VOLUME 58, NUMBER 22

PHYSICAL REVIEW LETTERS

1 JUNE 1987

Isotope Effect in the High-7, Superconductors Ba,YCu30; and Ba;EuCu;0,
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We have studied the effect of isotopic substitution on the superconducting 7. in the 90-K supercon-
ductors Ba;YCu3O7 and Ba;EuCu;0; by replacing '°O with the heavier isotope '*0. Samples with ap-
proximately 75% of the 'O replaced by '80 were prepared by gas-phase ion exchange. In these samples
the phonon frequencies, measured by Raman spectroscopy, are reduced by the expected —4%. The
transition temperatures, however, are found to change by less than 0.2%. This change in 7. is much less
than that expected for strongly coupled phonon-mediated superconductivity.

PACS numbers: 74.70.Ya, 63.20.Dj, 74.10.+v, 78.30.—j

It is well known that the effect of isotope substitution
on the superconducting transition temperature? T, pro-
vides the strongest support for the mechanism that pho-
nons are involved in the formation of the superconduct-
ing ground state, in the framework of the BCS theory.
The need to invoke mechanisms other than phonon-
mediated electron pairing has arisen only recently with
the discovery of heavy-fermion superconductors®™ and
now the high-T. oxide superconductors.® '* For the case
of high-T, oxide superconductors, some new mechanisms
have already been proposed,'>~!° in addition to the con-
ventional electron-phonon coupling interaction.20-24
Central to the conventional model are the high frequen-
cies of the Cu—O bond-stretching vibrational modes
and their strong coupling to the electronic states at the
Fermi level, presumed to be the result of a strong mix-
ture of oxygen p states with the copper d states at the
Fermi level (or with the lead-bismuth s states in the case
of lead-bismuth oxide systems).??>"2% The high-frequency
modes involve the motions of oxygen atoms and thus re-
placement of 'O by '80 may be expected to modify
significantly the vibrational-mode frequencies, which in
turn should affect the superconducting 7,.. Thus a good
test for the conventional model would be a correlation
between these vibrational frequencies and the supercon-
ducting T..

In this Letter we report the results of an isotope-effect
study in which at least 75% of the 'O was replaced by
80 in Ba,YCu3O; and Ba;EuCu;0;. The high-
frequency vibrational modes were characterized by Ra-
man spectroscopy, clearly showing the expected mass-
dependent shifts. There is, however, no significant varia-
tion in the superconducting 7.. The mass dependence of
T. is generally expressed as T.,~M ~ % where M is the
isotopic mass and a is usually close to 0.5 for the full iso-
tope effect. In the present case a is found to be 0 £ 0.02,
indicating very little, if any, of an isotope effect.

Isotope-effect studies require well-characterized sam-
ples with reproducible crystal chemical properties. For
isotopic substitution with %0 we took advantage of the
high mobility of oxygen in these compounds at elevated

temperatures, which allows for an exchange of oxygen
without disruption of the crystal structure. The starting
samples were synthesized and annealed in the manner
described earlier. Two samples (~2%4 mm?) were cut
from the center of a single sintered disk, which was nom-
inally 10 mm in diameter and 1-2 mm in thickness. For
subsequent treatment the samples were placed in two
identical quartz ampoules which were connected to
manometers and to either a vacuum pump or oxygen
containers, as warranted by the treatment procedure.
The two quartz ampoules were inserted from opposite
ends into the center of the flat hot zone of a tube fur-
nace, to ensure that the two samples received identical
thermal treatment. In the first step the samples were
heated to 500-550°C in rvacuo, held there for 3-12 h,
and cooled to 100°C in ~—2 h. The weight loss in this
treatment corresponded to a loss of (10 = 1)% of the ox-
ygen, which is low enough to prevent reduction of Cu
below Cu?* and to preserve the basic crystal structure
without decomposition. In the second step the samples
were heated to 500°C, the control sample in '°O at-
mosphere and the test sample in '80 at a pressure of 1
atm, and held at 500°C for 8-12 h, and then cooled to
~100°C in ~2 h. In this treatment the oxygen lost in
the first step was fully replenished. This cycling could be
repeated reproducibly with a total weight loss or gain of
(1.65+0.15)%. We found that this technique provided
a simple and reliable method to introduce '0 into the
test sample, allowing the control sample to be treated in
an identical manner with '®O and eliminating the ambi-
guity that might arise as a result of differing 'O and
180 synthetic conditions. The relative amounts of '°O
and '*0 were analyzed by mass spectrometry and, for
one sample, Rutherford backscattering (RBS). After
one cycle of exposure to '80, it was found that the latter
not only filled the vacant sites, but also exchanged '°O
present in the sample, resulting in about equal amounts
of the two isotopes. This is due to the high mobility of
oxygen in the compound and the large concentration gra-
dient when the 50-150-mg sample is surrounded by
~20 cm?® of '30. After three exchange cycles,
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(74 £ 7)% of the '°0O was substituted by '*0. A total of
seven pairs of Ba;YCu3O; and Ba;EuCu;O; samples,
treated to one to three '®O exchange cycles, were stud-
ied.

The superconducting transition temperatures were
determined by both four-probe-resistance, magnetiza-
tion, and Meissner-effect measurements. In addition to
the aforementioned analysis for '*0, we measured
directly the shift of the phonon frequencies by Raman
spectroscopy.

