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Oxygen isotope effects on T, and the Meissner fraction f have been investigated in fine-grained,
decoupled La,_, Sr,CuO, with x =0.105, 0.110, and 0.115. We find that these oxygen isotope effects are
related to each other: dInT,/d InM ~d Inf /d InM (where M is the mass of oxygen). We also show that
the trapped flux due to intergrain weak-link and intragrain flux pinning is negligible in our samples, and
that the Meissner fractions for the samples with the same '°O isotope are nearly equal The observed
large oxygen isotope effects on T, and the Meissner fraction can be explained as due to the oxygen-mass
dependence of m* (effective mass of carriers). The results may suggest that the conducting carriers in

the cuprate superconductors are of polaronic type.

The discovery and development of the high-T, cuprate
superconductors have prompted a burst of experimental
and theoretical investigations on these systems. Howev-
er, the microscopic pairing mechanism for high-T, super-
conductivity remains controversial. Opinions on the role
of electron-phonon interaction vary widely.! ™ One way
to assess the importance of phonons in the pairing is the
isotope effect on T,. Very small oxygen isotope effect on
T. was observed in the optimally doped cuprates*™’
while large oxygen isotope effect was found in the under-
doped cuprates.* 1! The large isotope effect may point to
the phonon-mediated pairing mechanism for high-T, su-
perconductivity. However, since T, is sensitive to the
hole concentration in the underdoped range, it has been
suggested'? that the observed large oxygen isotope effect
could be due to a slight difference in the mobile-hole con-
centrations of the '°O and '®0 samples. Therefore it is
essential to address this issue before one can draw any
conclusion about pairing mechanism from these isotope
effect experiments.

It is important to note that the '®0O-containing samples
of La, ,Sr,CuO, have a local minimum in T, at
x ~0.110, as shown by Takagi et al.'* and Xiong et al.'*
One possible explanation to the local minimum in T, is
that the mobile-hole concentration has a local minimum
at this composition. However, several substitution exper-
iments'*16 indicate that the mobile-hole concentration n
is nearly ecgua.l to x when x <0.15. The Hall effect mea-
surements' further show that the Hall coefficient is a
monotonic function of x. These results consistently sug-
gest that the local minimum in T, for the 160-containing
samples occurs at the mobile-hole concentration
n=~x=~0.110. Since the T, values of the %O-containing
samples have a minimum at n ~x =~0.110, any isotope-
induced increase or decrease in the hole concentration at
this composition will always raise T,. Therefore, the
isotope-induced decrease in T, must be caused by vari-
ables other than the change in the hole concentration.

The muon-spin-relaxation experiments!’ have shown a
universal linear relationship: T, <1/A,,(0)? <n/m* for
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underdoped p-type cuprates, where A,;(0) is the in-plane
penetration depth at zero temperature and m* is the
effective mass of carriers along a-b plane. This result im-
plies that the observation of oxygen isotope effect on T,
must be accompanied by the observation of oxygen iso-
tope effect on the penetration depth A, (0). Since the
Meissner fraction f(0) for a fine-grained sample is a
function of grain size and penetration depth, the observa-
tion of oxygen isotope effect on A,,(0) will be equivalent
to the observation of oxygen isotope effect on f(0).

Here we report the detailed results of oxygen isotope
effects on T, and Meissner fraction f for the fine-grained
and decoupled La,_, Sr,CuO, with x =0.105, 0.110, and
0.115. We find that the oxygen isotope effects on 7, and
Meissner fraction f are related to each other:
dInT,/d InM ~d Inf /d InM (where M is the mass of ox-
ygen). The results can be explained as due to the
oxygen-mass dependence of m*,

Samples of La,_,Sr,CuO, with x=0.100, 0.105,
0.110, 0.115, and 0.120 were prepared by conventional
solid-state reaction using La,O; (99.99%), SrCO,
(99.999%), and CuO (99.999%). The La,0, was dried for
6 h at 900°C prior to weighing. The powders were mixed
and ground thoroughly under isopropyl alcohol, and then
were pressed into pellets of 6 mm diam with ~2 ton/cm?
pressure. These pellets were then fired in air at 1000°C
for ~70 h with three intermediate grindings. X-ray-
diffraction (XRD) results indicate that the samples are
very good single phase without any observable trace of
the Sr-rich phase La, 4;Sr; 33Cu,05. To obtain samples
with small grains and enough porosity, we reground the
samples thoroughly, pressed them into pellets, and an-
nealed them in air at 900°C for 12 h. The cooling time to
room temperature was 4 h.

