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Comparative measurements of low-field Meissner and shielding signals of both powder and sintered
pellet samples of (La,_,Sr, ),CuO,_; have revealed that bulk superconductivity is present over a wide
range of Sr composition, 0.0425=<x <0.125, extending over the orthorhombic-to-tetragonal phase
boundary at x =0. 105, except for a narrow anomaly region x=0.0625. Samples were prepared by three
different methods through a combination of spray-drying or powder-mixing preparation with either slow
cooling or quenching from the sintering temperature of 1100°C down to 500°C, at which oxygenation
annealing was performed. Homogeneous solid solutions were obtained only for specimens prepared by
spray drying and slow cooling. Dependences of the Meissner and shielding signals on the Sr content, on
the intensity of magnetic field, and on the sample size were examined in terms of pinning effect and

penetration depth.

I. INTRODUCTION

In cuprates, superconductivity manifests itself on dop-
ing of holes or electrons in the host insulative materials.
This implies that superconductivity is usually observed in
compounds with nonstoichiometric composition, that is,
in “solid-solution” systems.? According to thermo-
dynamics, any solid-solution system in principle must un-
dergo phase separation at low enough temperatures. In
this context, all actual solid-solution samples should be
regarded as quenched and thus, thermodynamically un-
stable. In order to study superconducting properties as a
function of the composition, therefore, it is essential to
know whether the actual samples of a cuprate solid-
solution system are homogeneous from the aspect of su-
perconductivity. Jorgensen et al.® reported a phase in-
stability to occur in (La;_,Sr,),CuO, (LSCO) at
0.075 =x =<0.20 due to the miscibility gap in this compo-
sitional region according to neutron-diffraction measure-
ment. Yoshimura et al.* proposed that the superconduc-
tivity in this system occurs in a very limited composition-
al region near x =0.080 with fully oxygenated samples,
based on their ac susceptibility measurement. They con-
sidered that the continuous suppression of 7, on both
sides of the optimum composition of x =0.080 was caused
by the proximity effect between the superconducting
phase (x =0.080) and the nonsuperconducting secondary
phase with x70.080. Similar views have been shared by
other researchers from the early period of the studies on
high-temperature superconductivity.>® If such a phase
separation is unavoidable in practical cuprate solid-
solution systems, many efforts conducted so far to relate
various superconductivity parameters as a function of the
composition (or hole concentration) would become mean-
ingless.

On the other hand, there is another aspect in regard to
the criterion of the homogeneity of the solid-solution sys-
tem, the relevant length scale. On the scale of atomic
size, for example, the number of nearest-neighbor Sr or
La sites around each Cu atom is 8. Therefore, even in the
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ideal solid-solution system of LSCO, the number of
nearest-neighbor Sr ions around a given Cu site can
discretely vary from O through 8. If the analytical probe
we use senses the environment on the length scale of
nearest neighbors, this system will turn out to be a mix-
ture of nine different phases. But if the length scale is
longer, say more than a few nanometers, this system will
then appear to be homogeneous. In this context, we must
decide on a length scale to discuss the homogeneity of a
solid-solution system. Yoshimura et al.” observed the
presence of three nonequivalent Cu nuclear quadrupole
resonance (NQR) peaks at which the relative intensities
change with Sr/La ratio. This observation, however,
does not necessarily mean that the system was phase
separated nor that it was inhomogeneous in terms of su-
perconductivity. The order parameter varies with the
characteristic length scale of the coherence length &
which is, typically, a few nanometers. So a superconduc-
tor may be homogeneous even if the sample is judged in-
homogeneous by a probe with a shorter length scale.

