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The structures and cation ordering of several barium bismuth oxide phases, Ba,, Bi;. Oq_, (x = 0.22,
0.28, 0.40, 0.67), have been determined at ambient temperature from constant wavelength and time-
of-Might neutron powder diffraction data. The end member of the series, Ba,Bi(lI))Bi{V}O,, has a
monoclinic distortion of the simple cubic perovskite structure with an ordered arrangement of the
Bi'* and Bi** cations on the B sites. When additional barium atoms are introduced into the structure,
substitution of Ba for Bi(tl1) occurs to give phases with the composition Ba,[(Bi, . Ba )BilQ when
x < 0.6, The monoclinic structure at x = 0 changes first 10 a rhombohedral structure and then to
cubic as x is increased, At x = 0,67, the structure remains cubic but the cation distribution changes
to give an unusual arrangement. represented by Bag,Bi;[BaBi(V)]O, ;. with Bi’* cations on the

perovskite A sites and complete Ba?*/Bi** ordering on the B sites.  © 1993 Academic Press, Inc,

Introduction

Substituted barium bismuth oxide phases
are of considerable interest as examples of
isotropic oxide structures which show su-
perconductivity. The perovskite system
BaPb,_,Bi, 0, was the first example of a
nontransition metal oxide phase to exhibit
high temperature superconductivity with a
7.of 13 K at x = 0.3 (4) and can be thought
of as the forerunner to the high-T_ copper-
containing perovskite oxides subsequently
discovered (5, 6). In mixed oxides con-
taining bismuth, superconductivity at 30 K
was observed recently in potassium-doped
BaBiO, (7, 8}. The Ba,_,K,BiQ, phase is
semiconducting until a critical doping level
(x) when it becomes metallic and supercon-
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ducting with a maximum 7, = 30 Kat x =
0.37 (9). A clear correlation between struc-
tural properties and superconductivity in
this phase has been examined in detail by
neutron diffraction (10, 11). Superconduc-
tivity has also been observed in BaBiO,
doped with rubidium, 29 K (72); in BaPb 5
Sby 505, 3.5 K (43); and in BaBig 55Tl 55
Pb, 4Oy, 8 K (14).

All of the known superconducting phases
are derived from the doubled cubic structure
of BaBiO, which has a 1 : 1 ordered arrange-
ment of Bi** and Bi** ions on the B sites
(/-3). In contrast to the isotropic barium
bismuth oxides, the cuprate superconduc-
tors have strongly anisotropic structures
and properties. Consequently, synthesis of
analogous layered bismuth phases is of con-
siderable interest for further investigation
of the influence of dimensionality in models
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for high-temperature superconductivity.
The logica! candidate structures for study
are the Ruddlesden—-Popper (RP) phases
with the general composition Ba,_;B,0;, .,
(16, 17). Several members of this series
are known where B = Pb, viz. Ba,,,
Pb,0,,, (n = 1, 3, =) (/8-21). Substitu-
tion of lead by bismuth up to levels of
30% has been reported for the compounds
with n = | and 3, and up to 50% in the
n = 2 phase, but superconductivity has
not been observed (19, 21, 22). The sole
example of an RP phase with the B sites
occupied only by Bi cations is the n = 2
phase Ba,-K, ;Bi,0,; prepared by electro-
chemical synthesis in molten KOH {(23).
This composition does not show supercon-
ductivity though a theoretical study sug-
gested that the level of potassium doping
may not be optimum (24). Other composi-
tions have not yet been synthesized and
may be difficult to access.

