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High-pressure oxidation of the tetragonal La1.52xBa1.51x2yCayCu3Oz superconductors
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The oxygen content,z, of tetragonal, Ca-doped La1.5Ba1.5Cu3Oz ~La336! superconductors can be increased
to values significantly greater than 7.0 by annealing in high-pressure O2. For instance, for
La1.1Ba1.5Ca0.4Cu3Oz , z57.25 after heating at 400 °C in 350 bars O2. This contrasts with the behavior of
YBa2Cu3Oz , which decomposes on attempting to increasez greater than 7.0. The critical temperature,Tc ,
passes through a maximum of 79 K at an average Cu valence of 2.3–2.4 and decreases to as low as 35 K in
the overdoped region of higher Cu valence.Tc data for a range of Ca-doped compositions fall approximately
on a single dome-shaped master plot. The crystal structure of LaBa1.5Ca0.5Cu3Oz shows a complexA-site
distribution; in the as-prepared sample, Ca substitutes onto La sites with displacement of La onto Ba sites.
After high-pressure treatment, however, Ca substitutes onto Ba sites and La sites are fully occupied by La. The
change inA-site distribution appears not to correlate with the maximum inTc , nor to influence the value of
Tc . This behavior of Ca-doped materials is different from that of La1.5Ba1.5Cu3Oz , which cannot be made
superconducting even though its nominal Cu valence can be increased sufficiently, and of LaBa2Cu3Oz , which
has a significantly higher maximumTc of 94 K and shows an orthorhombic to tetragonal transition with
decreasingz. @S0163-1829~97!06518-1#
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INTRODUCTION

The structure and properties of YBCO or 12
YBa2Cu3Oz are well known; it has an oxygen-deficie
triple-perovskite structure, with an oxygen content,z, vari-
able between 6 and 7. At an oxygen content of 7, it is ort
rhombic and superconducting, with a critical temperatu
Tc , of 93 K. As oxygen is removed,Tc decreases and th
structure changes from orthorhombic to tetragonal az
'6.5; at oxygen contents close to this value, YBCO b
comes semiconducting. Although, in principle, the YBC
structure contains a large number of oxygen vacancies,
per formula unit, attempts to increase the oxygen con
greater than 7 have largely been unsuccessful. Inst
YBCO decomposes to give the 124 phase, YBa2Cu4Oz .

1

YBCO is cation stoichiometric in that the cation ratios a
usually regarded as being fixed. With larger rare earth,R,
cations in place of Y, theR:Ba ratio is variable and there i
a trend towards preferred stabilization of the 336 stoichio
etry, typified by La1.5Ba1.5Cu3Oz , at the expense of the 12
stoichiometry, which is difficult to prepare phase pure
R5La, Nd.2–5

The structure of La336 is perhaps less well known,
though it is closely related to that of YBCO.6 La336 is iso-
structural with tetragonal YBCO; La occupies the cent
A-site position, and Ba, La are disordered over the two ot
A sites. The oxygens are disordered over the1

200, 0
1
20 sites in

the basal plane, giving tetragonal symmetry at all oxyg
contents. La336 is, however, semiconducting at all value
z.2,7,8 The reason for the absence of superconductivity is
550163-1829/97/55~22!/15228~11!/$10.00
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known; for z57, the average Cu valence is calculated to
2.17, well short of the value of'2.33 often regarded as th
optimum for superconductivity in YBCO-type material
However, a range of oxygen contents, some@7, have been
claimed for La336 but no superconductivity has ever be
detected.

To increase the average Cu valence in a 123 or 336 st
ture, it is clearly necessary to introduce holes. This can
achieved either by increasing the oxygen content or by d
ing with a lower valent cation. In our earlier studies o
La336, Ca and Sr were chosen as feasible substitutes
trivalent La since they are of similar size but divalent.9–11 In
the as-prepared samples, extensive solid solution areas
are superconducting form in both systems; to a first appro
mation,Tc rises with increasing dopant level, but since t
oxygen contents also vary, the detailed behavior is m
complex. In these two systems, the highestTc was 78 K for
the composition LaBa1.5Ca0.5Cu3O7.011, which corresponds
to an average Cu valence of 2.33.9,11 The distribution of La,
Ba, and Ca over theA sites was found to be more compl
cated than expected; instead of a simple partial substitu
of Ba by Ca, Ca substitutes onto the La sites with conco
tant displacement of La onto Ba sites.11

Unlike the case of YBCO, the La336 solid solutions d
not decompose readily at high oxygen pressures and we
recently shown that instead, the oxygen content of one
doped composition, La1.1Ba1.5Ca0.4Cu3Oz , can be increased
to z57.25 after treatment at 350 bars O2 and 400 °C.12 A
direct consequence of this is that the Cu valence increa
15 228 © 1997 The American Physical Society
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FIG. 1. ~a! Location of phases and solid solutions in the pseudoternary phase diagram.~b! La336 solid solution area, compositional gr
based on the formula La1.52xBa1.51x2yCayCu3Oz and possible substitution mechanisms.
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well beyond 2.33, the sample becomes overdoped andTc
decreases.

