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The oxygen isotope effect measurements on YBa&Cu307 substituted with Pr, Ca, and Zn, which were
reported earlier, have been analyzed in detail to examine the validity of the large increases in the isotope
coefficient at low critical temperatures. We find that for Pr and Pr:Ca substitutions there is a correlation
between the isotope shift and the width of the transition. This suggests that the upturn in the isotope
coefficient for Pr substitutions could be due, at least partially, to a sample quality problem. Further-
more, we show that for low-T, sample pairs incomplete magnetic transitions introduce very large uncer-
tainties. This was a problem particularly for the Zn-substitution series. We also point out that a linear
extrapolation to 100% ' 0 substitution results in an overestimate of the isotope coefficient.

INTRODUCTION

The existence of an oxygen isotope effect in
YBa2Cu307 much smaller than expected for a BCS-type
superconductor is now well established. ' This result has
been widely used in arguments that a mechanism other
than an electron-phonon interaction must be dominant in
this and other high-temperature metal oxide supercon-
ductors. However, the discovery that large isotope
effects in La2 Sr Cu04 can be achieved with Sr doping
has renewed interest in isotope effect measurements. A
recent article summarizes the present experimental
status in this field. It is shown that, as the maximum T,
of a compound is depressed by substitutions, the oxygen
isotope effect increases and reaches large values. It is,
however, far from certain that these lar'ge increases are
not due in large part to material problems and experi-
mental difficulties. In a series of articles and conference
reports we reported on the oxygen isotope effect in
YBa2Cu307 variously substituted with Pr, Ca, and Zn.
Here we have now taken a critical second look at our ear-
lier measurements to arrive at credible values for the iso-
tope coefficient in these substituted materials.

We first summarize the preparation and characteriza-
tion of our samples and discuss the details of how the
measurements were obtained. We will then describe how
we have defined the critical temperature and the isotope
shift for the resistive and magnetic transitions and
present the procedure for the determination of the transi-
tion width and the establishment of realistic uncertainties
in critical temperatures and isotope shifts. This analysis
goes well beyond the initial presentation contained in our
earlier publications. In particular, we have given special
attention to the samples with high concentrations of Pr
and Zn which have low T, 's. In the case of Pr and Pr:Ca
substitutions we find a clear correlation between the iso-
tope shift and the width of the transition which lead. s us
to conclude that the upturn of the isotope coefficient at
low T, is most likely smaller in ideal samples than what
we observed in materials made in the customary way. No
such correlation was observed for the Zn substitutions
where the transition width remains small down to very

low T, values. We do find, however, that the samples
with high Zn concentrations have incomplete magnetic
transitions, although the resistance does go to zero within
the resolution of the measurement. We will argue that
this makes the determination of an isotope shift from
magnetic transitions of such samples very inaccurate and
we now reject these data points. We will also point out
that resistively determined isotope shifts in samples that
are only marginally superconducting could also be
suspect. A summary of the result of our analysis is given
at the end. In its graphic form (Fig. 12) it shows the vari-
ation of the isotope shift and the isotope coefficient as a
function of the critical temperature for all three substitu-
tional compounds. The observed isotope shifts follow
quite closely the T; dependence described in our earlier
reports except for the high concentration Pr and Zn sub-
stitutions.

SAMPLE PREPARATION AND CHARACTERIZATION

Information about the preparation and characteriza-
tion of our samples have been given in some detail in our
previous publications. They were prepared as polycrys-
talline ceramic pellets, because the gaseous exchange of
' 0 with ' 0 requires that the sample be fine grained and
porous enough to allow the oxygen to fully penetrate into
the sample. All the samples were prepared at the Univer-
sity of Alberta, from high purity oxides and carbonates.
For each different concentration, the powder was placed
in an alumina crucible for the calcination process. Fol-
lowing calcination, the powders were pressed into pellets
and then placed in a parallel processing system for sinter-
ing as described elsewhere. '

