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We have studied the structural and superconducting properties of La,_,Sr,CuO, by neutron and x-
ray powder diffraction, thermogravimetry, ac susceptibility, and dc magnetization. The kinetics of the
synthesis reaction were studied in order to determine the optimum conditions for preparing single-phase
samples. The room-temperature and low-temperature structural properties, as determined by neutron
powder diffraction, are discussed in detail. By comparing the results of the neutron-diffraction and mag-
netic measurements, we conclude that superconductivity exists in both the orthorhombic and tetragonal
phases. The thermodynamic conditions for the stability of the La,_, Sr, CuO, phase are also investigat-
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I. INTRODUCTION

La,_,Sr,CuO, is the only copper-oxide superconduc-
tor for which the chemical composition can be varied
over a wide enough range to obtain the full spectrum of
electronic properties. With increasing Sr content, the
compound evolves from an antiferromagnetic insulator to
a superconductor, with a maximum 7T, occurring at an
“optimum” composition, x =0.15, and then to a normal
metal.! Such behavior, which most other copper-oxide
superconductors display over limited ranges, is thought
to reflect a universal property of the CuO, layers.2~> The
common feature is the existence of an optimum chemical
composition, i.e., optimum hole concentration, at which
the maximum T, is achieved, with T, decreasing in both
the underdoped and overdoped regions. However, many
compounds do not display the full range of behavior be-
cause either the overdoped or underdoped regions cannot
be accessed due to chemical instabilities. For example, it
is difficult to overdope YBa,Cu;O0¢,, (Ref. 6) or to un-
derdope T1,Ba,CuQOg¢,, (Ref. 7) by significant amounts.
For this reason, La,_, Sr, CuO, remains one of the most
heavily studied systems. The decrease of T, and eventual
disappearance of superconductivity in the ‘“overdoped”
composition range (x >0.15), resulting in normal metal-
lic behavior, is of particular interest. It is critical to es-
tablish whether such behavior is intrinsic for these com-
pounds or whether some simpler explanation, such as the
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effects of increasing defect concentrations, a structural
phase transition, or chemical phase separation can ex-
plain the suppression of superconductivity. Such ex-
planations have been proposed by some authors, but later
disputed by others.

One of the earliest proposals was that the decreasing
T, for x >0.15 resulted from the formation of oxygen va-
cancies in the CuO, plane.® Neutron-diffraction measure-
ments had shown that vacancy formation began around
x =0.15-0.20, with the vacancy concentration increas-
ing sharply with increasing Sr content. However, Tor-
rance and co-workers"%!® showed that T, decreased in
the same way even for samples in which the oxygen-
vacancy concentrations had been reduced by annealing in
high oxygen pressures. Annealing the samples at high
oxygen pressures shifted the point at which oxygen va-
cancies first appeared to higher Sr concentrations, but the
maximum T, remained at x =0.15 for all samples. These
experiments were responsible for calling attention to the
unusual behavior of oxide superconductors in the over-
doped composition range.

Chemical inhomogeneity, for Sr concentrations greater
than 0.15, was also proposed as a possible explanation.
Studies based on different synthesis techniques suggested
that the nature of the chemical inhomogeneity depended
on the synthesis conditions. For example, samples
formed at 1020°C and cooled slowly in oxygen tended to
show La,SrCu,04 as an impurity phase coexisting with
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La, 45Sry ;sCuO, in samples with starting compositions of
x>0.15.8 It was found that the formation of
La,SrCu,0g as an impurity phase could be minimized by
the use of higher synthesis temperatures. A different
kind of two-phase behavior, involving two phases with
the La, ,Sr,CuO, structure, but with different Sr con-
centrations (one of the phases having x=0.15 and
T.=35 K and the other having x =0.5) was also report-
ed.!! Although other synthesis routes yielded samples for
which two-phase behavior was not apparent, these obser-
vations suggested that La,_ Sr, CuO, may be intrinsical-
ly unstable for x >0.15. Since the length scale for super-
conductivity in these compounds is very short, it was
speculated that chemical inhomogeneity even on a length
scale too short to be observed by conventional diffraction
experiments (for example, in the early stages of decompo-
sition) would be responsible for the decrease in 7.

More recently, at least two groups'?”'* have published
results for samples that are judged to be chemically
homogeneous by the absence of impurity peaks or peak
broadening in x-ray-diffraction data and the sharpness of
superconducting transitions. Both groups concluded that
chemical inhomogeneity, or phase separation, was not the
cause of the decreasing T, for x >0.15. Based on an
abrupt decrease in the Meissner signal at the
orthorhombic-to-tetragonal (O-7) structural transition,
which occurs at x =0.21 at low temperature, Takagi
et al.'"> concluded that the structural phase transition
was responsible for the loss of superconductivity. They
argued that the observation of some superconductivity
for x >0.21 resulted from local structural inhomogenei-
ty. In similar experiments, Kitazawa and co-workers'>'*
did not see any discontinuity in the Meissner signal at the
structural phase transition (x =0.21) and concluded that
bulk superconductivity exists in both the orthorhombic
and tetragonal phases. They proposed that the abrupt
drop in the Meissner signal for x > 0.21 observed by Tak-
agi et al. was the result of stronger flux-pinning effects in
this region rather than a reduced superconducting frac-
tion.

Recently, Yamada and Ido published a careful study
on the effect of pressure on both the structural and super-
conducting properties of La,_,Sr,CuO,."” Their work
shows that the application of pressure moves the O-T
phase transition line to lower strontium concentrations.
For example, at 20 kbars, samples with x =0.15 are
tetragonal at 20 K. For samples that are orthorhmobic
at ambient pressure, the orthorhombicity decreases as a
function of increasing pressure, while the superconduct-
ing critical temperature increases, reaching its maximum
value at the O-T phase transition. In the tetragonal
phase, T, is essentially pressure independent. At 20
kbars, the shape of the T, vs x curve is very similar to
that at ambient pressure: The maximum T, is reached for
x =~0.15 (~42 K), and superconductivity disappears for
x >0.23. This study indicates that the proximity of the
low-temperature O-T line and the disappearance of super-
conductivity is essentially coincidental, and can be re-
moved by the application of pressure. In addition, it sug-
gests that optimal superconducting properties are at-
tained in the tetragonal phase, while the orthorhombic
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distortion may actually depress 7.

In light of the controversy that still exists concerning
the properties of La,_ Sr,CuO, as a function of Sr con-
tent, we present here the results of an extensive study of
the superconducting and structural properties for the
composition range 0.00<x <0.375. We report a simple
method for making single-phase samples and discuss the
criteria for assessing the chemical homogeneity on the
appropriate length scales. The structural properties, as
determined by neutron powder diffraction, are discussed
in considerable detail. In agreement with Kitazawa
et al.,'> we conclude that bulk superconductivity exists
in both the orthorhombic and tetragonal phases. Thus,
we find no alternative explanation for why T, decreases
in the overdoped composition region. We discuss briefly
the synthesis conditions for which multiphase samples
are obtained and speculate concerning how such phenom-
ena have contributed to misleading conclusions in the
literature.