Each pellet was broken in half, and the halves were
then subjected to °0 and '*O isotope diffusion, which
was conducted in two parallel quartz tubes separated by
about 2 cm (see Ref. 7). The purities of the 1°0 and 80
gases used for isotope exchange are as follows: '°0, gas
contains 99.993% %0, 0.005% "0, 0.002% '*0, CO< 14
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ppm, CO,<7ppm, CH,<5 ppm, H<39 ppm, He<13
ppm, and N<18 ppm; 20, gas contains 96.9% 0,
2.6% 0, 0.5% 0, CO<18 ppm, CO,<18 ppm,
CH,;<7 ppm, N<21 ppm, H<18 ppm, and He<15
ppm. The diffusion was carried out for 40 h at 900°C and
oxygen pressure of about 0.7 bar. The cooling time to
room temperature was 4 h. The oxygen isotope enrich-
ment was determined from the weight changes of the 1°0
and %0 samples. The '30 samples had ~85-90% !0
and ~15-10% '%0. Back exchange was carried out at
900°C for 40 h in flowing %0, on the samples with
x=0.115.

The susceptibility was measured with a Quantur
Design superconducting quantum interference device
magnetometer. The field-cooled, measured-on-warming
(FCW) susceptibility was measured in a nominal field of 5
Oe. All samples were carefully aligned in the same direc-
tion (along the axis parallel to the field) during each mea-
surement. The samples were held at 40 K in a field of ~5
Oe for ~ 10 min, and then cooled directly to 5 K. The
cooling rates for all measurements were similar. The
data were collected upon warming. The magnetic field
was kept unchanged throughout each series of measure-
ments. The before-diffusion samples had been measured
at an earlier time in the nominal field of 5 Oe while the
back-exchanged samples were measured at a later time in
the same nominal field. The zero-field-cooled (ZFC) sus-
ceptibility was measured in a field of 4.8 Oe after the
sample was zero-field (~0.1 Oe) cooled from normal
state to 5 K, and the field-cooled (FC) susceptibility was
measured in the same field as that for ZFC measurement.

In Figs. 1(a)-1(c), we show the FCW susceptibility for
the 0 and 80 samples with x =0.105, 0.110, and 0.115.
The nominal magnetic field for the measurement is 5 Oe.
From Fig. 1, we find that the Meissner fractions for the
130 samples are ~5-8 % smaller than for the °0 sam-
ples at low temperatures, in agreement with results re-
ported by Franck et al.'® The detailed isotope-effect re-
sults are summarized in Table I and Fig. 2. From Table
I, one can see that the oxygen isotope effect on T,
(ao=—d InT, /d InM) is correlated with the oxygen iso-
tope effect on the Meissner fraction f as
dInT,/d InM ~d Inf /d InM (where M is the mass of ox-
ygen).

Since the T, values of the 160-containing samples have
a local minimum at n=~x=0.110 (see Fig. 2), any in-
crease or decrease in the hole concentration upon isotope
substitution will raise the T, of the sample at this compo-
sition. Therefore, a lowering in T, of the 20 sample at
this composition is not possibly due to a lower or higher
hole concentration in the 30 sample. From Fig. 2, one
can also see that dT,/dn<0 at n=0.105, and
dT,/dn >0 at n=0.115. So there would be a positive
oxygen isotope effect on T, at n =x =0.115, and a nega-
tive oxygen isotope effect on T, at n =x =~0.105, if there
were only a positive oxygen isotope effect on the hole
concentration. The observed large positive oxygen isc-
tope effect on T, at all the three compositions implies
that the oxygen isotope effect on the hole concentration,
if it exists, will be small.

The observed oxygen isotope effect on the Meissner
fraction is possibly caused by the differences in grain-size,
remanent magnetization (trapped flux) and demagnetiza-
tion factor of the %0 and '*0 samples. To rule out this
possibility, we show, in Figs. 3(a) and 3(b), the results of
FCW susceptibility (a) for x =0.110 before isotope ex-
change; (b) for x =0.115 after back exchange. The nomi-
nal magnetic field for the measurements is 5 Qe. It is
clear that the Meissner fractions of the %0 and '*0 sam-
ples are the same within +1.5% before isotope exchange
[see Fig. 3(a)]. After back exchange, the T, of the
x =0.115 sample which previously contained %0 is
~0.2 K lower than the original °0 sample as shown in
Fig. 3(b), possibly due to incomplete substitution of °O
for 80 (~6% 0 remains). The reversibility of the
Meissner fraction upon isotope exchange suggests that
the observed isotope effect is not due to the differences in
grain size, demagnetization factor, and remanent magne-
tization of the %0 and !0 samples.