The calcination and sintering procedures for the three
different sets of substitutions are somewhat different and
were designed to obtain good single phase material (cal-
cinating) that is fully oxygenated (sintering process) with
the appropriate isotope. The preparation method of the
substitutions of 5 to 25 % Ca into Yo 8Pro 2BazCu307 & is
different from the Pr-substituted samples and thus a 0%
Ca-substituted sample is included as a comparison to the
previous set of measurements.
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The early magnetic measurements on the
(Y& Pr )Ba2Cu307 & system were done on small flakes
broken off from the pellets. For the other groups (Pr,
Pr:Ca substitutions, and Zn substitution), two pieces were
cut from the pellets and shaped: a flat thin bar (0.6
mm X 1 mm X 6 mm) for resistivity measurements and a
roughly cylindrical rod (1 mm diamX6 mm long) for
magnetic measurements. The remaining pieces were used
for Raman spectroscopy and to obtain the oxygen
stoichiometry via secondary ion-mass spectroscopy
(SIMS) measurement. The ceramic pellets are quite hard
and difticult to cut. They were mounted on glass slides
with a low melting point adhesive that is soluble in
acetone. The samples were then slowly cut with a band
saw that utilizes a diamond blade. In order to keep the
sample from overheating, the saw blade and sample were
kept cool by spraying the blade at the entry point to the
sample with methanol from a squeeze bottle. The two
desired pieces are then mounted (individually) on an
aluminum polishing jig and polished on No. 600 grit
sandpaper to give Hat surfaces. In the case of the rod, all
four faces were done and the corners were rounded with a
small file and sandpaper to remove sharp edges. Because
of the heating involved in mounting and polishing the
samples, the heat created during cutting, the use of
acetone to dissolve the adhesive, and the use of methanol
in cooling the sample during cutting, it is possible that
this sample shaping procedure could a6'ect the critical
temperature. Prior to the sample shaping, four-probe
resistance measurements were performed on the pellets to
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provide a comparison for the resistivity measurements
carried out on the bars. The resistivity curves, however,
are in general no diferent than the resistance curves.
Thus this method for sample shaping appears to have lit-
tle, if any, eFect on the sample characteristics.

The orthorhombic structure of the samples was

TABLE I. The (Y1 „Pr )Ba2Cu307 z system. Critical tem-
perature T, of the ' 0 samples with uncertainties; isotope shift
ET„and isotope coefficient a extrapolated to 100% ' 0 con-
tent. The ' 0 concentration was determined by SIMS.

TABLE II. The (Y1 „Pr Ca~)Ba&Cu307 q system. Critical temperature T, of the ' 0 samples
with uncertainties; isotope shift AT„and isotope coefficient a extrapolated to 100%%uo

' 0 content. The
' 0 concentration was determined by SIMS.
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confirmed via x-ray measurements utilizing the Cu Ko;
Bragg difFraction peaks. The lattice constants obtained
agree well with the accepted values. The effect of the in-
creasing Pr substitution was a small linear increase in the
lattice constants. There was no observable effect on the
lattice parameters for the Zn and Ca substitutions. A11
the observed peaks can be accounted for. The main im-
purity for the Pr and Ca substitutions was BaCu02,
whose signature is a triple peak in the range 28=27 to
30'. We estimate that the concentration of this impurity
phase amounts to less than 3%. The other impurity
phases one might expect are YzCu20~ and CuO but the
absence of. such lines in our spectra rules out their pres-
ence. The formation of BaCu02 in the
calcination/sintering process could be due to a small
fraction of Pr ending up on Cu(2) sites. For a 20% Pr
substitution we then explored nominal compositions of
the type (Yo s „Pro z)Baz „Cu3Q& in an eft'ort to make
samples which are free of BaCu02. However, this was
not successful and the samples were no better than those
starting from stoichiometrically correct mixtures. The

later samples, the Zn substitutions, did not show any im-
purity phases at the x-ray detection level.

There are three main frequency bands associated with
the phonons that originate from oxygen vibrations in the
YBa2Cu307 system. They are accessible to Raman mea-
surements and are generally accepted to be due to (1) an
out-of-phase vertical (c axis) displacement of the Cu-0
plane oxygen ions O(2) and O(3) at 340 cm '; (2) an in-
phase vibration mode of O(2) and O(3) at 430 cm ' and
(3) an axial stretch mode of the Cu-0 chain site O(4)
atom at 500 cm '. Far-infrared reAectivity measure-
ments along with Raman measurements reveal that all
the oxygen active frequencies measured shifted to a lower
value when ' 0 is substituted for ' O. Thus the observa-
tion of a decrease in the frequency shift for all three
modes in isotope substitution measurements gives better
site specific evidence that substitution has taken place
than measurements by weight change or SIMS analysis.
The shift of these phonon modes with the substitution of
' 0 for ' 0, expected to be 5.0%, is in good agreement
with measurements done on some of our samples. A ra-

TABLE III. The YBa2(Cu1, Zn, )307 q system. Critical temperature T, of the ' 0 samples with un-
certainties; isotope shift AT„and isotope coefficient a extrapolated to 100 "0 content. The ' 0 con-
centration was determined by SIMS.
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man investigation on the homogeneity of the oxygen
substitution indicates that the apical oxygen site was not
as completely substituted as were the O(2) and O(3) sites.
From SIMS it was determined that the oxygen substitu-
tion was on average about 85% complete.