II. SYNTHESIS AND CHARACTERIZATION
OF SAMPLE QUALITY

A detailed analysis of the correlation between structur-
al and physical properties in solid solution compounds,
such as La,_,Sr, CuO,, requires samples with a high de-
gree of chemical homogeneity. In the case of high-
temperature superconducting cuprates, samples must be
homogeneous at the level of the superconducting coher-
ence length (10-100 A). Therefore, coherent composi-
tional fluctuations with short wavelength, such as those
produced by spinodal decomposition, could have pro-
found effects on the superconducting properties. X-ray
or neutron Bragg diffraction, due to the intrinsic coher-
ence length of several hundred angstroms, would be in-
sensitive to this type of local segregation phenomena.

In the case of La, ,Sr,CuO,, the relatively weak
dependence of lattice constants on composition, particu-
larly in the tetragonal phase, makes it impossible to rule
out the existence of even macroscopic inhomogeneities.
For the present samples in the x >0.2 region, Ax could
be as high as 0.03, based solely on the widths of x-ray and
neutron Bragg peaks. As we will later show, a far higher
degree of homogeneity (at least a factor of 3) is required
to address such subtle questions as the existence of super-
conductivity in the tetragonal phase. Therefore, the ob-
servation of sharp Bragg peaks, even in a high-resolution
diffraction experiment, does not insure sufficient homo-
geneity. It is our opinion that the following requirements
must be also fulfilled: (a) Samples must be free from non-
isostructural impurity phases; in most cases, such phases
are in equilibrium with one end of the solid solution, and
therefore a concentration gradient is created around each
grain of impurity. (b) Optimal thermodynamic synthesis
conditions must be chosen to ensure fast reaction kinet-
ics. (c) Magnetic superconducting transitions in low field
should be sharp. If combined with a knowledge of the T,
vs x curve, the transition width places an upper limit on
the degree of inhomogeneity of the sample. In addition,
in the “underdoped” and “‘overdoped” regions it is essen-
tial to ascertain the absence of high-7', material.
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All samples for this study were synthesized by two-step
solid-state reaction. High-purity La,0; (Reaction grade
99.99%), SrCO; (Puratronics grade 99.995%), and CuO
(Puratronics grade 99.999%) were weighed in the proper
stoichiometric amounts, mixed and ball milled in agate
jars under N-amyl alcohol for approximately 1 h. After
drying, the mixture was isostatically pressed at room
temperature into rods, placed in an Al,O; boat, and heat-
ed to 700°C for 24 h under dynamic vacuum. The pur-
pose of this first step was to decompose SrCOj; into StO
and CO,. The prereacted samples—a mixture of La,0,,
SrO, Cu,O, CuO, and a small amount of binary
compounds—were then quickly introduced into a hot
furnace in air, at the final synthesis temperature. After
firing for the appropriate time, the samples were
quenched to room temperature by rapidly removing them
from the furnace. Quenching ensures, as much as possi-
ble, that the chemical and phase composition properties
at synthesis temperature are preserved in the final sam-
ple. X-ray-diffraction patterns were obtained on a
Rigaku diffractometer using Cu K, radiation. Lattice
constants were measured by Rietveld refining the x-ray
patterns using the LHPM program,'® based on the Wiles
and Young code."”

Reaction kinetics were studied by monitoring the evo-
lution of lattice parameters as a function of reaction time
at a given temperature. This study showed that for
high-temperature synthesis (i.e., 1170°C) all samples with
x =0.3 are synthesized very rapidly (¢ =15 min) directly
from the precursors. At lower synthesis temperatures,
samples with x > x_ (with x, being a critical value depen-
dent on the temperature) are synthesized by forming non-
isostructural impurity phases, which then slowly decom-
pose to form the desired compound, in addition to the
“2:1:4” phase. The strongest impurity peaks can be as-
signed to the “two-layer” compound (La,SrCu,O¢). The
intensity of the impurity peaks slowly decreases with pro-
longed annealing.

During this process, the lattice constants of the “2:1:4”
phase gradually change. Figure 1 shows the evolution of
lattice constants as a function of reaction time for a sam-
ple with nominal strontium content x =0.3, for three re-
action temperatures 900, 1000, and 1150°C. The lattice
constant evolution is consistent with a slow incorporation
of strontium into the “2:1:4” phase. A comparison with
the structural parameters of single-phase samples (see
Sec. IV), indicates that for synthesis at 1000 °C, the stron-
tium content of the “2:1:4” phase is initially as low as
x =~0.2.

The average lattice constants asymptotically approach
the values measured on single-phase samples, indicating
that, even for low-temperature synthesis, no macroscopic
phase separation occurs. However, the kinetic history of
samples synthesized at low temperature makes it ex-
tremely likely that small amounts of strontium-deficient
material may persist, even after long annealings. Such in-
homogeneities have profound effects on the supercon-
ducting properties, while remaining virtually undetect-
able by diffraction.

In Fig. 2 the ac susceptibility curves of three powdered
samples, all with nominal composition x =0.3 but with
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FIG. 1. Room-temperature a/c ratios versus reaction time
for samples reacted in air at 900°C (open circles), 1000°C
(squares), and 1150 °C (closed circles), followed by rapid quench-
ing to room temperature. The lines are guides for the eye.

different thermal history, are compared (for the details of
the magnetic measurements, see Sec. III). Sample 1 was
reacted for 408 h at 900°C in air, without intermediate
grindings, followed by rapid quenching to room tempera-
ture. Sample 2 was reacted for 128 h at 1150°C in air,
without intermediate grindings, followed by rapid
quenching to room temperature. Sample 3 was reacted
for 24 h at 1170°C in air, followed by rapid quenching to
room temperature. The three samples have almost iden-
tical lattice constants (a=~3.765 A, ¢=13.25A), and
display equally sharp Bragg peaks, but their shielding
fractions differ by a factor of 50, due to the presence of
residual amounts of strontium-deficient material. For
sample 3, prolonged annealings at 700°C in pure oxygen
did not increase the diamagnetic fraction, indicating that
oxygen deficiency is not the cause of the difference in su-
perconducting properties between the three samples. We
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FIG. 2. ac susceptibility vs temperatures for samples with
nominal composition x =0.3, measured in a 1-G ac field at 100
Hz. Sample 1 (circles) was reacted for 408 h at 900 °C in air, fol-
lowed by rapid quenching to room temperature. Sample 2
(squares) was reacted for 128 h at 1150°C in air followed by rap-
id quenching to room temperature. Sample 3 (triangles) was
reacted for 24 h at 1170°C in air, followed by rapid quenching
to room temperature.
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therefore conclude that solid-state reaction produces the
most homogeneous samples when synthesis is carried out
close to the melting point, followed by rapid quenching to
room temperature.

