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Structural transitions in the superconducting oxides Ba-Pb-Bi-O
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The crystal structures at room temperature and the structural transitions in BaPb, _, Bi,O; (Ba-Pb-
Bi-O) have been investigated in detail by means of electron diffraction. From an analysis of the crystal
structures on the basis of electron diffraction patterns obtained experimentally, it is shown that, as the
temperature is lowered, Ba-Pb-Bi-O undergoes a cubic-to-tetragonal transition resulting from the con-
densation of the triply degenerate R,s mode, R 3, in the lower-Bi-content range 0 <x <0.35, and succes-
sive transitions from the cubic to the tetragonal and to a monoclinic structure in the intermediate-Bi-
content range 0.35 <x <0.90. In the successive transitions, the cubic-to-tetragonal transition is under-
stood to be due to the first condensation of the R,5; mode, R3s, and the tetragonal-to-monoclinic transi-
tion is due to the second condensation of the R,; mode, R};. The soft-phonon-mode behavior of the R ;s
mode in the cubic and tetragonal phases was actually detected as a change in an intensity of diffuse
scattering appearing at the R point in the first Brillouin zone of the cubic perovskite structure. In addi-
tion, the crystal structure at room temperature in the higher-Bi-content range 0.90<x =1.00 is
confirmed to involve the breathing displacements resulting from the appearance of charge-density waves
as well as the R3s +RJ5 displacements. Moreover, a simple explanation of the physical origin of the su-
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perconductivity in Ba-Pb-Bi-O is presented on the basis of the present experimental results.

I. INTRODUCTION

BaPb,_, Bi, O; (Ba-Pb-Bi-O) is known to exhibit super-
conductivity.!~® It has been reported that superconduc-
tivity appears in the composition range 0 <x <0.35, and
the highest T, of about 12 K is obtained around x =0.25.
According to the band-structure calculation of Mattheiss
and Hamann,’ a hybridized orbital between 6s(Bi, Pb)
and 2P(0O) is understood to be responsible for supercon-
ductivity in Ba-Pb-Bi-O.

A basic crystal structure of Ba-Pb-Bi-O is the simple
perovskite structure. Cox and Sleight>? examined the
crystal structures by means of neutron powder diffraction
and showed that with increasing Bi content x, the crystal
system undergoes the following changes: from an ortho-
rhombic phase in the composition range 0 =x <0.05, to
a tetragonal one in 0.05 <x <0.35, to an orthorhombic
one in 0.35<x <0.90, and to a monoclinic one in
0.90<x <1.00. From the structures determined, the
structures are understood to be related to the rotation
(tilt) of oxygen octahedra in the perovskite structure. In
addition, the breathing displacements of the oxygen
atoms, which are due to the appearance of charge-density
waves (CDW’s) predicted from the band-structure calcu-
lation, > were found to be involved in the monoclinic sys-
tem of 0.90 <x < 1.00.

In spite of the detailed analysis of the above-mentioned
crystal structures, the space group of the orthorhombic
system in 0.35 <x <0.90 has not been determined and
features of structural transitions resulting in these struc-
tures are not understood at all. Because superconductivi-
ty in Ba-Pb-Bi-O appears in the tetragonal phase with
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0 <x <0.35, understanding of the transitions is definitely
necessary in order to elucidate the mechanism of the su-
perconductivity. Thus motivated, we have examined the
details of both the crystal structures at room temperature
and the structural transitions with changing temperature
in Ba-Pb-Bi-O by means of electron diffraction.

In the present paper, we report the crystal structures at
room temperature in Ba-Pb-Bi-O, determined on the
basis of the analysis of electron-diffraction patterns. In
addition to the structures at room temperature, we de-
scribe features of the structural transitions, which were
obtained by analyzing diffraction patterns taken at vari-
ous temperatures in the low- and high-temperature stages
of electron microscopy. In particular, we identify pho-
non modes responsible for the transitions in Ba-Pb-Bi-O.
Furthermore, we briefly discuss a relation between the
structural transitions and superconductivity on the basis
of the present experimental results.

II. EXPERIMENTAL PROCEDURES

Powder samples of Ba-Pb-Bi-O with various x values
were prepared from initial powders of BaCOj;, PbO, and
Bi,O; by means of a coprecipitation technique using ci-
tric acid. In order to avoid the evaporation of Pb, the
powders were calcined in three steps: first at 773 K for
24 h, then at 873 K for 24 h, and finally at 973 K for 24
h. The powders were then pressed into pellets, followed
by sintering at 1073 K for 24 h in air. Flakes of single
crystals, obtained by crushing the pellets, were provided
as a specimen for electron microscopy observation. The
observation was made in the temperature range between
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about 100 and 700 K by using a JEM-200CX electron mi-
croscope equipped with low- and high-temperature
stages. In order to check the local composition of a
specimen, an H-800 type electron microscope with
energy-dispersive x-ray (EDX) spectroscopy was also
used in the present experiment. Further, intensities of
diffraction and diffuse spots in electron-diffraction pat-
terns were measured by means of photodensitometry in
order to examine the details of both the crystal structures
and structural transitions.

