
JOURNAL OF SOLID STATE CHEMISTRY 95, 29-38 (191) 

Structure and Chemistry of Ba,-,&,BiO, at High Temperature 

SHIYOU PEI,” J. D. JORGENSEN,t D. G. HINKS,? YING ZHENG,t 
D. R. RICHARDS,* B. DABROWSKI,” AND A. W. MITCHELL? 

*Science and Technology Center for Superconductivity and tkfaterials 
Science Division, Argonne National Laboratory, Argonne, Illinois 60439 

Received April 15, 1991; in revised form June 7, 1991 

A combination of neutron powder diffraction and thermogravimetric analysis has been used to study 
the structural phase behavior of Bar-,K,BiO, under conditions that simulate synthesis. On heating in 
1% 02, the cubic perovskite Ba,,6K0,,Bi03 decomposes to a mixture of Bat -,K,BiO, with x < 0.4 and 
KBiOr . Further increase in temperature causes the reincorporation of potassium into the perovskite 
at the expense of KBiOr . At 72O”C, the sample is again a single-phase cubic perovskite with x = 0.4 
containing a large concentration of oxygen vacancies. If this sample is then cooled in argon, no 
chemical phase decomposition occurs. Instead, the cubic oxygen-deficient perovskite transforms to an 
orthorhombic oxygen-vacancy-ordered phase. A subsequent low-temperature anneal in pure oxygen 
fills the oxygen vacancies while retaining the potassium in the lattice, resulting in a transformation 
back to the cubic perovskite. This work shows that fully oxygenated Ba, -,K,Bi03 forx > 0.1, including 
the superconducting compositions, is metastable, and supports the hypothesis that the creation of 
oxygen vacancies is necessary to allow the substitution of K’+ for Ba*+ in the lattice. 0 1991 Academic 

Press, Inc 

I. Introduction 

The perovskite compound Bar -,K,BiO, , 
with T, = 30 K for x = 0.4, is one of the 
simplest oxide superconductors known to 
date (1-3). However, the synthesis of this 
material is not straightforward. Early at- 
tempts to synthesize this material in oxygen 
failed (Z-3). Hinks et al. (3) later showed 
that the single-phase material could only be 
synthesized by firing the material in a reduc- 
ing atmosphere, followed by a low-tempera- 
ture anneal in oxygen to fill oxygen vacan- 
cies created during the initial firing. Based 

The aim of the present work is to investi- 
gate both the structural and chemical phase 
behavior of Ba,-,K,BiO, at high tempera- 
ture in order to understand the synthetic 
chemistry of this material. A combination 
of neutron powder diffraction (NPD) and 
thermogravimetric analysis (TGA) is used 
in this study. An investigation of the com- 
plete phase diagram of Ba,-,K,BiO, vs x, 
temperature and oxygen partial pressure is 
beyond the scope of this work. Rather, we 
have concentrated on the superconducting 
composition near x = 0.4. 

on charge-neutrality considerations, they 
assumed that the creation of oxygen vacan- II. Experimental 

cies in Ba,-,K,BiO, is needed to allow the Ba&Q,,BiO, was prepared by the melt- 
substitution of K’+ for Ba2+. process technique described previously (4). 
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In order to prepare a sample with geometry 
suitable for in situ neutron powder diffrac- 
tion, the material was ground into a powder 
and pressed into pellets 10 mm in diameter 
and approximately 7 mm in height. The pel- 
lets were then fired in nitrogen gas at 700°C. 
A subsequent anneal at 400°C in flowing 0, 
with slow cooling to room temperature was 
performed to fully oxygenate the material. 

For the in situ neutron powder diffraction 
experiment, pellets were stacked to form a 
50-mm-high, free-standing sample that was 
placed into a controlled-atmosphere furnace 
designed for time-of-flight neutron powder 
diffraction experiments (5). The oxygen con- 
tent of the furnace environment was con- 
trolled by a flowing (200-400 cm3/min) 
mixture of oxygen-argon at atmospheric 
pressure. Neutron powder diffraction data 
were collected on the special environment 
powder diffractometer (SEPD) at Argonne’s 
intense pulsed neutron source at the 28 = 90” 
scattering angle (6). At this fixed scattering 
angle, backgrounds from the furnace are com- 
pletely eliminated by appropriate collimation. 