A series of samples with variable strontium content
(0<x =0.3) was synthesized for further characterization
of the structural and superconducting properties. The
previously described two-step solid-state reaction method
was employed, using a synthesis temperature of 1170°C
in air, followed by rapid quenching to room temperature.
The reaction time was approximately 24 h. Each sample
(approximately 25 g of material) was split into three parts
(A, B, and C). A samples were studied in the as made
state. B samples were annealed at 700 °C in flowing oxy-
gen, followed by slow cooling to room temperature. For
selected compositions, C samples were annealed at
1100°C in 0.6 kbar oxygen pressure, using a hot isostatic
press externally heated apparatus, followed by slow cool-
ing to room temperature.

Neutron-powder-diffraction (NPD) data were collected
on all 4- and B-type samples, and on selected C-type
samples, at various temperatures, using the special envi-
ronment powder diffractometer '¥(SEPD) at Argonne’s
Intense Pulsed Neutron Source (IPNS), and analyzed us-
ing the Rietveld method.!” A discussion of the experi-
mental details of the NPD experiments and of the
structural properties of these samples, as obtained from
analysis of the NPD data, can be found in Sec. IV. How-
ever, some of the results will be anticipated here and in
Sec. II1, as needed.

Neutron-diffraction patterns confirmed that the sam-
ples are single phase (i.e., they do not contain any noniso-
structural impurity phases), with the peak widths of the
“2:1:4” phase being comparable to the instrumental reso-
lution. Neutron-diffraction data for the x =0.1875 com-
pound are shown in Fig. 3, as a representative example.

Figure 4 shows the lattice constant ratio a /c, measured
at 295 K, as a function of x for 4 and B samples. Lattice
constant ratios are almost insensitive to systematic er-
rors, such as the sample position in the neutron beam,
which would increase the scattering of the data. A- and
B-type samples have identical a /c ratios, within the error
bars, at least up to x =0.24. For higher values of x, the
a/c ratio varies for different oxidizing conditions, indi-
cating that oxygen vacancies are present in the as-made
samples, and are progressively filled up by oxygen anneal-
ing. This interpretation is supported by the results of the
thermogravimetric analysis (TGA). The a/c ratio, mea-
sured on selected C-type samples, was found to be identi-
cal to that for B-type samples, within the error bars, at
least up to x =0.3.

The oxygen content of all samples was measured by
TGA, using a Perkin Elmer Series 7 Thermal Analysis
system. Weight loss was monitored during reduction of
the samples in pure H, atmosphere, while heating to
700°C. Taking into account the small variability in oxy-
gen content, the chemical formula of this series can be
written as La,_,Sr,CuO,_s, where 8, for all our sam-
ples, is a small positive number. In Fig. 5, the oxygen
deficiency per formula unit § is plotted as a function of x
for A, B, and C samples. There is a significant amount of
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FIG. 3. Rietveld refinement profile for the x =0.1875 B-type
sample at 10 K. The plus (+) signs are the raw time-of-flight
neutron-powder-diffraction data. The solid line is the calculat-
ed profile. The background was fit as part of the refinement, but
has been subtracted before plotted. Tick marks below the
diffraction profile mark the position of allowed Bragg reflections
for the Bmab (No. 64) space group. A difference curve (ob-
served minus calculated) is plotted at the bottom.

scatter in the data for the as-made (quenched) samples.
This scatter is probably real, since the accuracy of the
measurement is about +0.01 (as evidenced by the data
for x <0.2), and may result from the difficulty of perfect-
ly reproducing the quenching process. However, it is
clear that oxygen vacancies are not formed in significant
numbers until strontium concentrations beyond x =0.2
are reached. For samples annealed in 1 atm of oxygen or
in high-pressure oxygen, these oxygen vacancies are filled
for strontium concentrations less than about 0.3. Thus,
the TGA results are in agreement with the conclusions
about oxygen vacancies that were drawn from the varia-
tion of the ¢ /a ratio with x (Fig. 4). As we will discuss
later, bulk superconductivity occurs in the region
0.05=<x <0.24. Annealing in 1 atm of oxygen at 700°C
is adequate to fill oxygen vacancies over this composition
range. We conclude that oxygen vacancies are not re-
sponsible for the decrease of T, in the overdoped region.
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FIG. 4. a/c ratio vs x at 10 K, as obtained from neutron
powder-diffraction data, for as-made A-type samples (open cir-
cles), and oxygen annealed B-type samples (closed circles).
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FIG. 5. Oxygen deficiency per formula unit 6§ (as in

La,_,Sr,CuO,4_;), versus x, for as-made A-type samples (open
circles), 1 atm oxygen-annealed B-type samples (squares), and
high-pressure oxygen annealed C-type samples (closed circles).
The lines are guides for the eye. The accuracy of the measure-
ment is approximately +0.01.

Moreover, since the number of oxygen vacancies is very
small even for the as-made (quenched) samples for
x <0.24, we are unable to probe the effect of oxygen va-
cancies on superconductivity in these experiments.

III. SUPERCONDUCTING PROPERTIES

In order to address the relevant questions regarding
the superconducting properties versus strontium concen-
tration, we must determine both the superconducting
transition temperatures and the superconducting phase
fraction. It is particularly important to learn whether
bulk superconductivity is present in the tetragonal phase.

Magnetic techniques cannot be used to unambiguously
measure the superconducting phase fraction (i.e., the
amount of superconducting material in a sample) without
knowledge of the sample’s internal topology (i.e., the dis-
tribution of voids and nonsuperconducting regions within
the sample), and, in the case of field-cooled magnetiza-
tion, of the flux-pinning behavior. Specific-heat measure-
ments do not suffer such limitations, but superconducting
phase fractions cannot be directly calculated from
specific-heat anomalies without a knowledge of the basic
mechanism of superconductivity, which is at present
lacking for the cuprates. Even abrupt changes of the
strength of the specific-heat anomaly cannot be immedi-
ately associated with a change in superconducting phase
fraction. For example, in the case of oxygen-deficient
YBa,Cu;04, it has been shown that dramatic changes
in strength of the specific-heat anomaly occur with small
departure from optimum doping, without any change in
Meissner or shielding signals.?°

Despite these difficulties, the following statements can
be made: (a) If corrected for demagnetization effects, the
Meissner fraction (i.e., the field-cooled diamagnetic frac-
tion) always wunderestimates the true superconducting
phase fraction, due to flux pinning, flux trapping, and
penetration length effects. Therefore, a high Meissner

fraction always guarantees bulk superconductivity. How-
ever, a low Meissner fraction does not necessarily imply a
small amount of superconducting phase. (b) If corrected
for penetration length effects, the shielding fraction (i.e.,
the zero-field-cooled diamagnetic fraction) always overes-
timates the true superconducting phase fraction, due to
the screening of voids and nonsuperconducting regions in
the sample. Therefore, the knowledge of both shielding
and Meissner fractions provides a useful way of bracket-
ing the superconducting phase fraction. Since the brack-
et is always wider for a sintered sample than for a powder
sample, due to the more complex topological nature of
the former, measurements should always be performed on
powder samples.