The oxygen content for the Zn-substituted samples was
determined by iodometric titration (University of Alber-
ta). There was little change in the oxygen stoichiometry,
varying from 6.92+0.03 to a maximum of 6.94+0.03.
The oxygen stoichiometry is thus not likely to be a factor
in any of the measurements. The extent of the ' 0 substi-
tution is obtained from SIMS measurements (and by
weighing for the Zn-substituted samples) and is reported
in Tables I—III. Generally, the concentration of atomic
' 0, which is indicative of the completeness of the substi-
tution, is in the range of 75 to 92%%uo. To obtain an iso-
tope coefficient a at 100%%uo

' 0 substitution, a linear ex-
trapolation was used. The validity of such an assumption
is quite debatable. The effect would only be linear if all
oxygen sites were substituted to the same degree and if all
oxygen sites play similar roles in the mechanism for su-
perconductivity. But a recent site-selective oxygen iso-
tope study on YBa2Cu307 & has revealed that more than
80% of the isotope effect is associated with the copper
oxide planes. Raman measurements have shown that the
apical oxygen sites O(4) is more difficult to substitute
than the other oxygen sites. It has also been shown that
increasing the Pr concentration leads to an increase in
the Ba-O(4) distance, as well as an increase in the c-axis
O(4) vibration frequency. This mode shows a strong
electron-phonon interaction and the localization of holes
about the Ba is then strongly dependent on the Ba-O(4)
distance. Thus the isotope substitution of oxygen at the
O(4) site may affect the amount of localization of holes
around Ba and hence the critical temperature and the iso-
tope shift. A linear extrapolation to 100% ' 0 will at
least give an upper limit on the isotope coefficient a.

EXPERIMENTAL DETAILS AND DETERMINATION
OF THE ISOTOPE SHIFT

The oxygen isotope effect in superconductors has been
defined traditionally by a= —(5 lnT, )/(6 lnM). ln the
case where there is more than one element with mass M, ,
each will have its own isotope coeKcient
a, = —(b, 1nT, )/(b, lnM, ), with a total isotope exponent
defined as a„,=20.;. In the case of the fully oxygenated
YBa2Cu307 & only the oxygen is found to produce a
measurable isotope effect. For oxygen-deficient
YBa2Cu307 &, however, a large and negative Cu isotope
effect is observed. ' Setting b, T, = "r,(' 0)—T, (' 0)
gives a=[in(1 hT, /7;) j/1 1.n12—5, where T, is the crit-
ical temperature of the ' 0 sample. Therefore, measuring
the oxygen isotope effect involves measuring the critical
temperature of the ' 0 samples, T„and the shift in the
critical temperature for the ' 0 samples, AT, .

We determine the critical temperature of the supercon-
ductors and its isotope shift from measurements of resis-
tance and magnetic properties —dc magnetization and ac
susceptibility. The resistivity of the samples was mea-

sured by a dc four-probe method where the current was
reversed and the mean of the measuring voltage was
recorded. Current densities were on the order of 0.2
A/cm . The low-field magnetic measurements, dc mag-
netization and ac susceptibility, were performed using a
high sensitivity noncommercial, superconducting quan-
tum interference device magnetometer. The instrument
has no moving parts. Instead, the changing flux through
a small pair of astatically wound pick-up loops consist of
very thin coils of 7 turns each, 0.8 mm long and 5 mm in
diameter whereas the samples in this investigation were
either small fIakes or roughly cylindrically shaped rods, 6
mm long and 1 mm in diameter. The signal is therefore
dependent on the sample shape and must include return-
Aux corrections" if absolute magnitudes are desired.

dc and ac magnetic fields were applied simultaneously.
A typical amplitude for dc magnetization measurements
was 0.05 Oe, while the ac field at 160 Hz was usually or-
ders of magnitudes smaller than this. A p-metal shield
around the dewar and a Pb shield inside it provide a re-
sidual field of the order of 1 mQe. The magnetic mea-
surements were normally done as zero-field-cooled (ZFC)
transitions which reflect the shielding properties of the
ceramic samples. The field-cooled (FC) transitions which
reAect the Meissner effect and pinning properties were
also investigated. Since we are interested in the shift in
critical temperature we concentrate our analysis on the
temperature region where a diamagnetic signal first ap-
pears. This region is, for all our samples, within the re-
versibility range where ZFC and FC transitions coincide.
We therefore concentrate on the ZFC transitions and
usually normalize the measurements to the full diamag-
netic shielding signal. However, this is only meaningful if
the T, of the sample is not to close to 4.2 K. Otherwise
only partial shielding might occur. We discuss this prob-
lem at the appropriate place.

For the magnetic measurements the samples were at-
tached to the end of a sapphire rod with Apiezon Ã
grease. The sapphire rod, 5.5 cm long and 3.8 mm in di-
ameter, is attached to a copper block containing a heater
and calibrated carbon-glass thermometer. A temperature
difference between sample and thermometer is to be ex-
pected. A comparision was made between the resistive
and magnetic transitions of a high quality YBazCu307
singly crystal. From this we conclude that a temperature
uncertainty of 0.2 K should be expected around 100 K.
Of course, for lower T, values, one would expect this un-
certainty to be smaller. For Pb and Nb samples the mea-
surements indicate no difference within the accuracy of
the thermometry of +0.05 K. Reproducibility between
temperature sweeps is very high. Magnetic transitions
taken days apart are indistinguishable.

