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The magnitude of the oxygen isotope effect in the high-7. superconductor YBa>Cu3O7 has been
determined by substitution of '30 for '®O. A series of cross exchanges was performed on high-
quality polycrystalline specimens to eliminate uncertainties due to sample heat treatments and
sample inhomogeneities. Magnetic measurements suggest a relative isotope shift for the bulk ma-
terial of —0.17+0.03 K at 80% '30 substitution, yielding apux=0.019 +0.004 where T.~M ~°
and M is the oxygen mass. Resistivity measurements in freshly prepared specimens reveal fila-
mentary superconductivity 1 or 2 K above the bulk superconducting transition temperature. The
isotope shift associated with the filamentary superconductivity is similar to but slightly larger than
the bulk shift: @s=0.028 £0.003. The filamentary superconductivity is time dependent and
disappears several months after sample preparation. We show that the above values of a are in-
consistent with the standard three-dimensional phonon-mediated Bardeen-Cooper-Schrieffer

theory, and discuss implications for alternative possibilities.

I. INTRODUCTION

The spectacularly high transition temperatures of the
newly discovered classes of oxide superconductors'™3
have resulted in suggestions that the superconductivity in
these materials may be fundamentally very different from
that of ‘the ‘“conventional” superconductors. The
Bardeen-Cooper-Schrieffer (BCS)* theory of phonon-
mediated electron pairing may not be adequate to explain
superconductivity within these new materials. Shapiro
step experiments® on La,gsSro;5CuO4 and YBa,Cu307,
which exploit intrinsic ac Josephson effects within poly-
crystalline specimens, have clearly indicated that a funda-
mental charge g =2e is associated with the superconduct-
ing state. Although most researchers believe that this re-
sult demonstrates that electron pairing does occur, the
specific  pairing mechanism (phonon or nonphonon) is
generally considered to be an open question.

The dependence of the superconducting transition tem-
perature T, on isotopic mass M in the host lattice has
been one of the most revealing tests for phonon-mediated
pairing. The original isotope effect experiments® in ele-
mental mercury showed that 7T.~M ~¢ with a=0.5.
This discovery provided one of the important clues which
resulted in the BCS theory of superconductivity. Accord-
ing to the simple BCS model, 7 is directly proportional to
the Debye frequency wp, which in turn varies as M ~%° in
an ideal harmonic solid. When the electron-phonon in-
teraction and the Coulomb repulsion are treated separate-
ly in a two-square-well model’ within BCS theory, ¢ may
be reduced from 0.5 and assume negative values. Howev-
er, within this model a cannot be greater than +0.5.8
Indeed, isotope studies in conventional superconductors
find @ ranging from 0.5 (mercury) to —2.2 (a-uranium).’
Interestingly, for zirconium and ruthenium, a =0, which
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can be shown to be consistent with phonon-mediated elec-
tron pairing if one assumes a two-square-well model and
takes into account specific normal-state and supercon-
ducting properties of the individual materials.

Recently, several studies have been performed to exam-
ine isotope effects in oxide superconductors. The first ex-
periments'®!! involved oxygen isotope substitution in
YBa,;Cu307, and found no or very little shift, with
a==0.0%0.03. This small value of a is not easily ex-
plained within the standard two square well model if
T.~90 K, and is thus suggestive of a nonphonon pairing
mechanism. Later studies,'>” !4 on the other hand, indi-
cated that for oxygen isotope substitution in YBa,Cu304
a might be as large as 0.12, or even greater than 3.5.
Hence, the findings to date are contradictory. Since
different pairing mechanisms yield different values of «, it
is important to establish the magnitude of the isotope
shift.

We report here on a detailed study of the oxygen iso-
tope effect in YBa;Cu307, where up to 94% of the '°O in
the sample was replaced by '®0. Multiple cross ex-
changes of oxygen isotopes were performed in high-
quality sample-control pairs to eliminate 7 shifts not as-
sociated with isotopic mass. Time-dependent effects were
also studied by monitoring transition temperatures for
various isotopically substituted samples over a period of
five months.

We find that a small but finite oxygen isotope effect
occurs in YBa;Cu3;07;. Magnetic measurements indicate
that for the bulk material apu =0.019 =+ 0.004. Resistivi-
ty measurements in freshly prepared sampies show evi-
dence for filamentary superconductivity occurring 1-2 K
above the bulk superconducting transition temperature.
The isotope shift associated with the filamentary super-
conductivity is similar to but slightly larger than the bulk
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shift: ag =0.028 +0.003. The transition temperature for
filamentary superconductivity is not stable, but decays
smoothly toward the bulk transition temperature over a
period of several months. Our observed values of a are
within the error limits of several previous YBa,Cu3;0O7 ox-
ygen isotope studies,!®!!>1 but are inconsistent with
other findings. !>~ !4 We show that our values of a cannot
be explained within a standard three-dimensional
phonon-mediated pairing model, and we examine other
possible mechanisms.