Attempts to synthesize “‘Ba,Bi0,” with
the La,CuQ, structure type have so far
been unsuccessful. The compound formed
by heating the stoichiometry represented
by ““‘Ba,BiQ,”” in oxygen or air has a
structure related to that of the doubled
cubic, 1:l-ordered perovskite structure,
A,[BB']10s. A series of Bay, Bi, ,O4_,
phases with perovskite-related structures
have been investigated by two groups
(25-27). Itoh et al. reported the synthesis
of single phase materials for 0 = x =
1.0, by reaction of BaCQO, and Bi,0,; at
temperatures up to 1000°C in oxygen (23,
27). For the compositions 0 = x = 0.67,
oxygen contents close to stoichiometric
were reported, (0 = y = 0.1). The small
deviations from stoichiometry increased
with increasing x. In this composition
range, the monoclinic structure of BaBiO,
changes to rhombohedral and then to cubic
as x increases. Compounds with 0.8 =
x = 1.0 were synthesized similarly, but
were found to be more oxygen deficient
(0.24 =y = 0.494). Licheron er al. re-
ported results for two samples prepared
in air at 950°C with x = 0.5 and 0.67 (26).
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The structure of the x = 0.67 phase was
determined from X-ray powder data by
refinement of the integrated intensities. A
cubic structure, space group FM3m, with
the cation distribution Ba,[Ba,;Bi,;;]1Bi0; ¢,
was proposed. The oxygen stoichiometry
was not measured directly but was calcu-
lated by assuming that all of the bismuth
cations on the barium sites are Bi’™.
The Ba,. Bi,_,04_, phases are of inter-
est from a structural standpoint both be-
cause Ba’" cations occupy the perovskite
B sites and also because of the variety of
possible distributions of bismuth cations
in different oxidation states between the
A and B cation positions. In order to
investigate the structures and cation distri-
butions in more detail, four compounds in
the series with x = 0.22, 0.28, 0.40, and
0.67 have been investigated by neutron
powder diffraction. Other compositions
with x = 0.67 have been prepared and
studied by X-ray powder diffraction.

Experimental

For the present experiments, a series of
Ba, . ,Bi; ,O¢_, compositions (0.05 < x =
0.67) was prepared in air using conven-
tional high-temperature ceramic methods.
Stoichiometric mixtures of Bi,0, and
BaCO, were heated in alumina crucibles
at 700°C (1d), 800°C (1d), 875°C (1d), and
900-950°C (2-5d). 1t was necessary to
ensure complete reaction of BaCQO; before
heating at temperatures greater than 850°C,
otherwise partial melting of the reaction
mixture occurs. An apparent solubility
limit for barium at x = 0.67 was observed
using this procedure. Altempts to synthe-
size compounds with higher barium con-
tent always led to decomposition. For the
neutron diffraction experiments, larger
samples (10 g) were prepared with compo-
sitions corresponding to x = 0.22, 0.28,
0.40, and 0.67.

The oxygen contents of the samples were
determined by thermogravimetric reduction
in a 5% H,/N, mixture. The samples were
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reduced in a Dupont 990 TGA! system under
the following conditions. The samples were
heated to 600°C at a rate of 10°/min under
a constant gas flow (50 ml/min) and then
held at constant temperature until complete
reduction to BaO and Bi metal had taken
place. The differences between the final and
initial weights were used to determine the
oxygen contents. X-ray power diffraction
measurements were made at ambient tem-
perature using a Scintag XDS 2000 auto-
mated powder diffractometer with Cu Ka
radiation and a solid-state detector. Data
were collected in 0.02° steps with a count
time of 5 sec per step over the angular range
15° = 260 = 100°.

For the compound with x = 0.67, the neu-
tron diffraction measurements were made
at ambient temperature with the high-reso-
lution five-counter diffractometer at the Na-
tional Institute of Standards and Technol-
ogy. The sample (ca. 13 g) was contained
in a 10-mm diameter cylindrical vanadium
can and data were collected over the angular
range 10° = 2§ = 120° at intervals of 0.05°
using a wavelength of 1.5453 A. Data for
the other samples (x = 0.22, 0.28, and 0.40}
were collected on the neutron powder dif-
fractometer at LANSCE, Los Alamos Na-
tional Laboratory. Samples (ca. 10 g) were
contained in cylindrical vanadium cans.
Time-of-flight data were collected at ambi-
ent temperature using four banks of detec-
tors located at =148° and +90° to the inci-
dent neutron beam. After initial inspection,
the data from the +90° detector bank were
excluded from the refinement due to detec-
tor problems.

Both the constant wavelength and time-
of-flight powder diffraction data were ana-
lyzed by Rietveld profile analysis using the
GSAS programs (28). Atomic, positional,
thermal parameters, background, and pro-
file coefficients were refined simultane-
ously. Neutron scattering lengths b, (X

! Manufacturers are identified to provide a complete
description of the experimental conditions., No en-
dorsement by the National Institute of Standards and
Technology is intended.
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TABLE 1

OXYGEN CONTENTS { ¥) aAND CELL
ParRaMETERS ©OF Ba,, Bi, O, ,

PHASES

x 6-y a (A)“
0.0 6.0¢ 4.3448(3)
0.10 6.05 4.357(3)
0.15 6.04 4.354(3)
0.22¢ 6.02 4.3619(4)
0.28° 6.01 4.3685(4)
0.35 5.94 4.373244)
0.40¢ 597 4.3750(3)
0.45 593 4.3736(3)
0.50 594 4.3760(3)
0.55 592 4.3777(4)
0.60 594 4.3807(5)
0.67° 5.67 4.3997(3)

# Pseudocubic cell parameter.

¢ Average value of data from Refer-
ences 1-4.