The magnetic and resistive transitions for the three
substitution series are shown in the appropriate sections.
One can clearly see the presence of an oxygen isotope
shift for all three substitutions. The transitions are at
least as sharp as those found in the literature. Some of
the magnetic measurements, for the higher concentra-
tions of Pr in particular, show a tail on the high-
temperature end of the transition, which makes the deter-
mination of T, somewhat ambiguous. In our previous
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work we chose the extrapolation to R =0 as the critical
temperature not only for the resistive but also for the
magnetic transitions. Furthermore, we determined the
isotope shift for only one point in the transition. In the
present analysis we have used the following procedure for
the definition of T, of the ' 0 samples and its uncertain-
ty. For resistive measurements we used a linear fit to the
transition and chose T, as the intersection point with the
temperature axis. For transitions which show a low-
temperature tail, the R =0 point and the point of devia-
tion of the data from the linear part of the transition were
used as the lower and upper limit of the T, uncertainty.
Otherwise, the uncertainty in temperature (0.2 K near
100 K) was used. For the magnetic transition we also use
a linear extrapolation procedure, since it is most likely
that the bulk reflects the desired superconducting phase
and the small tails are due to impurities. The intersection
of the linear extrapolation of the bulk transition back to
zero shielding is then defined as T, . The temperature
corresponding to the onset of magnetic shielding was tak-
en as the upper limit of the uncertainty in T„while the
point of 10% shielding or 0.2 K (the maximum uncer-
tainty in thermometry), whichever is larger, was used for
the lower limit. The various T, s so determined will usu-
ally all be different. As a measure of the sharpness of the
transitions we also introduce the transition width. For
the resistive transitions this was taken as the temperature
interval over which a linear fit to the main transition is
successful. The width of the magnetic transitions is taken
as the temperature interval corresponding to 10 and 90%
of the full signal. Since these transitions are shape depen-
dent, and not all samples have the same size, the magnet-
ic transition widths must be interpreted with caution.

The oxygen isotope shift AT, was determined not just
at the defined values of T, but over the entire top 10% of
the magnetic transitions and over about half of the resis-
tive transitions. This was done to investigate the per-
sistence of the isotope shift in the tail section of the tran-
sitions. Figure 1 shows the details of the approach to the
normal state for a (Yo7Pro2Cao &)BazCu307 s sample
pair in two different representations: the temperature
dependence of the normalized magnetization as well as
the logarithm of the negative normalized magnetization.
The latter emphasizes the tail section and one can clearly
see that an isotope shift persists even in this part.

To obtain quantitative values, we used a simple linear
fit to the resistive data and ignored the low-temperature
tails in the transition. The magnetic transitions were usu-
ally normalized (unless noted otherwise) with the fully
shielded superconducting state at 0 and the normal state
at 1. The discrete data points of the magnetic transitions
were then fitted to a smoothly varying function by means
of a Simplex' least-squares fitting program consisting of
three variables. The function used in this Simplex fit is

y = I[(ln(t)/t) —e 'j/sI+1 for T(T, and y= 1 for
T~ T„where t = Ie'+a(T, —T)] and a, s, and T, are
fitting parameters. The fitted curves are shown as solid
lines in the detailed graphs of the magnetic transitions
(Figs. 1, 4, and 5). The isotope temperature shift b, T, be-
tween these two curves was then computed for
evenly spaced values of the magnetization/

susceptibility/resistance. The range was confined to the
temperature interval corresponding to the uncertainty in
the T, determination as defined above. In subsequent
sections we present representative graphs of the mea-
sured magnetic and resistive transitions, the fits to these
data and the calculated isotopic temperature shifts. A
close inspection of such graphs reveals that an isotope
shift persists even in the tail section of the magnetic tran-
sitions. Because the AT, values for magnetic measure-
ments are obtained from pairs of points evenly spaced
along the magnetic axis, the points well within the tails
are not very heavily weighted. Note that the uncertainty
in the determination of the isotope shift AT, is much
smaller than the uncertainty in the choice of T, itself.
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FIG. 1. Magnetic transitions of a (Yo 7Pro zCao & )Ba2Cu307 —$

sample pair. (a) shows the bulk of the transition and (b) the ap-
proach to the normal state. The arrow indicates the choice of
T„the bar its uncertainty. (c) The same transition in a semi-log
plot emphasizing the tail section. (d) Isotope shifts calculated
using Simplex fits to the data above. The arrow points to the
mean value, the error bar gives the standard deviation.
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PR SUBSTITUTIONS

Measurements of resistance were done at the Universi-
ty of Alberta immediately after the pellets were made.
The detailed low-Geld magnetic measurements were per-
formed by us on small Hakes broken off from these pel-
lets. Summary graphs of the transitions of this series
were given earlier. While they are quite sharp, the emer-
gence of a high-temperature tail in the magnetic measure-
ments with increasing Pr content can be seen as well as a
systematic increase in transition width. T, as a function
of Pr concentration is plotted in Fig. 2 and shows the
now familiar depression of superconductivity. The large
error bars reAect the extent of the high-temperature tails.