Examples of overdoping of YBCO are known, but the
are not associated with oxygen contents,z.7. Thus YBCO
itself is regarded as being slightly overdoped atz57 and the
optimum oxygen content is nearer toz56.95.13 On aliova-
lent substitution of Y by Ca, with compensating hole cr
ation, theTc maximum occurs at lower oxygen conten
e.g., at 84 K andz56.85 for Y0.8Ca0.2Ba2Cu3Oz . In several
respects, therefore, the La336-based materials behave d
ently to YBCO. Here, we report a more extensive study
their overdoping at high oxygen contents.

The La336:Ca solid solutions are located on t
pseudoternary phase diagram LaCuOz-BaCuOz-CaCuOz ,
as shown in Fig. 1.9 They have general formula
La1.52xBa1.51x2yCayCu3Oz . With reaction conditions in-
volving heating in air at;950 °C, the solid solutions form
for all x andy in the ranges 0,x,y,0.5, apart from those in
the corner close to the La123 stoichiometry withx50.5, y
50. La123 can, by contrast, be prepared by reaction in
partial pressures of O2,

14 although under these condition
the La336:Ca solid solutions are not stable.

Numerous other studies on Ca-doped La123-La336 m
rials have been reported. With the exception of one stud
which a solid solution area was identified but not fu
characterized,15 these studies have generally focused on s
cific substitution mechanisms. Although not explicit
treated as such, these mechanisms can be rationalized
represented in terms of the phase diagram, as shown in
1~b!. Some of these studies started from La336; thus, di
tion 1 considers compositions on the line between La336
CaCuO2, in which the most likely solid solution mechanis
would be La1Ba52Ca.16–18Direction 2 starts with the sto
ichiometry La347~i.e., x50.43, y50! to which the partial
substitution Ba5Ca is made.19 Direction 28 is parallel to di-
rection 2 but starts with the composition La5712~i.e., x
50.50, y50!.20–27Direction 3 commences with the compo
sition La3216~i.e., x50, y50.5! and involves the partia
substitution La5Ba.28 Direction 4 commences with La33
and involves the partial substitution La5Ca.17 Each of these
substitutions is perfectly valid but gives only a limited pi
-
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ture of the doping range and mechanisms possible.
In general, there is good agreement between the var

studies as to the solid solution limits. One exception co
cerns the La1113 composition. In spite of early claims
the existence of a pure phase at this composition, these
not been substantiated in more recent work and, instea
multiphase assembly forms at this composition.

EXPERIMENTAL

Starting materials were La2O3 ~Aldrich, 99.99%!,
CaCO3 ~Aldrich, 99.99%!, BaCO3 ~Aldrich, 99.9%!, and
CuO ~BDH, 99.5%!. The La2O3 was dried at 1000 °C prior
to use, the CuO at 700 °C and the carbonates at 200
Samples were prepared by solid state reaction of approp
quantities of starting materials and reacted at temperat
between 950 °C and 980 °C. Phase identification was car
out using a Hagg Guinier camera with CuKa1 radiation.
Oxygen contents were determined by reduction in 1
H2/N2 on a Stanton Redcroft STA1500 simultaneous T
DTA instrument, as described in Ref. 11. The average c
per valence is determined from the relation: average
valence51/3(2Q2z) whereQ is the total charge on theA
sites (La1.52xBa1.51x2yCay) andz is the oxygen content. ac
susceptibility measurements were carried out on pow
samples using a Lakeshore AC7000 susceptometerf
5666 Hz;H52 A m21. Data for accurate unit cell determ
nation were collected on a Stoe Stadi/P diffractometer
transmission mode using a small linear position sensitive
tector of resolution 0.02° 2u, with Cu Ka1 radiation ~l
51.540 56 Å, Ge monochromator!. Unit cells were refined
using the Stoe lattice refinement package, LATREF.

