nons could be treated within the Migdal approxi-
of oxygen vacancies in the CuO chains can lead to residudl'@tion. while the nonretarded electron-phonon coupling for
density of states and to zero-bias conductance in the supefi€ high-energy phonons should be modeled separately
conducting state, a negligible zero-bias conductance in th@ithin the polaron theory. This theoretical approach has been
spectrum suggests that the spectrum represents the intrin§itccessfully applied to fullerenésThe strong coupling be-

density of states contributed only from the Gu@anes. Itis tWeen doped holes and the high-energy phonons leads to a
striking that the strong coupling features similar to that inpolaronlc mass enhancement and to an attractive nonretarded

conventional superconductors can be clearly seen in thBotential between doped holes. Effectively, the polaronic
spectrum(as indicated by the arrowsThe strong-coupling holes could then formk-space Cooper pairs by interacting
features correspond to a strong coupling between charge cafth the low-energy phonons. The problem could thus be
riers and the phonon mode with,,=19 meV. The phonon solved within Eliashberg equations with an effective
density of states in an optimally doped YBCO also reveals &/€ctron-phonon spectral density for the low-energy phonons
large peak at about 20 medy. a_nd a negative Coulomb pseudo_potentlal produce_d by _the
In Fig. 4, we plot the electron-phonon spectral densitylign-energy phonons and other high-energy bosonic excita-
«?F () for an optimally doped BSCCO crystal, which was tions of purely electro_nlc_ orlg_n(le._g., spin fluctuations, exci-
extracted from a superconductor-insulator-superconductdPnS: @nd plasmonswithin this simplified approach, the ef-
(SIS break-junction spectruf?. A strong coupling feature at €Ctivé electron-phonon coupling constax, for tge low-
an energy of about 20 meV is clearly seen. This feature als§N€rdy phonons is enhanced by a factof ot exp(g”). Here
corresponds to the large peak in the phonon density of staték =A/@y, Ais a constant, andy, is the frequency of the
at about 20 me\(see open circlgs In addition to a strong high-energy phonon mode. The effective Coulomb pseudo-
coupling feature at 20 meV, there is another strong coupling©tentialu* is negative and also groporhonal fg.
feature at about 73 meV, which corresponds to the phonon For slightly overdoped BSCC@; can be evaluated from

energy of the Cu-O bond stretching mode discussed abové?e midinfrared optical conductivity which exhibits a maxi-
mum at E,=0.12 ev® With E,=0.12 eV oy

0ph =19 meV 1

dl/dV (normalized)

A e =75 meV, we findg?=E,/(2fw,)=0.8, leading tof,
BSCCO =2.2. From the spectral density shown in Fig. 4, we can
127 ° Glo) ] extract the effective electron-phonon coupling constany
2 1.0} —aF)F(©) ] for the low-energy phonon mode, that }s,,=2.6. If there
5_ 08l 8 ﬁm% ] were no polaronic mass enhancement 'due to the high-energy
o ° 2 phonons, the coupling constant contributed from the low-
L 0.6 59&% 1 energy phonons would be about 1.2. With*=0.1 and
&8, 0.4t ¥ B\ Nep=1.2, we calculatd ;=18 K according to & formula
® 02f %% kgT.=0.25(w?)[exp(2Mgs) — 1] 2, 2
where

0.0 L . . . . . . .
0 10 20 30 40 50 60 70 80 90
o (meV) Neff= ()\ep_ w1 +2u* + )\ep/"/*t()\ep)]- ()]
FIG. 4. The electron-phonon spectral densit$F(w) for an The function t()‘ep) is plotted in Fig. 2 of Ref. 27. In

optimally doped BjSr,CaCyOg., (BSCCQ crystal, which was the present casé,\(w?) is contributed only from the low-
deduced from an SIS break-junction spectr(Ref. 20. energy phonons and equal to 20 meV. Therefore, without the
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high-energy phonong;. would not be higher than 20 K. The
high-energy phonons not only enhancg, by a factor of 2.2,

but also reducew* substantially’® It has recently been
shown thatu* in cuprates becomes negatiee., u*
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Now we can calculate the total isotope exponenising
Egs.(2) and(3), and the relationa ¢ f,, u*<f,, t(hep)
=1.8I\¢,. The calculated total isotope exponentas=0.

The nearly zero isotope exponent is due to the fact that the

=—0.05) due to the presence of low-energy electronic colisotope dependencies af,, and * (arising from the po-

lective modes(acoustic plasmonsin layered conductor&
Since the high-energy phonon mode redyeé&sfurther, it is
likely that the value ofu* should be in the range of 0.1 to
—0.2. If we takeu™ = —0.15, \¢p= 2.6 (see abovg we can
get T,=95 K. This leads tokgT./(%\(w?))=0.41, and
2A(0)/kgT.=7 according to the known relation between
kgT./ (% \/<w2>) and 2A(0)/kgT.?° The calculated reduced

laronic effect cancel out the isotope effect on the prefactor
of Eq. (2). Moreover, the formation of polaronic Cooper
pairs naturally explains the sizable isotope effect on the su-
percarrier mass.

In summary, we report the observation of the oxygen-
isotope effects in the three-layer cuprate

energy gap is in good agreement with experiment. We wouldP 167 0.45%2C&ClsOi0.y . The present results along with
like to mention that the present calculation is valid for anth€ Previously observed isotope effects in single-layer and

isotropic swave gap, which should be the case for the po-double-layer cuprate superconductors indicate that the iso-
laronic oxygen-hole bands near ¢07) and (+,0) re- tope effect onT . in optimally doped cuprates is small while
gions. In addition to the polaronic oxygen holes, there aréhe isotope effect on the effective supercarrier mass is sub-
electronlike free carriers which could condense into superstantial. These isotope effects and tunneling spectra observed
carriers through interband scattering. The pairing symmetryn optimally doped cuprates can be consistently explained

of the two-carrier system may be an extendedave with
eight line nodeg®

within a scenario where polaronic oxygen holes are bound
into Cooper pairs.
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