III. EXPERIMENTAL RESULTS

A. Crystal structures at room temperature

The features of electron-diffraction patterns are basi-
cally the same for Ba-Pb-Bi-O with different x. As an ex-
ample, electron-diffraction patterns of Ba-Pb-Bi-O with
x =0.25, taken at room temperature, are shown in Fig. 1.
The electron incidences of Figs. 1(a), 1(b), and 1(c) are, re-
spectively, parallel to the [110], [001], and [111] direc-

FIG. 1. Electron-diffraction patterns of Ba-Pb-Bi-O with
x =0.25 taken at room temperature. Electron incidences for
(a), (b), and (c) are, respectively, parallel to the [110], [001], and
[1T1] directions.
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tions. In the patterns there exist three types of scatter-
ings, indicated by 4, B, and C. Scattering types 4 and C
have the same features for all x, but the details of scatter-
ing type B are x dependent. From the analysis of the
diffraction patterns, spots with strong intensity, due to
scattering type A, are understood to be fundamental
spots of Ba-Pb-Bi-O. Because the fundamental spots
have an extinction rule of 4,k, and 1=2n +1 (n integer)
in terms of a 2ayX2a,X2a, supercell, the spots are due
to a simple perovskite structure as the basic structure,
where a, is the lattice parameter of the pseudocubic
structure. Scattering type C is diffuse scattering around
the fundamental spot, which is elongated along (110)
directions. Note that this diffuse scattering has previous-
ly been found by other investigators.””® As they have
pointed out, its physical origin is understood to be mainly
due to atomic displacements of metal atoms, which are
produced by the existence of oxygen vacancies. Because
scattering types A and C are not directly related to
structural transitions, the most important feature in the
diffraction patterns of Ba-Pb-Bi-O is scattering type B,
which is presumably due to oxygen-atom displacements
in the transitions, as will be described below.

Scattering type B is characterized by a diffraction spot
with weaker intensity and is identified as a superlattice
spot showing a superstructure in the perovskite structure.
A careful analysis of the diffraction patterns shows that
the superlattice spots are located at the zone boundary of
the first Brillouin zone of the cubic perovskite structure
along (111) directions, that is, the R point. This sug-
gests that atomic displacements related to the superlat-
tice spots result from the condensation of phonon modes
at the R point. Hence possible displacements in Ba-Pb-
Bi-O should be due to the condensation of the R,5 mode’
or the breathing mode,’ but are never related to the M,
mode, ' which is a phonon mode at the zone boundary
along (110) directions.

The intensity analysis of the superlattice spots at the R
point indicates that the crystal structures are associated
with three composition ranges: (i) 0=x <0.35, (ii)
0.35<x <0.90, and (iii) 0.90<x <1.00. Note that su-
perlattice spots in diffraction patterns are indexed in
terms of the 2a,X2a,X2a, supercell, just as in the case
of the fundamental spots. Figure 2, first of all, shows
three electron-diffraction patterns for x =0.25, which be-
long to the lower-Bi-content group (a). The pattern of
Fig. 2(a) was taken with an electron incidence parallel to
the [110] direction. In order to avoid double diffraction,
the specimen is rotated about the [111] and [111] direc-
tions. The patterns of Figs. 2(b) and 2(c) were then taken
in the cases of the rotations about the [111] and [111]
directions, respectively. As can be seen in Fig. 2, spots
with |h|=|k|=|l|=2n+1 are missing. From other
diffraction patterns as well as those in Fig. 2, the extinc-
tion rule for x =0.25 is confirmed to be |h|=|k|
=|I|=2n 41 in terms of the supercell. The most impor-
tant thing is that this rule is identical to that obtained
from three variants, in each of which the R,s displace-
ments along one axis take place. Note that the R,s mode
is one of the rotation (tilt) modes of the oxygen octahedra
in the perovskite structure. In the present paper, the ro-
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tation axis in each variant is, for convenience’s sake, as-
sumed to be the x axis. Then the condensation mode is
written as the R 35 mode.

