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A study of the preparation and properties of La;+xBaz—xCu3O, (0=<x =<0.5) system was per-
formed on two kinds of samples. One with 0 < x =< 0.2 was sintered at 970-980°C in N; gas and
postannealed at 300°C in O, gas atmosphere and the other with 0 =<x=<0.5 was sintered at
900°C in N> gas and postannealed under the same conditions. The samples sintered at
970-980°C were orthorhombic and their oxygen content (y) was nearly 6.95, smaller than that
of those sintered at 900°C, which was about 7.15. Thermogravimetric study revealed that sam-
ples sintered at 900°C contained a large amount of oxygen; the oxygen content was not substan-
tially reduced at elevated temperature, even in N gas atmosphere. Resistivity and dc magnetic-
susceptibility measurements revealed that the superconducting properties of the samples sintered
at 970-980°C were much better than those of the samples sintered at lower temperature. The
T.’s in the La;+xBas—xCu30, system with y = 7.0 decreased linearly from 93 to 80 K with excess
La content, x. Differential scanning calorimetry in O gas atmosphere showed that the
orthorhombic-tetragonal structural phase transition temperatures were lowered monotonically
from 485°C (x=0) to 443°C (x=0.3). We address the effect of La substitution for Ba in
LaBa,Cu307, samples on their superconducting properties. We discuss the relation between the
oxygen content in Laj+xBas—xCu30, samples and their superconducting properties. Finally, we
discuss the reasons why the superconducting properties of the samples which were sintered in N>
gas are better than those of the samples sintered in O gas or air.
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I. INTRODUCTION

LaBa;Cu30, has an orthorhombic -2 oxygen-deficient
triperovskite structure and is isostructural to YBa,Cu30,,
in which Ba?* and Y3* have an ordered arrangement
(Ba-Y-Ba) along the ¢ axis and the occupation factor of
oxygen ions at (§,0,0) and (0, §,0) are close to 0 and 1,
respectively.3_7 Like YBa;Cu30O,, this material shows
bulk superconductivity above 90 K.! However, the
highest zero-resistance temperature reported so far is
about 80 K."37!0 Recently, we have synthesized good-
quality LaBa,;Cu30, by sintering above 950°C in N, gas
and postannealing in dry O,.!"'> One sample showed a
superconducting transition with an onset at 93 K and zero
resistance at 92 K. Among the series of 90-K super-
conductors LBa;Cu3O, (where L is Y or lanthanide),
LaBa;Cu30, has attracted attention because the cost of
La is among the lowest of the lanthanide elements.

The La-Ba-Cu-O phase diagram includes a solid solu-
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tion region with the formula La;4+,Ba;—,Cu3O,
[La(Ba; - y/2Lay/2)>2Cu30,1'%13 716 because of the simi-
larity in the ionic radii of La3* (1.27 A) and
Ba?t(1.52 A).!7 Homogeneous single-phase samples can
be prepared in the range from x=0.1 and x=0.6.'3!4
Single-phase LaBa;Cu;O, (x=0) has not been syn-
thesized by any technique other than ours. X-ray-
powder-diffraction patterns of the samples with x=0.1
could be indexed to an orthorhombic unit cell; samples
with 0.2 < x < 0.6 were tetragonal.'®'® The supercon-
ducting transition temperatures (7.) of La;+,Bay—,-
Cu;0, samples were lowered from about 85 K (x=0) to
about 40 K (x=0.3) with increasing La content.'® From
a neutron-powder diffraction study, Segre et al. !° deter-
mined the occupation factor of oxygen in (+,0,0) and
(0, +,0) sites for several samples with different 7, and
suggested that the 7. was intimately connected to the
presence of ordered Cu-O chains.

However, all the samples in the La;+,Ba;—Cu3O,
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series studied so far were sintered in air or O;. Their
quality was not evaluated by the dc magnetic-
susceptibility measurements. There are few discussions of
the relation between their oxygen contents and supercon-
ducting properties. Further, reports on the ortho-
rhombic-tetragonal structural phase transition in Laj4x-
Ba,- .Cu30, system are hard to find in spite of the great
practical and scientific importance of this topic.

In this paper, we present an extensive study on the
preparation and properties of La;+xBa;—,Cu3O,
(0= x =0.5) samples. We prepared high-T, supercon-
ducting La;+xBa;—xCu30O, solid solution samples by
sintering in N gas and postannealing in dry O,. We have
found from the study of preparation of high-quality
LaBa,;Cu30, (Ref. 11) that the quality of the samples sin-
tered in N, gas and postannealed in dry O, gas is much
better than that of previously reported samples, which
were sintered in air or O; gas.

The identification of the phases and the determination
of the lattice parameters were performed by x-ray-powder
diffraction. Discrimination between orthorhombic and
tetragonal region of samples was performed using a polar-
ized optical microscope and a transmission electron micro-
scope as well as by x-ray-powder diffraction. High-
resolution transmission electron microscopic (HRTEM)
analysis was performed to study the structure of the
tetragonal sample with x=0.2. The oxygen content was
analyzed by the inert gas fusion nondispersive ir method.
Oxygen desorption and absorption in the samples at
elevated temperatures were studied by means of thermo-
gravimetry (TG). In order to evaluate the bulk supercon-
ductivity, dc-magnetic susceptibility measurements were
carried out. Resistivity measurements were also per-
formed. The orthorhombic-tetragonal phase transition
temperature was determined using differential scanning
calorimetry (DSC).

We will discuss the following three points. The first is
the effect of La3* substitution for Ba?* in LaBa,Cu;0,
samples on their superconducting properties, as compared
with the case of YBa,—,La,Cu30,.'"® The second is the

relation between the oxygen content of the samples and
their superconducting properties. Finally, we discuss the
reason why the superconducting properties of samples sin-
tered at 970-980°C in N, gas and postannealed in dry O,
gas are so much better than those of the previously report-
ed samples which were sintered in air or O, gas. The dis-
cussion is based on the results of TG measurements in N,
and O,.