As a probe to judge the superconducting volume frac-
tion of a sample, the intensity of the Meissner signals has
often been used. However, it has been pointed out that
the Meissner fraction tends to significantly underestimate
the true superconducting volume fraction unless mea-
surements are made under very low magnetic fields, such
as 0.1 Oe.®71° Furthermore, it has been found that the
observed value depends also on the sample size; the larger
sample exhibits the smaller Meissner fraction.!® Besides,
the Meissner fraction is subjected to the presence of weak
links associated with the polycrystalline samples.'!!?
These findings have been quantitatively explained in
terms of the pinning effect of vortices during the field
cooling process.!>!* As an example, the observed Meiss-
ner volume fraction was only 2% for a single-crystal
LSCO specimen of thickness 0.7 mm under a measure-
ment field of 10 Oe, a typical field value often employed,
while it improved to essentially 100% when the sample
thickness was reduced to 0.2 mm and measured under a
much reduced field of 0.1 Oe (Ref. 10). Therefore, one
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should realize that the Meissner signal could lead to a
serious underestimation of the fraction of superconduc-
tivity.

It has been frequently argued that a solid-solution ox-
ide system, such as LSCO, is composed of inhomogene-
ous mixtures of a superconducting ordered phase of a
certain composition and other nonsuperconducting
phases.>® On the other hand, Takagi et al.'> have re-
ported that LSCO is a homogeneous solid solution in
both the orthorhombic and tetragonal phase regions, but
that it is essentially nonsuperconductive in the tetragonal
phase region. Considering the above-discussed charac-
teristics of the Meissner effect, these results should be
reexamined by paying attention to the factors which can
influence the observed Meissner fraction. Also, evalua-
tion of the superconducting volume fraction by some oth-
er independent method would be necessary.

In this paper, we report a systematic examination of
the superconducting volume fraction by both Meissner
and shielding effects under various magnetic fields on
samples of various sizes. We propose that there is a suit-
able processing method to obtain homogeneous supercon-
ducting solid-solution samples of LSCO over a much wid-
er composition range, 0.0425 <x =<0.125, than the previ-
ously reported composition range. The bulk supercon-
ductivity region extends both over the tetragonal
(0.105 = x ) and orthohombic phase regions.

II. EXPERIMENT

In order to differentiate between the possible origins of
the compositional inhomogeneity, the LSCO samples
were prepared using three different processes. Starting
materials were mixed either conventionally in an agate
mortar and pestle using La,03, SrCO;, and CuO, or by a
solution route. In the latter, starting materials La,0;,
SrCO;, and Cu(CH;COO), were separately dissolved into
acetic acid solutions and a prescribed amount of each
solution was mixed after chemical titration to examine
the compositional ratio. The mixed liquid was dried at
140°C in commercial spray-drying equipment in a
cyclone-air stream (Yamato Science, Ltd.) and the ob-
tained powder was further heated to 400°C in air. The
resulting powders from both routes were calcined at
950°C for 12 h in air and cooled to room temperature at
a rate of 2°C/min. These powders were ground and
pressed into pellets and heated at 1100°C for 90 h in a
flowing pure oxygen atmosphere and cooled down to
500°C at a rate of 0.1°C/min. They were then annealed
at 500°C for 90 h and further at 400°C for 150 h, fol-
lowed by slow cooling at a rate of 0.1°C/min down to
room temperature in order to assist the oxygen loading.
Some of the spray-dried samples were quenched from
1100°C to 500°C, but otherwise the identical slow cool-
ing heat treatment was given below 500°C. The samples
prepared by the three different processing methods here
are denoted as ‘‘spray-dried—slow-cooled,” “spray-
dried—quenched,” and “powder-mixed —slow-cooled”.

Prepared samples were characterized with an x-ray
diffractometer equipped with a rotating Cu anode (40 kV,
150 mA). Low-temperature x-ray-diffraction patterns