Samples were annealed under high pressures of oxyge
400 °C using a Morris Research Inc. high oxygen press
furnace, Model No. HPS5015E7. Pellets were prepar
wrapped in gold foil, and placed in an alumina boat; start
pressures of 25–200 bars were employed, giving pressur
400 °C of 50–400 bars. At the end of each run, samples w
cooled slowly to ambient temperature whilst still under pre
sure, removed and analyzed using a range of techniques

For neutron diffraction, 5–10 g samples were prepared
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15 230 55SKAKLE, LACHOWSKI, SMITH, AND WEST
above. Samples were placed in cylindrical V cans and d
collected on the POLARIS diffractometer at the UK Spal
tion neutron source, ISIS at Rutherford Appleton Laborato
The crystal structures were refined by the Rietveld met
using the program TF14LS,29,30using data collected over th
time-of-flight range 2000–19500ms using the highest reso
lution, backscattering detectors. Scattering lengths w
taken from Sears.31

The homogeneity of the high-pressure-annealed sam
was checked by electron probe microanalysis~EPMA! using
a Cameca SX51 EPMA. Transmission electron microsc
~TEM! and selected area electron diffraction~SAED! were
performed on a JEOL TEMSCAN instrument.

RESULTS

Ten samples were prepared with compositions, given
the general formula La1.52xBa1.51x2yCayCu3Oz , in the range
0<x<0.5, 0<y<0.5, Table I, as described previously9,11

and confirmed to be phase pure by x-ray powder diffracti
in agreement with the phase diagram.9 The samples fall into
two groups, those with the nominal replacement La5Ca, i.e.,
with x5y in the general formula, and those with the replac
ment Ba5Ca, i.e., withx50 and varyingy. These samples
were then divided into several portions and heated in a ra
of oxygen pressures at 400 °C. All samples were sub
quently analyzed by thermogravimetry~to obtain z, using
methods described in Ref. 9!, ac susceptometry~to obtain
Tc! and x-ray powder diffraction~to check phase purity!.
Results are summarized in Table I. Some samples were
ditionally examined by EPMA~to confirm phase purity and
perform elemental analysis!, TEM ~to confirm unit cell sym-
metry and look for the possible presence of supercell form
tion!, and x-ray and neutron powder diffraction~for lattice
parameters and Rietveld refinement!. Results for the latter
are given in Table II.

The oxygen content as a function of annealing press
for one composition,x5y50.4, and for pressures betwee
0.21 and 350 bar O2 is shown in Fig. 2. These data a
typical of all compositions studied in thatz increases with
pressure, without any indication of reaching a pressu
independent limit; see Table I. The data are approxima
linear over the range 1–350 bars O2. We have not studied
oxygen contents at subambient pressures but note tha
oxygen contents in 1 bar air and O2 differ significantly. It is
possible, therefore, that a second regime of pressure de
dence occurs for pressures below about 1 bar O2. We note
also that the region 1–50 bars corresponds to a crysta
graphic change in theA-site distribution~see later! and to a
discontinuity in lattice parameters~Fig. 7; see later! Further
work is required to establish whether two regions of press
dependence do, in fact, occur and whether these are linke
differentA-site arrangements.

For the same composition and samples,Tc is plotted
againstz in Fig. 3. The plot clearly passes through a ma
mum atz'7.05, corresponding to an average Cu valence
2.33. It is notable that for this composition,x5y50.4, Tc is
not optimized in samples annealed under 1 bar oxygen
high-pressure annealing,Tc first increases to a maximum o
79 K, then falls as low as 35 K upon annealing at 350 ba

Data for the other nine compositions studied were a
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lyzed similarly; see Table I; all the data are collected ont
master diagram in Fig. 4, apart from those for the undop
composition,x5y50, which was found to be semiconduc
ing under all conditions and whose behavior is tota
anomalous in comparison with that of the doped samp

TABLE I. Oxygen contents andTc values for high-pressure
annealed samples.

x5y Sample Tc ~K!
Oxygen
content

Average
Cu valence

0.5 Air 40 6.790 2.193
0.5 Oxygen 78 7.011 2.341
0.5 50 bars 76 7.079 2.386
0.5 75 bars 72 7.112 2.408
0.5 125 bars 56 7.160 2.440

0.4 Air 34 6.76 2.14
0.4 Oxygen 70 6.97 2.28
0.4 25 bars 79 7.06 2.34
0.4 50 bars 79 7.06 2.34
0.4 75 bars 77 7.11 2.373
0.4 100 bars 76 7.123 2.382
0.4 125 bars 70 7.17 2.413
0.4 175 bars 35 7.25 2.467