II. EXPERIMENTAL PROCEDURE

La;+,Ba;—,Cu30, (0<x <0.5) ceramics were pre-
pared from La;0;, BaCOs3, and CuO powders. The syn-
thetic procedure for LaBa,Cu30, was reported in detail in
a previous paper.!! The La,O3; was used after being
prefired at 1000°C for 5 h in air because it is hygroscop-
ic.!? These powders were ball milled in ethanol and cal-
cined at 900°C for 5 h in air. The resulting black powder
was ground and recalcined at 950°C for 10 h in air. The
calcined powder was molded and sintered at 900-980°C
for 40 h in various atmospheres. The sintered ceramics
were postannealed at 300°C for 40 h in dry O,. The
starting composition and synthesis conditions for the sam-
ples were summarized in Table 1.

The phases present and their lattice parameters were
determined by x-ray-powder diffraction using Cu Ka radi-
ation. For structural refinement, a curved graphite mono-
chromator was placed in the scattering beam path. Lat-
tice parameters were determined by Cohen’s method. !°

The oxygen content of the sample was analyzed by an
inert gas fusion nondispersive ir method (Horiba
Seisakusho model EMGA-2800). A weighed quantity of
the sample (about 50 mg) and flux (nickel and tin) were
placed in a carbon crucible. When the sample was heated
to fusion in He gas, all the oxygen in the sample reacted
with carbon and carbon monoxide gas was produced. The
quantity of carbon monoxide produced was analyzed by
an infrared spectrometer. High-purity (99.99%) Y,0;
was used as a standard sample. All the results shown in

TABLE I. The compositions and preparation conditions of samples in the La;+xBas-xCu3O, series.

Composition Sintering condition
Sample No. x Temperature (°C) Atmosphere
1 0.00 980 N2
2 0.05 970 N,
3 0.10 970 N
4 0.20 970 N
52 0.30 970 N2
6 0.00 900 N
7 0.05 900 N
8 0.10 900 N
9 0.20 900 N
10 0.30 900 N
11 0.40 900 N2
12 0.50 900 N2
13 0.10 970 Ar
14 0.10 970 air

#This sample was annealed at 970 °C for 40 h and at 300 °C for 40 h in O, atmosphere after sintering.
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TABLE II. Compositions, lattice parameters, and magnetic-superconducting transition temperatures (7.) of the samples in the
Laj+xBa;—,Cu30, series. (Numbers in parentheses indicate standard deviations.)

Sample Composition Lattice parameters Magnetic T,

No x y a (A) b (R) c/3(R) c (R) vV (A?) (K)
1 0.00 6.95 3.884(1) 3.939(1) 3.939 11.820(2) 180.81 93
2 0.05 6.98 3.884(1) 3.936(1) 3.936 11.809(2) 180.56 91
3 0.10 6.92 3.889(1) 3.934(1) 3.934 11.805(2) 180.61 86
4 0.20 6.92 3.888(1) 3.934(1) 3.934 11.801(2) 180.50 79
5 0.30 7.04 3.912(1) 3.912 11.736(1) 179.64 70
6 0.00 7.15 3.885(2) 3.934(2) 3.933 11.800(4) 180.35 90
7 0.05 7.13 3.885(2) 3.933(2) 3.932 11.797(4) 180.23 88
8 0.10 7.14 . 3.898(2) 3.918(2) 3.916 11.747(6) 179.40 79
9 0.20 7.10 3.914(1) 3.915 11.744(1) 179.93 60

10 0.30 7.20 3.912(1) 3.912 11.735(1) 179.58 50

11 0.40 7.15 3.911(1) 3.908 11.733(1) 179.49 50

12 0.50 7.11 3.904(1) 3.905 11.714(5) 178.55

13 0.10 6.94 3.885(1) 3.931(1) 3.931 11.795(2) 180.13 84

14 0.10 7.04 3.889(1) 3.930(1) 3.930 11.790(4) 180.20 74

Table II and Fig. 1 are the average of two or three deter-
minations.

To confirm the accuracy of the oxygen measurement,
the oxygen content of a good quality YBa;Cu3O, sample
was measured. This sample showed a sharp supercon-
ducting transition and almost 60% Meissner flux exclusion
by magnetic-susceptibility measurements. The oxygen
content was found to be 6.95, which was in good agree-
ment with the value determined by an iodometric titration
technique (6.92).%°

Polished surfaces of the ceramics were observed using a
polarized optical microscope. HRTEM experiments were
made using a H-9000 ultrahigh resolution-type high-
resolution electron microscope operated at 300 kV.

Electrical resistivity was measured by a conventional
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FIG. 1. Oxygen content (y) and average formal copper

valence (n) for La;+xBaz—,Cu30, series.

four-probe technique. The dc magnetic susceptibility was
measured by a superconducting quantum interference de-
vice (SQUID) magnetometer (SHE model 905). The
measurement was performed by decreasing the tempera-
ture from above the superconducting transition point un-
der a fixed field of 10 Oe.

The procedure for thermal analysis (TG and DSC) was
reported in detail in a previous paper.?' Thermal analyses
were performed on powder samples. The TG measure-
ments were carried out using a MAC Science model TG-
DTA 2000. The measurements were made between 200
and 950°C at a heating and cooling rate of 10°C/min and
at an O, or N gas flow rate of 100 cm3/min. DSC mea-
surements were carried out using a MAC Science model
DSC 3100. The measurements were made between 200
and 600 °C at a heating and cooling rate of 10°C/min and
at an O, gas flow rate of 50 cm3/min.

III. RESULTS

A. Oxygen content and lattice parameters

The x-ray-diffraction patterns indicate that all of the
samples shown in Table I are single phase with the tri-
perovskite structure.* The oxygen contents and crystallo-
graphic unit-cell parameters are presented in Table II.

1. Samples 1-5 sintered at 970-980°C in N gas

For 0=x=0.2, orthorhombic La;+,Ba;-;CusO,
could be prepared by sintering at 970-980°C in N, gas
and postannealing in dry O, gas. For x=0.3, the ob-
tained ceramics were multiphase; they all contained a
second phase with the La,CuO, structure.??> Sample S
(x=0.3) was prepared by two-step annealing at 970°C
for 40 h and at 300°C for 40 h in O, gas atmosphere after
a sintering at 970°C in N, gas. This sample was single
phase with tetragonal unit cell.