NAGANO, TOMIOKA, NAKAYAMA, KISHIO, AND KITAZAWA 48

were obtained at 10 K using the same apparatus. Evalua-
tions of the um range inhomogeneity and grain sizes of
the samples were performed using an electron probe mi-
croanalyzer (EPMA), JEOL, JXA-8621. Resistivity was
measured by the standard four-probe method with the
aid of silver paste electrodes. Oxygen content was deter-
mined by the iodometric titration technique.!® A
200-300 mg weight of sample was used for each titration
and ten measurements were averaged to get the datum
for each composition. The error in 8 was about
A8=0.001 or less in the formula (La,_,Sr, ),CuO,_s.
Shielding and Meissner signals were measured with a su-
perconducting quantum interference device (SQUID) sus-
ceptometer (Hoxan Co., HSM-2000X) on both powdered
samples and pelletized rectangular block samples of
8.0X1.5X0.5 mm®. Various fields of 10, 1.0, 0.2, and
0.05 Oe were applied along the longest edge of the rec-
tangular block in order to minimize the demagnetization
effect. The inside of the coil was equipped with a niobi-
um superconducting shield tube in order to stabilize the
field during the measurements. The applied field was
calibrated with the aid of the standard Pb superconduct-
ing sample at 4.2 K. Magnetization in the vicinity of T,
was measured under 0.1 T with the same equipment.
Equilibrium magnetization was measured under 0.1~ 1T
with another SQUID (Quantum Design, MPMS).

III. RESULTS AND DISCUSSION
A. Chemical homogeneity of samples

In all the LSCO samples prepared in this work, no
secondary phase was detected by x-ray diffraction (XRD)
over the whole composition range 0.025 <x <0.15. Lat-
tice parameters changed continuously with increasing Sr
content. The scanning electron microscopy (SEM) image
of the polished surface of the sintered specimens showed
that the grain size was 10—50 pum and porosity was less
than 10% in the spray-dried samples. On the other hand,
in powder-mixed samples porosity was more than 20%.
Quantitative and mapping composition analyses by
EPMA indicated that no detectable inhomogeneity of the
cation distribution was present within the resolution
length limit of 1 um.

Figure 1 shows chemically analyzed oxygen content in
the samples by the three different processing methods. It
is noted that the spray-dried—-slow-cooled samples are
nearly fully oxygen loaded, while the other two methods
lead to oxygen deficiency even though they were oxy-
genated for prolonged periods at temperatures below
500°C with the conditions described in the experimental
section. Figure 2 shows the full width at half maximum
(FWHM) of the main peak (103) of the three series of
samples. All spray-dried samples have a FWHM of
about (0.115+0.005) ° over the whole range of the Sr con-
tent while that of powder-mixed samples have larger
values, except at 0.075 <x <0.105. Although a sizeable
oxygen deficiency was observed in spray-dried—quenched
samples but not in spray-dried—-slow-cooled samples,
there were no clear differences in the FWHM between the
two series of samples. This indicates that the remarkable
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FIG. 1. Oxygen content measured by iodometric titration of
(La,—,Sr, ),CuQ,_s prepared by three different methods.

broadening of the FWHM in powder-mixed samples
should be related to the compositional fluctuation of Sr,
but not to that of oxygen content. Therefore, we can
conclude that Sr distribution is inhomogeneous in the
powder-mixed samples except at 0.075=<x =<0.105 over
the length scale detectable by XRD, being estimated at
about a few tenths of a nanometer.

Figure 3 shows the resistivity and magnetization
curves near T, for the three series of samples. As is typi-
cally shown in Fig. 3(c-3), a two-step-like transition is
seen in the overdoped region for the powder-
mixed—slow-cooled samples. The first step is always seen
at 40 K independent of the composition, whereas the
second step appears at gradually decreasing temperature
as x is increased. This clearly indicates the presence of
two phases of which one always has an onset T, of 40 K,
while the other T, is variable. The susceptibility results
in Fig. 3(c-1) are presented in order to show the suscepti-
bility onset temperature under a rather elevated magnetic
field of 1000 Oe for better sensitivity. In this figure, the
onset at 40 K can also be seen, except at x =0.050. The
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FIG. 2. The full width at half maximum height (FWHM) of
(103) XRD peak of samples prepared by three different
methods. Almost constant values of 0.115+0.005° are observed
for all spray-dried samples.
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two-step-like transitions with the onset at 40 K have been
frequently observed in these powder-mixed specimens
especially clearly in the overdoped region x > 0.075.

The similar two-step-like transitions are also observed,
though to a lesser extent, in Figs. 3(b-1) and 3(b-3) for the
spray-dried—quenched samples, indicating that this series
of samples is also subjected to a slight phase separation.
It should be noted that the 40 K phase is only present in
the overdoped region (x>0.075) for the spray-
dried—quenched samples.