TGA data were taken using a Per-kin-Elmer 
TGA-7 system. On both heating and cooling, 
the temperature was ramped at 2Wmin to 
the first hold temperature and then held for 
about 2-10 hr until the weight of sample was 
no longer changing. The temperature was 
then ramped at 2Wmin to the next hold tem- 
perature, and the process was repeated until 
the final temperature was reached. 

III. In situ Neutron Powder Diffraction 
Results 

A large number of diffraction data sets 
were collected during the in situ NPD exper- 
iment. The sequence of experimental condi- 
tions (temperature, oxygen partial pressure, 
and waiting time) for this experiment is 
shown schematically in Fig. 1. The sample 
was first heated from room temperature to 
720°C in a flowing gas with P,, = 1% Ptota, , 
where Cotal is about 1 bar. The temperature 
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FIG. 1. A real-time representation of the sequence of 
neutron powder diffraction data sets taken on 
Ba,,6&,4Bi0, during the in situ experiment. Each data 
set was collected for about 28 min. The circles and 
triangles represent, respectively, the initial and final 
temperatures of the sample during the collection of 
each data set. The oxygen partial pressure of the flow- 
ing gas in the sample chamber is indicated above by 
the numbers. 

was then held at 720°C while the flowing gas 
was changed from 1% O2 to 100% 0,) and 
then to argon. Subsequently, the sample 
was cooled in argon to about 130°C fol- 
lowed by an anneal in 100% 0, at 400°C. 
Because of time limitations, the sample in 
the NPD experiment may not be fully in 
equilibrium with the furnace environment. 
However, the deviation from the equilib- 
rium conditions is expected to be small. As 
will be seen later, the temperatures at which 
phase transformations were observed in the 
NPD experiment coincide well with the tem- 
peratures at which weight anomalies were 
observed in the TGA data (which more 
closely monitors the equilibrium phase be- 
havior). Since much of the NPD data were 
taken while the sample temperature was 
changing, plots of raw data shown later will 
be labeled with the temperature range rather 
than a single temperature. 

a. On Heating in 1% 0, 

Figure 2 shows raw NPD data collected 
as the Ba,,,K,,,BiO, sample was heated from 
room temperature to 720°C in 1% 0,. The 
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KBiO, begins to form as a second phase. As 
KBiO, is formed, the potassium content in 
the cubic perovskite phase decreases and 
its oxygen content increases. This chemical 
phase separation process continues until 
640°C at which point potassium begins to 
be reincorporated into the cubic perovskite 
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FIG. 2. Selected raw neutron powder diffraction data 
collected while heating Ba,,6Ka4BiOy in 1% Oz. Two 
major diffraction peaks of the KBiOr phase are indi- 
cated by x. 

material retains a cubic perovskite structure 
at all temperatures. However, above 560°C) 
a second phase is observed to form and co- 
exist with the perovskite phase. The fraction 
of this second phase increases with increas- 
ing temperature to 640°C and then de- 
creases with further temperature increase. 
At 720°C the sample is again a single-phase 
cubic perovskite, but contains a large con- 
centration of oxygen vacancies. 

The second phase is KBiO, (7). The NPD 
data can be accurately modeled using two- 
phase Kietveld refinement (8) to give the 
composition and the relative abundance 
(from the ratio of the refined scale factors) 
for the two phases. The changes of these 
parameters as a function of temperature are 
shown in Fig. 3. As the sample is heated, 
oxygen vacancies form in the cubic perov- 
skite phase. Vacancy formation continues 
monotonically until 56O”C, at which point 
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FIG. 3. Refined relative abundance of the KBiOz 
phase, the potassium and oxygen composition, and 
lattice parameter, ar, of the cubic perovskite phase as 
a function of temperature on heating Ba,,&,,,BiO, in 
1% o*. 
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FIG. 4. Raw neutron powder diffraction data for 
Bq,6K0,,Bi0, at 720°C in three different oxygen partial 
pressures. Two major diffraction peaks of the KBiOz 
phase are indicated by X. 

phase at the expense of KBiO, . This process 
is accompanied by a rapid decrease in the 
oxygen content of the cubic perovskite 
phase. At 720°C all of the potassium is rein- 
corporated, resulting in a single-phase cubic 
perovskite material. 