In order to confirm the above result, the intensities of
the superlattice spots were measured by means of photo-
densitometry and compared with those calculated from
the R35 displacements. The intensity was experimentally
determined in the following way. A series of electron-
diffraction patterns were first taken by rotating a speci-
men in an angle step of about 0.17°, and the intensities of
the superlattice spots in each pattern were measured by
photodensitometry. Then the intensity-vs-azimuth curve
for each superlattice spot was drawn and the strongest in-
tensity in the curve was adopted as a measured intensity.
Figure 3 shows a comparison between the measured in-
tensities determined by this procedure and the calculated
intensities obtained from the R} displacements for some
superlattice spots. Because of the long extinction dis-
tance for the superlattice spot, the calculation was made
in terms of kinematical theory. In the calculation three
variants were taken into account and the magnitude of

FIG. 2. Electron-diffraction patterns of Ba-Pb-Bi-O with
x =0.25. The electron incidence for (a) is parallel to the [110]
direction. The patterns of (b) and (c) were taken by rotating the
specimen about the [111] and [111] directions, respectively.
The 111 and 111 superlattice spots indicated by the arrows in
(a) vanish in (b) and (c).
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FIG. 3. Comparison between experimentally obtained inten-
sities, indicated by solid circles and calculated ones by open cir-
cles, for some superlattice spots in the case of x =0.25. The in-
tensities are normalized with respect to the intensity of the 113
superlattice spot.

the displacement of the oxygen atom for the rotation was
assumed to be X =0.27 A on the basis of Landau theory,
which will be described later. From Fig. 3 it is easy to
understand that the measured intensities are in very good
agreement with the calculated ones. Hence the atomic
displacements in 0 =<x <0.35 are concluded to be those
expected from the condensation of the triply degenerate
R,s mode along one axis. As a result of the condensa-
tion, the crystal system in Ba-Pb-Bi-O with 0 <x <0.35
is the tetragonal system whose space group is I[4/mcm
and the lattxce parameters_ were determined to be
a=6.065 A and ¢ =8.587 A for x =0.25 from X-ray
powder diffraction. Furthermore, in the present experi-
ment, the crystal structure in 0 =<x <0.05 was not found
to be different from that in 0.05 <x <0.35, although Cox
and Sleight®> reported that the crystal systems are, re-
spectively, the orthorhombic system in the former and
the tetragonal one in the latter. Based on our results, it
should be said that Ba-Pb-Bi-O with 0 <x <0.05 also has
the tetragonal system (space group 14/mcm).

The same experiment as that performed in the lower-
Bi-content range (i) was made in order to examine the
crystal structure of samples in the intermediate-Bi-
content range (ii). Electron-diffraction patterns of Ba-
Pb-Bi-O with x =0.50 are, for instance, shown in Fig. 4.
The superlattice spots with |h|=|k|=|l|=2n +1 are
seen in the patterns. That is, there is no extinction rule
for the superlattice spots at the R point in this case.
Then, in order to determine the crystal structure, the in-
tensities of the superlattice spots were measured in the
same procedure as that in 0 <x <0.35 and are shown in
Fig. 5. Intensities calculated based on the R3s +R?%s dis-
piacements are also plotted. In the calculation the mag-
nitudes of the displacements for the rotations about the x
and y axes are, respectively, assumed to be X =0.30 A
and y=0.23 A which are obtained theoretically on the
basis of Landau theory. Although only a single variant is
taken into account in the calculation, the intensities ob-
tained from multiple variants are almost equal to those
from the single variant. That is, the adoption of multiple
variants in the calculation never changes the essential
features shown in Fig. 5. As is easily seen in Fig. 5, the
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FIG. 4. Electron-diffraction patterns of Ba-Pb-Bi-O with
x =0.50 taken at room temperature. The condition for taking
the patterns of (a), (b), and (c) are the same as in the case of
x =0.25. The 111 and 111 spots indicated by the arrows are
found in (a), (b), and (c).

agreement between the measured and calculated intensi-
ties is excellent. Hence, not only the R 35 displacements
observed in 0 <x <0.35, but also the R}5 ones are under-
stood to take place in 0.35 <x <0.90, where the axis of
the second rotation is assumed to be the y axis. Accord-
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FIG. 5. Comparison between experimentally obtained inten-
sities (solid circles) and calculated ones (open circles) for some
superlattice spots in the case of x =0.50. The intensities are
normalized with respect to the intensity of the 113 spot.
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ing to Glazer,!' the R} +RJ; displacements with the
different magnitudes result in the monoclinic system
whose space group is 72 /m. Unfortunately, it is impossi-
ble to determine lattice parameters precisely in the mono-
clinic system because of experimental errors, and so they
are not specified here. In any case, this result is quite
different from the conclusion that the system is ortho-
rhombic as previously reported by Cox and Sleight.>
Further, because the magnitude of the displacement for
the R7s displacements is not equal to that for the R
ones, the rotation axis of the oxygen octahedra obviously
deviated from the [110] direction.