Ac susceptibility measurements (to determine the
shielding fraction) were performed on warming on finely
ground samples using a Lake Shore Cryotronics ac sus-
ceptometer, in a 1-G field at 100 Hz. Low-field dc mag-
netization measurements (to determine the Meissner frac-
tion) were performed in a 1-G field on cooling in the
field-cooled (FC) mode, using a low-field superconducting
quantum interference device (SQUID) magnetometer.
Diamagnetic fractions are reported in units of emu/g,
and are calculated by dividing the measured magnetic
moment by the sample weight, without applying any
demagnetization correction. For comparison, the “ideal”
diamagnetic fraction of a sample of density p, expressed
in emu/g, is given by X;4ea= —1/4mp. For powder sam-
ples, which are constituted of disconnected crystallites, p
can be taken as the theoretical density (p=My XN ,/V),
where My, is the molecular weight, N, is Avogadro’s
number, and V is the unit-cell volume, as measured by
neutron diffraction (see Sec. IV). For the samples of the
present study, Xiqe. varies between —1.11X1072 for
x =0and —1.13X 1072 for x =0.3, and, for all practical
purposes, can be approximated by a straight line in be-
tween. The uncorrected shielding fraction of a powder
sample can exceed the ideal value (typically by less than
20%), due to demagnetization effects and to some inter-
granular coupling. For each sample, both the onset and
the midpoint critical temperatures are reported. The
midpoint T, is defined as the temperature at which the
magnetic moment is half the value at 5 K.

As already mentioned, 4-, B-, and C-type samples have
nearly identical superconducting properties. This can be
explained by the small oxygen variability in the range of
composition where bulk superconductivity is observed.
As we already discussed, a small amount of oxygen va-
cancies, at the limit of TGA sensitivity, cannot be ruled
out, especially for 4-type samples. However, even if they
are present, oxygen vacancies have evidently very little
effect on the superconducting properties in such small
concentrations. For this reason, we will focus attention
primarily on the samples annealed in 1 atm of oxygen (B-
type samples).

Figure 6 shows the shielding fractions (as determined
by ac susceptibility) and the Meissner fractions (as deter-
mined by SQUID magnetization) versus x for B-type
samples. The position of the O-T phase transition line at
low temperature, as determined by neutron powder
diffraction (see Sec. IV), is also indicated. Based on these
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FIG. 6. ac diamagnetic phase fraction (circles) and Meissner
fraction (squares) at 5 K, vs x. Solid lines are guides to the eye.
The dotted line indicates the position of the O-T phase line as
determined from low-temperature neutron powder diffraction.

results, the following observations can be made: (a) The
shielding fraction increases with increasing x up to
x =0.15, probably due to the decrease of the supercon-
ducting penetration length. As already noticed by Kita-
zawa et al. and Nagano et al.'>!* the x =0.1125 sample
has a somewhat anomalously low value of the shielding
fraction. At this same composition, a structural anomaly
and the disappearance of superconductivity are observed
in the La,_ Ba, CuO, system.?""?? For 0.15<x <0.2375
the shielding fraction is greater than the ‘“‘ideal” value,
with some sample-to-sample fluctuations. This indicates
that the superconducting penetration length is, at this
point, much smaller than the average grain size. The
shielding fraction suddenly drops for x >0.2375. (b) The
Meissner fraction, for all measured samples, varies be-
tween 35 and 65 %, indicating that all samples are bulk
superconductors. (c) The ratio between Meissner and
shielding fractions decreases with increasing x (from
>90% for x =0.075 to ~30% for x =0.2375), indicat-
ing that flux-pinning effects become stronger. We con-
clude that, for all samples with 0.075=<x <0.25, a large
part of the material is in the superconducting state below
the critical temperature. A study performed by Nagano
et al.,' in which the effect of penetration length and flux
pinning are carefully examined, has concluded that the
true superconducting phase fraction of similar powder
samples in this composition range is close to 100%. The
reduced shielding fraction for our x =0.25 sample sug-
gests that this composition is on the borderline of the su-
perconducting region.

It is clear from Fig. 6 that at least three samples (in the
range 0.21 <x <0.24) with tetragonal crystal structure
are bulk superconductors, according to our definition.
To explore the issue of superconductivity in the tetrago-
nal structure in further detail it is useful to plot the
Meissner data on a logarithmic scale, so that small
amounts of superconductivity can be seen. The Meissner
susceptibility versus temperature curves for the x =0.15,
x =0.20, x =0.2125, and x =0.2375 samples are plotted
in Fig. 7 on a linear scale (a) and on a logarithmic scale
(b). The x =0.2375 sample, well within the tetragonal re-
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FIG. 7. FC magnetization vs temperature for samples with
x =0.15 (circles), x =0.20 (squares), 0.2125 (rhombi), and
0.2375 (triangles), plotted on a linear scale (a) and on a logarith-
mic scale (b). The logarithmic scale emphasized the behavior
close to the transition temperature. The instrumental noise lev-
el (~107% emu/g) is shown above the transition for compar-
ison.

o

gion, has a well-defined onset around 18 K, and a high
Meissner fraction (~40% of the ideal value). In addi-
tion, there is no indication in the data of a diamagnetic
signal above 22 K. The measurement is sensitive at least
to 0.02% superconducting phase fraction. At 18 K, the
Meissner fraction of this sample is <2X10™* emu/g
[Fig. 7(b)]. On the other hand, for the x =0.2125 sample,
over 80% of the transition is completed at 18 K. As a
consequence, tetragonal material is responsible for at
least 70% of the Meissner transition observed in the
x =0.2375 sample. We therefore conclude that bulk su-
perconductivity extends to compositions that have the
tetragonal crystal structure at low temperature, i.e., su-
perconductivity in this composition region does not re-
sult from compositional inhomogeneity. In addition, we
observed no significant discontinuity in the diamagnetic
fractions at the O-T phase boundary. The presence of
considerable sample-to-sample variations (~1.5X1073
emu/g for the shielding fractions and ~1X1073 emu/g
for the Meissner fractions) would prevent us from seeing
a small discontinuity, but there is certainly no discon-
tinuity of the magnitude reported by Takagi et al. '

In Fig. 8 the ac onset and midpoint critical tempera-
tures of samples that display bulk superconductivity are
plotted versus x. The position of the O-T transition line,
as determined from neutron powder diffraction, is also

shown. The T, versus x curve displays a plateau around
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35 I ! ] Neutron-powder-diffraction (NPD) data were collected
30 |- | _ on all samples at 10, 70, and 295 K, using the special en-
o5 L \ | vironment powder diffractometer!® (SEPD) at Argonne’s
< Intense Pulsed Neutron Source (IPNS). For low-
e 20 : n temperature data collection, samples were contained in
15 L : . indium-sealed, thin-walled vanadium cans 1 cm in diame-
| ter, filled with helium exchange gas.
10 - : 7] The powder-diffraction data were analyzed with the
5 I — Rietveld technique, using the IPNS time-of-flight Riet-
0 b | | : veld code.!® Only data from the backscattering detector
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2-X X 4

FIG. 8. Onset (top of the error bars) and midpoint (open cir-
cles) critical temperatures versus x, from ac susceptibility mea-
surements. The solid line is a guide to the eye. The dotted line
indicates the position of the O-T phase line as determined from
low-temperature neutron powder diffraction.

x =0.12, as already reported in the literature.
reaches a maximum around x =0.15, and then rapidly
decreases. No discontinuity in the T, versus x curve is
observed at the O-T phase boundary. In light of this ob-
servation and of the discussion of the previous section,
we therefore conclude that the O-T phase boundary
has no effect on the superconducting properties of
La,_,Sr, CuO,.