0.3 Air 27 6.72 2.08
0.3 Oxygen 60 6.93 2.22
0.3 75 bars 75.2 7.06 2.307

0.2 Air 20 6.70 2.03
0.2 Oxygen 45 6.92 2.18
0.2 75 brs 52 6.94 2.193

0.1 Air 6.688 1.992
0.1 Oxygen 25 6.903 2.135
0.1 75 bars 40 6.943 2.162
0.1 125 bars 51 6.982 2.188

0.0 Air 6.657 1.938
0.0 Oxygen 6.884 2.090
0.0 75 bars 7.021 2.180
0.0 125 bars 7.078 2.220

0.0, 0.1 Air 11 6.888 2.092
0.0, 0.1 Oxygen 16 6.912 2.108
0.0, 0.1 75 bars 25 6.932 2.121
0.0, 0.1 125 bars 35 6.964 2.143

0.0, 0.2 Air 16 6.897 2.098
0.0, 0.2 Oxygen 25 6.918 2.112
0.0, 0.2 75 bars 32 6.957 2.138
0.0, 0.2 125 bars 42 7.002 2.168

0.0, 0.4 Air 25 6.764 2.009
0.0, 0.4 Oxygen 40 6.969 2.146
0.0, 0.4 75 bars 55 7.050 2.200
0.0, 0.4 125 bars 62 7.082 2.221

0.0, 0.5 Air 30 6.801 2.034
0.0, 0.5 Oxygen 50 6.981 2.154
0.0, 0.5 75 bars 67 7.126 2.251
0.0, 0.5 125 bars 74 7.195 2.297
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TABLE II. Refined structural parameters for LaBa1.5Ca0.5Cu3Oz from neutron diffraction data.@In the final refinement, the Ba/Ca and L
site occupancies were fixed as 0.75:0.25 and 1.00, respectively, as in the text. These occupancies were deduced from earlier refi
which the isotropic temperature factors, ITF, were held constant and the site occupancies refined. In all cases, there was no evide
occupying the La site and the Ba:Ca ratio refined to within 2 e.s.d’s of 0.75:0.25~where one e.s.d.560.01!.#

Sample HPO25 HPO50 HPO100 HPO150 HPO200 Pretreated

Pressure~bar! 50 100 200 300 400 Ambient
Oxygen content 7.10 7.12 7.14 7.16 7.18 7.02~2!

a ~Å! 3.88098~3! 3.88025~2! 3.88001~3! 3.87898~2! 3.87873~2! 3.88485~2! a ~Å!

c ~Å! 11.71047~11! 11.70377~13! 11.70345~12! 11.70319~12! 11.69815~9! 11.74001~9! c ~Å!

Ba/Caz 0.1831~1! 0.1831~1! 0.1828~1! 0.1828~1! 0.1827~1! 0.1898~1! Ba/Caz
Cu~2! z 0.34881~8! 0.34871~9! 0.34866~8! 0.34856~9! 0.34855~8! 0.35168~8! Cu~2! z
O~2! z 0.36478~8! 0.36474~8! 0.36468~9! 0.36464~8! 0.36454~8! 0.36509~9! O~2! z
O~3! z 0.1573~2! 0.1573~2! 0.1571~2! 0.1571~2! 0.1571~2! 0.1538~2! O~3! z
La ITF 0.58~2! 0.59~2! 0.60~2! 0.62~2! 0.62~2! 0.53~2! La ITF
Ba/Ca ITF 0.62~2! 0.63~2! 0.62~2! 0.63~2! 0.61~2! 0.83~2! Ba/Ca ITF
Cu~1! ITF 1.00~2! 1.00~3! 1.04~2! 1.00~3! 1.00~2! 1.21~2! Cu~1! ITF
Cu~2! ITF 0.27~1! 0.27~1! 0.28~1! 0.28~1! 0.28~1! 0.30~1! Cu~2! ITF
Cu~1!-O~1! 1.9405 1.9401 1.9400 1.9395 1.9394 1.9424 Cu~1!-O~1!

Cu~1!-O~3! 1.8421 1.8410 1.8386 1.8386 1.8378 1.8056 Cu~1!-O~3!

Cu~2!-O~2! 1.9495 1.9492 1.9490 1.9486 1.9484 1.9488 Cu~2!-O~2!