In addition to the R3s +R %5 displacements, the breath-
ing displacements of the oxygen atoms are involved in the
crystal structure for the higher-Bi-content range (iii).
The R35+R%s+ breathing displacements produce no ex-
tinction rule for the superlattice spots at the R point in
terms of the supercell, just as in the intermediate-Bi-
content range 0.35 <x <0.90. Actually, all spots are ob-
served in electron-diffraction patterns of Fig. 6. In order
to confirm the condensation of the breathing mode, the
intensities of the superlattice spots were determined in

FIG. 6. Electron-diffraction patterns of Ba-Pb-Bi-O with
x =1.00 taken at room temperature. The condition for taking
the patterns of (a), (b), and (c) are the same as in x =0.25 and
0.50. The 111 and 111 spots indicated by arrows appear in (a),
(b), and (c), just as in x =0.50.
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FIG. 7. Comparison between experimentally obtained inten-
sities (solid circles) and calculated ones (open circles) for some
superlattice spots in the case of x =1.00. The intensities are
normalized with respect to the intensity of the 111 spot.

the same way as in the lower- and intermediate-Bi-
content ranges O0=x <0.35 and 0.35<x <0.90.
Theoretical intensities were calculated, taking multiple
variants into account, in the assumption that X =y =0.28
A and the breathing displacements of 0.08 A. These
magnitudes are those reported by Cox and Sleight.? In
Fig. 7 the measured intensities of the spots are shown to
be in good agreement with the calculated ones for the
R35+R%s+ breathing displacements, and the crystal
system is then monoclinic. Note that in order to distin-
guish the two monoclinic systems in Ba-Pb-Bi-O the sys-
tems in 0.35<x <0.90 and 0.90<x =1.00 are, respec-
tively, called the monoclinic(I) and monoclinic(I) sys-
tems. Further, the agreement between the measured and
calculated intensities clearly implies that the condensa-
tion of the breathing mode as well as the R35 + R %5 mode
occurs in Ba-Pb-Bi-O with 0.90<x <1.00. In other
words, the CDW exists in a three-dimensional system, as
pointed out in previous works.>* Although the CDW in
a three-dimensional system has been reported in the case
that the Coulomb field due to the CDW is screened main-
ly by means of the introduction of antiphase boun-
daries, '»13 Ba-Pb-Bi-O is the first case where only the
atomic displacements screen the field. Eventually,
Ba-Pb-Bi-O with 0.90 <x <1.00 is confirmed to have the
monoclinic(II) system (space group P2/m), which was re-
ported by Cox and Sleight.?3

B. Structural transitions in Ba-Pb-Bi-O

From an examination of the crystal structures at room
temperature, structural transitions due to the R,s mode
should take place in Ba-Pb-Bi-O. In order to understand
the features of the transitions, low- and high-temperature
experiments have been carried out. In the case of
0=<x <0.35, the Rjs displacements are involved in the
crystal structure on the basis of the analysis of the
electron-diffraction patterns. Hence the cubic-to-
tetragonal transition related to the condensation of the
R3s mode should be expected to occur at a higher-
temperature. Figure 8 shows electron-diffraction pat-
terns of Ba-Pb-Bi-O with x =0.25, taken in the process of
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heating and subsequent cooling. In the pattern at room
temperature [Fig. 8(a)], there exist strong superlattice
spots indicating the existence of the R,s displacements.
When the temperature is raised, intensities of the super-
lattice spots become weaker [Fig. 8(b)], and then the
spots disappear around 540 K [Fig. 8(c)]. This implies
that the cubic-to-tetragonal transition takes place around
540 K. When the specimen is then cooled to room tem-
perature, the superlattice spots are again observed in the
pattern, as shown in Fig. 8(d). Hence the change in the
intensity of the spot is reversible during the heating and

FIG. 8. Electron-diffraction patterns of Ba-Pb-Bi-O with
x =0.25 at various temperatures during the process of heating
and subsequent cooling. Electron incidences for all patterns are
parallel to the [110] direction. The patterns were, respectively,
taken at (a) room temperature, (b) 450 K, (c) 540 K, and (d)
room temperature.