In Fig. 3(a), in contrast to the previous results, both the
resistivity and susceptibility curves are well defined by a
single T, value for each composition. T, varies continu-
ously with Sr content, increasing in the underdoped re-
gion (x <0.075) and decreasing in the overdoped region
(x >0.075). This series of samples does not have a
significant amount of oxygen deficiency. These observa-
tions indicate the homogeneous distribution of Sr both in
the underdoped and overdoped regions as far as it is
judged over the characteristic length scale of supercon-
ductivity. The coherence length &, in LSCO is known to
be about 30 A in the ab plane.!”'*

With the aid of a nuclear quadrupole resonance (NQR)
probe, Yoshimura et al.” reported that the environment
of Cu did not change continuously with the Sr content,
but, rather, they observed the two peaks at which the rel-
ative spectral weight changed with composition. From
this result, they suggested that phase separation occurred
in the overdoped region. However, we presume that the
NQR technique in their case probed the atomic length
scale. If so, even an ideal solid solution would give rise to
signals of Cu atoms in distinctive environments. It
should, therefore, be noted that a solid solution can ap-
pear to be homogeneous with respect to one definition
(e.g., superconductivity) but inhomogeneous with another
(e.g., NQR).

In the remaining part of this paper, we will confine our
discussion only to a spray-dried—-slow-cooled series of
samples because the above arguments tell us that the
samples obtained can be regarded as homogeneous in
terms of superconductivity.

B. Superconducting volume fraction

In the spray-dried —slow-cooled samples, the supercon-
ducting transition was well defined and the T, changed
continuously, going up in the underdoped region and
coming down in the overdoped region with increase in
the Sr content. There are two standard magnetic
methods to evaluate the superconducting volume frac-
tion: the Meissner effect and the shielding effect. Howev-
er, the former tends to underestimate, while the latter
may overestimate the superconducting volume fraction.
This is because in the field cooling process, the Meissner
effect can be incomplete due to the residual flux lines
trapped in the sample by flux pinning. On the other
hand, the flux expulsion may still be perfect even when a
nonsuperconducting region is surrounded by a supercon-
ducting region if the field is applied after the sample cool-
ing (shielding effect). Therefore, caution must be exer-
cised when judging the superconducting volume fraction
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FIG. 3. Temperature dependences of rever-
sible magnetization in the superconductivity
onset region (1), resistivity in the underdoped
region (2), and resistivity in the overdoped re-
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gion (3), for (a) spray-dried—slow-cooled,
(b) spray-dried—quenched, and (c) powder-
mixed-slow-cooled samples, respectively. The
numbers in the figure correspond to the com-
position x. Magnetization curves were ob-
tained under H, =1000 Oe as temperature was
decreased. Each M /H curve is arbitrarily
shifted vertically except the bottom one for

clarity. Note that the well-defined supercon-
ducting transitions are obtained only in the

from these measurements.

Figure 4 shows the temperature dependences of the
magnetization of sintered pelletized samples under a
small applied magnetic field, H, =0.2 Oe. The warming
curves represent the shielding effect or zero-field cooling
process, and the cooling curves represent the Meissner
effect or field cooling processes. The superconducting
volume fractions estimated from two types of measure-
ments at 4.2 K under various magnetic fields are illustrat-
ed in Figs. 5(a) and 5(b), respectively.

First of all, we would like to point out a distinct anom-
aly seen in the sample for x =0.0625. For this composi-
tion, the shielding signal reaches only about 50%, while
the Meissner signal is approximately 33% of full volume
fraction. The former is much smaller and the latter is
larger when compared to the signals for the neighbor
compositions x =0.050, 0.065, and others. Going back
to Fig. 4, the transition width and the reversible tempera-
ture range are seen to be much larger than for the other
compositions. These observations suggest that x=0.0625
(=1/16) corresponds to the well-established special com-
position in the (La,;_,Ba,),CuO,_g5 system, where a
structural anomaly and the disappearance of supercon-
ductivity have been reported.!>?° However, the composi-
tion range for which this anomaly appears seems to be
much narrower in the present system. From powder-x-
ray diffraction at 10 K, we could not detect any structur-
al change in the present composition x =0.0625, in con-
trast to the (La,_,Ba,),CuO,_s which transforms to a
low-temperature tetragonal phase.?’ In spite of this, the
low shielding fraction as indicated in Fig. 5(a) clearly
shows that the sample lacks its full bulk superconductivi-
ty at this particular composition in (La,;_,Sr, ),CuO,_;.