Note that the apparent differences in the absolute sus-
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FIG. 1. The FCW susceptibility for the %0 and ®0 samples
of La,_, Sr,CuO, with (a) x =0.105; (b) x =0.110; (c) x =0.115.
The data shown were divided by a nominal field of 5 Oe and not
corrected by demagnetization factors. The real magnetic field

for measurements is 5.9+0.2 Oe.
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TABLE I. Oxygen isotope effects in La,_, Sr, CuO,.
x BOo% TI.K) of AT,/T, (%) f (%) Af/f (%)

—68

0.105 0 278 050 —54 16.6

0.105 86 26.3 15.5

0110 0 261 054 —6.1 147 =50
0.110 90 245 14.0 .
0.115 0 273 090  —95 13.1 ~7.8

0.115 85 247 12.1

*ag=—d InT,/d InM.

b£ is the Meissner fraction at 5 K. The data shown were divided
by a real field of 5.9 Oe and corrected by a demagnetization fac-
tor of 1/3.

ceptibility of the 10 samples as shown in Fig. 1(b) and
Fig. 3(a), or in Fig. 1(c) and Fig. 3(b) are due to resetting
the magnetic field in the different series of measurements
which were conducted in different periods. We usually
set a magnetic field in no overshoot mode after the field is
reduced from — or +5.0 T to zero in oscillate mode
[which leads to a remanent field of + or — (0.9+0.2)
Oe]. Then the real magnitude of the field will be 4.1+0.2
or 5.91:0.2 Oe if one sets a nominal field of 5 Oe.

It was also suggested that the observed oxygen isotope
effects on T, and f could be explained by a picture in
which the '30 samples contain more nonsuperconducting
phase (Laj 451 33Cu,0;5) than the °0 samples.!”” How-
ever, this is not consistent with our XRD results, which
do not show any evidence of a second phase (e.g.,
La, 819 33Cu,05) in either the %0 or the '*O samples.
In our XRD patterns (the wavelength of x ray is 1.540 60
A), the weak peak at 20=36.277° for La,_,Sr,CuO,
(3% of the most intense peak) can be clearly identified,
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FIG. 2. The superconducting transition temperatures T, vs x
for the '°O and 'O samples of La,_,Sr,CuQ,. Since the T,
values of the '°O-containing samples have a local minimum at
n=~x=0.110, any increase or decrease in the hole concentra-
tion upon isotope substitution will raise the T, of the sample at
this composition. Therefore, a lowering in T, of the *0 sample
at this composition is not due to a lower or higher hole concen-
tration in the 30 sample.
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FIG. 3. The FCW susceptibility for the samples of

La,_,Sr,CuO, with (a) x=0.110, before isotope exchange; (b)
x=0.115, after back exchange. The data shown were divided
by a nominal field of 5 Oe and not corrected by demagnetization
factors. The real magnetic field for measurements is 5.910.2
Oe in (a), and 4.1£0.2 Oe in (b).

but the most intense peak for La, ¢;Srq ;;Cu,05 is not
visible. This indicates that the Sr-rich phase is below 5%
in our samples, and cannot account for the 5-8 %
difference in the Meissner fractions of the %0 and %0
samples. In addition, the isotope-exchange temperature
is 900°C, so any impurity phase, once formed, would not
be expected to convert back to the superconducting
phase. The reversible change of the Meissner fraction

‘upon oxygen isotope substitution further rules out this

possibility.

It is known that the field-cooled susceptibility (or
Meissner effect) for fine-grained samples is reduced due to
the penetration-depth, intergrain weak links, and in-
tragrain flux pinning. If the intergrain link is not well es-
tablished, the flux cannot be trapped in the intergrain
boundary. If the samples have negligible defects, and the
magnetic field is low, the flux will not be trapped inside
the grain. The magnitude of the trapped flux can be ob-
tained by the ZFC and FC measurements. The difference
of ZFC and FC magnetization is the remanent magneti-
zation due to the trapped flux.?’ In Fig. 4, we show the
ZFC and FC susceptibility for x=0.115 sample (after
back exchange). The real magnetic field of “zero field”
was checked by measuring the diamagnetic signal of Pb,
and was determined to be ~0.1 Oe. From Fig. 4, one
can see that the difference of the ZFC and FC signals is
very small, suggesting negligible flux trapping. Further
evidence for negligible flux trapping is the field indepen-
dence of the FC susceptibility below 7 Oe.