45 STRUCTURAL TRANSITIONS IN THE SUPERCONDUCTING . ..

cooling cycles. Figure 9 shows the temperature depen-
dence of a measured intensity of the 311 superlattice spot
in x =0.25. The intensity at each temperature was mea-
sured from the obtained diffraction pattern by means of
photodensitometry. In the figure the solid line represents
intensities calculated from displacements obtained on the
basis of Landau theory® for the transition due to the con-
densation of the R,; mode. As the temperature in-
creases, the intensity decreases and reaches zero around
540 K. The most important thing is that when the pa-
rameters in Eq. (8) of Ref. 9 are assumed to be T;,=540
K and (a/4A4')"72=0.002, the theory reproduces well
the change obtained experimentally. In other words, it
can be theoretically confirmed that the structural transi-
tion is due to the condensation of the R,5s mode. In addi-
tion to Ba-Pb-Bi-O with nonzero x, BaPbO; (x =0) was
also found to exhibit a cubic-to-tetragonal transition
around 480 K. Accordingly, the R35 displacements ob-
tained from the analysis of the diffraction patterns at
room temperature are actually understood to result from
the condensation of the R 75 mode, just as in SrTiO,.

A phonon mode with low frequency can be detected as
thermal diffuse scattering in electron diffraction. Hence
the softening of the R,5; mode in the cubic phase has been
examined as a change in an intensity of diffuse scattering
for x =0.25. An electron-diffraction pattern at 543 K for
x =0.25 is shown in Fig. 10. In the pattern diffuse
scattering, indicated by an arrow, is clearly observed at
the zone boundary of the first Brillouin zone along the
(111) directions: the R point. When the temperature is
lowered, the diffuse scattering becomes a superlattice spot
due to the R35 displacements at a transition temperature
of about 540 K. In addition, the change in the intensity
of the diffuse scattering is reversible during the cooling
and heating cycles. Because of these, the diffuse scatter-
ing is easily understood to be related to the soft R,
mode. Figure 11 shows the temperature dependence of
the diffuse scattering intensity measured from diffraction
patterns taken at three temperatures of the cubic phase.
From Fig. 11, when the temperature is lowered toward a
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FIG. 9. Temperature dependence of the intensity of the 311
superlattice spot for x =0.025. The solid curve is calculated by
using the magnitude of the displacement, which is obtained on
the basis of Landau theory for the cubic-to-tetragonal transition
in SrTiO..
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FIG. 10. Electron-diffraction pattern taken at 543 K for
x =0.25. The electron incidence is parallel to the [110] direc-
tion.

transition temperature of 540 K, the measured intensity
increases remarkably. Because the intensity of the
thermal diffuse scattering is inversely proportional to the
square of the frequency of the phonon mode,!* the in-
crease in intensity basically indicates the softening of the
R,s mode. Note that the diffuse scattering also involves
the contribution of the quasielastic scattering accom-
panied by the softening where the scattering is observed
as a central peak in neutron diffraction. Unfortunately,
the separation of the quasielastic scattering from the total
scattering cannot be made in electron diffraction. Any-
way, the increase in the intensity is direct evidence that
the transition originates from the soft phonon mode of
the triply degenerate R ,5 mode.

The successive transitions from cubic to tetragonal and
then to monoclinic(I) would take place in 0.35 <x <0.90.
From the analysis of the crystal structure at room tem-
perature, it seems that the transition from cubic to tetrag-
onal occurs as a result of the condensation of the R3;
mode, just as in the case of 0<x <0.35, and the
tetragonal-to-monoclinic(I) transition is due to the con-
densation of the RJs mode. From this motivation a
change in diffraction patterns with changing temperature
has been examined for x =0.50, as shown in Fig. 12.
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FIG. 11. Temperature dependence of the intensity of thermal
diffuse scattering observed at the R point of the cubic phase for
x =0.25. The intensities are normalized with respect to the in-
tensity at 543 K.
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When the temperature is raised, superlattice spots with
strong intensity at the R point [Figs. 12(a) and 12(b)] be-
come weaker, and then the spots with |h|=|k|
=|I|=2n +1 first vanish around 470 K [Figs. 12(c) and
12(d)]. The disappearance of these spots clearly im-
plies that Ba-Pb-Bi-O with x =0.50 exhibits the
monoclinic(I)-to-tetragonal transition on heating. On

FIG. 12. Electron-diffraction patterns of Ba-Pb-Bi-O with
x =0.50 at various temperatures during the heating process.
The pattern were taken at room temperature for (a) and (b), at
470 K for (c) and (d), and at 600 K for (e). Electron incidences
for (a), (d), and (e) are parallel to the [110] direction, although
the patterns for (b) and (c) were taken by rotating the specimen
about the [111] direction in order to obtain the double-
diffraction free condition. Because the 111 superlattice spot in-
dicated by the arrow vanishes in (c), the spot observed in (d) is
due to the double diffraction.
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further heating all superlattice spots disappear in the
diffraction patterns around 600 K [Fig. 12(e)]. That is,
this corresponds to the tetragonal-to-cubic transition.
The same experiments were made for Ba-Pb-Bi-O with
different x in 0.35<x <0.90, and the existence of the
successive transition was confirmed. Eventually, when
the temperature is lowered from the cubic phase, Ba-Pb-
Bi-O with 0.35 <x <0.90 exhibits a cubic-to-tetragonal
transition at a higher temperature and a tetragonal-to-
monoclinic(I) transition at a lower temperature. It is ob-
vious that the former transition results from the first con-
densation of the triply degenerate R,5 mode R 35 and the
latter is due to the second condensation R3s.