The lattice parameter, up, of the cubic 
perovskite phase as a function of tempera- 
ture is also shown in Fig. 3. L+, initially in- 
creases almost linearly with temperature (at 
a rate of -7 x 10e5 K-l). The variation 
of up with temperature, however, is much 
larger than the normal thermal expansion (1 
x 10 -5 K-l) at room temperature (9). We 
conclude that a large fraction of the lattice 
expansion observed on heating results from 
the loss of oxygen that reduces Bi+’ cations 
to form the larger Bif3 cations. In the tem- 
perature range where two phases coexist, 
the change in LQ, deviates from this linear 
behavior. Here, the competing effects of 
thermal expansion (increasing a,), oxygen 
loss (increasing a,), and potassium loss (de- 
creasing up (9)) produce a shallow dip as 
shown in Fig. 3. 

Figure 5 shows raw NPD data from the 
B~,hKO,~BiO, sample on cooling from 720°C 
in argon. A complex diffraction pattern de- 
veloped below 620°C and persists to the low- 
est temperature (130°C) investigated, but no 
KBiO, was observed at any temperature. 
Thus, the chemical phase separation ob- 
served previously in 1% 0, was prevented 
by cooling the sample in argon. Subsequent 
heating of this sample in pure oxygen near 
250°C converted the phase with the complex 
diffraction pattern to the cubic perovskite 
phase, as shown in Fig. 6. The cell edge of 
the cubic perovskite phase at room tempera- 

6. At 720°C in Different Oxygen Partial 
Pressures 
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Figure 4 shows raw NPD data from FIG. 5. Raw neutron powder diffraction data col- 
Ba ,K, .BiO.. at 720°C in three different ox- lected while cooline. Ba, .K, ,BiO_, I in nure argon. 

ygen partial pressures. As shown above, 
Ba&&BiO, is a single-phase cubic perov- 
skite at 720°C in 1% 0,. When the flowing 
gas was changed to 100% 02, KBiO* was 
observed to form as a second phase in the 
sample. The decomposition reaction is fully 
reversible at this temperature since all the 
potassium was reincorporated when the 
flowing gas was changed to pure argon. 
These data show that at the typical synthesis 
temperature (720°C) the solubility of pot- 
assium in the perovskite phase increases as 
the oxygen partial pressure decreases. 

c. On Cooling in Argon and in 
Subsequent Reoxygenution 

Y 
- “.” Y._ *.a 1 
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FIG. 6. Raw neutron powder diffraction data col- 
lected while heating Bat,6K,,4BiO-z,r in 100% 02 to 
400°C for reoxygenation. 

ture was 4.2885( 1) A, very close to the initial 
value, 4.2892(l) A, measured before the 
in situ experiment. Therefore, we con- 
clude that we have fully recovered the 
B%,,K,,,BiO, material after the in situ NPD 
experiment. 