Since there is negligible flux trapping in our fine-
grained and decoupled samples, the Meissner fraction can
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FIG. 4. The temperature dependence of ZFC and FC suscep-
tibility for the x =0.115 sample. The difference of the ZFC and
FC signals is small, suggesting negligible flux trapping.

be expressed as f(0)=f({r},A(0)), where {r} is the ra-
dius distribution of grains and A(0) is the effective
penetration depth at low temperatures. For
AA(0)/M(0) << 1, we can make a Taylor expansion for the
Meissner fraction f(0), leading to

—Af(0)/f(0)=B[AA(0)/M0)], (1)

where AA(0) and Af(0) mean isotope-induced changes of
AMO) and f(0), and B=—[A(0)/f(0)][af({r},A(0)}/
oA(0)]. If M0)/r <<1, f(0)=~[1—A(0)/R J? (where R is
the average radius of grains), then B=~3[1—£(0)'/*]/
f(0)3, The above relation can give a rough estimaticn
for the coefficient B [e.g., B ~2 for f(0)~20%].

Equation (1) indicates that the observation of oxygen
isotope effect on the Meissner fraction is equivalent to the
observation of oxygen isotope effect on the penetration
depth. Since A < (m*/n)!/?, Eq. (1) implies that the ob-
served oxygen-mass dependence of f(0) originates from
the oxygen-mass dependence of n and/or m*. As dis-
cussed above, the results shown in Fig. 2 imply that the
oxygen isotope effect on the hole concentration, if it ex-
ists, will be small. Then the observed large oxygen iso-
tope effect on the Meissner fraction is mainly caused by
the oxygen-mass dependence of m* (effective mass of car-
riers).

Since the hole concentration n is closely related to a ra-
tio g =c/a (where a and c are the lattice constants along
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‘ab plane and c-axis direction, respectively), any isotope-

induced change in the hole concentration (e.g., a possible
difference in the oxygen contents of the %0 and 30 sam-
ples) will lead to a change of g. Crawford er al.’ have
¥recisely determined the lattice constants for the %0 and
80 samples of La,_,Sr,CuO, from synchrotron x-ray-
diffraction measurements, and found that the values of g
for the %0 and '®0 samples are the same within +107°
[for orthorhombic symmetry, g is defined as
g=c/(ab/2)?]. Using a relation An~10Ag/g (Refs.
21-24), one can estimate that the hole concentrations of
the %0 and 'O samples are the same within +107°,
Therefore, the observed large oxygen isotope effect on the
penetration depth (or Meissner fraction) is due to the
oxygen-mass dependence of m* or the density of states
N(E).

There are several theoretical explanations to the
oxygen-mass dependence of the N(E). Pickett, Cohen,
and Krakauer® have shown that the strong anharmonici-
ty of phonon modes will make N (E) depend on the ion
mass due to structure fluctuation. Alternatively, the ion-
mass dependence of N (E) could be due to the breakdown
of Migdal adiabatic approximation. Engelesberge and
Schrieffer?s have shown that the Migdal approximation
does not hold if there is a reasonably strong interaction
between electrons and long wavelength optical phonons.
The breakdown of the Migdal approximation will lead to
the formation of polarons.> The interaction of the elec-
trons with the long wavelength optical phonons (or the
local phonons as in the Holstein model) narrows the elec-
tronic bandwidth and enhances the density of states by a
factor A(w)exp(B/w) which is ion-mass dependent,
where A () has a weak dependence on w and B is a con-
stant.’ :

In conclusion, we have observed oxygen isotope effects
on T, and the Meissner fraction f in the fine-grained,
decoupled La,_,Sr,CuO, with x=0.105, 0.110, and
0.115. The observed large oxygen isotope effects on T,
and the Meissner fraction can be explained as due to the
oxygen-mass dependence of m* (effective mass of car-
riers). The present results may suggest that the conduct-
ing carriers in the cuprate superconductors are of pola-
ronic type.
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