Cu~2!-O~3! 2.2427 2.2402 2.2419 2.2407 2.2396 2.3231 Cu~2!-O~3!
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The data in Fig. 4 demonstrate a universal pattern of beh
ior for the Ca-doped compositions of this series, independ
of cation stoichiometry and with average Cu valence, giv
by the oxygen content, as the main variable; the data p
through a maximum at ca. 79 K for a Cu valence betwe
2.3 and 2.4 and drop sharply in the region of overdopi
Although allTc data fall onto a single master curve, theTc
maximum occurs at different oxygen contents for differe
values ofx. This is because, with decreasing values ofx, the
average Cu valence decreases for a given oxygen con
HenceTc(max) occurs at increasing values ofz for decreas-
ing values ofx.

Electron diffraction patterns for the compositionx5y
50.5, z57.20 are shown in Fig. 5; reflections form a squa
lattice, consistent with the expected tetragonal symmetry
show no evidence of supercell formation. A lattice image
shown in Fig. 6 and clearly indicates the periodicity
(;12 A) along thec axis, with no evidence of intergrowths
Previously, we had shown the Ca-doped La336 material

FIG. 2. Oxygen content of compositionx5y50.4 as a function
of oxygen pressure.
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be tetragonal after heating at ambient pressure; the pre
results show that high-pressure treatment has no notice
effect on the basic structure.

The variation of unit cell parameters,a and c, with an-
nealing pressure for a range of compositionsx and y is
shown in Fig. 7~a!; a is largely insensitive to pressure an
oxygen content butc decreases significantly, especially
lower pressures. This decrease is smallest for the undo
336 compositionx5y50. The variation of cell parameter
with oxygen content is shown for one composition,x5y
50.4 in Fig. 7~b!; all other Ca-doped compositions behav
similarly. The variation with oxygen content is marked
nonlinear. Relatively small changes are seen for oxygen c

FIG. 3. Critical temperature as a function of oxygen content a
average Cu valence forx5y50.4. Same data as for Fig. 2.
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15 232 55SKAKLE, LACHOWSKI, SMITH, AND WEST
tents below about 7. Between 7 and 7.05, a rapid decre
occurs, especially inc; at higher oxygen contents the ce
parameters again decrease more gradually. A smooth v
tion of the unit cell parameters with oxygen content might
expected; it is likely, therefore, that some additional str

FIG. 4. Master plot ofTc vs average Cu valence for all Ca
doped samples together with linear dependence observe
quenched samples.
se

ia-
e
-

tural changes other than simple intercalation of oxygen i
the basal sites may cause the anomalous decrease in the
cell parameters.

The exception to the above pattern of behavior is sho
by the undoped compositionx5y50.0, La1.5Ba1.5Cu3Oz , in
which the lattice parameters show a simple smooth cha
with annealing pressure and hence with oxygen content;
Fig. 7~c!. For this composition, it would seem that the add
tion of oxygen, causing the oxidation of Cu and concomita
decrease in the unit cell dimensions, is the only change
occurs on high-pressure annealing and that there are no
ditional structural changes at intermediate oxygen conten

In order to investigate possible structural changes, hi
pressure-annealed samples of compositionx5y50.5, to-
gether with samples prepared at ambient pressure were
ied by neutron diffraction. In all cases, both La and Ca w
placed on both sets ofA sites initially, to give
~La0.75Ca0.25!~Ba1.5La0.25Ca0.25!Cu3Oz , and the cation site
occupancies were refined within the overall constraint t
the cation stoichiometry was fixed at the nominal value
LaBa1.5Ca0.5. The unit cell dimensions obtained from the r
finements are shown in Fig. 8, for samples annealed at b
ambient~open circles! and high pressures~solid squares! of
oxygen. Again, there is a marked discontinuity in the size
the unit cell dimensions between the samples treated at
and ambient pressures, similar to that shown in Fig. 7 for
x-ray diffraction analyses.

in
FIG. 5. Electron diffraction pattern:hk0 sec-
tion of the reciprocal lattice for compositionx
5y50.4 after heating at 350 bars O2.
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FIG. 6. Electron diffraction pattern:h01 sec-
tion and corresponding lattice image for the sam
sample as in Fig. 5.

FIG. 7. ~a! Lattice parameters obtained at room temperature and pressure vs pressure used for high-pressure oxygen anneals
of Ca-doped samples.~b! As in ~a!, lattice parameters vs oxygen content for compositionx5y50.5 (LaBa1.5Ca0.5Cu3Oz); x-ray diffraction
analysis.~c! As in ~a!, lattice parameters vs oxygen content for compositionx5y50.0 (La1.5Ba1.5Cu3Oz).
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The cation site occupancies obtained from the Rietv
refinement, Table II, also fall into two sets. For the samp
annealed at ambient pressure, Ca was found to occupy th
site with concomitant displacement of La onto the Ba site
give the formula

~La0.5Ca0.5!~Ba1.5La0.5!Cu3Oz .