The NPD pattern of the oxygen-deficient 
phase resulting from cooling in argon can be 
indexed using an orthorhombic cell of a = 
Iha,, b = 2V’%z,, and c = up, where up is 
the edge of the simple cubic perovskite unit 
cell. Based on 3 1 resolved Bragg peaks, the 
observed extinction conditions are Okl, k = 
2n; h01, h = 2n; hO0, h = 2n; OkO, k = 
2n. Thus, the allowed space groups are the 
centrosymmetric space group Pbam and the 
noncentrosymmetric space group Pba2. Re- 
finements were carried out using Pbam. 
This yielded a satisfactory fit to the NPD 
data, as shown in Fig. 7. Further refine- 
ments using the noncentrosymmetric space 
group Pba2 did not improve the fit signifi- 
cantly; thus, the Pbam structure was 
adopted. The refined structural parameters 
and atom-atom distances are given in Ta- 
bles I and II, respectively. Similar struc- 
tures have been observed in LaCuO,,, (20) 
and CaMnO,., (II). 
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FIG. 7. Portion of the Rietveld refinement profile for the oxygen-vacancy-ordered Ba,,hK,.,BiO-,,, 
phase at about 130°C. Plus marks (+) are the raw data. The solid line is the calculated profile. Tick 
marks below the profile mark the positions of the allowed reflections. A difference curve (observed 
minus calculated) is plotted at the bottom. Background has been fit as part of the refinement but 
subtracted prior to plotting. 
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TABLE I 

STRUCTURAL PARAMETERS FOR THE OXYGEN-VACANCY-ORDERED B%,6K,,4Bi0-2,3 
PHASE AT 130°C 

Atom Site x/a y/b z/c B (A2) Occupancy 

Ba/K 4g 0.800(l) 0.1390(7) 0 2.7(2) 0.6/0.4 
Bi 4h 0.2838(6) 0.1146(4) 0.5 1.5(l) 1 
0, 4s 0.301(l) 0.1149(8) 0 4.9(3) 0.71(2) 
02 4h 0.081(l) 0.2459(5) 0.5 4.1(3) 0.98(2) 
03 26 0 0 0.5 3.3(4) 0.51(2) 
04 2d 0 0.5 0.5 =B(O,) 0.05(l) 

Note. Space group orthorhombic Pbam (#55); a = 6.1163(5) A, b = 11.995(l) A, 
and c = 4.3705(2) A; Z = 4; RJR,,, = 0.121/0.071. A total of 537 reflections covering 
a d-space range from 0.71 to 5.5 A is included in the refinement. Numbers without 
uncertainties are not refined. 

The structure of the orthorhombic 
B%,6K,,4Bi0, phase is illustrated in Fig. 8. 
It is a layered structure formed from one 
BiO, (z -‘I 1.5) layer and one (Ba,,,K,,)O, 
(z I 1) layer. In the BiO, layer, oxygen 
atoms are arranged to produce a nearly com- 
pletely ordered X&Q, x 2X&z, configura- 
tion with alternating filled and half-filled ox- 
ygen chains. Bi atoms are relaxed toward 
neighboring oxygen vacancies. This leads to 
a short Bi-Bi distance (3.8 A) across the 
vacancies compared with the case where 
two Bi atoms are bonded through an inter- 
mediate oxygen atom (-4.4 A). Similar be- 
havior has been observed by Beyerlein et 
al. (12) in the oxygen-deficient pyrochlores 
PWu,O,., and PbT1Nb206,5, where the 
Pb-Pb distance is reduced for Pb atoms on 

TABLE II 

INTERATOMIC DISTANCES (A) IN THE OXYGEN- 
VACANCY-ORDERED Ba&&4BiO-2,r PHASE AT 130°C 

(Bi-Bi),, 
(Bi-BQo2 
(Bi-BQo, 
(Bi-Bi)04 
Ba(K)-OI 
Ba(K)-0, 

4.3704(2) Bi-0, 2.1878(6) 
4.461(6) Bi-0, 2.005(S) 
4.429(8) 2.470(8) 
3.815(8) Bi-Or 2.215(4) 
2.95(l) Bi-0, 1.908(4) 
2.613(7) 

NOW. Distinct oxygen atoms bridging two Bi atoms 
are indicated by subscripts. 

opposite sites of an oxygen vacancy. The 
refined overall oxygen content, y = 2.25(4), 
indicates that all Bi cations are in the 3 + 
state in this phase. It is interesting to note 
that the net charges on either the BiO, (z = 
1.53) layer or the (B~,6K,,,)0, (z = 0.71) 
layer are quite small. This suggests that at 
low temperature the oxygen vacancies tend 
to be distributed in a way that achieves 
charge neutrality for each individual layer. 