13—15,23 T
4

banks (26=145°) were used in the refinements.

Only results from the B samples (oxygen annealed) will
be discussed. As we already mentioned, the structural
parameters of A, B, and C samples are essentially identi-
cal up to x =~0.24, which is the region of interest as far as
superconductivity is concerned.

The lattice parameters and atomic coordinates of B
samples at 10, 70, and 295 K, as obtained from Rietveld
refinement of NPD, are reported in Tables I, II, and III,
respectively. At constant temperature, the Debye-Waller
factors B do not show any systematic variation as a func-
tion of x. Therefore, for the sake of brevity, they are not
reported for every sample. For every temperature, the
Debye-Waller factors averaged over all the strontium
concentrations are listed in Table IV.

The structural phase diagram of La,_, Sr, CuO, con-
tains, at least up to x =0.375, only two crystallographic
phases: the high-temperature tetragonal (HTT) and the

TABLE 1. Lattice parameters and atomic coordinates at 10 K for La,_, Sr, CuO, oxygen-annealed B-type samples. The nonstand-

ard space groups Bmab (isomorphic to the standard Cmca, No. 64) and F4/mmm (isomorphic to the standard I4/mmm, No. 139)
were used for the orthorhombic and tetragonal phases, respectively. Numbers in parentheses are statistical errors of the last
significant digit. The atomic positions are La/Sr [0,y,z], Cu[0,0,0], O(1)[1/4,1/4,z], O(2)[0,y,z]. The occupancy of all atoms was set
to the full value. Isotropic Debye-Waller temperature factors were refined for each data set, but since they do not show any systemat-
ic dependence on x, only the average values are reported in Table IV.

x a (A) b (A) c (A)

y(La/Sr) z(La/Sr) z[O(1)] y[0(2)] z[0(2)] Ry, /Ry
0.0000 5.3346(1) 5.4148(1) 13.1172(1) —0.0083(2) 0.3616(1) —0.0084(1) 0.0404(2) 0.1837(1) 6.213/3.016
0.0750 5.3269(1) 5.3819(1) 13.1640(1) —0.0074(2) 0.3611(1) —0.0068(1) 0.0332(2) 0.1835(1) 5.210/3.499
0.0875 5.3260(1) 5.3763(1) 13.1672(1) —0.0067(2) 0.3610(1) —0.0065(1) 0.0318(2) 0.1831(1) 6.324/4.427
0.1000 5.3241(1) 5.3706(1) 13.1700(1) —0.0063(2) 0.3610(1) —0.0065(1) 0.0304(2) 0.1829(1) 5.541/2.628
0.1125 5.3246(1) 5.3627(1) 13.1813(1) —0.0061(2) 0.3609(1) —0.0057(2) 0.0282(3) 0.1829(1) 5.950/4.035
0.1250 5.3241(1) 5.3585(1) 13.1859(1) —0.0056(2) 0.3609(1) —0.0055(2) 0.0267(3) 0.1828(1) 6.332/4.343
0.1375 5.3231(1) 5.3542(1) 13.1881(1) —0.0061(2) 0.3609(1) —0.0051(2) 0.0261(3) 0.1827(1) 4.868/2.517
0.1500 5.3247(1) 5.3486(1) 13.1973(1) —0.0052(3) 0.3607(1) —0.0045(2) 0.0237(4) 0.1827(1) 7.182/4.855
0.1625 5.3247(1) 5.3437(1) 13.2057(1) —0.0043(3) 0.3608(1) —0.0042(2) 0.0214(4) 0.1824(1) 5.429/3.489
0.1750 5.3228(1) 5.3349(1) 13.2076(1) —0.0038(4) 0.3607(1) —0.0027(4) 0.0181(5) 0.1824(1) 6.437/4.230
0.1875 5.3221(1) 5.3313(1) 13.2098(1) —0.0049(5) 0.3606(1) —0.0027(4) 0.0154(7) 0.1820(1) 6.252/4.355
0.2000 5.3200(1) 5.3261(1) 13.2146(1) —0.0025(5) 0.3605(1) —0.0022(3) 0.0114(7) 0.1819(1) 6.486/3.986
0.2125 5.3238(1) 13.2150(1) 0.0 0.3608(1) 0.0 0.0 0.1815(1) 7.304/5.233
0.2250 5.3199(1) 13.2219(1) 0.0 0.3606(1) 0.0 0.0 0.1813(1) 6.372/4.018
0.2375 5.3197(1) 13.2266(1) 0.0 0.3606(1) 0.0 0.0 0.1813(1) 5.515/3.445
0.2500 5.3177(1) 13.2214(1) 0.0 0.3602(1) 0.0 0.0 0.1813(1) 5.502/2.939
0.2625 5.3193(1) 13.2282(1) 0.0 0.3603(1) 0.0 0.0 0.1809(1) 5.906/3.078
0.2750 5.3143(1) 13.2257(1) 0.0 0.3603(1) 0.0 0.0 0.1809(1) 5.672/2.635
0.2875 5.3138(1) 13.2236(1) 0.0 0.3601(1) 0.0 0.0 0.1809(1) 5.187/2.917
0.3000 5.3119(1) 13.2275(1) 0.0 0.3600(1) 0.0 0.0 0.1807(1) 6.130/4.064
0.3500 5.3113(1) 13.2310(1) 0.0 0.3600(1) 0.0 0.0 0.1800(1) 5.584/3.418
0.3750 5.3097(1) 13.2212(1) 0.0 0.3599(1) 0.0 0.0 0.1797(1) 4.577/2.743
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TABLE II. Lattice parameters and atomic coordinates at 70 K for La,_, Sr,CuO, oxygen-annealed B-type samples. The space-

group conventions and general atomic positions are the same used in Table I.