%3 A ‘T i xm: = | g Ag:}(l,g series of (a) in the overdoped region. The com-
3 83t ¢ 8 0095| position x =0.0625 is related with a structural
2 T, . rerr B 0125| anomaly described in the text. Some of the

- :‘& : F “‘gzgés% i curves are reduced in magnification for clarity.
E 14§ f § 77 ° 0,065 0150

0 i pg ,ﬁ 0 8
0 20 40 60 0 20 40 60
T (K) T (K)

Except for this special composition, all the samples
over the compositional range 0.0425=<x <0.125 show
102-110% of shielding volume fraction (—1.14
X 10" 2cm?®/g corresponds to the perfect superconduct-
ing volume fraction of the material with x =0.075). The
reason why it slightly exceeds 100% can be attributed to
the demagnetization effect, ~2% at most, and the sample
porosity of about several percent. When the applied field
is raised to 10 Oe, the shielding signal becomes
significantly smaller. This can be explained by assuming
the penetration of vortex lines along the weak links at
grain boundaries. It is evident that the Meissner volume
fraction is significantly smaller than the shielding volume
fraction under the present experimental conditions. Here
we tentatively assume that the shielding volume fraction,
essentially 100%, represents the real superconducting
volume fraction of the samples and we will justify this as-
signment in the following discussion.

In order to examine the effect of the sample size, the
sintered specimens were crushed into powder. The parti-
cle diameter was 1-4 pm from SEM observation. Figure
6 shows the temperature dependence of the shielding and
Meissner signals for the powdered samples under an ap-
plied field of 0.2 Oe. Compared to Fig. 4, it is obvious
that the reversibility of the magnetization curve of the
powdered samples is much higher than that of the sin-
tered bulk specimens, as has been predicted based on the
pinning model.!*!1* Furthermore, it should be noted
that the observed Meissner fraction increases as the sam-
ple is crushed into powder while the shielding fraction
decreases. We assume the decrease in the shielding signal
of the powder to be due to the particle size being as small
as the penetration depth A. Even in the absence of vortex
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penetration, the magnetic field can penetrate into the sur-
face over a distance A. Since A is inversely proportional
to the square root of carrier concentration, it should be-
come shorter with increasing Sr context x. One then ex-
pects that the decrease in the volume fraction due to field
penetration should be more significant in the underdoped
region than in the overdoped region. This is indeed no-
ticed in Fig. 7, where volume fractions estimated from
data of Fig. 6 are plotted.

In order to examine the effect of surface penetration of
the magnetic field, we evaluated A, following Fetter?! and
Sheilling, Hulliger, and Ott?? from the isothermal magne-
tization curves in the field range H.,<H, <H,, and at
temperatures high enough that the pinning of the flux
lines can be neglected. For the isothermal reversible
magnetization,
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FIG. 4. Meissner and shielding curves of sintered spray-
dried—slow-cooled samples (8.0X1.5X0.5 mm) under H,=0.2
Oe in (a) the underdoped region and (b) overdoped region. The
perfect diamagnetism line of —1.14X 1072 cm®/g for x =0.075.
The deviation of the onset temperature of cooling and warming
curves at elevated temperatures is due to the instrumental hys-
teresis.