As La’t is substituted for Ba?* in LaBa,Cu;O,
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FIG. 2. Lattice parameters for La;+xBaz-xCu3O, series,
determined by x-ray-powder diffraction.

charge compensation may occur either by a reduction of
the formal copper valence, by an increase in the oxygen
content, or both. The oxygen contents (y) of Laj4-
Ba;-,Cu3O, samples and their average formal copper
valences [n=(2y —7 — x)/3] are plotted in Fig. 1. For the
sample 1-4 sintered at 970-980°C in N, gas, the oxygen
contents varied little, ranging between 6.92 and 6.98.
Therefore, it follows that the formal copper valence (n)
was reduced from 2.30 (x =0.0) to 2.21 (x=0.2) with in-
creasing excess La content by the charge compensation
effect.

The lattice parameters for La;+xBas—xCu3O, samples
are plotted in Fig. 2. Orthorhombic La;+,Ba;-,Cu30,
has a large a-b splitting for small x; with increasing x, the
a axis lengthens and the b axis shortens, moving toward
tetragonal symmetry. This tendency probably results
from depletion of oxygen from the one-dimensional chains
parallel to the b axis and population of normally vacant
oxygen sites between coppers parallel to g axis. In these
orthorhombic samples, the relation @ < b <c¢/3 holds as in
the other orthorhombic LBa,Cu3O, (L is Y or a rare-
earth element) materials.”> The meaning of this rule
from the crystallographic point of view has been investi-
gated.?* Sample 5 with x =0.3 was found to be not ortho-
rhombic but tetragonal by x-ray-powder diffraction. The
problem of the symmetry of this sample will be discussed
later.

2. Samples 6-12 sintered at 900°C in N, gas

Single-phase La;+,Ba;-xCu3O, (0=<x=0.5) sam-
ples can be prepared using this sintering condition. Their
oxygen contents exceeds 7.0, and being fixed at a value
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near 7.15, as shown in Table II and Fig. 1. The formal
copper valence (n) was reduced from 2.43 (x=0) to 2.24
(x=0.5) with increasing La content. The oxygen con-
tents (7.10=<y =<7.20) were considerably larger than
those of samples sintered at 970-980°C. Therefore, the
average formal copper valences are higher than those of
the samples sintered at 970-980°C.

The lattice parameters of the samples are also plotted in
Fig. 2. For 0 < x < 0.1, the samples were orthorhombic
but their a-b splittings were small. For 0.2<x =<0.5,
only tetragonal samples could be prepared under these
conditions. It is interesting that the ¢/3 is very close to a
in all the tetragonal samples. For x=0.2, both ortho-
rhombic (sample 4) and tetragonal (sample 9) phases
could be prepared. The x-ray-diffraction patterns of these
samples are shown in Fig. 3, together with that of ortho-

. rhombic sample 1, La; ¢BasoCu300¢9s5. The characteris-

tic peaks between 45° and 48° are shown magnified. The
Ka; peaks have been eliminated using a modified Rach-
inger method.?*26 The unit-cell volume (V' =aXx b Xc) de-
creases with increasing x both in samples sintered at
970-980°C and in those sintered at 900°C. The unit-cell
volume of the sample sintered at 970-980°C is lower than
that of the sample sintered at 900 °C and the oxygen con-
tent of the sample sintered at the higher temperature is
lower than that of the sample sintered at the lower tem-
perature. For example, the unit-cell volume of ortho-
rhombic sample 4, La,,Ba; gCu3Og92, is 180.50 A3 and
E{J?t of tetragonal sample 9, La,; ;Ba; sCu307 10, is 179.93

Sample No.1
2000 r Orthorhombic
La; oBayCu;3 06 95
1000f 26 47
ob— — h J \ J\_L
" Sample No.4
g 2000} Orthorhombic
r La; 2Ba; 5Cu30q g2
©
2 1000f 46 W7
‘@
: k
g L | N

Sample No.9
2000F Tetragonal
La; 2Ba;gCu;30y,0
1000f : 46 47
ol A JL AL A A
10 20 30 40 50 60
26 (deg)

FIG. 3. X-ray-powder-diffraction patterns for some samples
in La;j+xBaz-xCu30, series.
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B. Observation of the structure by optical microscopy
and high-resolution transmission electron microscopy

Polished surfaces of samples were observed in a cross
polarized light microscope; typical examples are shown in
Figs. 4(a) and 4(b). These photographs show the surface
of the orthorhombic sample 2 with the composition
LajgsBa; 9sCu3Og9s. Grain boundaries and domain
boundaries are well discriminated by color differences.
Many grains are seen in Fig. 4(a). We believe that the as-
pect ratio (length/width) of the grains is smaller than that
of the rectangular grains in YBa,Cu;0, ceramics.?’?
Many microdomains in the grains are seen in Fig. 4(b).
Similar domain structures have been observed in ortho-
rhombic YBa,Cu3;0, ceramics.?”?® The twin planes are
probably (110) planes by analogy with YBa;Cu;0,. In
the tetragonal samples, twin boundaries are not observed
in the grains.

Recently, it was pointed out that x-ray-powder-
diffraction analysis is not adequate to discriminate be-
tween the orthorhombic and the tetragonal phases for the
so-called 1:2:3 compound. For YBa,Cu, gsFe040,, the
lattice parameters, a and b, determined by x-ray-powder
diffraction appear closer because of interference of scat-
tered waves from adjacent microdomains, even though the
real lattice parameters in each microdomain do not
change. %30

We intensively studied tetragonal sample 9 with the
composition of La; z0Ba; 30Cu3z07.10 by HRTEM, with an
accelerating voltage of 300 kV. Figure 5 shows a high-

FIG. 4. Typical optical micrographs (polarized light) of pol-
ished surface of orthorhombic sample 2, LajosBa;.95Cu3Og 9.
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FIG. 5. Lattice image of tetragonal La;;Ba;sCu3;07,; (sam-
ple 9), taken with the incident beam parallel to ¢ axis.

resolution lattice image taken with the incident beam
parallel to the ¢ axis. This photograph shows that this
sample is tetragonal; no twin boundary is observed.
Electron-diffraction analysis also suggests that sample 9 is
not orthorhombic but tetragonal. The electron-diffraction
pattern of orthorhombic sample 4 taken with the incident
beam nearly parallel to the ¢ axis is shown in Fig. 6. The
figure shows spot splitting due to twinning. This type of
twinning, with the twin boundary nearly parallel to the
(110) planes, is frequently observed in orthorhombic
YBa,Cu;0,.%"3?