The remainder of this paper is organized as follows: In
Sec. II we review previous isotope-effect studies in high-7,
oxide superconductors, with emphasis on YBa;Cu301.
Section III gives details on sample preparation, isotopic
exchange, T. measurement, and isotopic content analysis
relevant to the present study. Our isotope shift results are
presented in Sec. IV, and discussed in Sec. V. A con-
clusion follows in Sec. VI.

II. BACKGROUND OF HIGH-T, ISOTOPE STUDIES

The first isotope studies on high-7, oxide superconduc-
tors were oxygen isotope substitution experiments per-
formed on the YBa,;Cu307 structure. Batlogg e al. 10 sub-
stituted 20 isotopes in YBa;Cu3O7 and in EuBa;Cu;0O,
by heating samples to 550°C in vacuum, removing ap-
proximately 10% of the oxygen, and heating again in an
130, atmosphere. After 3 cycles, 74% + 7% of the '°O
had been substituted with '®0, as determined by Ruther-
ford backscattering spectroscopy. They observed resistive
shifts of —0.3 to —0.4 K in T,, but observed no shifts in
the magnetization data and, therefore, set a limit on the
isotope shift of a=0.0+£0.02. A Raman line at 500
cm ~! that was assigned'” to the O(1) site which bridges
the inequivalent Cu atoms gave isotope shifts of about 4%
demonstrating that at least some of the phonon modes
were isotope shifted. Bourne et al.'! substituted '*O for
180 in YBa,Cu;307 by heating a sample at 950°C in an
180 atmosphere. An identical heat treatment was per-
formed in 'O on another sample derived from the same
parent pellet. The oxygen isotope content was measured
with temperature-programmed desorption and with 50%
(random) removal of the total oxygen content; 90% of the
desorbed oxygen was found to be '*O. Within an experi-
mental uncertainty of £ 0.3 K, no isotope effect was ob-
served in both magnetization and resistivity measure-
ments, yielding ¢ =0.0 % 0.027.

Leary et al.'? reported a finite oxygen isotope shift in
YBa,Cu307. Using a gas-exchange technique similar to
that of Bourne et al., they obtained '®0 enrichments of
73%-90% (determined by thermally programmed desorp-
tion), and identified shifts in 7. of —0.3 to —0.5 K from
magnetization data. The shifts in T, were reversed in one
sample and partially reversed in a second sample by
resubstituting '%0 for the '®0. The same group later re-
ported magnetization data!® suggestive of '%0 isotope
shifts of —0.5 to —0.9 K for 67% '20 enrichment, yield-
ing @ =0.07-0.12. The isotope shifts determined by this
group lie outside the original error limits set by Batlogg et
al. and Bourne et al.

Morris et al.'> attempted to reduce the error limits of
the oxygen isotope effect in YBa,Cu307. Since an applied
magnetic field was found to substantially increase the
measured transition width, they used applied field values
of only 3 Oe during the magnetization measurement. A
high-temperature gas-exchange technique was again used
to substitute 30 for 0. After measuring the T.’s, the
isotope species of the two samples were reversed with
another high-temperature gas exchange treatment and the
T.’s were again determined. With '*0 isotope enrich-
ments of approximately 88% (estimated from sample
weight changes), a was found to be 0.019 £0.005. The
error limits were estimated from variations in AT, at
different points in the susceptibility versus temperature
curves and from variations between the two annealing
runs.

Lopdrup et al.'® also performed gas-phase oxygen-
isotope-exchange studies on YBa;Cu3;O7;. Samples con-
taining up to 95% '®0 enrichment (determined by
thermally programmed desorption measurements) were
initially reported'® to have T.’s as much as 1 K lower than
the corresponding '®O samples, but subsequent work 6!
revised these shifts to about —0.2 K, again giving
a==0.02. One sample prepared with 98% enriched 'O,
gas was found to have 97% '80 enrichment.

Reports have also emerged of extremely large oxygen
isotope shifts in YBayCu3O;. Ott er al.'* prepared
oxygen-isotope-enriched YBa,Cu30; samples by dissolv-
ing Y, Cu, and BaC'®0; in '30- or '"O-enriched HNOj.
The resistive midpoint transition temperatures were 93 K
for the '°O samples, 77 K for samples with 7O, and 59 K
for samples with 95% '%0. The sample quality decreased
dramatically with decreasing 7.’s, with magnetic-
susceptibility measurements showing transition widths of
40 K or more for the lower T,’s. A brief heat treatment in
160 increased 7T, from 59 to 77 K for an %0 sample and
from 77 to 90 K for an 'O sample. The large T, shifts
reported by Ott et al. correspond to a = 3.5.