As the softening of the R,s mode in the cubic-to-
tetragonal transition was already reported, we show the
softening of the RJs mode in the tetragonal-to-
monoclinic(I) transition here. Figure 13 shows electron-
diffraction patterns taken at 297, 393, and 468 K in the
tetragonal phase for x =0.40. Note that the tetragonal-
to-monoclinic(I) transition in x =0.40 takes place around
280 K, which is just below room temperature. It is found
that at 297 K diffuse scattering exists at positions where
the  superlattice spots with  |h|=|k|=|l|=2n
+1 appear in the monoclinic(I) phase. Hence the diffuse
scattering at these positions is identified as diffuse scatter-
ing related to the soft R%s mode. Further, intensities of
the diffuse scattering indicated by arrows are found to de-

FIG. 13. Electron-diffraction patterns showing a change in
the intensity of thermal diffuse scattering in the tetragonal
phase taken at (a) 297 K, (b) 393 K, and (c) 468 K, respectively.
The specimen is slightly rotated in order to avoid the double
diffraction. A halo pattern observed is due to a carbon film used
for coating a copper grid.
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crease with increasing temperature. The intensity at 468
K is actually very weak. The temperature dependence of
the intensity measured from diffraction patterns taken at
various temperatures in the tetragonal phase is shown in
Fig. 14. When the temperature is lowered toward the
transition temperature of the tetragonal-to-monoclinic(I)
transition, the intensity of the diffuse scattering is shown
to increase in the figure. In particular, a remarkable
change is observed around room temperature, that is, just
above the transition temperature. Accordingly, this
change is direct evidence that the R%s; mode exhibits
soft-mode behavior in the tetragonal-to-monoclinic(I)
transition. In other words, the R%5 mode is concluded to
be very soft in the tetragonal phase.

In electron microscopy observation, a specimen is
placed in vacuum of about 10”7 Torr. The evaporation
of the oxygen atoms, which leads to the formation of oxy-
gen vacancies, would easily occur, particularly in Ba-
BiO;, when the specimen is heated. Actually, diffraction
patterns of BaBiOj;, taken at a higher temperature, exhib-
it superlattice spots at the L positions between two neigh-
boring fundamental spots along { 110) directions, as seen
in Fig. 15. Because these spots are also produced by
electron-beam irradiation, a modulated structure charac-
terized by spots at the L positions should be understood
to be caused by the periodic arrangement of oxygen va-
cancies. In other words, unfortunately, we cannot exam-
ine the structural transition of BaBiO; above room tem-
perature.

Moreover, electron-beam irradiation often produces
superlattice spots at the 4 or i positions between two
fundamental spots along {110) directions in the case of
x <0.90. As in the case of the spots at the + positions in
BaBiO;, these spots are also due to the ordering of the
oxygen vacancies induced by the irradiation. Note that,
because they are directly related to the existence of the
oxygen vacancies, these spots basically have the same
physical origin as the scattering type C mentioned earlier.
It should be further stressed that in the present experi-
ment the transitions due to the R,s mode were found to
be suppressed by the existence of the oxygen vacancies.
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FIG. 14. Temperature dependence of the intensity of thermal
diffuse scattering due to the soft R}s mode in the tetragonal
phase. The intensities are normalized with respect to the inten-
sity at 297 K.
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FIG. 15. Electron-diffraction pattern of Ba-Pb-Bi-O with
x =1.00 taken at about 400 K. The electron incidence is paral-
lel to the [11 1] direction.

In other words, these spots are not related to both the ap-
pearance of the CDW and the structural transitions due
to the condensation of the R,s mode at all, although the
existence of the CDW spots with an incommensurate
period in diffraction patterns has been reported in
Ba,_,K,BiO; (Ba-K-Bi-0).

Pei et al.'® found the appearance of new Bragg peaks
in neutron powder patterns of BaBiO; below 150 K. This
suggests that a phase transition should take place around
150 K. Based on their results, it is predicted that super-
lattice spots appear at the 1 positions between two funda-
mental spots along { 110) directions. In order to confirm
this, we conducted a low-temperature experiment by
means of the low-temperature stage with a liquid-
nitrogen reservoir. Figure 16 is an electron-diffraction
pattern of BaBiO; taken at about 110 K. The electron in-
cidence is parallel to the [001] direction. No superlat-
tices spot can be found at the 1 positions. Then it must
be concluded that as the temperature is lowered from
room temperature, BaBiO; does not undergo a phase
transition, at least not above about 100 K.