FIG. 6. of orthorhombic

Electron-diffraction patterns
Lai2Ba;.sCu3Og92 (sample 4) with the electron beam parallel to
¢ axis.
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In sample 9, another type of twinning was observed; a
lattice image is shown in Fig. 7. There are three sets of
microdomains (A4, B, and C) with their ¢ axis perpendicu-
lar to one another. Similar twinning has been observed in
Nd‘,5Ba1_5Cu3Oy (Ref. 33) and La1‘5Ba1.5Cu30y. 34 This
type of twinning is considered to result from the closeness
of a(=3.914A) to ¢/3(=3.915A) and the disorder of
La and Ba atoms in the triperovskite structure.

In order to understand the structure of the tetragonal
sample, we studied its high-resolution structure image,
taken with the incident beam parallel to the a axis; it is
shown in Fig. 8. A projected ideal structure model is in-
serted in this figure. La and Ba atoms appear as dark
spots, Cu atoms as weak dark spots, and oxygen atoms
correspond to bright regions located between the dark
spots. Brighter regions indicated by Oy and Oy are con-
sidered to be the positions of oxygen vacancies by analogy
with the high-resolution lattice images of YBa,Cu30,. 33
The structure observed in this figure is in good agreement
with that of YBa,Cu30,. 33,36

Sample 9 (y =7.10) and 4 (y=6.92) were sintered at
different temperatures; this explains the residual random-
ness of La and Ba atoms in sample 9. Therefore, we con-
sider that the larger oxygen content of sample 9 rather
than 7.0 is caused by the disorder between La and Ba
atoms in the structure. This type of disorder cannot be
directly detected by HRTEM observation because La and
Ba atoms are difficult to distinguish in HRTEM image.
Song et al.® pointed out from their neutron-diffraction
study that the broadening in the diffraction peaks as T is
decreased is indicative of greater disorder in the La and
Ba sites and/or the oxygen configuration. A neutron-
powder-diffraction study of the sample sintered at 900°C
in N, gas is scheduled for the near future.

FIG. 7. lattice tetragonal

High-resolution
La;;Ba; 3Cu307.1, showing the three set of microdomains (A, B,
and C) with ¢ axis perpendicular to one another.

image of

&

FIG. 8. Structure image of tetragonal La;»Ba; sCu307,, tak-
en with the incident beam parallel to a axis. A projected struc-
ture model is inserted. Brighter regions indicated by Ox and Oy
are the positions of oxygen vacancies.

C. Oxygen content at elevated temperature

We performed TG measurements in order to study the
oxygen contents of the samples at elevated temperature.
Figure 9 shows typical TG curves for samples in the
La;+,Ba;—Cu30, series. The thermal treatment was re-

Temperature (K)

600 800 1000 1200
First run in Op Lay 05Ba; 95 Cuz0y
7.0
6.5 | ]
T EN
7.0 | Second runin Np ]
>
S 65|
[
o]
(&} I~ 4
S
o 6.0« &
oy Third runin O
o 7.0} ]
6.5 | J
6.0 L
200 400 600 800 1000

Temperature ( °C )

FIG. 9. TG curves of La, ¢sBa;.9sCu30, sintered at 970°C in
N2 gas atmosphere (sample 2) on heating and cooling in O, or
N3 gas flow.
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peated in O, N, and O; gas flow successively. On the
first heating in O, gas, La; ¢sBa; 9sCu30¢.95 began losing
oxygen at 400°C and was reduced to y = 6.40 at 950°C.
On the first cooling, it continuously absorbs oxygen down
to 300°C and nearly returns to the original composition,
La,; osBa;j 95Cu3O¢9s. Hysteresis of TG curves at around
400°C is seen from this figure. This is due to the
difference in oxygen desorption and absorption behavior
on heating and cooling. On the second run, in N, gas, the
compound was reduced to around La,; gsBa; 95Cu3Ogo0 at
about 950°C. It did not return to the original composi-
tion with y = 7.0 upon cooling to 200°C. On the third
heating in O, gas flow, the reduced material, with
y==6.25, absorbed a large amount of oxygen in the tem-
perature range between 300 and 400°C and then again
desorbed the oxygen at higher temperature during the first

heating. On cooling for the third time, the compound ab-

sorbs oxygen again and nearly returns to the original com-
position, La; osBa; 9sCu3Og¢9s. This TG study shows that
La; o5Ba;.95Cu30, desorbs and absorbs oxygen reversibly.
The oxygen content at elevated temperature in N, gas is
considerably lower than that in O, gas. For example, at
900°C, y is about 6.05 in N gas and is 6.40 in O, gas.
Figure 10 shows the TG curves of the samples in the
La;+xBa;—Cu30, series sintered at 970-980°C upon
heating in N,. This figure shows that the oxygen contents
at 900°C are 6.05, 6.12, 6.20, and 6.30 for the samples
with x=0.0, 0.1, 0.2, and 0.3, respectively. We see from
this result that the samples with higher La content also
had higher oxygen contents at elevated temperature. This
is considered to be due to presence of La3" ions in the
Ba2" sites, presence of excess oxygens brought about by
La and Ba disorder, or both. We think that the main
cause is the excess positive charge of La®* in the Ba?*
site, but we cannot exclude from consideration the effect

Temperature ( K )

600 800 1000 1200
7.2 T T T

LajxBaz_x Cuz0y

Heated in N,

.Y

Oxygen Content

L

200 400 600 800

Temperature ( °C )

FIG. 10. TG curves of samples in the La;+xBaz—xCu30, sys-
tem sintered at 970-980 °C on heating in flowing N> gas.
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FIG. 11. TG curves of La;.2Ba; gCu30, sample sintered under
the different conditions on heating in flowing N gas.

of the presence of excess oxygens when attempting to ex-
plain results of the DSC study to be discussed in a later
section.