In YBa,Cu309, isotope experiments have also been per-
formed on the other atomic sites. In general, these experi-
ments are less easily controlled since it is not possible to
reversibly exchange isotopes on the Y, Ba, or Cu sites for
a given sample. A new sample must be prepared for each
isotopic species. Bourne, Zettl, Barbee, and Cohen?’
prepared YBa,;Cu3;O; with different Ba and Cu isotopes
through a solid-state reaction process using Y,0O3, BaCOs,
and CuO. HNOj; was used to dissolve and mix the precal-
cined powder to yield sharp transitions. CuO with 99.6%
6Cu and CuO with 99.7% %*Cu were used for one pair of
samples; BaCO3 with 78.8% !3Ba and BaCO3 with 99.7%
138Ba were used for another pair of samples. Through
resistivity measurements the isotope shift was determined
to be less than 0.2 K for Cu (¢ =0.0+0.07) and less than
0.1 K for Ba (¢=0.0%0.1). Quan et al.?! placed similar
bounds on the isotope shift for Cu (AT, =0.0+0.2 K) us-
ing both ac susceptibility and resistivity to characterize
the transition. Hidaka, Matsui, and Nakagawa?? studied
the effects of !3*Ba (85% pure) substitution for naturally
occurring Ba (70% '*®¥Ba). With an inductive technique,
they determined that there was no isotope shift within
0.15 K.
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Although no experiments have been reported for

different Y isotopes in YBa,Cu3O7, the Y site has been

substituted by a host of other rare-earth elements with
very different masses.?> Some 7. dependence on rare-
earth species is observed, but there is no correlation be-
tween T. and the ion mass. Hence, no obvious isotope
effect is observed.

Oxygen isotope studies have also been performed on
several high-T. oxides distinct from the YBa,Cu3;O-
structure. For La,gsSrg15CuQ4, Cohen, Morris, Stacy,
and Zettl,?* Batlogg et al.,?® Faltens et al.,?® zur Loye et
al.,'® and Bourne et al.?’” have reported significant shifts
for 70%-80% '30 enrichment corresponding to a between
0.1 and 0.2. For La; gsCag 5CuQy4, zur Loye et al. report
shifts of —1.3 to —1.6 K with 75% '%0 enrichment,
yielding @ =0.73-0.90; the same group has reported oxy-
gen isotope shifts corresponding to similar large values of
a for BaPby 75Bip2503. Values of a greater than 0.5 have
never before been observed for any superconductor, and
such values are inexplicable within conventional BCS
theory, regardless of the value of T.. Batlogg et al.,”® on
the other hand, report a =0.22 + 0.03 for oxygen isotope
substitution in BaPbg 75Big.2505.

Recent studies of oxygen isotope substitution in Bi-Sr-
Ca-Cu-O indicate a=0.026 and 0.048 for the 7. =110
and 85 K phases, respectively.?’

Thus, despite much work, the determination of more
precise estimates of the magnitude of the isotope effect in
most high-7, oxide superconductors is still an important
area of research. Part of the difficulty in achieving this
goal is in producing sufficiently well-characterized sam-
ples with sharp and reproducible transitions. Some ambi-
guity may even arise from data interpretation. For exam-
ple, in deducing the finite oxygen isotope shift of —0.5 K
in YBayCu3O;, Leary et al.'?> compare magnetization
curves which differ by the quoted amount near the transi-
tion onset, but cross near the transition midpoint (sugges-
tive of a zero isotope effect with large error bars).

Reliable determination of a with small error limits
necessitates careful control of sample preparation, mea-
surement, and data interpretation. In the present study of
the oxygen isotope effect in YBa,;Cu307, we have attempt-
ed to lower the error limits for each of these contributions.

III. EXPERIMENT

A. Sample preparation

Polycrystalline samples of YBa;Cu3;O; were produced
by the solid-state reaction of high purity (99.999%)
powders of Y,0;, BaCOj;, and CuO. All grinding was
done in an agate mortar in a nitrogen-filled glove box to
maintain high purity and to reduce the deleterious effects
of water vapor. The precalcining and subsequent sintering
heat treatments used gold foil as a substrate to minimize
contamination. The mixed powders were heated to
850°C, held for 15 h, then cooled over 8 h to room tem-
perature. The resulting blackened powder was reground
and calcined at 930°C for 15 h then cooled to room tem-
perature over 9 h. This powder was reground, pelletized,
and sintered at 930°C for 15 h then cooled over 9 h.

After the final heat cycle the pellets were stored with a
desiccant, P,Os, in vials and the vials were kept in an eva-
cuated desiccator.

Samples of YBa;Cu3O; produced by the above pro-
cedure were characterized by magnetic-susceptibility and
dc resistivity measurements. 7.’s were typically near 92
K with sharp transitions. Full magnetic transition widths
were 2-3 K, with 50% Meissner signals.