As an example of these transitions, the measurements
on the Yo 7Pro 38a2Cu307 s (YBCO) sample pair are
presented in Fig. 3. Isotope shifts are clearly present.
The procedure for choosing a critical temperature is illus-
trated by the linear extrapolations of the bulk of the tran-
sitions. The details of the high-temperature part are
shown in Fig. 4 together with the isotope shift over the
temperature range of the transition. The vertical arrows
indicate the T, s obtained by the linear extrapolation
method while the horizontal arrows point to the mean
isotope shifts calculated using the Simplex fit to the data.

The sample pair with 50% Pr substitution presents a
special problem in the analysis of the magnetization mea-
surements. The ZFC curves start to rise immediately at
4.2 K with increasing temperature, especially for the ' 0
sample. This is due to the inability of these samples to
completely shield the 6eld at the lowest measuring tem-
perature (4.2 K). This effect is not very pronounced for
the ac-susceptibility curves which were taken with a
much smaller measuring field. Clearly, the normalizing
procedure should not be used for the magnetization of
this sample pair. What is needed are absolute units for
magnetization. Due to the different sizes of the Aakes
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FIG. 4. The Y~ 7Pro, Ba2Cu307 @ sample pair. (a) The high-
temperature part of the normalized magnetization and the iso-
tope shift. Vertical arrow: T, (' 0). Horizontal arrow: mean
value of hT, . Solid lines: Simplex fit to the data. (b) The same
for the normalized susceptibility. (c) Resistive transition nor-
malized to R(70 K) and isotope shift. The vertical arrow
represents T, (' 0). The horizontal arrow represents the mean
value of AT, .
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and the geometry of the pick-up loop, the magnitude of
the magnetization can only be estimated. We have come
to the conclusion that the isotope shift in magnetization
for this sample pair cannot be reliably determined. It is
therefore omitted in Table I which gives the critical tem-
perature T„ the isotope shift 6T, and the isotope
coefficient cx. This point is also absent in Fig. 12 which
shows the variation of the isotope shift and isotope
coefficient with critical temperature. The resistive transi-
tions for the S0% Pr pair still show vanishing resistance
within the sensitivity of the microvoltmeter.

Although tail efFects have been reported by other
groups, they are not as pronounced as they are in our
data. In aD attempt to understand these long tails at low
shielding, the samples of 20, 30, and 40% Pr-substituted
YBCO were ground into a fine powder and the magnetic
measurements performed again. With the small particle
size (a few tens of micrometers) in the powder a wider
transition is expected. This is indeed the case and the
magnetization and susceptibility curves are almost identi-
cal. Figure 5 shows the result for the powdered
Yo 7Pro 38azCu307 & samples and a comparison with the

sintered sample Aake. However, the long tails at very low
shielding remain nearly unchanged. Since we have essen-
tially removed the coupling between individual grains,
this broadening must be intrinsic and not due to a weak
coupling efFect between grains as one might suspect.
There is a possibility that the material consists of a num-
ber of intermediate phases with a variable range of Pr
concentration each having its own T, and contributing to
the total signal. The isotope shifts in the tail should then
reAect this variable T, and should decrease with increas-
ing temperature. However, the observed behavior is am-
biguous and no definitive conclusions can be drawn on
this point.

The isotope shift increases linearly with decreasing
critical temperature or increasing Pr concentration as
shown in the top half of Fig. 12. However, as we will dis-
cuss in the next section, there is also a strong correlation
between the isotope shift and the transition width which
increases with doping. This greatly complicates the in-
terpretation of the results. Using the measured isotope
shifts and a linear extrapolation to 100% ' 0 content one
obtains the dependence of the isotope coeKcient o. on the
critical temperature shown in the bottom half of Fig. 12.
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Ca SUBSTITUTIONS IN (Yo SPrp 2)Ba2Cu30p

The system under investigation here is
(Y0.8 —yP 0.2Cay )Ba2CU307 s, with y =0, 0.05, 0.1, 0.15,
0.2, and 0.25. Initial resistance measurements were per-
formed on the pellets before shaped rods and bars were
made from them. Magnetization, both ZFC and FC
data, and susceptibility measurements were performed on
the rods while resistivity measurements were made on the
bars. These Ca samples also exhibit the small ((3%)
BaCuO2 impurity line that was seen in the x-ray measure-
ments on the Pr-substituted samples. The measurements
of the dc magnetization, the ZFC and FC curves, on the
' 0-substituted samples is given in Fig. 6(a). The magnet-
ic and resistive data for all sample pairs are summarized
in Figs. 6(b) and 6(c), respectively. T, as a function of Ca
concentration is plotted in Fig. 7. T, first increases then
decreases with a maximum at approximately 10% Ca.
The parabolic fits to both this data and the concentration
dependence of T, in the Pr series (Fig. 2) were done with
the function, proposed by Neumeier et aL. ,

'

T, (x,y)=T, o A(y —P +xy) Bx—, where x i—s the Pr
concentration and y is the Ca concentration. We obtain
T 0 3. + ~ 1 7 K. ~ 3. K. p 0. a
P=0.874.