Figure 11 shows the TG curves for La; ;Ba; 3Cu30, sin-
tered at 900 °C (sample 9) on heating in N, together with
the results for orthorhombic sample 4. The oxygen con-
tent of sample 9 at 900°C is 6.35, which is significantly
larger than that of sample 4 (y=6.20). It is clear that
tetragonal sample 9 has oxygen ions which are difficult to
remove from the sample.

D. Superconducting properties

1. Samples 1-5 sintered at 970-980 °C in N gas

The temperature dependence of the resistivity is shown
in Fig. 12(a). These samples showed metallic tempera-
ture dependence of resistivity and sharp superconducting
transitions. However, in the case of the samples 4
(x=0.2) and 5 (x=0.3), which had a large La content,
the resistivity showed pronounced tailing below the onset
of the superconducting transition. This must be due to
degradation of grain boundaries in the ceramics,!? be-
cause these samples show a sharp superconducting transi-
tion from magnetic-susceptibility measurement, as shown
in Fig. 13(a). The superconducting transition tempera-
ture (7™9) decreases from 92.5 K (x=0) to 70 K
(x=0.3) with increasing x. These transition tempera-
tures are considerably higher than the previously reported
T.’s for samples in the La; +,Bay—xCu30, series. 10,1316

The temperature dependences of dc magnetic suscepti-
bilities are shown in Fig. 13(a). All the samples 1-5 show
bulk superconductivity and their Meissner signals at 10 K
are greater than 25% of ideal. The superconducting tran-
sition temperatures are 93, 91, 86, 79, and 70 K for
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FIG. 12. Temperature dependence of the resistivity for
La;+xBaz-xCu30, series, (a) samples sintered at 970~980°C in
N3 gas, (b) samples sintered at 900 °C in N gas.

x=0.0, 0.05, 0.1, 0.2, and 0.3, respectively. These mag-
netic T,’s are given in Table II and plotted in Fig. 14(a)
against excess La content, x, together with their resistive
transition temperatures. These magnetic 7,’s are in good
agreement with the electrical superconducting transition
temperatures. We see that La,; +yBa;— ,Cu30, sintered at
970-980°C shows bulk superconductivity and that the
transition temperature is monotonically lowered by substi-
tution of La for Ba.

2. Samples 6-12 sintered at 900°C in N, gas

The temperature dependences of resistivities are shown
in Fig. 12(b). The orthorhombic samples 6-8 showed me-
tallic temperature dependence of resistivity and a sharp
superconducting transition as did the samples sintered at
970-980°C. The transition temperatures of samples 6-8
were in good agreement with 7,’s of samples 1-3 sintered
at 970-980°C. The tetragonal samples 9-12 showed me-
tallic behavior near room temperature but were semicon-
ducting at lower temperatures (below 150 K). Semicon-
ducting behavior was characteristic of samples with
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FIG. 13. Temperature dependence of the magnetic suscepti-
bility for La;+xBaz—xCu3O, series, (a) samples sintered at
970-980°C in N3 gas, (b) samples sintered at 900°C in N gas.

higher La contents. They also showed a superconducting
transition. The onset temperature of the superconducting
transition remained around 50 K for x between 0.2 and
0.5 but the zero-resistance temperature decreased from 47
K (x=0.2) to lower than 4 K (x=0.5). These supercon-
ducting transition temperatures for the tetragonal phase
are comparable to reported values.'%'3 716 Resistive T.’s
are summarized in Fig. 14(b), together with magnetic
T.’s.

The temperature dependence of magnetic susceptibility
is shown in Fig. 13(b). The orthorhombic samples 6-8
showed bulk superconductivity at a temperature near the
magnetic T, of the sample sintered at 970-980°C. How-
ever, their superconducting transitions were broader and
the volume fraction of superconducting phase, estimated
from the values of their Meissner flux exclusions were
smaller. The tetragonal sample with x =0.2 showed bulk
superconductivity with an onset temperature of 60 K. The
other tetragonal samples showed superconducting transi-
tions around 50 K but their Meissner signals at 10 K de-
creased from 1.93x1073 (x=0.2) to 3x10~° emu/g
(x=0.5). The magnetic T.’s found are summarized in
Table II and plotted in Fig. 14(b). These magnetic T,’s
are in agreement with the onset temperatures of the resis-
tive superconducting transition. We see that the super-
conducting transition temperatures of samples 9 to 12
were not changed but the volume fraction of supercon-
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FIG. 14. Resistive and magnetic-superconducting transition
temperatures of La;+xBaz-Cu30, series, (a) samples sintered
at 970-980°C in N; gas, magnetic T, of YBa;—xLa,CusO, sys-
tem, determined by Cava et al. (Ref. 18) are plotted as well.
(b) Samples sintered at 900°C in N gas.

ducting phase with 7, =50 K decreased with increasing
La content.