B. Isotope exchange and measurement technique

The isotope exchange was achieved with a high-tem-
perature gas-diffusion technique and after each exchange
the samples were characterized magnetically and resis-
tively. To reduce the effects of any existing sample inho-
mogeneities in the initial samples or differences (unrelated
to isotopic species) introduced during the high tempera-
ture exchange process, we designed an experimental pro-
cedure which averaged out such deviations. As outlined in
Fig. 1, four YBa,;Cu;0; pellets (two pairs) of nearly iden-
tical weights were chosen and each pellet underwent
several oxygen isotope exchanges. Within each pair, one
sample was designated primarily for resistive tests (R, or
Ry) and one sample was designated primarily for magnet-
ic tests (M, or M}).

To accomplish isotopic exchange, the samples were
placed on platinum boats in identical quartz tubes. The
quartz tubes were placed side-by-side and equidistant
from the coils of a small tube furnace. The quartz tubes
were coupled to similar static gas reservoirs containing
99.99% pure %0 and 95% (occasionally 99%) enriched
130, respectively. At room temperature the pressures in
the two reservoirs were 740 Torr and during the exchange,
they would rise to 750 Torr. In each of the first three ex-
changes, the samples were heated to 950 °C over 2 h, held
for 10 h, cooled to 300 °C over 9 h, then cooled in the oven
to room temperature. In one test, the %0 and '30 gases
were switched between reservoirs to ensure that no asym-
metries existed in the isotope exchange apparatus; none
were found.

After each exchange, a small chip was removed from
each of the two samples designated for resistance mea-
surements (R, and R,;). The chips were mounted in the
standard four-probe resistance measurement con-
figuration with silver paint contacts, and placed side-by-
side on a solid copper probe in close proximity to a cali-
brated diode thermometer. The samples were cooled with
a helium gas flow system. The resistance versus tempera-
ture curve for each sample did not change when the sam-
ple positions on the copper probe were interchanged, indi-
cating negligible thermal gradients across the copper
probe. Each resistance measurement at a given tempera-
ture was performed with forward and then reversed dc
current (typically 1 mA) to ensure freedom from thermal
electromotive forces.

We measured the magnetic susceptibility (usually of
samples M, and M) using a modified SHE model VTS-
805 superconducting quantum interference device
(SQUID) magnetometer. The modifications allowed the
sample temperature to be regulated with greater precision
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Initial Samples  (0)

First Exchange

Third Exchange
Fourth Exchange

Fifth Exchange

(1 GO) Enrichment

(1 80) Enrichment

FIG. 1. Schematic of '°0 and '80 isotope exchange. R and M refer to samples used for resistive and magnetic tests, respectively.
Subscripts differentiate between different samples and superscripts refer to the last exchange that the sample has undergone. The
numbers in parentheses refer to the associated curves in Figs. 2 and 3.

and determined with greater accuracy than possible with
the standard magnetometer configuration. Samples M,
and M, were kept geometrically intact throughout the
series of isotopic exchanges and magnetic measurements
to avoid errors from changing the geometrical demagneti-
zation factors for the samples. To remove temperature
gradients within the sample tube, we stabilized the system
at a temperature slightly above the transition for 30 min.
A computer controlled the slow downward temperature
drift (0.01 K/min) for the samples in the magnetometer
and recorded their magnetization typically 12 times per
0.1°. Subsequent tests have verified that the temperature
of the samples was accurate to 0.05 K and repeatable be-
tween runs to 0.03 K. The magnetic field was typically
2-3 Oe and was calibrated before each run by measuring
the magnetization of a small superconducting tin sphere.
The susceptibility of a given sample at 7=40 K, well
below the transition, varied by as much as 10% between
repeated magnetization measurements due to flux-
trapping effects, but the susceptibility curves for any given
sample at higher temperatures near 7, were found to be
repeatable.

Isotopic determination was done both by weighing the
samples before and after the exchange and by the more
accurate method of laser-assisted ion mass analysis
(LIMA). In the LIMA technique, a 4-eV laser vaporizes
and ionizes a small portion of the sample. Constituents of
the resulting plasma are driven through a time of flight

spectrometer, thus determining (within approximately 1%
or 2% accuracy) relative isotopic content of the sample.
The samples were examined at different locations across
their surface, and as a function of depth into the bulk. No
evidence for inhomogeneous isotopic enhancement was
found. For analysis purposes, we shall use the LIMA re-
sults for the isotopic enrichment, which agree to within
~10% of those determined by sample weight changes.