This is in agreement with our earlier results obtained fr
x-ray powder diffraction data.11 In the high-pressure
annealed samples, however, Ca was found to occupy th
site, to give the formula

~La!~Ba1.5Ca0.5!Cu3Oz .

This structural change appears to correlate with
anomaly in the unit cell parameters atz57.00–7.05; see
Figs. 7 and 8.

FIG. 8. As in Fig. 7~a!, lattice parameters vs oxygen content f
compositionx5y50.5; neutron diffraction analysis.
d
s
La
o

Ba

e

To test the stability of the high-pressure form of the L
BCCO structure, a sample prepared under 350 bars of o
gen, x5y50.5, z57.18, was heated to 650 °C und
vacuum in a furnace at the Rutherford Appleton Laborat
and neutron diffraction data collectedin situ as a function of
temperature. Data sets were collected at 50 °C intervals
the structure refined as before. Results are summarize
Table III. Lattice parameters as a function of temperature
shown in Fig. 9. Superposed on a gradual increase ina andc,
there is a discontinuity at 300–350 °C. The lattice para
eters, however, are likely to be affected by oxygen conten
well as temperature and both vary during this experime
Oxygen contents, obtained from Rietveld refinement of
high temperature data are shown as a function of tempera
in Fig. 10. They are approximately constant to 300 °C, u
dergo a rapid decrease at 300–350 °C followed by a m
gradual, approximately linear decrease up to the highest t

FIG. 9. Lattice parameters obtained as a function of tempera
for compositionx5y50.5 after high-pressure oxygenation; samp
heated under vacuum.
of
TABLE III. Refined parameters as a function of temperature~under vacuum! for high-pressure-annealed samples
LaBa1.5Ca0.5Cu3Oz .

T/°C 200 250 300 350 400 450 500 550 600 650

a ~Å! 3.88122~3! 3.88281~3! 3.88508~3! 3.89722~3! 3.89975~3! 3.90288~4! 3.90668~4! 3.91003~4! 3.91499~4! 3.91838~4!

c ~Å! 11.7098~1! 11.7170~1! 11.7278~1! 11.7858~1! 11.8052~1! 11.8136~1! 11.8384~1! 11.8637~1! 11.8855~1! 11.9013~1!

Ba/Caz 0.1832~2! 0.1834~2! 0.1840~2! 0.1869~2! 0.1877~2! 0.1882~2! 0.1898~2! 0.1905~2! 0.1916~2! 0.1921~2!

Cu2 z 0.3488~1! 0.3490~1! 0.3493~1! 0.3506~1! 0.3510~1! 0.3512~1! 0.3518~1! 0.3522~1! 0.3527~1! 0.3530~1!

O2 z 0.3646~1! 0.3646~1! 0.3647~1! 0.3651~1! 0.3652~1! 0.3653~1! 0.3654~1! 0.3655~1! 0.3657~1! 0.3658~1!

O3 z 0.1568~2! 0.1568~2! 0.1564~2! 0.1548~2! 0.1543~2! 0.1540~2! 0.1534~2! 0.1530~2! 0.1525~2! 0.1522~2!

O1 SITE 0.57~1! 0.56~1! 0.54~1! 0.43~1! 0.40~1! 0.38~1! 0.34~1! 0.30~1! 0.26~1! 0.23~1!

Oxygen 7.14 7.12 7.08 6.86 6.80 6.76 6.68 6.60 6.52 6.46

La ITF 0.84~2! 0.92~2! 1.00~2! 1.09~2! 1.21~2! 1.31~3! 1.30~3! 1.44~3! 1.51~3! 1.59~3!

Ba/Ca ITF 0.83~2! 0.90~3! 0.97~3! 1.07~3! 1.24~3! 1.32~4! 1.36~4! 1.42~4! 1.50~4! 1.57~4!

Cu1 ITF 1.22~3! 1.18~3! 1.36~3! 1.45~3! 1.70~4! 1.89~4! 2.03~4! 2.24~4! 2.46~5! 2.61~5!

Cu2 ITF 0.47~1! 0.53~1! 0.59~2! 0.64~2! 0.68~2! 0.74~2! 0.76~2! 0.81~2! 0.86~2! 0.89~2!
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perature studied, 650 °C. The loss of oxygen below 350
corresponds to that gained during the high-pressu
annealing treatment.