¢ Data from neutron diffraction
measurements.

4 Values of y are =0.03,

1072 ¢m) were taken as by, = 0.525,
bg; = 0.835, and by = 0.5805. The constant
wavelength data were fitted using a
Gaussian peak shape modified for peak
asymmetry. The full width at half maximum
of the peak (w) as a function of 28 varies
according to w = U tan’9 + V tang + W.
The time-of-flight profile function used was
a convolution of two back-to-back exponen-
tials with a Gaussian. The Rietveld refine-
ment was performed on all data points with
d spacings between 0.5 and 3.0 A~! (10-50
msecs time of flight). Five profile parame-
ters and four background coefficients were
used to fit the profile data for each of the
three detector banks.

Results

Svnthesis and Characterization

The compositions Ba,, Bi, ,O,_,, O =
x = 0.67, all have structures related to a
1:1-ordered cubic perovskite (A4,BB'0,)
with barium atoms on the perovskite B sites,
as reported previously. The K;NiF, struc-
ture type, ‘‘Ba,Bi(,,”’ does not form at any
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FiG. 1. Pseudocubic perovskite ¢ parameter versus composition for Bay, ,Bi;_ Og_,.

value of x under the synthesis conditions
used here. The pseudo-cubic perovskite a
parameters (calculated as the cube root of
the cell volume) for the phases prepared in
this work are given in Table L and are shown
as a function of composition in Fig. I. The
values determined for the compositions x =
0.10 and 0.15 are less precise than the other
data because of difficulty in determining the
true cell symmetry from the X-ray data. The
peaks are insufficiently well resolved to dis-
tinguish between monoclinic and rhombo-
hedral unit cells. The oxygen contents of
the samples determined from hydrogen re-
duction are also given in Table 1. For x =
0.60, the oxygen contents are close to stoi-
chiometric within the error of the determina-
tion (=0.03), but at x = 0.67 the sample
is significantly oxygen deficient (y = 0.33;
se¢ below).

Replacement of Bi2* (r = 1.03 A) or B{**
(r = 0.76 A) cations on the octahedral sites
by the larger barium cation (r = 1.35 A)
causes an increase in the unit cell constant

with increasing barium content, though the
variation is net linear. Discontinuous
changes in g are observed betweenx = 0,15
and 0.22, x = 0.40 and 0.45, x = 0.60 and
0.67. Atx = 0, the unit ¢cell is monoclinic but
the neutron diffraction data (below) clearly
show that at x = 0.22 the symmetry is rhom-
bohedral. The discontinuity at low x may be
a consequence of this change in symmetry.
However, the X-ray data for the intermedi-
ate compounds (x = 0.1, 0.15) cannot
clearly distinguish between rhombohedral
or monoclinic structures, A discontinuity
between x = 0.1 and 0.2 is also apparent
in the previous data (23, 27) but was not
discussed. The discontinuity between x =
0.40 and 0.45 coincides with the apparent
change from rhombohedral to cubic symme-
try. Overall, the lattice parameters reported
here agree within 0,002 A with the values
reported by Itoh et al. for the compositions
0.2 = x = 0.6 (25, 27). The cell constant
reported for the x = 0.5 phase by the French
group (26) is significantly smaller than the
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F1G. 2. X-ray powder diffraction data for Ba, ;Bi, ;305 4; with Cu Ka radiation. The Ka; and Ko,

lines are resolved but no distortion is observed.

other values. If the series is written as Ba,
[Ba,Bi(IIl), _]Bi(V)Oy_,, with barium pro-
gressively replacing Bi(IlI) on the B site,
then y = x/2. However, the Bi(lII) cations
are almost completely oxidized to Bi(V)
since the oxygen content is observed to be
close to stoichiometric when x = 0.60. A
highly disordered cation distribution must
result, with Ba®*, Bi**, and Bi** cations all
residing on the same site.