IV. RESULTS

Figure 2 shows the results of resistive and magnetic
measurements for the pure and isotopically exchanged
YBa,;Cu30; samples. Graphs (0) show R(T) and x(T)
for the samples as initially prepared. Graphs (1)-(3)
show resistive and magnetic data for the sample sets fol-
lowing the first, second, and third exchanges, respectively
(see Fig. 1). Ideally, the sample data plotted together
should be identical in (0), and the curves for '°0O and 80
enriched pellets in (1) should reflect directly any oxygen
isotope shift. The curve for a given sample would then be
expected to switch between the '°0 and '%0 positions in
subsequent frames after each isotope exchange step. This
ideal situation is not realized in Fig. 2 because the initial
samples already show slightly different 7.’s. Neverthe-
less, for each sample, both resistive and magnetic mea-
surements exhibit a clear pattern of oscillation between a
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FIG. 2. Resistance vs temperature for samples R, and Ry,
and magnetization vs temperature for samples M, and M,: (0)
immediately after initial preparation of the samples; (1) after
the first isotopic exchange; (2) after the second exchange; (3)
after the third exchange.

higher value of T, for !0 enrichment and a lower value
of T, for '30 enrichment as one progresses from graphs
(0) to (3).

Tables I and II summarize the isotope shift information
drawn from the data illustrated in Fig. 2. For resistance
samples R, and R;, the transition temperature was taken
to be the temperature midway between the temperatures
where the sample resistance was 90% and 50% of the nor-
mal state resistance at 95.05 K. For magnetization sam-
ples M, and M, measured after the second or third ex-
change, the transition temperature was taken to be the
temperature midway between the temperatures where the
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sample magnetization was 10% and 50% of the supercon-
ducting state magnetization at 89.55 K. After initial
preparation the onset temperature of the transition for the
magnetization samples is about a degree lower than the
onset after the samples had one or more exchanges; the
transition temperatures after initial preparation were ac-
cordingly normalized to 88.45 K for the magnetization
samples. We chose not to normalize the magnetization
measurements to the values of the magnetic moment at
lower temperatures because flux trapping was found to
contaminate the measurements well below the transition

- temperature. Using these definitions of 7., Table I gives

the change in transition temperature for each sample after
each isotopic exchange relative to its transition tempera-
ture before the exchange. The change in transition tem-
perature could in principle be due to both an isotope effect
and the annealing cycle; by subtracting the change in
transition temperature for the '|0 sample from the
change for the '®O sample the effects of the annealing cy-
cle are canceled. The relative T, shift must be divided by
two for the second and third exchanges to obtain the net
shift since these are cross exchanges. The spread is the
variation of the relative T, shift over half the transition
width according to the above definitions. The results of
the LIMA measurements of isotopic enrichment are also
shown in the table.

The resistive and magnetic data taken after the second
and third exchanges are most appropriate for extracting a
net isotope shift. The exchanges are both cross exchanges,
and the data reveal sharp transitions and consistent 2O
isotope enrichments of approximately 80%. From Table I
we determine from resistance measurements a net oxygen
isotope shift in YBa;Cu3zO7 of —0.25 +0.02 K, and from
magnetization measurements a net shift of —0.17 £0.03
K. In Sec. V below, we extrapolate these shifts to full ox-
ygen isotope substitution and determine corresponding
values of a.

After the three isotope exchanges discussed above, two
additional exchanges were performed to increase the rela-
tive 180 content of a particular specimen (sample R,) as
much as possible. The additional exchange sequences are
also shown in Fig. 1. In the fourth exchange, the ~95%
enriched '®0 from the third exchange experiment was
reused in the 80 arm of the exchange apparatus, and the
samples were held at 950 °C for 25 h and cooled to 300°C
over 9 h. In the fifth exchange, the samples were held at

TABLE I. Isotope shift information for resistance samples.

R, Ry Relative
AT. Spread % Isotope AT, Spread % Isotope T, shift
(K) (K) enrichment (K) (K) enrichment (K)
After first +0.303 0205  75.3 (0)  +0.601  0.183 100 (1*0)  +0.298
exchange
After second 4 150 0003 846 (F0)  —0379 0007 733 (*O)  +0.265
exchange :
After third —0.017 0084 843 (30)  +0440 0010  88.9 ('0)  +0.229

exchange
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TABLEII. Isotope shift information for magnetization samples.

M, M, Relative
AT, Spread AT, Spread T, shift
(K) (K) (K) (X) (K)

After first

+0.285 0.065 +0.640 0.210 +0.355
exchange

After second 039 0010 —0.255 0015 +0.143
exchange

After third 4 005 0045  +0.295 0005 +0.195
exchange N

950°C for 40 h before cooling to 300 °C over 9 h, and the
purity of the '%0 exchange gas was increased to 99% en-
richment.

The results of the fourth and fifth exchanges are shown
in Fig. 3, together with the results of the third exchange.
The third exchange data, Fig. 3, graph (3), correspond to
84% enrichment of the '®0 sample. The isotopic enrich-
ment for the 80 sample after the fourth exchange was in-
creased to 91%, and to 94% after the fifth exchange. Fig-
ure 3 shows a similar isotope shift between 'O and !0

Resistance

Magnetization
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FIG. 3. Resistive and magnetic transitions of oxygen ex-
changed samples: (3) after third exchange, one week after ini-
tial production of the samples; (4) after fourth exchange, one
month later; (5) after fifth exchange, five months after initial
production. The magnetization measurement (3) was per-
formed on samples M7 and M3 while (5) was performed on
samples R; and R;.
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samples following the fourth and fifth exchanges as was
observed following the third exchange. This suggests that
the few '°0 atoms which remain in the YBa,Cu305 lattice
in a typical '80 substitution experiment do not by some
unusual mechanism mask a large intrinsic isotope shift.