We will confine our detailed discussions to
Ba,EuCu30O;. The average oxygen mass according to
RBS and mass-spectrometric analysis increased by
(9.3+1)% in the compound during the ion exchange.
This mass enhancement should shift the vibrational fre-
quencies involving the oxygens by (4.3 +0.4)%. The ob-
served Raman peaks for the 'O and 'O samples are
shown in Figs. 1(a) and 1(b), respectively. A detailed
description of the experiment and analysis of the spectra
will be presented separately. (We would like to mention
that the intensity of the highest-frequency line has been
observed to be somewhat dependent on sample-handling
conditions. Further studies to clarify the origin of this
line are in progress.) The Raman data are significant for

T T T T T T

[}
@©
T=77K N2 (b)

V‘

— 620

571
420

A Mg

1 AR
% }(u T77K © w
e

| H

" v WWMWW

700 600 500 400
RAMAN FREQUENCY (cm-)

FIG. 1. Raman spectra of superconducting Ba;EuCu3O7 at
77 K. (a) Sample containing 'O isotope; (b) sample contain-
ing (74 +7)% '80. Excitation was with the 488-nm Ar? line
at a power of ~60 mW and a line focus.
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three reasons. First, the phonon frequencies in the '0O-
containing sample are shifted downwards by the expect-
ed amount, determined by the '80:'®0O ratio. The aver-
age Aw/w, taken from several experiments, is — (4.2
+0.5)%. The results of the mass-spectroscopy, RBS,
and Raman measurements are in good agreement.
Second, the downward shift in the frequency of the peaks
by the expected amount proves that the observed high-
frequency vibrations involve the motion of oxygen atoms.
Finally, the peaks in the Raman spectrum, although
shifted to lower energies in the 'O sample, are only
slightly broadened (by ~20% as compared to the 'O
sample). From this we conclude that the isotope ratio is
uniform when averaged over the optical penetration
depth, which we estimate to be of the order of 1 um, and
that the '°O in the test sample is homogeneously re-
placed by '30 at least within the optical penetration
depth.

An important experimental point that has to be ad-
dressed concerns the possibility of reverse exchange of
80 by '®O when the samples are exposed to air at room
temperature. This could produce on the sample an 'O
layer a few thousand angstroms thick, with the possibili-
ty of shielding the 7. of the '80-substituted material,
thus masking the isotope effect. To check this we have
measured the T, of two '®O-substituted samples handled
only in '80 atmosphere, and later in helium or nitrogen
atmospheres. These samples displayed the same behav-
ior as those handled in the normal manner.

The transition temperature was measured magnetical-
ly by our monitoring the temperature of the flux exclud-
ed by the stationary sample in a SQUID magnetometer
(Meissner effect) or measuring the dc magnetization.
The field was 21 Oe and data were collected during both
warming and cooling through 7., which is necessary in
order to correct for the small temperature difference be-
tween sample and thermometer (~0.1 K). Typical re-
sults are shown in Fig. 2. In none of the samples could
we detect a significant (> 0.1 K) difference in 7. be-
tween the 'O and 'O samples. (Such null results actu-
ally led us to adopt the precautionary handling pro-
cedures described above.) Resistance measurements re-
quired exposure to air and attachment of leads. Thus
the derived T.’s were considered less typical for the bulk
of the samples, particularly as this method probes the
highest-7, connecting path. We have observed that in
these materials resistive 7.’s are usually higher by
~0.5-1 K than Meissner-effect T.’s. In two cases the
30 samples had a slightly lower T, by resistance mea-
surements (0.3-0.4 K), but still higher than the
Meissner-effect 7.’s, which were equal. This upper
bound of a few tenths of a degree is to be compared with
3.71£0.5 K calculated for the full isotope effect on the
basis of the measured shift of the phonon frequencies.

Reduced isotope effects have been observed, particu-
larly in transition metals where a =0 is also found for
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FIG. 2. Magnetic measurements on 'O- and '80-contain-
ing samples. (a) Magnetization of BaEuCu3;O; and (b)
Meissner signal of Ba;YCu3O7. For a full isotope effect a 7.
difference of 3.7 = 0.5 K is expected.

Ru?® and Zr.?" [The inverse isotope effect in palladium
hydride (PdH) is well known.?®] In a general treatment
of T, in terms of the electron-phonon coupling strength A
and the renormalized Coulomb interaction u*, a reduced
isotope effect is characteristic of a small A (A <0.3) with
reasonable values for u* (<0.3).2%3% Detailed model
calculations for the transition metals associate the small
a’s with details of the band structure, resulting in an
enhanced p*.3' On the basis of the current understand-
ing of the oxide superconductor materials, and particu-
larly their high 7, compared to their relatively low den-
sity of states at the Fermi level,3? the high T.’s are un-
likely to be reached with the weak electron-phonon cou-
pling strength implied by the present isotope-effect re-
sults. Therefore, only a combination of large A’s with
unprecedented large u’s would explain the absence of an
isotope effect within the framework of the traditional
electron-phonon theory. No isotope effect, however, is
expected from purely electronic mechanisms for super-

conducting pairing.
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