x a (A) b (A) c (A) y(La/Sr)  z(La/Sr) 2[0(1)] y[0(Q)] 2{0(2)] Ry, /Ry
0.0750 5.3289(1) 5.3809(1) 13.1650(1) —0.0071(2) 0.3611(1) —0.0064(2) 0.0328(2) 0.1834(1) 5.525/4.064
0.0875 5.3279(1) 5.3754(1) 13.1692(1) —0.0064(3) 0.3611(1) —0.0063(2) 0.0318(3) 0.1832(1) 7.372/5.762
0.1000 5.3261(1) 5.3695(1) 13.1717(1) —0.0063(2) 0.3610(1) —0.0064(1) 0.0299(2) 0.1830(1) 5.509/2.630
0.1125 5.3265(1) 5.3618(1) 13.1831(1) —0.0056(3) 0.3608(1) —0.0058(2) 0.0278(3) 0.1830(1) 7.352/5.722
0.1250 5.3261(1) 5.3575(1) 13.1876(1) —0.0057(3) 0.3608:1) —0.0054(2) 0.0260(4) 0.1830(1) 7.570/5.881
0.1375 5.3251(1) 5.3534(1) 13.1902(1) —0.0060(2) 0.3608(1) —0.0047(2) 0.0254(3) 0.1827(1) 4.835/2.612
0.1500 5.3266(1) 5.3476(1) 13.1992(1) —0.0053(4) 0.3608(1) —0.0041(3) 0.0226(5) 0.1826(1) 7.686/5.575
0.1625 5.3267(1) 5.3427(1) 13.2075(1) —0.0038(3) 0.3607(1) —0.0038(2) 0.0210(4) 0.1824(1) 5.596/3.859
0.1750 5.3247(1) 5.3342(1) 13.2095(1) —0.0033(5) 0.3607(1) —0.0030(4) 0.0154(7) 0.1822(1) 7.236/5.244
0.1875 5.3237(1) 5.3305(1) 13.2116(1) —0.0044(6) 0.3607(1) —0.0018(5) 0.0137(8) 0.1819(1) 5.721/3.336
0.2000 5.3212(1) 5.3261(1) 13.2162(1) —0.0020(7) 0.3605(1) —0.0013(5) 0.0082(10) 0.1818(1) 6.500/4.006
0.2125 5.3245(1) 13.2160(1) 0.0 0.3608(1) 0.0 0.0 0.1815(1) 7.785/5.677
0.2250 5.3210(1) 13.2231(1) 0.9 0.3607(1) 0.0 0.0 0.1813(1) 8.043/6.333
0.2375 5.3208(1) 13.2283(1) 0.0 0.3605(1) 0.0 0.0 0.1813(1) 6.303/4.614
0.2500 5.3186(1) 13.2229(1) 0.0 0.3602(1) 0.0 0.0 0.1813(1) 5.444/3.010
0.2625 5.3198(1) 13.2291(1) 0.0 0.3603(1) 0.0 0.0 0.1808(1) 6.198/3.571
0.2750 5.3152(1) 13.2274(1) 0.0 0.3602(1) 0.0 0.0 0.1809(1) 6.092/3.426
0.2875 5.3147(1) 13.2253(1) 0.0 0.3601(1) 0.0 0.0 0.1810(1) 5.442/3.672
0.3000 5.3127(1) 13.2293(1) 0.0 0.3600(1) 0.0 0.0 0.1807(1) 6.202/4.099
0.3500 5.3120(1) 13.2321(1) 0.0 0.3600(1) 0.0 0.0 0.1801(1) 6.103/4.003
0.3750 5.3105(1) 13.2227(1) 0.0 0.3598(1) 0.0 0.0 0.1797(1) 4.859/3.120
low-temperature orthorhombic (LTO). The HTT and group settings for both phases. Therefore, in the

LTO structures are schematically shown in Fig. 9.
According to the standard conventions, the HTT and
LTO phases have space group symmetry 14/mmm (No.
139) and Cmca (No. 64), respectively. However, in order
to use a consistent set of axes throughout the phase dia-
gram, it is convenient to resort to nonstandard space-

remainder of the paper, all structural data will be report-
ed using the F4/mmm space-group setting for the HTT
phase and the Bmab space-group setting for the LTO
phase. According to these conventions, the ¢ axis is al-
ways the longest axis (~13.2 A). The a axis in the
tetragonal phase is approximately equal to (@ +b)/2 in

TABLE III. Lattice parameters and atomic coordinates at 295 K for La,_, Sr, CuO, oxygen-annealed B-type samples. The space-
group conventions and general atomic positions are the same used in Table 1.

x a (A) b (A) c (A) y (La/Sr)  z(La/Sr) Z[o(1)] y[0Q)] 2[0(2)] R, /Ry
0.0000  5.3574(1)  5.4005(1)  13.1555(1) —0.0063(2) 0.3613(1)  —0.0076(1)  0.0343(2)  0.1840(1)  6.002/3.181
0.0750  5.3508(1)  5.3664(1)  13.2030(1)  —0.0031(3)  0.3610(1)  —0.0057(2)  0.0233(4)  0.1831(1)  5.333/3.452
0.0875  5.3492(1)  5.3588(1)  13.2076(1)  —0.0041(5)  0.3609(1)  —0.0058(2)  0.0197(6)  0.1829(1)  6.275/3.586
0.1000  5.3489(2)  5.3543(2)  13.2126(1) —0.0014(4)  0.3609(1)  —0.0046(2)  0.0160(5)  0.1829(1)  6.505/3.300
0.1125  5.3471(1) 13.2205(1) 0.0 0.3609(1) 0.0 0.0 0.1826(1)  5.870/3.453
0.1250  5.3466(1) 13.2266(1) 0.0 0.3611(1) 0.0 0.0 0.1825(1)  5.941/3.151
0.1375  5.3449(1) 13.2281(1) 0.0 0.3610(1) 0.0 0.0 0.1825(1)  6.320/3.601
0.1500  5.3422(1) 14.2317(1) 0.0 0.3608(1) 0.0 0.0 0.1824(1)  6.184/3.757
0.1625  5.3401(1) 13.2364(1) 0.0 0.3609(1) 0.0 0.0 0.1823(1)  6.811/4.502
0.1750  5.3381(1) 13.2420(1) 0.0 0.3609(1) 0.0 0.0 0.1821(1)  7.502/4.552
0.1875  5.3371(1) 13.2458(1) 0.0 0.3607(1) 0.0 0.0 0.1822(1)  5.274/3.220
0.2000  5.3353(1) 13.2469(1) 0.0 0.3607(1) 0.0 0.0 0.1819(1)  5.849/3.567
02125  5.3330(1) 13.2419(1) 0.0 0.3608(1) 0.0 0.0 0.1820(2)  4.372/2.677
0.2250  5.3316(1) 13.2538(1) 0.0 0.3605(1) 0.0 0.0 0.1818(1)  7.148/4.973
0.2375  5.3304(1) 14.2572(1) 0.0 0.3603(1) 0.0 0.0 0.1816(1)  5.173/3.306
0.2500  5.3292(1) 14.2539(1) 0.0 0.3600(1) 0.0 0.0 0.1816(1)  5.756/4.146
0.2625  5.3286(1) 14.2581(1) 0.0 0.3601(1) 0.0 0.0 0.1813(1)  5.457/3.391
0.2750 5.3279(1) 13.2642(1) 0.0 0.3600(1) 0.0 0.0 0.1813(1) 6.850/4.837
0.2875  5.3260(1) 13.2591(1) 0.0 0.3599(1) 0.0 0.0 0.1811(1)  5.618/3.751
0.3000  5.3251(1) 13.2591(1) 0.0 0.3599(1) 0.0 0.0 0.1809(1)  6.096/4.058
0.3250  5.3226(1) 13.2639(1) 0.0 0.3598(1) 0.0 0.0 0.1809(1)  6.731/4.938
0.3500  5.3218(1) 13.2628(1) 0.0 0.3597(1) 0.0 0.0 0.1805(1)  5.288/3.251
0.3750  5.3220(1) 13.2572(1) 0.0 0.3598(1) 0.0 0.0 0.1802(1)  4.817/3.325
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TABLE 1V. Isotropic Debye-Waller temperature factors
averaged over all the samples at 10, 70, and 295 K. Numbers in
parentheses are standard deviations from the average values.
The temperature factors do not show any systematic variation
as a function of x.