The data of Figs. 2 and 3 also illustrate interesting
time-dependent phenomena. Although the isotope ex-
changes and measurements of Fig. 2 were all performed
within several weeks of the initial sample synthesis, the
measurements described in Fig. 3 span a period of five
months. In Fig. 3, the data in graph (3) were recorded on
fresh samples, two weeks after initial synthesis. The data
of graphs (4) and (5) were recorded one and one half and
five months after initial synthesis, respectively.

Figure 2 shows that the superconducting transition tem-
perature determined resistively is consistently between 1
and 2 K higher than that determined magnetically for the
corresponding sample. We identify the magnetic transi-
tion temperature as representing 7, for the bulk material.
The higher resistive transitions are taken as evidence for
filamentary superconductivity above T, (bulk). Figure 3
shows that the bulk superconducting transition tempera-
ture is relatively time independent: the magnetization
graphs (3) and (5) have nearly identical onset tempera-
tures for a given isotope, even though the measurements
were taken five months apart. On the other hand, the
resistance data of Fig. 3 show a steady decrease in 7, with
time. For example, the '°0 sample has a 7. near 94 K in
graph (3), and a T, near 92 K in graph (5). The later T,
corresponds to that determined magnetically for the same
specimen. This indicates that the filamentary supercon-
ductivity is time dependent and disappears after several
months. The resistive and magnetic transition tempera-
tures coincide thereafter.

Apparently, resistive measurements near 7. test a small
portion of the material (estimated from our magnetic data
to be less than 0.3% volume fraction of the specimen)
which is compositionally different from the bulk and un-
dergoes ‘“degradation” faster than the bulk. Over the
span of five months, the bulk properties remained constant
while the resistive transition shifted steadily downward. It
seems likely that the filamentary superconductivity is re-
stricted to regions of high oxygen or impurity mobility
such as those between grains or within a small distance of
the grain boundaries. Figures 2 and 3 and Table I show,
however, that the filamentary superconductivity experi-
ences an oxygen isotope shift similar to that of the bulk
YBa,Cu307 and that the relative shift remains constant in
time.

V. DISCUSSION

A. Discussion of a

The results of our oxygen isotope cross-exchange exper-
iments described in Fig. 2 and Tables I and II unequivo-
cally demonstrate a small but finite superconducting tran-
sition temperature shift between '°0 and 80 samples of
YBa,Cu30O7. The calculation of the appropriate a for full
oxygen substitution from the observed T, shifts is not im-
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mediately obvious for two reasons. First, our experiments
did not achieve 100% '|0 replacement for '°0, and
second, oxygen constitutes only 54% of the total number
of atomic sites in YBa;Cu307. The first problem can be
corrected by extrapolating our measured T, shifts to
100% oxygen isotope replacement. The second complica-
tion must be addressed when comparison is made between
our measured a and that predicted by various models.

Of the four inequivalent oxygen sites within the
YBa;Cu30;7 unit cell, one [O(1)] is singly occupied and
three [0(2), O(3), O(4)] are doubly occupied. It is
desired to extrapolate the measured T shift to an effective
shift (and @) which would occur with complete substitu-
tion at each of the four sites. For each site, there will be a
different shift of the transition temperature with complete
180 to '®0 exchange. If there were nonuniform substitu-
tion of oxygen atoms, then a site on which T, were partic-
ularly dependent could be left unsubstituted. For the
chain site [O(1)] to be left unsubstituted, the sample must
contain less than 86% '%0, and for any other site, no more
than 72% could be exchanged. With our 91% and 94% ex-
change achieved in the fourth and fifth exchanges, at least
half of any particular site must have been substituted.
From the constancy of the relative shifts, we deduce that
incomplete substitution is not a serious concern in our iso-
tope shift determination.

At least two methods can be used to extrapolate the
measured 7, shifts to 100% isotopic substitution. In one
method, one assumes that the mass that enters into
T.o< M ~°isin fact an average over all similar sites; thus,
for 75% '80 substitution, a mass of 17.5 is used. Alterna-
tively, one can divide the shift by the isotopic ratio (num-
ber of '30 atoms)/(total number of oxygen atoms), to
normalize the shift to 100% substitution. In practice,
these two methods differ in the calculated value of a by
only a few percent, less than the typical experimental er-
ror. Here, we use the latter method.