The Meissner fraction decreases then increases with a
minimum at 10% Ca. The normal-state resistivity (at
'r = 83 K) is also parabolically dependent on the Ca con-
centration although its minimum is at the slightly higher
concentration of 15% Ca. The most obvious effect of the
addition of Ca is an increases in the sharpness of the tran-
sition and the elimination of the long tails at low shield-
ing. The width of the transition sharpens for all three
measurements with the addition of Ca and remains fairly
constant with increasing Ca concentration. As with the
Pr, the resistance has the narrowest transition and the dc
magnetization has the widest.
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The critical temperatures, the isotope shifts, and the
computed values of the isotope coeScient for all samples
in this system are given in Table II. In Fig. 12 we show
the variation of a and hT, with T, . The uncertainty in
the temperature values are smaller than those obtained in
the Pr series. The measured isotopic shift is similar for
both magnetic measurements but the resistivity measure-
ments give a somewhat larger value for the higher con-
centrations. The isotopic shift hT, and the value of the
isotope coefBcient, n, change little over the short spread
in critical temperature. Due to the large relative uncer-
tainties the functional dependence between the critical
temperature and a or AT, is unclear.

The 20% Pr:0% Ca sample made under the same con-
ditions for comparison is quite different from that of the
20% Pr sample discussed in the last section. Its T, is
about 5 K lower than before, the magnetic transition
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FIG. 7. Critical temperature vs Ca concentration for the
(Yo 8 &Pro 2Ca~ )Ba2Cu307 z series. The solid line is a parabolic
fit explained in the text.
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width is much broader ( —1.4 times) and its isotope shift
is also larger ( —l. 5 times). Clearly the preparation tech-
nique greatly affects the characteristics of the samples.
We investigated therefore the relationship between the
isotope shift and the width of the transition (Fig. 8) for
both the Pr and 20% Pr:Ca-substituted materials. A
linear correlation between the isotope shift b, T, and the
transition width is found. The intercept for a zero-width
transition remains finite, in the range of 0.3 to 0.4 K.
This surprising result poses the question of whether the
measured isotope shift truly depends on the substitutions
alone or if some dependence on sample quality has to be
taken into account. We discuss this question at the end
of this article.

In the Pr system, we noted that the tails in the magnet-
ic measurements become much larger with the increase in
Pr concentration as do the transition widths and the iso-
tope shifts. The Ca data, with its much sharper transi-
tions and much reduced low shielding tails, do not exhibit
this same effect. As both sets of samples have similar im-
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pairs are connected by thin horizontal lines to facilitate
identification. (c) Resistivity vs temperature. Solid lines: ' 0
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FIG. 8. Isotope shift as a function of the transition width
for the (Y& „Pr„)Ba2Cu307 q (solid symbols) and
(Yo, ~Pr02Ca~)Ba2Cu307 z (open symbols) series.
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purity lines in the x-ray data, it is unlikely that the long
tails can be attributed solely to the impurities within the
samples.

Zn SUBSTITUTION

The Zn-substituted samples show no impurity lines in
the x-ray spectra and they have much sharper transitions
than the Pr or Pr:Ca series. The resistivity measurements
[Fig. 9(a)] show a smooth drop in the critical temperature
with the increase of Zn substitution, from about 70 K at
2% Zn to just under 6 K at 8.5% Zn. These measure-
ments also indicate an increase in the normal state resis-
tivity with increasing Zn concentration.

A summary of the magnetic transitions is shown in
Figs. 9(b) and 9(c). Since the samples made for these
measurements have all roughly the same shape, demag-
netization effects are very similar for all samples. The
transitions are quite sharp even for the highest Zn con-
centrations. Here, the magnetization shows again the
presence of tails in the onset of the transition, although

not as pronounced as in the Pr substitution series. The
high concentration samples have incomplete transitions.
This is particularly evident for the 8.5% sample which,
when measured resistively, had a good sharp transition
with no detectable resistance below 5 K. Figure 9(c)
gives a comparison between magnetization and suscepti-
bility transitions for the high concentration range.
Again, the transitions are sharp and, when shifted hor-
izontally, can nearly be made to coincide. But the transi-
tions in magnetization are even less complete than those
for the susceptibility. Since the measuring field can have
an inhuence on the shape of the transition we investigat-
ed this point for the 4 and 7% Zn concentrations. Fig-
ures 10(a) and 10(b) show the ZFC magnetization (nor-
malized to the field) for a range of measuring fields. It is
clear that this field has to be chosen as small as possible.
Magnetorneters requiring several Oe of field can give very
broad and incomplete transitions when compared to a
low-field instrument. The approach to the normal state
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Only ' 0 samples are shown. (a) Resistivity, (b) magnetization,
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lines) for high concentration samples.