In a separate experiment where a 
Ba.&diO, (Y = 2.3) sample was 
quenched from 720°C in nitrogen, we found 
that the sample at room temperature con- 
tains a mixture of the cubic phase and 
the V’!?ap x 2b”?a, x ap orthorhombic 
phase. Therefore, as expected, the 
V?a, X 2V5a, X ap oxygen vacancy or- 
dering can be suppressed by quenching. 
However, the potassium distribution in the 
sample is still homogeneous. Following an 
oxygen anneal at 400°C the sample be- 
comes a single-phase cubic perovskite with 
sharp diffraction peaks. 

V. Thermogravimetric Analysis 

The phase separation involving KBiO, 
observed in NPD data can also be detected 
by thermogravimetric measurements. Fig- 
ure 9 shows the TGA data taken as a 
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FIG. 8. Structure of the oxygen-vacancy-ordered 
Ba&&4BiO-z,, phase: top-the full unit cell; bot- 
tom-the details of the oxygen vacancy ordering in the 
BiO+J layer (as viewed along the c-axis), The solid 
circles indicate the vacant O4 sites. 

Ba,,&,4Bi0, sample is heated in 1% 0,. 
The starting material is fully oxygenated 
(y = 3.0). On heating, the weight of this 
sample initially decreases due to the forma- 
tion of oxygen vacancies in the single-phase 
perovskite. It then exhibits a plateau over 
the temperature range 560-650°C where 
KBiOz forms as a second phase. Physically, 
this means that the total oxygen content in 
the sample is nominally constant in this tem- 
perature range, This is in agreement with the 
NPD observation that the oxygen vacancy 
concentration in the perovskite phase de- 
creases while KBiOz is forming as a second 
phase. Above this temperature range, the 
weight of the sample decreases rapidly as 
the potassium is reincorporated by the per- 
ovskite phase. At 720°C the sample is a 
single-phase perovskite. 

In the temperature range (<56O”C and 
>72O”C) where the material is single-phase, 

the oxygen content of the perovskite phase 
can be determined from the weight loss of 
the sample. The calculated oxygen contents 
can be found from Fig. 9, referring to the 
right y-axis. As the temperature is increased 
above 72O”C, we expect that the oxygen 
content should approach asymptotically to 
y = 2.3, where all Bi atoms have a formal 
oxygenation state of 3 + . In addition, we 
note that the values of oxygen content in the 
two single-phase temperature ranges can be 
smoothly jointed together as shown by the 
dashed line in Fig. 9. On the other hand, 
in the temperature range where two phases 
coexist (560-72O”C), the calculated oxygen 
contents must be interpreted as an average 
over the entire sample. 

It should be pointed out that the composi- 
tions of the perovskite phase obtained by 
refining NPD data are subject to some sys- 
tematic errors at elevated temperature. At 
room temperature, the composition (x = 
0.40 and y = 2.98) from Rietveld refinement 
of NPD data agrees well with the known 
chemical composition of the Ba,,6K,.,Bi03 
sample. However, at elevated temperature, 
the refined values for oxygen contents are 
consistently smaller than the values ob- 
tained by TGA. For example, at 72O”C, 
where the single-phase perovskite is pres- 
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FIG. 9. TGA weight loss and the calculated average 
oxygen content of the B%,6K0,4BiOY sample on heating 
in 1% 0,. 
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ent, the refined oxygen content (y = 2.19) 
is smaller than the value (y = 2.4) calculated 
from the TGA weight loss. Also, the refined 
potassium content of the perovskite phase 
is smaller than x = 0.40 at 720°C where the 
sample is single-phase. One possible source 
for such systematic errors is the correlation 
between refined atom site occupancies and 
temperature factors that become very large 
and may be anharmonic at high tempera- 
ture. Another possible source of error is the 
thermal diffuse scattering background in the 
NPD data, which may not be adequately 
modeled at high temperature in the present 
refinements. We observed appreciable dif- 
fuse scattering in the low d-space range at 
high temperature. 