To determine o for the bulk material, we use the aver-
aged shift obtained from magnetic measurements at ap-
proximately 80% '%0 enrichment: AT, = —0.17+0.03
K, with T, =92 K. This leads to an effective YBa,Cu3;07
oxygen isotope exponent of apux =0.019+0.004. The
resistive data for similar '80 enrichment yield an oxygen
isotope effect relevant to the filamentary superconductivi-
ty in YBa;Cu3;O;. From AT.=—0.25%+0.02 K and
T.=94 K, we find a5 =0.028 = 0.003. Hence, the isotope
effect for the bulk material and that for the filamentary
regions are very similar, and this suggests that the bulk
and filamentary regions are structurally similar. Our
value of apux lies within the original error limits set by
Batlogg et al.'® and Bourne et al.!! for oxygen isotope
substitution in bulk YBa,Cu30;. Figure 4 gives a graphic
summary of oxygen isotope effects reported to date for
YBa,Cu307.

Interpretation of the isotope shift is less straightforward
in compounds than in elemental solids. Anharmonic and
zero-point motion effects can cause anomalous changes in
T. upon isotopic substitution. In PdH, for example, sub-
stitution of D or T for H results in a substantial increase
in T, and a large negative value for a.3® Even in the ab-
sence of these effects, the meaning of a in the relationship
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T. o< M ~%is not obvious. In superconducting compounds,
a is conventionally expressed as a=Xa; and T,
o« [IM; “ where M; is the mass of the atom in the ith
position within the unit cell. Since different lattice posi-
tions contribute to the phonon spectrum in different ways,
the various a; are unlikely to be equal. To perform a
theoretical calculation of a;, it would be necessary to
know how each lattice site affects each portion of the pho-
non spectrum and which phonons were active in binding
the electrons. More simply, an effective a' can be calcu-
lated by assuming an equal scaling of all atomic masses
M; by a factor y: M;=yM;. The phonon spectrum will
then scale in frequency as ' =w/y'?, and the resulting
shift in 7, can be used to define a'=—AInT./AlnM
= —AlInT./Iny. The above definition of a; énsures that in
the limit of infinitesimal mass changes, a' =X a;.

In the particular case of oxygen substitution at the four
inequivalent sites in YBa;Cu307, we expect the resulting
oxygen isotope exponent ap =aoq)+ao@)+ ao3)+ aow)
to be nearly equal to the theoretically derived a' since oxy-
gen is much lighter than the other elements. A one-
square-well BCS model will not describe this compound
since experiments with Ba,2%22 Cu,2%2! and rare earth ele-
ments?? have shown that ' =ay + ap,+ acy+ ao < 0.5.

The small observed value of @ and the high-7.~90 K

- suggest the possibility that the electron pairing mecha-

nism in YBa;Cu3O; differs from that of low transition
temperature superconductors. We first examine the
consequences of the observed isotope shift for three-
dimensional BCS phonon-mediated pairing. We then dis-
cuss alternative models.

B. BCS theory

To test the applicability of the standard isotropic
three-dimensional phonon-mediated model of supercon-
ductivity to YBa;Cu304, we calculate transition tempera-
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tures and isotope shifts from the electron-phonon interac-
tion spectrum a2F(w) and the Coulomb repulsion param-
eter u* using the Matsubara representation®! of the
Eliashberg theory.3? The isotope effect exponent a is not
related to the electron-phonon matrix element which is
also represented by an a in a?F(w). We consider several
different models of the electron-phonon interaction spec-
trum aF(w) to test the dependence of the isotope shift a
on a*F(w).

We consider a simple model of oxygen isotope substitu-
tion in which only the high-frequency peaks in a?F(w)
are shifted, and assume that the repulsive Coulomb in-
teraction u is independent of isotopic mass. Hence, the
calculated isotope effects are obtained by simulating the
change in the frequency of the phonons arising from the
substitution of one isotope for another.

Since shifting the entire aF (w) spectrum would be ap-
propriate only for calculating the isotope effect in the case
of an elemental superconductor, we have also calculated
the shifts resulting from shifting only the high-frequency
half of a?F(w) as a simple approximation for oxygen sub-
stitution. Figure 5 shows the calculated isotope effects for
shifting the entire a?F(®) spectrum. We find that the
calculated values of the isotope effect are independent of
the shape of a?F(w) for small values of u* and exhibit
only a small amount of scatter for extremely large values
of u*, where u* is the renormalized Coulomb interaction
evaluated at the root-mean-square phonon frequency.
Therefore, we expect that small differences between our
model spectra and the actual a’F(w) in YBa;Cu307 will
not affect the calculated values of the isotope shifts
significantly.