E. Orthorhombic-tetragonal structural phase transition

DSC was performed on samples 1-5. Figure 15 shows
typical DSC curves for La, +xBa;—,Cu30,, samples tested
in O,. Heating and cooling between 200 and 600 °C were
repeated twice. The endothermic peaks at about 400°C
on heating are due to sudden desorption of O, gas from
the sample. This sudden absorption of heat was observed
by differential thermal analysis (DTA)-TG analysis. Re-
sults are shown in Fig. 9. The step at about 476°C on
cooling corresponds to the orthorhombic-tetragonal (O-T)
structural phase transition.?! The endotherm correspond-
ing to desorption of O; from the sample is much larger
than the discontinuous change in the specific heat at the
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FIG. 15. DSC curve of La;osBa;.95Cu3O, sintered at 970°C
(sample 2).

second order O-T structural phase transition. Therefore,
the step which corresponds to the O-T phase transition
was not observed in the DSC curves on heating. On cool-
ing, the exotherm corresponding to absorption of O, gas
into the sample was not clearly observed in the DSC

‘curves, because the rate of the absorption of O, gas into

the ceramics did not change suddenly over this tempera-
ture range 600 to 300°C. Hysteresis between desorption
and absorption of O, at around 400°C was observed in
the TG curve shown in Fig. 9. For this reason, a small
anomaly in the heat capacity was clearly observed in the
DSC curve on cooling. The sample underwent an O-T
phase transition at 476 °C during the first cooling and at
477 °C during the second cooling. This result shows that
O-T phase transition in La;+,Ba;—,Cu3O, is reversible
even at heating and cooling rates as high as 10°C/min in
O;. However, for some samples, we observed two steps in
the DSC curve upon cooling. For example, in sample 2,
an upper anomaly occurred at 477°C and a lower one at
453°C. This is thought to be due to the difference in O-T
transition temperatures of different particles. Thus, the
O-T structural phase transition may not always occur at a
definite temperature on cooling. The transition from
tetragonal to orthorhombic phase is considered to be
influenced by the microstructure of the ceramic material.
Similar steps seen on cooling samples in the Laj4,-
Ba; - ,Cu30, series are summarized in Fig. 16. The mag-
nitudes of the anomalies in the DSC curves are lowered
with increasing excess La content, x. We believe that this
is due to the inhomogeneity of the samples with higher La
contents, because the orthorhombic LaBa;Cu30, (sample
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FIG. 16. DSC curves on cooling for Laj+xBaz-xCu30, series
samples sintered at 970-980°C.

6), which showed a broad superconducting transition from
magnetic-susceptibility measurements, showed a broad
O-T phase transition from DSC measurements. Sample 5
showed a step in the DSC curve similar to that of ortho-
rhombic samples although it is tetragonal by x-ray-
powder diffraction. We believe that if this material were
analyzed by neutron-powder diffraction, the occupation
factors of oxygen in (5,0,0) and (0, +,0) sites would be
different. Because the x-ray and electron scattering fac-
tors of La and Ba atoms are much larger than those of ox-
ygen, neutron-diffraction analysis should be used for the
determination of crystal symmetry in these oxygen-
containing materials. '’

500 T : . r
< Lay.xBaz-x Cu3 Oy 4760
480
© {740 =
~ 480
¢ ¢
2 {720 =
5 440 o
a £
£ {700 &
420}
, 680
400 ! L L .
0 01 02 03 04

X
FIG. 17. Orthorhombic to tetragonal structural phase transi-
tion temperature for La;+xBaz—xCu3O, series samples, deter-
mined by DSC measurement.
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The O-T structural transition temperatures determined
are plotted against excess La context, x, in Fig. 17. It is
clear that the O-T phase transition temperature decreased
almost linearly from 485°C (x=0.0) to 443°C (x=0.3)
with increasing x. The smooth curve in Fig. 17 is the
phase boundary between orthorhombic and tetragonal
phases in the La;+.Ba;—,Cu3O, system at an oxygen
partial pressure of 1 atm.

IV. DISCUSSION

We will discuss the following three points. The first is
the effect of La substitution for Ba in LaBa;Cu30, on the
superconducting properties. The second is the relation be-
tween the oxygen content of the samples and their crystal-
lographic and superconducting properties. The last point
is why the superconducting properties of the samples,
which were sintered at 970-980°C in N, gas and postan-
nealed in dry O, gas atmosphere, were so much better
than those of the samples sintered in air or O,.

A. Effect of La>" substitution for Ba2* in orthorhombic
LaBa;Cu3;0, (y = 7.0) on the superconducting properties

We will discuss the effect of La>* substitution for Ba2*
in orthorhombic LaBa,Cu30, (y = 7.0) on the supercon-
ducting properties, on the basis of the results of ortho-
rhombic samples 1-4. The bulk 7, of orthorhombic
La;+xBa;-xCu3O, decreases monotonically from 93 to
80 K as the excess lanthanum content, x, increases to 0.2.
However, we know that the substitution of La>* for Ba?*
in LaBa;Cu30, does not substantially affect the oxygen
content or crystal structure. Therefore, we feel that the
lowering of T, in these samples is due to the decrease in
the carrier density since the T, of an oxide superconductor
has been correlate with the carrier(hole) density. >’

Similar results were reported in the YBa,-,La,Cu30,
(y=17.0) system.'® The T.’s of orthorhomic YBa,—,-
La,Cu;0, (y=7.0), determined magnetically by Cava
et al.,'® are plotted in Fig. 14(a) together with the data
for orthorhombic La;+xBa;—Cu30O,. The figure shows
that the T of orthorhombic La, +,Ba;—Cu30, is in good
agreement with that of YBa,—,La,Cu30O, for equal ex-
cess lanthanum contents. Taking account of their equal
oxygen contents and their equal resultant average formal
copper valences, we think that this result supports the idea
that the T, of the 1:2:3 compound depends on carrier den-
sity.

B. Relation between the oxygen content and the crystallographic
and superconducting properties in La) +xBaz - xCu30, system

Our results on the relation between the oxygen content
of the samples and their crystallographic and supercon-
ducting properties can be summarized as follows.

" (1) The samples with lower oxygen contents (y =< 7.0)
were prepared by sintering at 970-980°C in N gas and
the ones with higher oxygen content (y > 7.0) were
prepared by sintering at 900 °C in the same atmosphere.



9136

(2) Regardless of the oxygen content of the samples,
they all had a triperovskite structure.

(3) The samples with higher oxygen content tended to
be tetragonal and had a shorter ¢ axis, whether they are
orthorhombic or tetragonal.

(4) Samples with 0=<x =< 0.1 were all orthorhombic
and had almost equal 7.’s, but samples with higher oxy-
gen content showed broader superconducting transitions
and had smaller Meissner signals.

(5) For the tetragonal samples with higher oxygen con-
tent, the T.’s were low and the Meissner signals were
small.