9693
120 - ; T

L (a)
100 | at 42 K |
S
g 807 ]
g
& 60 .
g
S 40t () —e—10 Oe .
= © -4--10e

20 + ) ——0.2 Oe 1
» -=+-0050e  (§)
0 T :
(b)
at 42 K
S 40 - 1
§
= 30 - 7
3
&
g 20 | .
5
= 10t 1
. 1 | ®)
0 0.05 0.1 0.15

Sr content x

FIG. 5. Apparent superconducting volume fractions estimat-
ed for bulk sintered samples by (a) the shielding and (b) the
Meissner signals at 4.2 K under H,=10,1,0.2, and 0.05 Oe.
The data points for x =0.0325 and 0.135 are shown in brackets
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timation.
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where A=(A2,A.)!/3 and ¥ is the anisotropic factor. The
magnetization was measured at several fields from 0.1 to
1 T for powdered samples. It had a reversible region for
the samples with x <0.105. Because the reversible mag-
netization range became narrower as x increased, the es-
timation of the A value was limited to x <0.095. In Fig.
7(a), the obtained penetration depth is plotted by the dot-
ted curve in A(0), estimated according to the two-fluid
model,

MT)=MO0)N1—t*)"12 (+=T/T,). @)

(1)

We adopted the anisotropy parameter ¥ =15 at x =0.075
from the torque magnetometry?>~2° and the variation of
v with x was estimated from the resistivity results in Ref.
26. The estimated value of A(0), for example, at
x =0.075 was 790 nm. This is of comparable size to the
grain radius. Therefore, the shielding signal is expected
to be significantly reduced even if the specimen powder is
100% superconductive. The penetration depth was
found to decrease monotonically with Sr content x. This
essentially explains why the diamagnetic signals, both
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Meissner and shielding, increasing with x as in Fig. 7.

It is noted in Fig. 7 that nearly the same volume frac-
tion is obtained for the powdered samples both by Meiss-
ner and shielding measurements. This clearly tells us
that the different fractions obtained in Fig. 5 for bulk
samples are due to the pinning effect. This is further evi-
denced by the increase in the Meissner fraction when the
bulk samples are crushed into powders as seen in Figs.
5(b) and 7{(b) in the overdoped compositional region. In
the smaller sized sample, the exclusion process can take
place readily because of the shorter length required for
the flux escape.

In the case of the bulk sample, the penetration depth A
is negligible compared with sample size. But in the case
of the powdered sample of which the average grain size is
about 2 um, the A values obtained cannot be neglected
anymore. Roughly speaking, penetration depth of 1 um
should reduce the volume fraction to less than 50% even
if the sample is wholly superconductive. This is exactly

M/H, (107 cm?/g)

M/H, (103cm’/g)

T (K)

FIG. 6. Meissner and shielding curves for crushed powder
samples under H, =1 Oe in (a) the underdoped and (b) the over-
doped regions. Note that the curves are much more reversible
for each composition than the case for bulk sintered samples
given in Fig. 4. The particle size is 1 -4 um from SEM observa-
tion.
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FIG. 7. Apparent superconducting volume fraction for
powdered samples estimated from (a) the shielding and (b)
Meissner signals at 4.2 K under H,=10,1, and 0.2 Oe. The
penetration depth A(0) as estimated from the reversible magne-
tization is also shown by the open square symbols. As in Fig. 5,
the values at the compositions with very low 7. are shown in
the brackets.

seen in Figs. 5(a) and 7(a), when the shielding signals are
compared. It is then readily understood why both the
Meissner and shielding signals increase as the penetration
depth decreases with Sr doping in the case of powdered
samples. This is in contrast to the case of the bulk sam-
ples in which the shielding signal is always nearly 100%
unless the 7, is very low (x =0.0325 and 0.135).

The above arguments lead us to conclude that all the
samples with 7. high enough relative to 4.2 K, the lowest
achievable temperature of the experiment, are essentially
100% superconductive. In order to demonstrate the
100% superconductivity of samples of composition in the
overdoped region (tetragonal phase), we have performed
similar Meissner and shielding signal measurements on a
single crystal of composition x =0. 12, grown by the trav-
eling solvent—floating zone method, details of which are
given in Ref. 26. As seen in Fig. 8, both the Meissner sig-
nal at the lowest field and the shielding signal indicate
nearly 100% superconductivity of the sample.