The x = 0.67 phase differs from the rest
of the series in two respects. The stoichiom-
etry indicates the presence of a significant
number of oxygen vacancies (y = 0.33) and
the cubic lattice parameter is larger than
expected by extrapolation of the data for
the other compounds in the series. No evi-
dence is observed in the X-ray data for any
distortion from cubic symmetry (Fig. 2).
The oxygen stoichiometry corresponds to
one-quarter of the bismuth cations being in
the Bi{1II} oxidation state and is reproduc-
ible in several samples prepared by the same

procedure. Attempts to increase the oxygen
content by heating the x = 0,67 composition
in oxygen at high temperatures, followed by
annealing at lower temperature (400°C) in
oxygen, did not increase the oxygen content
of the samples. Oxygen nonstoichiometry
corresponding to y = 0.33, at x = 0.67, was
assumed but not directly measured in the
study by Licheron et el, (26). In contrast,
Itoh et al. reported an oxygen content close
to stoichiometric (y = 0.05) for the x = 0.67
phase. The marked difference in oxygen
stoichiometry for our x = 0.67 composition
suggests that the cation distribution is differ-
ent compared with the arrangement in the
lower barium content phases.

In general, the X-ray diffraction patterns
for the different compositions are similar
except for changes due to the increase in
cubic lattice parameter with increasing x.
All patterns show the superlattice lines with
h, k, 1 = 2n + 1 resulting from ordering of
the B cations, Figure 3 illustrates how the
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Fi1G. 3. X-ray diffraction data for Ba,,Bi,_,O,_, phases showing the relative increase with increasing
x in the intensity of the cubic (111) reflection compared with the (200).

X-ray intensities of the cubic (111) and (200)
reflections evolve with increasing barium
content. At the x = (.67 compasition, the
superlattice lines are significantly stronger
than for the other compositions. Qualitative
intensity calculations (using the Lazy Pul-
verix program) indicated that the superlat-
tice lines increase in intensity when Ba?*
ions are substituted for Bi** ions on the B
site. Atx = 0.67, however, the intensities of
the superlattice lines agree much better with
the results calculated for a model corre-
sponding to complete substitution of the Bi
(III site by Ba ions giving a cation distribu-
tion [Bas;Bi, ;] [BaBi(V)]Os 4. A transfer of
Bi cations from the B sites to the A sites in-
creases the scattering difference between the
B and B’ sites, thereby producing an en-
hancement of the intensities of the superlat-
tice peaks. The Bi(1lI) cations located on the
perovskite A sites are expected to be nonoxi-
dizable and can thus account for the oxygen
nonstoichiometry. A quantitative neutron

diffraction verification of this structural
model for the x = 0.67 phase is described in
the next section.

Neutron Diffraction

Ba,|Ba Bi,_1Bi0,, x = 0.22, 0.28, 0.40.
The parent of the present series of com-
pounds, BaBiO,, has a monoclinic distor-
tion of the simple cubic perovskite lattice.
The distortion arises both from tilts of BO,
octahedra as described by Glazer (28, 29)
and ordering of bismuth cations with two
different oxidation states as indicated by
Ba,Bi(III})Bi(V)O,. The distortion results
in a larger unit cell with cell constants
aV2 x aV2 x 2a, B # 90°, and space
group 12/m (No. 12).

The neutron diffraction data for the phase
Ba,[Ba, ,Bi, 11Bi0, clearly indicated a dis-
tortion from cubic symmetry as expected
from the X-ray data. The distortion can be
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Fi1G. 4. Neutron diffraction data for Ba,, Bi,_,0,_, at x = 0.22, 0.28, 0.40. The data are for the
(440) reflection of the doubled cubic unit cell. The (440) reflection splits into (422) and (202) (with
d = 1.5393 and 1.5450 A, respectively) in the primitive rhombohedral cell at x = 0.22 and is broadened

at x = 0.28.

seen easily in the neutron time-of-flight data
in the range. 1.5 A = d = 2.0 A (Fig. 4). By
analogy with the structure of BaBiO,;, an
initial refinement of the structure was at-
tempted in the monoclinic space group
I2/m which corresponds to B cation order
and two negative octahedral tilts (a% b~
in Glazer’s notation). An alternative mono-
clinic structure with one additional tilt
(a~b~ b, space group P2,/n (No. 15}), that
has been observed previously in several
1 : 1-ordered perovskite structures, was also
tested (30, 31). The splittings of the peaks
could not be reproduced with either model
and a satisfactory refinement of the intensity
data could not be obtained. Further inspec-
tion of specific peaks indicated that the unit
cell was rhombohedral. The data were con-
sequently refined in space group R3 (No.
60) corresponding to the tilt systema a"a”
(R3c) with ordered cations. The additional