Using electron-phonon spectra similar to those present-
ed in experimental data, we have calculated the isotope
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FIG. 5. Values of a calculated for A=1 (open symbols) and
A=7 (filled symbols) using an Einstein phonon spectrum
(squares) and a model LajsSro.15CuQOs spectrum (triangles).
At constant A, the values of a are nearly independent of the
shape of the phonon spectrum.
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effect in YBa,;Cu305 with the goal of determining whether
a standard phonon-mediated pairing in three dimensions
can be responsible for superconductivity in the ceramic
oxides. From the results presented above, we assume the
following values for YBa,Cu3O7: @ =0.023 +0.008 and
T.=93K.

For YBa,;Cu3;04, the experimental results appear to ex-
clude a solely harmonic phonon-mediated isotropic three-
dimensional model. Figure 6 shows the results for
YBa,Cu307, with the T, =93 K isotherm and the lines of
constant a==0.023 £ 0.008. When the entire spectrum is
shifted, no values of the parameters A and up* will yield
the necessary values of @ and 7.. When we consider a
simulated oxygen substitution by shifting only the high-
frequency phonon modes, we find that the intersection of
the T, isotherm and the constant-a line occurs for unphys-
ically large A > 30. We therefore conclude that our stan-
dard three-dimensional harmonic phonon-mediated model
is incapable of describing superconductivity in
YBa,Cu;01.

C. Variations on electron-phonon coupling

Several attempts have been made to explain the experi-
mental results by changing features of the standard isotro-
pic three-dimensional model. The idea of reduced dimen-
sionality, based on the one-dimensional chains or two-
dimensional planes occurring in high-7, superconductors,
could possibly explain both the high-7,. and small «a seen.
Labbe and Bok?? have proposed a two-dimensional model
where the Fermi energy occurs near a logarithmic diver-
gence (van Hove singularity) in the electronic density of
states, resulting in a large A and a small a, since the
relevant energy scale is the width of the peak in the densi-
ty of states rather than wp.

A second variation on the standard model is the con-
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FIG. 6. Values of A and p* for which 7. =93 K from numeri-
cal calculations (dashed curve). The shaded area represents
solutions with @ =0.023 +0.008 found numerically by shifting
only the phonon spectrum peaks corresponding to oxygen vibra-
tions. An intersection of the solid curve with the shaded area
would indicate values of A and u* consistent with phonon-
mediated superconductivity in YBa;Cu3O1.
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sideration of anharmonic effects, perhaps due to defects or
zero-point motion. Hardy and Flocken3* calculate that A
may be increased dramatically if the oxygen atoms vibrate
within a double-well potential, but such a mechanism
should not suppress the isotope shift a. Phillips> consid-
ers a model based on ordered oxygen defects where the de-
fects move so as to optimize 7,. Near a maximum of T,
the isotope shift should be nearly zero as seen in
YBa,Cu30;. Fisher®® has commented that the effect of
the change in zero-point motion on the Cu-O hopping pa-
rameter due to isotopic substitution could itself account
for the observed shift in 7 in the oxide superconductors.

D. Nonphonon mechanisms

Many proposed explanations of high-7, superconduc-
tivity3” 3 explain the experimental results by considering
an additional non-phonon-mediated coupling between
electrons. These new coupling mechanisms are mediated
by electronic excitations (such as plasmons, excitons, etc.)
which are independent of isotopic mass and of much
higher energy than phonons; therefore, the combination of
high T, and small a can be satisfied easily within these
models. Cohen et al.* examine a three square-well model
with renormalization and calculate 7, and a. With the
inclusion of higher-energy nonphonon interactions, they
find possible agreement with the observed values of T, and
a for La; 35Srp,15CuQO4 and YBa,Cu307 and speculate that
the differences between the materials could be explained
solely by changing the strength of the nonphonon interac-
tions. A recent measurement?® of & =0.22+0.03 for Pb-
Bi-Ba-O is nearly in agreement with predictions by Cohen
Cohen, and Cohen. 3

VI. CONCLUSION

Our results conclusively show that there exists a small
but finite oxygen isotope shift in YBa;Cu30O7. In samples
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with 80 substituted for '°O at approximately 80% of the
atomic sites, magnetic measurements indicate a shift
AT.(bulk) = —0.17+0.03 K. dc resistance measure-
ments on similar samples show a transition temperature
1-2 K higher than the bulk transition temperature, sug-
gesting that filaments of a distinct material are present in
the samples. The isotope shift for these filaments is
AT, =—0.24 +£0.02 K. After adjusting these values for
full oxygen substitution, we find, respectively, for the bulk
and filamentary superconductivity apux=0.019 % 0.004
and ag =0.028 +0.003, where T, M ~° These results
are within the error limits of several previous YBa;Cu3O5
oxygen isotope studies,!%!""!>16 but are inconsistent with
other reports. 2714

We find that the small values of a and high T, reported
here can only be explained within the standard three-
dimensional phonon-mediated BCS theory if an unphysi-
cally large electron-phonon coupling constant A is used. It
appears that additional features (such as anisotropy,
anharmonicity, or an additional nonphonon interaction)
will be necessary to explain superconductivity in
YBazCU307.
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