(6) We believe that the excess oxygen occupies the va-
cancies in the triperovskite structure because of disorder
in the (Ba/La)-La-(Ba/La) sequence along the ¢ axis.

We suspect that the excess oxygen occupying Oy sites
reduces the difference between the occupation factors of
oxygen at (+,0,0) and (0, +,0). This effect reduces the
difference of a and b cell dimensions of the unit cell. 3%
Therefore, samples with y > 7.0 tend to become tetrago-
nal. The extrapolation the curve of the dependence of ¢
cell dimension on oxygen content in YBa;Cu;0,
(6.0 =< x < 7.0)*" suggests that the extra oxygen occupy-
ing Oy sites shortens the ¢ cell dimension. At present, we
are not able to explain the effect of the disorder of the
(Ba/La)-La-(Ba/La) sequence along c axis or the resul-
tant excess oxygen on the crystal symmetry and ¢ cell di-
mension of the unit cell.

We believe that the superconducting properties are
more strongly affected by disorder in the (Ba/La)-La-
(Ba/La) sequence and resultant occupation of Oy sites by
excess oxygen. Metallic but ronsuperconducting Laj -
A1+xCu0, (4=Ca,Sr) has an oxygen-deficient double
perovskite structure,*! which resembles the structure of
the high-7, superconducting oxides (BiO),Sr,Ca-
Cu,0, or (Tl0);Ba,CaCu,0,.*>** The carrier (hole) is
doped into La; -, A4+ xCuz0, (4=Ca,Sr) by increasing y
from 6.0 to 6.2. The excess oxygen occupies the vacant
sites between pyramids; they are then connected together
at the vertices. Tokura** suggested that disordering or
connection of pyramids may be incompatible with super-
conductivity.

Recently, Song et al.** studied the correlation of 7.
with the oxygen content in the LaBa,;Cu30, system and
demonstrated that the 7,’s of the samples with excess oxy-
gen content (y > 7.0) were below 44 K. They suggested
that this behavior could be explained by disorder of the La
and Ba ions,® leading to disruption of the Cu-O chains in
the outer Cu-O plane. Their interpretation is in good
agreement with our present analysis.

C. Preparation condition of a high-quality La, +,Ba; -, Cu;0,

In a previous paper,'"'? we described a technique for

reproducible preparation of LaBa;Cu3O, with excellent
superconducting characteristics. Our preparation method
consisted of the following three procedures: (i) preheat
treatment of La;O; powder, (ii) sintering in N, and (iii)
low-temperature annealing in dry O,. Further, it has been
shown in this paper that (iv) sintering at high temperature
(970-980°C) is required for preparation of high-quality
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samples. In the previous paper,'"'? we discussed the

effects of processes (i) and (iii) only. We did not discuss
why the superconducting properties of the samples which
were sintered in N, were so much better than those of the
samples sintered in air or O, gas atmosphere. Here, we
will discuss processes (ii) and (iv) in detail.

First, we will discuss the effect of the sintering atmo-
sphere on the phases present in the La;+xBa;-xCusO,
system. It is known that a homogeneous single-phase
sample can be prepared in the range from x =0.1 to 0.6 at
about 950°C in air or O, (Refs. 13 and 14) and that for
the starting composition LaBa;Cu30,, the sample always
contains a small amount of BaCuO; as an impurity phase.
From the phase rule we saw that the phases present in the
sample might be dependent on the sintering atmosphere,
and concluded that single-phase LaBa,Cu3O, might be
prepared by control of the sintering atmosphere. Homo-
geneous solid solutions in the La;+,Ba;—,Cu30, series
can be prepared in the range from x =0.0 to 0.5 at 900°C
in N3 and in the range from x =0.0 to 0.2 at 970°C in the
same atmosphere. In N; gas atmosphere, stoichiometric
LaBa,Cu30, without second-phase impurities can be syn-
thesized; the x-ray-diffraction pattern of such a material is
shown in Fig. 3. To clarify the phase boundary between
the triperovskite phase (La;+,Ba;-,Cu30,) and second-
phase material at 900°C in a N, gas atmosphere, we fired
La;-xBay+,Cu30, (x=0.05 and 0.10) samples at 900°C
in N3. The x-ray-diffraction patterns indicated that these
samples contained a small amount of BaCuO; as a
second-phase impurity. We see that the phase boundary
of the triperovskite phase in the Ba rich region is close to
x=0 and that the coexisting phase is BaCuO,. Abbattis-
ta* studied equilibrium relationships in the barium-rich
part of the BaO-CuO-O, system and showed that BaCuQO,
is stable in an inert gas atmosphere (e.g., Ar gas).
Thermal analyses (DTA-TG and DSC) in air showed that
BaCuO; and La,; ;Ba; 9Cu3O, melt at about 1000°C and
1060°C, respectively. Thermal analyses in N, gas
showed that BaCuO, and La, oBa;oCu3O, melt in a re-
ducing atmosphere at 920 °C and 1000 °C, respectively.

We assume from the phase that N, gas does not directly
influence the sample during the sintering but that sinter-
ing under low oxygen partial pressure is important. To
confirm our prediction, we prepared LaBa;Cu3;O, by
sintering in Ar at 970°C. We obtained a single-phase
sample. This result is in good agreement with our predic-
tion. Therefore, we conclude that one of the requirements
for the preparation of stoichiometric LaBa,Cu3O, is
sintering at 900-980 °C in a low-oxygen partial pressure
atmosphere. This is one of the most important processes
for the preparation of high-7, samples in the Laj4y-
Ba; - xCu30, system, because the superconducting prop-
crtlig?} (liggrade with increasing excess La content,
x. '

We prepared samples 13 and 14 with the composition of
La; Ba; ¢Cu30,, in order to compare the effect of sinter-
ing atmosphere on the superconducting properties. The
samples were sintered in Ar gas and air, respectively. The
sintering temperature and annealing condition were the
same as for sample 3. The compositions and preparation
conditions are shown in Table I and the lattice parameters



and magnetic 7T.’s are summarized in Table II. The oxy-
gen content of sample 13 sintered in Ar gas was 6.94; this
is as large as that of sample 3 (y =6.92). The oxygen con-
tent of sample 14 (y =7.04) was substantially larger than
that of sample 3. Sample 13 was orthorhombic and had
lattice parameters comparable with those of sample 3.
Sample 14 was orthorhombic but had a very small a-b
splitting and a ¢ value shorter than that of sample 3. The
temperature dependences of the magnetic susceptibilities
of samples 3, 13, and 14 are shown in Fig. 18. The T, of
sample 14 was considerably lower than those of samples 3
and 13. We see from these results that sintering under
low-oxygen partial pressure, for example, in N, or Ar,
contributes to good superconducting properties in the
La, ;Ba; 9Cu30, system.