The results of Figs. 9 and 10 are combined in Fig. 11
give lattice parameters as a function of oxygen content. D
are essentially linear for botha andc; the unit cell contracts
as oxygen is intercalated into the structure, consistent w
the increased average oxidation state of Cu leading to st
ger, shorter Cu-O bonds. It should be remembered that
data shown in Fig. 11 also have temperature as a varia
since the crystal structure presumably expands with temp
ture, any expansion effects are superposed on the varia
with oxygen content. Nevertheless, assuming a typical
pansion coefficient of 131025 °C21, the changes shown in
Fig. 11 are three orders of magnitude larger. It can be c

FIG. 10. Oxygen content vs temperature for the sample and
used in Fig. 9. The variation in oxygen content was achieved
heating the sample under vacuum and was determined from
occupancies obtained by Rietveld refinement of the high temp
ture neutron diffraction data.

FIG. 11. Lattice parameters vs oxygen content; data obta
from Figs. 9 and 10.
C
e-
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cluded, therefore, that the data shown in Fig. 11 are larg
uninfluenced by thermal expansion effects.

The Rietveld refinement results showed that the oc
pancy of theA sites was essentially unchanged on heati
i.e., that Ca partially occupied the Ba sites. Thus, for t
composition at least, it is possible to prepare materials wit
range of oxygen contents but with differentA-site distribu-
tions: in the high-pressure treated sample and after hea
subsequently, in vacuum, at temperatures up to 650 °C,
occupies the Ba sites whereas in the originally prepa
sample which was not subjected to high-pressure oxyg
ation, the alternativeA site distribution~CaLa1LaBa, i.e., Ca
occupies the La sites and La occupies the Ba sites!, was
found.

From the Rietveld refinement results, Table III, bo
length data involving Cu were extracted and are plot
against oxygen content in Fig. 12. In all cases, the Cu-O
Cu-Cu bonds show a linear variation withz. Again, the data
were obtained at different temperatures, but the effects
thermal expansion are negligible in comparison with the
fect of varying oxygen content,z.

For other compositions within the solid solution area,
has not yet been possible to use neutron diffraction to inv
tigate the cation distributions. Figure 7 shows the variat
of lattice parameters as determined by x-ray diffraction w
annealing pressure,~a!, and for one composition, with oxy
gen content~b!; the lattice parameters of all composition
apart fromx5y50. showed a marked drop upon anneali
under pressure. It is implied, therefore, that the structu
changes found in LaBa1.5Ca0.5Cu3Oz (x5y50.5) on high
pressure treatment are also responsible for a similar ano
lous change in lattice parameters of the other doped com
sitions. The behavior of the undoped compositionx5y50 is
different; it shows little sign of any anomaly in lattice pa
rameters, Fig. 7~c!. No transition inA-site distribution is an-
ticipated, therefore, consistent with the fact that this com
sition contains no Ca21 ions.

DISCUSSION

The results obtained by high-pressure annealing show
the oxygen content of La336:Ca solid solutions can be
creased by treatment at low temperatures~400 °C!; the maxi-
mum achieved was 7.25 using a pressure of 350 bars.
graph of oxygen content versus pressure did not reach a
teau, indicating that higher values of oxygen content co
be achieved under higher pressures; there is no indicatio
any decomposition at high oxygen pressures, such as oc
with Y123. In theory, because the 123-336 type structure
an oxygen-deficient triple perovskite, it should be possible
increase the oxygen content to 9.

By increasing the oxygen content of the La336:Ca so
solutions, the overdoped region of the system has been
cessed; the maximum inTc is clearly shown. Similar behav
ior is well known for systems such as La22xBaxCuO4 and the
BiSCCO’s; it has not been demonstrated clearly before
these structures although it has been suggested as a pos
ity for La123.32 In Y123, overdoping was achieved only b
aliovalent doping~e.g., Ca21 substituting for Y31! ~see, e.g.,
Refs. 13, 33, and 34!; it has not been possible to overdop
Y123 by increasing the oxygen content.
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The curve of critical temperature vs Cu valence appe
to be universal for doped samples in th
La1.52xBa1.51x2yCayCu3Oz system, see Fig. 4. The ‘‘336’
phase does not, however, fit the general trend. Despite
earlier report of aTc of 15 K;35 it appears to be well estab
lished that La1.5Ba1.5Cu3Oz is semiconducting. One reaso
suggested was that the Cu valence is too low for superc
ductivity. However, if we were to regard theTc vs Cu va-
lence curve as universal for the La1.52xBa1.51x2yCayCu3Oz
system, then La1.5Ba1.5Cu3O7.08 ~Cu valence52.22! should
have a critical temperature of around 55 K. This was clea
not the case. Samples doped with>10% Ca for Ba do fol-
low the master-curve behavior. La1.5Ba1.5Cu3Oz is, therefore,