VI. Phase Diagram 

The NPD data collected from Bq,, 
K,,4Bi0, on heating show a novel reentrant 
phase behavior as the temperature in- 
creases. The material at this potassium con- 
tent is a single-phase perovskite at low tem- 
perature (<56O”C), a mixture of the 
perovskite and KBiO, phases in the interme- 
diate temperature (560-720°C) and the sin- 
gle-phase perovskite again at high tempera- 
ture (~720°C). It is important to determine 
whether this reentrant behavior is an equi- 
librium phenomenon or simply a kinetic ef- 
fect due to slow potassium diffusion at low 
temperature. Hinks et al. found that the 
weight of a Ba,,,K,.,BiO, samples does not 
return to its initial value after being heated 
and then cooled at l”C/min in 100% O2 (23) 
and 1% 0, (14). After such thermal cycling, 
a large residual weight loss (Ay = 0.3) oc- 
curs. This indicated that the final material 
contains KBiO, , which has a lower oxygen 
content than the perovskite phase, as a sec- 
ond phase. Accordingly, the phase change 
at 560°C seen in the present NPD data on 
heating may correspond to an irreversible 
decomposition of a metastable phase. 

The work by Hinks et al. concerning the 

stability of B+.,K,,BiO, is not conclusive. 
Assuming that the potassium diffusion ki- 
netics is slow below 560°C the x = 0.4 mate- 
rial may not have sufficient time to incorpo- 
rate the potassium into a single-phase 
perovskite lattice at the cooling rate used 
in their work (13, 14). We have therefore 
performed additional experiments to clarify 
the previous work. 

In a TGA experiment, a B+,,K,,BiO, 
sample was first heated from room tempera- 
ture to 720°C in 1% 0, , equilibrated at 720°C 
for about 2 hr, and then cooled to 400°C. 
Here, an unusually long cooling time (6 
days) was used to minimize the possible de- 
viation of this sample from its equilibrium 
phase behavior. Again, a large weight loss 
(Ay = 0.32) was found in the final sample 
at 4OO”C, compared with the weight of the 
starting material. This showed that the 
phase separation observed around 560°C in 
1% O2 on heating is not a reversible phase 
change. 

In another experiment, a single-phase 
B+,,K,,,Bi03 sample was heated to 5 10°C in 
1% 0,) and then held at 510°C for 11 days. 
Although this temperature was 50°C below 
the phase separation temperature deter- 
mined on heating from the previous NPD 
experiment, the sample was found to have 
decomposed into a mixture of the perovskite 
phase and KBiO,, as shown in Fig. 10. This 
perovskite phase exhibits V?a, x -\/Za, x 
2~2, superlattice reflections, consistent with 
those supercell phases observed in the low 
potassium concentration range in Ba, -xK, 
BiO, (9). The composition of this perovskite 
phase was estimated to be Bq,,,K,,,,BiO, 
based on its lattice parameters. Thus, we 
conclude that the B%,,K,,,BiO, perovskite 
is a metastable phase at low temperature. 
On heating, the single-phase perovskite 
tends to decompose into a similar perovskite 
with a smaller potassium content and 
KBiO, . At low temperatures, however, the 
phase separation of this material is hindered 
by sluggish potassium diffusion kinetics. 
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FIG. 10. Raw neutron powder diffraction data at 
room temperature for a Ba&&Bi03 sample: bot- 
tom-the initial sample was a single-phase perovskite; 
top-the sample decomposes into a mixture of 
Ba,,s,K,,,sBi03 and KBiOr after being annealed at 510°C 
in 1% Or for 11 days. The major diffraction peaks 
for the KBiOz phase are indicated by x and 
the 6, x V&Q, x 2a, superlattice perovskite peaks 
by s (9). 