FIG. 10. Field dependence of the transitions in magnetiza-
tion of ' 0 samples. (a) 4% Zn substitution, (b) 7% Zn substitu-
tion. (c) Semi-log representation for the 4% Zn transitions, em-
phasizing the approach to the normal state.
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for the 7% sample is emphasized in the semi-log presen-
tation of Fig. 10(c). Considering the uncertainty in the
zero level it is debatable if there is a field dependence to
the onset of the transitions emerging from the noise. But
more importantly, we did not find a clear correlation be-
tween applied field and the shift in critical temperature
and therefore the isotope shift.

The inability of the high Zn concentration samples to
shield an applied field to a significant degree has conse-
quences for the determination of the critical temperature
and the T, shift. Since our magnetometer does not give
absolute magnitudes, the scaling factor for the magneti-
zation has to be found from calibrations of standard sam-
ples and calculations of return-flux corrections as out-
lined earlier. "The calculated magnitudes in the 4.2 K dc
susceptibility for the low Zn concentration samples are
typically within 10% of 1/(4n. ). This means that this un-
certainty in the determination of the scaling factors, with
the consequent uncertainties of the 4.2 K onset point of
the transitions for a low T, isotope pair, introduces a
very large uncertainty in the determination of the isotope
shift hT, . A slight vertical scaling change for the magne-
tization of one member of an isotope pair results in large
horizontal AT, changes. We are excluding therefore
from our subsequent discussions any magnetic measure-
ments done on a Zn concentration higher than 8%.
Resistive measurements on such sample pairs will howev-
er be retained, although we have reservations about the
validity of isotope measurements where only a fraction of
the material is superconducting. We discuss this point
below.

There is good agreement throughout this series be-
tween the critical temperatures determined by the three
different measurement methods. The same is true for the
calculated isotope shifts. The difference between T, ob-
tained magnetically and that obtained resistively is
highest for the 4% Zn samples. The transition width
remains sharp and independent of the Zn concentration
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(and critical temperature). This is in contrast to the sam-
ples with Pr substitutions. The linear relationship be-
tween the critical temperature and the concentration can
be seen in Fig. 11. Our results on the resistivity, critical
temperature, and the generally narrow transitions in-
volved in Zn substitution agree quite favorably with what
exists in the literature.

The critical temperatures and the computed isotope
shifts and the isotope coe%cients are given in Table III.
The isotope shift AT, and the isotope coefFicient a, extra-
polated to 100% ' 0, are plotted against T, in Fig. 12.
The error bars reAect the uncertainties in the T, deter-
mination and the standard deviation from the mean value
of hT, obtained by our fitting procedure. The isotope
shift appears to decrease slightly with decreasing critical
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the Zn data is shown and discussed in the text. Bottom: Iso-
tope coefficient vs T, for Pr (squares), Pr:Ca (circles) and Zn
(triangles) substituted YBazCu307 z. Horizontal error bars in-
dicate the uncertainty in the T, determination due to low
shielding tails. Open symbols refer to our previous publica-
tions.
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temperature which is shown by a linear fit to the data.
The scatter in the isotope shift is a measure of the uncer-
tainty one has to expect even for a well behaved system.
The isotope coefficient a shows an upturn for the high Zn
concentrations. The two points showing a a larger than
0.6 both belong to the 8% samples. Furthermore, the T,
for the 8.5% sample is lower than that for the 8.75%
sample. Nevertheless, the resistively determined a follow
the general trend with T, .

DISCUSSION

The results of our oxygen isotope investigation on all
three substitution systems are summarized in Fig. 12.
What can be seen clearly is that the Pr and Zn substitu-
tions have different effects on the isotope shift and there-
fore the isotope coefficient a. Increasing Zn concentra-
tions reduce the isotope shift slightly, while the Pr substi-
tutions result in a marked increase in b T, . A compar-
ison in Fig. 12, bottom, with our previously published re-
sults must take into account that both the critical tem-
peratures and the isotope shifts were determined in a
different way. Also, no attempt had been made to deter-
mine the uncertainties in these quantities. Nevertheless,
the previously published values for the isotope coefficient
a follow very closely the T, dependence of Fig. 12 with
the exception of a few but important high concentration
Pr and Zn substitutions. The resistively determined 50%
Pr value is very close to what this detailed reevaluation is
giving us. However, the value we now obtain from the
susceptibility measurement ( T, =27.7 K; a =0.79) is
much larger than quoted earlier (T, =30.6 K; a=0.57)
but the incomplete magnetic transitions with the large
tail make the T, and b T, determinations very uncertain.
The same comment applies to the high Zn substitutions.
As we pointed out, we have no confidence in extracting
isotope shifts from magnetic transitions that are only a
fraction of the expected full shielding value. Consequent-
ly, we do not list magnetically determined a values for Zn
concentrations beyond 8%. Even the two points ( T, =8. 5

K; a =0.65 and T, =9.6; a=0.70) from the 8% Zn sam-
ple pair appear to be very large. One must also take into
account that resistively determined isotope shifts from
samples that contain only a fraction of superconducting
phase could be questionable. This concerns the two resis-
tive points with the lowest T, 's belonging to the 8.5 and
8.75 % Zn sample pairs.