FIG. 16. Electron-diffraction pattern of Ba-Pb-Bi-O with
x =1.00 taken at about 110 K.
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IV. DISCUSSION

The present experiment clearly shows that in Ba-Pb-
Bi-O there exists structural transitions which can be as-
cribed to the condensation of the triply degenerate R ,s
mode. That is, the cubic-to-tetragonal transition due to
the condensation of the R7s mode exists in 0 <x <0.35
and the successive transitions from cubic to tetragonal
and further monoclinic(I) occur on cooling in
0.35<x <0.90. Note that the cubic-to-tetragonal transi-
tion in the successive transitions is due to the first con-
densation of the R,; mode, R, and the tetragonal-to-
monoclinic(I) one due to the second condensation Rs.
Figure 17 is a phase diagram in the range of 0<x <0.8,
which is determined from the present data. From the
phase diagram, with increasing Bi content x, the transi-
tion temperature of the cubic-to-tetragonal transition
gradually increases from 480 K at x =0 to about 600 K
at x =0.8, while in 0.4 <x <0.8 the increase in the tran-
sition temperature of the tetragonal-to-monoclinic(I)
transition is more rapid. In addition, although a
structural  transition cannot be examined in
0.90 <x =1.00, the crystal structure at room tempera-
ture was confirmed to involve the breathing displace-
ments as well as the R,s; ones. The breathing displace-
ments are understood to be directly related to the appear-
ance of the CDW in a three-dimensional system on the
basis of the calculation of the band structure.’

Successive transitions were found to take place in
0.35<x <0.90 in the present work. As is understood
from Fig. 17, the difference in the transition temperature
between the cubic-to-tetragonal and tetragonal-to-
monoclinic(I) transitions becomes smaller for larger x.
Because of this fact, the magnitude of the displacement at
room temperature for the rotation about the y axis is
much smaller than that about the x axis around x =0.5
and is almost equal to that around x =0.8. In other
words, around x =0. 8 the rotation axis of the oxygen oc-
tahedra deviates very little from the [110] direction and
the intensities of the superlattice spots at the R point are
approximately equal to those obtained from the conden-
sation of the R3s and R%s modes at the same time, which
leads to the orthorhombic system as a crystal system.
This is the reason why the space group of the monoclinic
system in 0.35<x <0.90, which was thought to be the
orthorhombic system before, has not been determined un-
til the present work.

The structural transitions in Ba-Pb-Bi-O can be ex-
plained in terms of the Landau theory proposed for the
cubic-to-tetragonal transition in SrTiO;,° which is due to
the condensation of the R,5s mode. In Fig. 9 the tempera-
ture dependence of the intensity of the superlattice spot is
actually reproduced by using 7,=540 K and
(a/4A4")1?=0.002, which are parameters in the theory.
In the analysis of the crystal structures at room tempera-
ture, the magnitude of the displacement in the calculation
of the intensity was determined by assuming
(a/4A4')'7=0.002 for x =0.25 and 0.50. The transition
temperatures obtained experimentally were also used as
T, in the calculation. The value of T, for x =0.25 is 540
K, while there are two T’s for x =0.50, which corre-
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FIG. 17. Determined phase diagram of Ba-Pb-Bi-O in the re-
gion between x =0 and 0.8 above 400 K. The solid curve
denotes the transition temperature of the cubic-to-tetragonal
transition, and the dashed curve represents the temperature of
the tetragonal-to-monoclinic(I) transition.

spond to the successive transition. The magnitudes of x
and y in x =0.50 were, respectively, obtained from
T,=600 and 470 K in the present work. On the other
hand, because the structural transition for x =1.00 could
not be examined, the intensities were calculated by the
magnitudes of the R,s; and breathing displacements,
which were determined by Cox and Sleight.2 Eventually,
the intensities of the superlattice spots at room tempera-
ture for x =0.25, 0.50, and 1.00, which were calculated
by using the above parameters, can reproduce well the
experimental intensities. This fact is taken to be further
theoretical support for the interpretation that the transi-
tion in Ba-Pb-Bi-O is basically due to the condensation of
the R,5 mode.

Superlattice spots with the incommensurate period in
diffraction patterns were found in Ba-K-Bi-O (Ref. 15)
and thought to be due to CDW’s, which are not related
to the CDW resulting in the breathing displacements. In
the present experiment, however, the superlattice spots,
except for the spots at the R point, are understood to be
induced by electron-beam irradiation. This clearly im-
plies that the CDW’s with an incommensurate period do
not exist in Ba-Pb-Bi-O. Hence the present experiment
never supports the mechanism of superconductivity,
which is based on the CDW’s with an incommensurate
period.