We will now discuss the effect of sintering at low-
oxygen partial pressure from a structural point of view. It
is seen from Fig. 9 that La; ¢osBa; 9sCu30s.9; is reduced to
y=6.4 at 950°C in O, gas atmosphere and reduced to
y=6.0 at 950°C in a N, gas atmosphere. Now we con-
sider the bond valence sum*’-*® at the La and Ba sites in
LaBa;Cu30,. The bond valence sums for Y site and Ba
site in YBa,Cu3O, (Ref. 4) are calculated using the
method of Brown and Altermatt,*’ because structural
data for the reduced LaBa,Cu3;O, is not available at
present. The calculated values for Y and Ba sites in or-
thorhombic YBa;Cu3O¢ 69 and tetragonal YBa;Cu;Og.3;
are given in Table III. In orthorhombic YBa;Cu3Os¢9,
the bond valence sum for the Y site is 2.85 and that for Ba
site is 2.08; the difference is thus 0.77. In reduced
YBa;Cu30¢ 3;, the value for the Y site is 2.91 and that for
the Ba site is 1.91; the difference is thus 1.0. The
difference between the bond valence sums of Y and Ba
sites in the reduced composition is clearly larger than that
in the oxidized composition. This result shows why the La
and Ba atoms more readily become ordered in the reduced
composition. This is considered to be one of the reasons
why the ordering of La and Ba along the ¢ axis proceeds
more quickly during sintering in a low-oxygen partial
pressure atmosphere.

We will then discuss the materials from the kinetic
point of view. The reduced materials, for example, La; o5-
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FIG. 18. Temperature dependence of magnetic susceptibility
of samples 3, 13, and 14 which were sintered at 970°C in N
gas, Ar gas, and air, respectively.
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TABLE III. Bond valence sums (Ref. 47) for Y and Ba sites
in orthorhombic YBa;Cu3Ose9 and tetragonal YBa,Cu3Oe.32
(Ref. 4).

YBa»Cu306.60 Y Ba>Cu30e.32
Y site 2.85 2.91
Ba site 2.08 1.91
difference 0.77 1.00

Ba; 95Cu3O¢ fired at 950°C in N, gas atmosphere, has
many oxygen vacancies and has a larger unit cell because
of its lower oxygen concentration. Therefore, we believe
that the diffusion rate of La or Ba in the perovskite struc-
ture is larger in the reduced material and that the order-
ing of La and Ba is thus achieved within a shorter heating
period. We think that this is also one of the reasons why
sintering in a N, gas atmosphere accelerates the ordering
of La and Ba in the perovskite structure.

Diffusion usually proceed more rapidly at higher tem-
peratures. Since ordering of La and Ba atoms occurs by
diffusion, we conclude that a fourth requisite for prepara-
tion of high-quality La;+,Ba;-,Cu30, samples is sinter-
ing at high temperature (980-970°C).

V. CONCLUSION

La;+,Bay-,Cu30, samples with 0<x=<0.2 were
prepared by sintering at 970-980°C in N, gas and
postannealing at 300°C in dry O,. The samples were all
orthorhombic.

La;+xBa;-xCu3O, samples with 0<x=<0.5 were
prepared by sintering at 900°C in N, gas and postanneal-
ing at 300°C in dry O,. The samples with 0 < x < 0.1
were orthorhombic and those with 0.2 <x =<0.5 were
tetragonal.

The oxygen contents of the samples sintered at
970-980°C were about 6.95 and those of the samples sin-
tered at 900 °C were larger than 7.0, typically about 7.15.

La;+,Bay-Cu3O, samples sintered at 970-980°C
had better superconducting properties. All samples show
a sharp superconducting transition and their Meissner flux
exclusion at 10 K was more than 25% of the ideal value.

The superconducting transition temperatures of Laj 4 .-
Ba,;-,Cu30, samples with y=6.95 decreased linearly
from 93 K (x=0.0) to 70 K (x=0.3) with increasing ex-
cess La content, x.

The orthorhombic-tetragonal structural phase transi-
tion temperature in La;+,Ba;-,Cu3O, samples with
y ==6.95 decreased monotonically from 485°C (x=0.0)
to 443 °C (x=0.3) with excess La content, x.

In order to obtain La, +xBaz—xCu30, samples with
good superconducting properties, we must prepare sam-
ples with the triperovskite structure in which La and Ba
have an ordered arrangement along the ¢ axis and the oc-
cupation factors of oxygen at (+,0,0) and (0, +,0) are
close to 0 and 1, respectively.
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FIG. 4. Typical optical micrographs (polarized light) of pol-
ished surface of orthorhombic sample 2, La, 0sBa; 95Cu30s9s.



FIG. 5. Lattice image of tetragonal La,»Ba;sCu3Oy; (sam-
ple 9), taken with the incident beam parallel to ¢ axis.



FIG. 6. Electron-diffraction patterns of orthorhombic
La; »Ba; sCuiOg9> (sample 4) with the electron beam parallel to
¢ axis.



FIG. 7. High-resolution lattice image of tetragonal
La, 2Ba; sCu307,, showing the three set of microdomains (A4, B,
and C) with ¢ axis perpendicular to one another.
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FIG. 8. Structure image of tetragonal La,Ba; gCu301,, tak-
en with the incident beam parallel to a axis. A projected struc-
ture model is inserted. Brighter regions indicated by Ox and Oy
are the positions of oxygen vacancies.