One should also keep in mind, that the linear extrapo-
lation to 100% ' 0 substitution is likely to overestimate
the a values. As explained earlier, the difficulty in substi-
tuting the O(4) site completely may influence the oxygen
isotope effect since phonons involving these oxygens are
thought by some to affect superconducting properties.
However, a recent study indicates that more than 80%
of the oxygen isotope effect is associated with the copper
oxide planes. But it is important in future studies to
determine the fraction of ' 0 substitution at the various
sites with great accuracy.

Any interpretation of these results must also take into
account that. for the Pr system (and also for the 20%

Pr:Ca system) the isotope shifts and the width of the tran-
sitions are correlated as shown in Fig. 8. One must then
address the question: is this increase in isotope shift with
T, intrinsic or is it simply a consequence of sample
preparation problems associated with increasing Pr sub-
stitutions? While we cannot offer an unequivocal experi-
mental answer, there are indications which show that the
making conditions must be partially responsible. Consid-
er the two 20% Pr sample pairs which were made under
different preparation conditions. Both underwent identi-
cal calcining procedures but the sample pair of the origi-
nal Pr series was sintered at 935 C for 7 h, while that be-
longing to the Ca series was held at that temperature for
48 h before undergoing the cooling procedure. The result
is that the second ' 0 sample has a 5 K lower T, and a
magnetic transition that is —1.4 times wider. Clearly,
the long sintering process at this elevated temperature,
meant to insure complete oxygen isotope substitution,
has affected the sample characteristics. But with it goes a
1.5 times larger isotope shift. But we did not always find
such a clear-cut correlation between long sintering times
at elevated temperatures and sample quality. In a 30%
Pr pair a long sintering process did increase the isotope
shift by —14%, while it actually sharpened up the transi-
tions slightly. More work must be done on this problem
before we can offer a definitive explanation for Fig. 8.

Besides our own work reported here, there are pub-
lished results of the oxygen isotope effect for substitutions
of La for Ba, ' Fe for Cu, ' and Co for Cu. ' They all
show a marked upturn in the isotope coefficient a with
increasing substitution, very similar to what we find for
the substitution of Pr (and Ca) for Y. Unfortunately,
these reports do not include enough information to inves-
tigate a possible connection between the isotope shift and
the width of the transitions. Broad superconducting
transitions are usually associated with poor sample quali-
ty, and it is not difficult to make an argument that sin-
tered samples like ours contain a good portion of material
that is either nonsuperconducting or off stoichiometry
(x-ray impurity lines and/or incomplete Meissner frac-
tions, even in powdered samples, can be used as evidence
for this). It can then be argued that, whatever the mech-
anism responsible for superconductivity, isotope shifts
could depend on the local environment of the oxygen
ions: an intrinsic one due to the bulk superconducting
phase and an additional contribution due to the interface
between superconducting and normal or insulating
phases. The controversy surrounding isotope effect mea-
surements done on samples with broad transition curves
can perhaps be resolved when measurements on high
quality thin films become available, films thin enough to
allow for complete oxygen substitution. Until then, any
interpretation of the large increase in cz with decreasing
T, seen in our Pr substitution experiments, and perhaps
also for the Ba, Fe, and Co substitutions, ' ' must take
into account, that part of this large increase is in all like-
lihood due to sample problems and could be much small-
er.

The Zn-substitution results are much more clearcut.
Here, the increase in a at low T, 's is due to the near con-
stant isotope shift at high concentrations. But again,
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there are questions concerning the validity of the results
at low T, 's. We know from the magnetic measurements
that these samples are only partially superconducting.
(We do not claim, that a full shielding signal implies that
all of the sample is superconducting. But partial shield-
ing definitely indicates the presence of nonsuperconduct-
ing material). Zero resistance is observed because a su-
perconducting percolation path can still exist. But again,
the situation is similar to the one discussed earlier and
the possibility exists, that the oxygen isotope shift is
influenced by these nonsuperconducting inclusions.

In conclusion, we have shown in detail how we deter-
mine the oxygen isotope coe%cient of Yba2Cu307 &, sub-
stituted with Pr, Ca, and Z, from measurements reported
earlier. The criteria used for the determination of T,
and the isotope shift were introduced as well as the un-
certainties which are attached to these quantities. This
analysis should give confidence, that the experimental re-

suits contained in the summary graphs of Fig. 12 are reli-
able. However, when interpreting these results, one
should seriously consider the possibility that the observed
increase of the isotope shift with increasing Pr substitu-
tion in only partially intrinsic and partially due to
nonideal preparation techniques. We have no such reser-
vations for the Zn-substitution system where the transi-
tions remain very sharp even for the highest concentra-
tions and no impurity phases were detected with x-ray
diffraction.
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