In the single crystal, the effect of pinning during the
Meissner exclusion process of vortices can be lessened by
lowering the applied field intensity as has been advocated
by Malozemoff et al. and ourselves.®”!* Indeed, the
Meissner fraction reaches nearly 100% for the single
crystal with x =0.12. On the other hand, in the
powdered samples, the pinning effect is reduced because
of the small particle size. The Meissner and shielding
curves should be similar to each other as observed in
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Figs. 6(a) and 6(b). Instead, however, one has to take the
penetration depth into account when it is comparable to
the particle size. This explains why both the Meissner
and shielding fractions are significantly lower, especially
in the underdoped region, where A becomes longer. In
the sintered body, the shielding fraction should be perfect
as long as the field intensity is lower than the effective
H_, at the polycrystalline grain boundaries. From Fig.
5(a), one can estimate the effective H,, to be between 1
and 10 Oe. The Meissner fraction, however, is deter-
mined by the pinning and penetration effects. Hence, the
interpretation of the Meissner fraction obtained on sin-
tered samples should be subjected to a greater ambiguity.

Based on the Meissner measurements of sintered bulk
samples, Takagi et al.!’ claimed a significant decrease in
the superconducting volume fraction at x =0.105 and
concluded that superconductivity is absent beyond the
orthorhombic-to-tetragonal phase boundary. Also, in the
present observation in Fig. 5(b) it is seen that the Meiss-
ner fraction does decrease beyond this composition in the
bulk samples. In the powdered samples, however, the
Meissner fraction continues to increase even beyond
x =0.105 into the tetragonal phase region, clearly indi-
cating that the tetragonal phase is still a bulk supercon-
ductor. In order to make sure that our samples prepared
by the spray-drying method also undergo the
orthorhombic-to-tetragonal phase transition, we per-
formed detailed x-ray-diffraction measurements as shown
in Fig. 9. In Fig. 9(a) the peaks (040) and (400) in the or-
thorhombic notation and (220) in the tetragonal notation
are shown for various compositions and in Fig. 9(b) the
FWHM of each peak was plotted through this structural
phase boundary. The results clearly indicate that the sys-
tem is orthorhombic at 10 K in the compositional region
x =<0.095, but is tetragonal at x =0.105. It should be
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FIG. 9. XRD profiles of the orthorhombic (040) and (400),
and the tetragonal (220) peaks (a) at 10 K, and (b) the FWHMs
of the three peaks. Above the composition x =0.105, the two
orthorhombic peaks (400) and (040) merge into tetragonal (220)
while the FWHM remains almost constant, indicating the ab-
sence of the orthorhombic phase above x =0. 105.
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gion in the (La;_,Sr, ),CuQ,_; system.
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noted that the FWHM stays nearly constant in the over-
doped region (x =0.105) at 10 K suggesting the absence
of structural inhomogeneities in this region. Further-
more, the anomalous increase in the FWHM was ob-
served only at x =0.0625, where the shielding fraction
showed an anomalous dip [Fig. 5(a)].

Figure 10 summarizes the structural phase boundary,
T, and the bulk superconductivity region. The result for
the structural phase transition is in good agreement with
the observation by Takagi et al.!> Here orthorhombicity
is expressed by the angle splitting A20 between the (040)
and (400) peaks. The superconductivity region indicated
here should be regarded as the narrowest bound which is
judged by the measurements down to 4.2 K. This bound
may be further extended by a lower temperature study.

IV. CONCLUSION

With the aid of a spray-drying-—slow-cooling process,
we were able to prepare a homogeneous solid-solution
system of (La,_,Sr,),CuO,_5 which was judged to be

NAGANO, TOMIOKA, NAKAYAMA, KISHIO, AND KITAZAWA 48

100% bulk superconductive over a wide compositional
region, at least 0.0425 <x =0.125, except for the compo-
sition of anomaly at x =0.0625. The superconducting re-
gion extends over both orthorhombic and tetragonal
phases across the boundary. The orthorhombicity, there-
fore, is not a necessary condition for the occurrence of
superconductivity. It was shown that a systematic exam-
ination is needed in order to judge the superconductivity
volume fraction from Meissner and shielding measure-
ments, taking into account the effects due to vortex pin-
ning as well as London penetration.
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