Thermal Thermal Thermal

parameter parameter parameter
Atom B (A?) B (A?) B (A?)

at 10 K at 70 K at 295 K
La/Sr 0.11(8) 0.13(7) 0.38(10)
Cu 0.07(8) 0.08(7) 0.26(8)
o1 0.21(7) 0.23(8) 0.50(12)
02 0.55(9) 0.60(9) 1.13(7)

the orthorhombic phase (~5.35 A). In the orthorhom-
bic phase, the “tilt” axis (i.e., the axis perpendicular to
the mirror plane) coincides with the a axis.

The reduction of symmetry from tetragonal to ortho-
rhombic in the low-temperature, low-doping region of the
phase diagram reflects the response of the system to a
bond-length mismatch between the LaO and the CuO,
layers. The mismatch can be quantified by means of the
so-called Goldsmidt tolerance factor
t=(La-0)/v"2(Cu-0),* where La-O and Cu-O are the
“preferred” bond lengths as obtained from standard ionic
or covalent radii.”> For undoped La,CuO, at room tem-
perature, t =0.87, indicating that the CuO, layers are un-
der compression, while the LaO layers are under tension.
The mismatch between the two layers decreases as a
function of x, due to the removal of electrons from anti-
bonding orbitals, and as a function of temperature. The
latter effect is predominantly due to the increase of the
equilibrium La-O bond length as a function of tempera-
ture. When ¢ <1, a reduction of symmetry from tetrago-
nal to orthorhombic allows the strain to be partially re-
lieved. This is accomplished in two ways: (a) O(1) is
moved off the Cu plane, increasing the Cu-O(1) distance;
and (b) the four in-plane La-O(2) bond lengths are made
unequal. Figure 10 shows the La-O bond lengths as a

function of x at 10, 70, and 295 K. For x =0 at 10 K, the
difference between the two bond lengths along the b axis
is as large as 0.5 A, making La effectively eightfold coor-
dinated. The movement of O(2) in the b direction is by
far the largest internal distortion in this system, and pro-
vides the driving force for the phase transition. Howev-
er, it is only indirectly responsible for the development of
spontaneous strain in the orthorhombic phase. The or-
thorhombic strain arises from a departure of the O(1)-
Cu-O(1) “scissors” angle from 90°, which allows, for a
given Cu-O(1) distance, a shorter La-O bond length in the
a direction.

The (a) and (b) distortions result in a cooperative “tilt”
of the CuQg octahedra, where the Cu-O(2) vector remains
roughly (but not exactly) perpendicular to the plane
defined by the Cu-O(1) vectors. However, the tilt is not
rigid, since the scissors angle departs from 90°. In fact, in
the case of a rigid tilt of the octahedra, one would predict
a > b, while the opposite is always observed (Fig. 11). In
the orthorhombic phase, we can define two independent
tilt angles (6, and 6,), based on y[O(2)] and z[O(1)], re-
spectively. The difference 6,-60, measures the departure
of the Cu-O(2) vector from being perpendicular to the
plane defined by the Cu-O(1) vectors. Experimentally,
the values of 6, and 6, are found to be very close to each
other.

The Cu-O(1) bond length as a function of x at 10, 70,
and 295 K is shown in Fig. 12. Due to the number of de-
grees of freedom, in the orthorhombic phase the Cu-O(1)
and the La-O(2) in-plane distances are independent. The
figure shows that, in the orthorhombic phase, the Cu-
O(1) distance is temperature independent, presumably
reflecting the amount of doping on the CuO, planes. The
increased number of constraints in the tetragonal phase
results in a reduction of the slope of the curves and in the
development of a temperature dependence for this bond
length.

The structural phase transition in K,NiF,-type struc-
tures have been extensively analyzed from a group-
theoretical point of view (see, for example, Ref. 26, and
references cited therein). Several authors studied the

<

02)

FIG. 9. Structure of the LTO (left) and
HTT (right) phases. According to our conven-
tions, the two structures have Bmab and
F4/mmm space-group symmetry, respectively.
The a axis is perpendicular to the plane of the
paper, the b axis is horizontal and the c axis is
vertical.
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FIG. 10. La-O(2) bond lengths vs x at T =10 K (open cir-
cles), 70 K (squares), and 295 K (closed circles). The lines are
guides to the eye. The La-O(2) distance along the c axis (L1)
has the smallest value for all samples (2.3-2.4 A). With increas-
ing x, the two La-O(2) distances along the b axis (L2 and L3)
approach each other and the La-O(2) distance along the a axis
(L4). In the tetragonal phase, L2, L3, and L4 are equal by
symmetry. L1 and L4 have weak composition and temperature
dependence, and show no discontinuity at the phase transition.
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FIG. 11. a,b (bottom), and ¢ (top) vs x at T =0 K (open cir-
cles), 70 K (squares), and 295 K (closed circles). The lines are
guides to the eye.
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FIG. 13. (a) Orthorhombic strain (b) square of the tilt angle
8,, defined as arctan(y[(0)2]Xb/z[(0)2]Xc). (¢) “scissors”
angle, defined as 2 arcsin(a /4d ¢, o)) as a function of x at 10 K
(open circles), 70 K (squares) and 295 K (closed circles). The
lines are best linear fits through the data in the orthorhombic
region.
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specific case of the (La,M),CuO, compounds (M =Sr, Ba,
Ca, Nd, etc.) (Refs. 22 and 27-29) and found that the
structural phase diagram of these systems can be de-
scribed, in the framework of the Landau theory, using a
single irreducible representation of the 14 /mmm (parent)
space group. This representation describes the condensa-
tion of soft phonons at the X point on the Brillouin-zone
boundary of the tetragonal cell, and is indicated as X,

according to Stokes and Hatch’s conventions.’® The or-
der parameter of X 3+ is an axial vector, which describes

the “tilt” distortion. The direction of the vector coin-
cides with the tilt axis, and its magnitude is proportional
to the tilt angle. According to the Landau theory, the
I4/mmm — Bmab phase transition is allowed (although
not required) to be second order. For this phase transi-
tion, the order parameter is parallel to the [1,1,0] or
[1,1,0] tetragonal axes.

The expansion of the free energy in powers of the order
parameter has been worked out in detail in the previously
cited references,’>?’~%° and will not be repeated here.
However, for the purpose of comparison with the experi-
mental results, we will describe the predicted behavior of
some of the structural parameters as a function of the
thermodynamic variables (temperature, pressure, compo-
sition, etc.) near the structural phase transition, in the
context of mean-field theory. Although mean-field theory
does not include the effect of fluctuations, it is expected
to be reasonably accurate at low temperature.