Figure 11 shows a schematic phase dia- 
gram of Ba, -,K,BiO, in 1% 0,. The full 
curve represents the equilibrium potassium 
solubility line. Above 640°C this curve is 
essentially the same as the plot of n(K) vs T 
as shown in Fig. 3. We note from Fig. 3 that 
the potassium solubility is reduced to 0.15 
near 640°C. The dashed curve in Fig. 11 
represents changes in the potassium content 
of perovskite phase as the Ba,,,K,,,BiO, 
sample decomposes on heating (14). The 
above results show that this dashed curve is 
not an equilibrium phase line, but a metasta- 
bility line for the x = 0.4 composition. The 
primary feature of this phase diagram is the 
presence of the single-phase oxygen-defi- 
cient perovskite region at high temperature 
and a mixed-phase region (perovskite + 
KBiO,), at lower temperature above x = 
0.1. The solubility of potassium in the perov- 
skite phase decreases with decreasing tem- 
perature in the high-temperature range. 
Also, as the oxygen partial pressure in- 
creases at fixed temperature, the solubility 
of potassium in the perovskite phase de- 

creases. According to NPD data at 720°C 
the Ba,,,K0.4Bi0, sample is single-phase in 
1% O2 and argon, but it is a mixture of the 
perovskite and KBiO, in 100% 0,. 

Because of the occurrence of phase sepa- 
ration involving KBiO, at low temperature, 
it is clear that the superconducting composi- 
tions (x > 0.37) (9) cannot be retained in 
the perovskite phase if the sample is slowly 
cooled in an atmosphere containing Oz. This 
result could explain early failures in prepar- 
ing the superconducting material of Ba,-, 
K,BiO, in either 0, or air (Z-3). In order 
to make the superconducting material, it is 
necessary to suppress this phase separation 
during cooling. It is noted that the occur- 
rence of this phase separation on cooling 
requires a large oxygen intake (refer to TGA 
data in the temperature range 560-720°C in 
Fig. 9). Therefore, this phase separation can 
be suppressed by quenching the material to 
low temperature, avoiding an appreciable 
oxygen intake. Particularly, slow cooling 
(-l”C/min) in the NPD experiment sup- 
presses this chemical phase separation since 

400 
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FIG. 11. Schematic high-temperature phase diagram 
for the Ba, -,K,BiO, system in 1% oxygen partial pres- 
sure. The full curve represents the equilibrium phase 
boundary. The dashed curve (i.e., the metastability 
line) indicates the potassium content in the perovskite 
phase as a Ba,,6K,,4Bi0, material is heated and forms 
KBiO, (14). 
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in this case the inert atmosphere contains 
no oxygen. 

VII. Conclusions 

This work gives important insight into the 
synthetic chemistry of superconducting 
Ba,-,K,BiO, . Most importantly, we know 
that the material at superconducting compo- 
sitions is metastable. The method used to 
synthesize this material may be applicable 
to other new oxide superconductors. 

The solubility of potassium in the perov- 
skite Ba, -,K,BiO, is controlled by temper- 
ature and oxygen partial pressure. Beyond 
the solubility limit, KBiO* is formed as a 
second phase. The potassium solubility in- 
creases at high temperature and decreases 
with increasing oxygen partial pressure. In 
general, the potassium solubility decreases 
with increasing oxygen vacancy concentra- 
tion. The arrangement of the oxygen vacan- 
cies in the crystal lattice, either random or 
ordered, is not important for the incorpora- 
tion of the potassium into the perovskite 
phase. Thus, the concentration of oxygen 
vacancies can be regarded as a key parame- 
ter that determines the potassium solubility. 
Such a hypothesis can be understood in 
terms of the chemical oxidation state of Bi 
in the compound. The formation of oxygen 
vacancies compensates for the substitution 
of Ba2+ by K’+ and sets the overall oxida- 
tion state of Bi (x + 2y - 2) below some 
maximum value. In contrast, the substitu- 
tion of Bi by Pb in BaPb,Bi,-,O, is not ex- 
pected to require the formation of oxygen 
vacancies, since in this case the oxidation 
state of Bi is not raised by the Pb substitu- 
tion. This could explain why single-phase 
material can be synthesized in oxygen for 
BaPb,Bi,-,O, over the entire doping range 
(0 5 x 5 1) but not for Bar-,K,BiO, (15). 
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