Superconductivity in Ba-Pb-Bi-O has been explained in
terms of the breathing mode due to the CDW. With this
viewpoint, the relatively high-T, results from a strong
electron-phonon coupling produced from the instability
for the CDW. Because of this, superconductivity with
high 7, must be realized only in the monoclinic(I) phase
near the boundary between the monoclinic(I) and
monoclinic(II) phases. However, superconductivity is ob-
tained in the tetragonal phase. From these facts we can-
not believe that the breathing mode is mainly responsible
for superconductivity in Ba-Pb-Bi-O.

On the basis of the present results, the mechanism of
superconductivity is briefly discussed. In Landau theory’
for the transition due to the R,s mode, the order parame-
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ter is the triply degenerate set of the soft-mode coordi-
nates. It is worth noting that the order parameter can be
coupled to spontaneous strains corresponding to the 4,
E,, and T,, irreducible representations of the point
group O, as shown in the case of SrTiO;.° This implies
that the fluctuation of the order parameter in the cubic
and tetragonal phases produces that of the spontaneous
strains. In addition, the strains corresponding to the 4,
and E, representations lead to a change in the Coulomb

potential on the Bi (Pb) site. In other words, the
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electron-phonon coupling resulting from the fluctuation
of these strains would play an important role in supercon-
ductivity. Hence it is possible to explain superconduc-
tivity in Ba-Pb-Bi-O in relation to the structural transi-
tion. The details of the correlation between the transition
and superconductivity will be described elsewhere.
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FIG. 1. Electron-diffraction patterns of Ba-Pb-Bi-O with
x =0.25 taken at room temperature. Electron incidences for
(a), (b), and (c) are, respectively, parallel to the [110], [001], and
[11T1] directions.



FIG. 10. Electron-diffraction pattern taken at 543 K for
x =0.25. The electron incidence is parallel to the [110] direc-
tion.



FIG. 12. Electron-diffraction patterns of Ba-Pb-Bi-O with
x =0.50 at various temperatures during the heating process.
The pattern were taken at room temperature for (a) and (b), at
470 K for (c) and (d), and at 600 K for (e). Electron incidences
for (a), (d), and (e) are parallel to the [110] direction, although
the patterns for (b) and (c) were taken by rotating the specimen
about the [111] direction in order to obtain the double-
diffraction free condition. Because the 111 superlattice spot in-
dicated by the arrow vanishes in (c), the spot observed in (d) is
due to the double diffraction.



FIG. 13. Electron-diffraction patterns showing a change in
the intensity of thermal diffuse scattering in the tetragonal
phase taken at (a) 297 K, (b) 393 K, and (c) 468 K, respectively.
The specimen is slightly rotated in order to avoid the double
diffraction. A halo pattern observed is due to a carbon film used
for coating a copper grid.



FIG. 15. Electron-diffraction pattern of Ba-Pb-Bi-O with
x =1.00 taken at about 400 K. The electron incidence is paral-
lel to the [11 1] direction.



FIG. 16. Electron-diffraction pattern of Ba-Pb-Bi-O with
x =1.00 taken at about 110 K.



FIG. 2. Electron-diffraction patterns of Ba-Pb-Bi-O with
x =0.25. The electron incidence for (a) is parallel to the [110]
direction. The patterns of (b) and (c) were taken by rotating the
specimen about the [111] and [111] directions, respectively.
The 111 and 111 superlattice spots indicated by the arrows in
(a) vanish in (b) and (c).



FIG. 4. Electron-diffraction patterns of Ba-Pb-Bi-O with
x =0.50 taken at room temperature. The condition for taking
the patterns of (a), (b), and (c) are the same as in the case of
x =0.25. The 111 and 111 spots indicated by the arrows are
found in (a), (b), and (c).



FIG. 6. Electron-diffraction patterns of Ba-Pb-Bi-O with
x =1.00 taken at room temperature. The condition for taking
the patterns of (a), (b), and (c) are the same as in x =0.25 and
0.50. The 111 and TT1 spots indicated by arrows appear in (a),
(b), and (c), just as in x =0.50.



FIG. 8. Electron-diffraction patterns of Ba-Pb-Bi-O with
x =0.25 at various temperatures during the process of heating
and subsequent cooling. Electron incidences for all patterns are
parallel to the [170] direction. The patterns were, respectively,
taken at (a) room temperature, (b) 450 K, (c) 540 K, and (d)
room temperature.