(i) The tilt angles are proportional to the magnitude of
the order parameter. Therefore, they are zero in the
high-symmetry phase (I4/mmm), and behave as
(Tpr—T)"? or (xpr—x)'/? in the low-symmetry (Bmab)
phase near the phase transition. All the parameters that
are proportional to a tilt angle [like the La-(0)2 distances
along the b axis] should behave in the same way.

(ii) The spontaneous strain is quadratically coupled to
the order parameter in the Landau free-energy expansion.
Therefore it should behave linearly, as a function of the
thermodynamic parameters, in the low-symmetry phase
near the phase transition. The same is true for the O(1)-
Cu-O(1) scissors angle.

The orthorhombic strain, the square of the tilt angle
0,, and the scissors angle as a function of x at 10, 70, and
295 K are shown in Figs. 13(a), 13(b), and 13(c), respec-
tively. It is apparent from the figures that these parame-
ter behave according to mean-field theory throughout al-
most the entire orthorhombic region, particularly at low
temperature. In particular, the linear behavior of the or-
thorhombic strain allows the critical composition xp; to
be determined with great accuracy by extrapolation. The
values of xpr obtained in this way are 0.209(2), 0.202(2),
and 0.113(4) at 10, 70, and 295 K, respectively. The 10-K
value is in excellent agreement with the one reported in
Ref. 12.

V. PHASE STABILITY

Considerable attention has been given to the possibility
of some form of chemical decomposition or phase separa-
tion for La,_,Sr,CuO, with strontium contents greater
than x =0.15-0.2. Although the nature of the multi-
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phase behavior has been controversial, essentially all au-
thors agree that the difficulty of producing single-phase
homogeneous samples increases markedly at strontium
concentrations greater than x =0.15-0.2. We previous-
ly reported x-ray- and neutron-diffraction evidence for
two kinds of impurity phases that are commonly ob-
served for samples in this composition range.
La,SrCu,0¢ (a metallic but nonsuperconducting com-
pound) in combination with La, 4sSr, ;sCuO, is often ob-
served for samples that are fired at temperatures below
about 1100°C and slowly cooled.® In samples fired at
higher temperatures, the amount of La,SrCu,0O4 de-
creased markedly, but we observed a mixture of two
La,_,Sr,CuO, phases with different strontium contents
(one of which was x =0.15).!! Takagi et al.'?> showed
that any diffraction evidence for the latter two-phase
behavior could be eliminated by annealing for long times
(up to one month) at 850-1000°C. They did not report
the abundance of La,SrCu,O¢ as an impurity phase in
their samples. Their hypothesis was that the lack of
chemical homogeneity was simply a result of sluggish re-
action kinetics for x >0.15. For samples with x <0.15
the long anneals did not change the properties, while for
the high strontium concentrations, the superconducting
properties were changed. However, even the samples an-
nealed for long times showed traces of superconductivity
with T,=36-39 K, consistent with the existence of a
small amount of material with composition x =0.15; i.e.,
the samples were never perfectly homogeneous. No
differences were seen in the diffraction data, consistent
with the concept (discussed earlier in this paper) that the
superconducting properties are a much more sensitive
probe of homogeneity than is diffraction when the con-
centration of impurity phases is small.

In the present study we have shown that homogeneous
samples, with no trace of superconductivity for x > 0.24,
can be made in relatively short times (24 h or less) if high
synthesis temperatures (1170°C) are used and the sam-
ples are quenched rather than slowly cooled. As judged
by the magnetic properties, samples made in this way are
more homogeneous than those annealed for very long
times (up to one month) at lower temperatures
(~1000°C). This result led us to investigate further the
phase stability of La,_,Sr,CuO, for x >0.15. It is im-
portant to distinguish between inhomogeneity that results
from sluggish reaction kinetics and that which results
from intrinsic features of the high-temperature phase dia-
gram. Our own investigation of reaction kinetics (de-
scribed earlier in this paper) confirms that the diffraction
pattern evolves to that consistent with a homogeneous
sample after long anneal times at 900-1000°C. However,
measurements of the superconducting properties contin-
ue to show the existence of superconductivity at average
strontium compositions for which no superconductivity
would be present if the samples were truly single phase.
Thus, the times required to determine whether perfectly
homogeneous samples can be made at these lower tem-
peratures become prohibitively long. Without such ex-
periments, it cannot be confirmed that the difficulty in
making homogeneous samples results from sluggish reac-
tion kinetics.
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Similar behavior has been reported for the
La,_,Ba,CuQ, system. Yoshimura et al. report compo-
sitional phase separation for x >0.16 and postulate the
existence of a miscibility gap in the phase diagram for
temperatures below about 960°C.3! However, because of
the way their experiments were done, beginning with
two-phase mixtures and annealing for long times to at-
tempt to make single-phase samples, they may not be able
to differentiate between sluggish reaction kinetics and
true thermodynamic phase separation.

We have focused attention on experiments that probe
true chemical decomposition or phase separation. One
starts with a single-phase homogeneous sample (in the
present case, synthesized by quenching from 1170°C) and
investigates changes in the properties when this sample is
subsequently annealed at temperatures lower than the
synthesis temperature. In such experiments, we con-
sistently observe evidence for decomposition. Figure 14
shows the resistivity data for a sample of composition
x =0.375. The as-made sample is metallic, and shows no
superconductivity. When this sample is annealed in 20%
oxygen for 24 h at 950, 1000, or 1050°C, a superconduct-
ing transition appears, showing that such an anneal pro-
motes decomposition with one of the products being
La,_,Sr,CuO, with strontium concentrations that are
superconducting. Diffraction data for these samples
show no changes (i.e., no impurity-phase Bragg peaks or
peak broadening) for 24-h anneals, as one would expect
for small concentrations of the decomposition products.
Similar results are obtained for samples with any stronti-
um concentration greater than x =0.15-0.2, depending
on the annealing temperature and oxygen partial pres-
sure. Although we have not fully explored this behavior,
these results suggest that La, , Sr,CuO, for
x>0.15-0.2 is not chemically stable at temperatures
below about 1100°C. Further studies of this kind will be
required to fully understand the high-temperature phase
diagram of this material and to learn the stability field of
La, ,Sr,CuO, as a function of strontium content, tem-
perature, and oxygen partial pressure. Until such work is
done in a comprehensive way, the question of chemical
stability in the La,_,Sr,CuO, for x >0.15-0.2 remains
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FIG. 14. Normalized resistivity p(T)/p(300 K) vs tempera-
ture for La,_, Sr, CuO, samples with x =0.375. The curves are
shifted relative to each other so they do not overlap. The top
curve is for an as-made sample (synthesized for 24 h at 1170 K
in air, followed by rapid quenching to room temperature). The
other curves are for the same sample, after annealing in 20%
oxygen at different temperatures. For annealing temperatures
between 950 and 1050°C, a resistive anomaly below 50 K indi-
cates the presence of superconducting material.
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unanswered. However, even if some compositions are
metastable (as is not uncommon for copper-oxide super-
conductors), we have no evidence that the metastability
influences the superconducting properties.
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