FIG. 12. Selected bond lengths vs oxygen content for comp
tion x5y50.5.
rs

an

n-

y

a distinct composition and merits further study as to why
does not exhibit superconductivity. Davidet al. suggest that
due to oxygen localizations in samples with oxygen conte
greater than 7, superconductivity in 336 is possible only
oxygen stoichiometries less than 7;6 our studies confirm tha
no superconductivity is observed in 336 samples with o
gen contents higher than 7, but also have shown no evide
of superconductivity above 4 K for samples with oxygen
contents lower than 7.

TheA-site cation arrangement of high-pressure-annea
samples differs from that of the as-prepared samples, an
kinetically stable in this arrangement up to at least 650 °C
the related systems YBa2Cu4O8 ~124! and Y2Ba4Cu7O15
~247!, there has been much controversy in the literature a
the substitution mechanism when the dopant ion is
Ca21 is of similar size to Y31, but the same valence a
Ba21 and so may, in theory, substitute to some degree
either site. The most recent neutron diffraction results~e.g.,
Refs. 36–39! indicate that Ca substitutes on the Y sites
Y-124 prepared at high pressure. Buckleyet al. prepared
samples both at high pressure and at ambient,34 and for both
these conditions Ca was shown to substitute at both s
Zhang, however, demonstrated that Ca substitution clo
mimics the effect of external pressure,40 and that Ca must
substitute on Ba sites; NQR~nuclear quadropole resonanc!
and EELS results largely suport this deduction.41–43Similar
ambiguities exist over the substitution of Ca in
Y2Ba4Cu7O15.

34,36,44 Here, for the composition
LaBa1.5Ca0.5Cu3Oz , we have demonstrated that Ca can su
stitute for either La or Ba, depending on the preparation c
ditions. It is possible that differing preparative conditio
could be responsible for the differing results in the Y-1
and 247 systems.

The existence of a single master curve ofTc vs average
Cu valence, Fig. 4, similar to that observed with other c
prate systems,45 implies that hole concentration is the ke
parameter controllingTc for a given structure. In the under
doped region of Fig. 4, however, the data show some sca
which indicates that additional factors influenceTc . In a
series of papers20–27 concerning materials in direction 28,
Fig. 1, for which the overall A-site cation charge
(La1Ba1Ca) is constant at 7.25~1!, Goldschmidtet al.
have shown that a range ofTc values is possible at constan
oxygen content. They interpret this as arising from varia
degrees of internal charge transfer between the two type
Cu sites in the crystal structure. Additional evidence for t
possibility of internal charge transfer, although not explici
recognized as such, comes from the observation of ‘‘dou
plateau’’ behavior in the plot ofTc vs oxygen content of a
La123:Ca solid solution composition,x5y50.5:46 materials
that were cooled rapidly showed a linear dependence oTc
on oxygen content, whereas slowly cooled samples sho
somewhat higher-Tc values and a double plateau dependen
on oxygen content.

The data shown in Fig. 4 are for samples that had b
cooled to ambient over a period of several hours after hi
pressure oxygenation at 400 °C. These are compared
those that were quenched to ambient after annealing at 1
in Fig. 4; data on materials quenched after high-press
oxygenation are not available. This clearly shows that
slowly cooled samples have a higherTc , by up to 25 K
depending on oxygen content, than the rapidly quenc
samples. Hence the master curve ofTc vs oxygen content

i-
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applies strictly to samples prepared under similar conditio
If the conditions vary, such as using different cooling rat
then departures from the master curve behavior occur.

CONCLUSIONS

The oxygen content of La336:Ca solid solutions can
increased by high-pressure oxygenation, the samples bec
overdoped andTc decreases. This behavior contrasts w
that of Y 123 which decomposes at high oxygen pressu
The Tc data for a wide range of cation contents fall on
master curve ofTc vs average Cu valence, thus showing th
hole concentration is the main factor that controlsTc for
materials in this structural family. In the underdoped regi
there is some scatter in the experimentalTc data and this is
k
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attributed to varying degrees of internal charge trans
which effectively allows the hole concentration to vary wit
out any change in overall composition. For a given comp
sition, the degree of internal charge transfer may vary s
tematically with temperature and hence, the cooling rate a
synthesis is an important variable in controlling the hole co
centration andTc .
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