barium atoms in the structure are located
on the Bi(III) cation site. The thermal pa-
rameters for the Ba and Bi(1Il) atoms were
constrained to be equal and the total site
occupancy was constrained to unity for this
refinement and also for the refinements of
the data at the other compositions. The si-
multaneous occupancy of the Bi(III) site by
both barium and bismuth cations introduces
considerable disorder into the structure
which cannot easily be modeled. The pres-
ence of both (I1I) and (V) oxidation states
of the bismuth atoms on this site adds to the
difficulty of finding an adequate representa-
tion of the structure. At best, only an aver-
age structure can be determined and large
thermal parameters are expected. Refine-
ments for the x = 0.22 composition, in
which isotropic thermal parameters and the
site occupancy of the Bi(Ill) position were
varied, resulted in poor fits to the data. Such



STRUCTURE AND CATION ORDERING IN Ba,, Bi,_,O;_, 435
TABLE 11
REFINED PROFILE AND STRUCTURAL PARAMETERS FOR Bay[Bay 1,Big 7]Bi0y
Atom Site X y z Occ. u;,(AD)
Bal 2¢ 0.2481(4) x x 1.0 0.017{1)
Ba2 1b 0.5 0.5 0.5 0.18(3) 0.014(1)
Bil la 0 0 0 1.0 0.005(1)
Bi2 ib 0.5 0.5 0.5 0.82(3) 0.014(1)
01 6f —0.2431(1) 0.1969(4) 0.2850(4) 1.0 —
HanisolAD): 0.043(1)
0.029(1)
0.022(1) ~0.011(2) —0.001(1) —0.016(1)
R, = 98% R, = 6.6%
Cell constants: a = 6.15734)4, a = 60.247(1), R3
Bond lengths¢(A)
Bal-0Ot 3.101(7) Bal-01 3.364(1)
Bal-0t 3.081(7) Ba2/Bi2-01 2.276(3)
Bal-0t 2.819(1) Bil-01 2.12003)

refinements gave large thermal parameters
and unreasonable values for the bond dis-
tances and composition. A significantly im-
proved refinement was obtained when the
static disorder was represented by aniso-
tropic oxygen thermal parameters. The re-
sults from the refinement with this model
for the x 0.22 composition are shown
in Table II and in Fig. 5. The refined site
occupancy for the Bi(llI) site with this
model is in agreement with the known com-
position and the bond distances are more
reasonable. The refinement i1s only moder-
ately sensitive to the precise value of the
composition, in part due to the absence of
the cubic (111} reflection from the range of
time-of-flight data which could be collected.
The static disorder inherent in this phase is
apparent in the large values of the thermal
parameters of all atom positions in the final
model. The agreement between the ob-
served and calculated profiles indicates,
however, that little further information can
be extracted from the powder data.

Both the X-ray and neutron data for Ba,
[Ba, ,4Bi, 4JBiO; appear to indicate a face-
centered doubled-cubic unit cell. More de-
tailed inspection of the neutron data indi-
cated that several peaks expected to be split

in rhombohedral symmetry were signifi-
cantly broadened (see, e.g., Fig. 4). The
structure was refined, therefore, with the
same ‘model that was used for the sample
with x 0.22. The results are shown in
Table II1. The overall fit to the data with the
rhombohedral model is significantly better
than could be obtained with a cubic Fm3m
model which was tested for comparison.
The rhombohedral angle, 60.136°, is smaller
than the value observed at x = 0.22 (&
60.247°). The static disorder is again re-
flected in the large thermal parameters.
No departure from cubic symmetry could
be detected in the data for the phase Ba,
[Bay 49Big ]Bi0;. The structure was refined
in space group Fm3m (No. 225) with aniso-
tropic oxygen thermal parameters. The ani-
sotropic refinement showed that the appar-
ent thermal motion is very large (¢ = 0.09
A?) in directions perpendicutar to the Ba/
Bi-0-Bi axis. Better refinements were ob-
tained when the disorder was represented
by placing the oxygen atoms e¢ither on (0,
¥, 7) or (x, x, z) sites with § occupancies.
Refinement of oxygen on either position
substantially reduced all thermal parame-
ters. Result for the (0, y, z) refinement are
given in Table 1V. The occupancies for the
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F1G. 5. Time-of-flight neutron diffraction data for Ba,[BagBi; 7aBi0¢. The + symbols are the

experimental points and the line is ti.

fit to the data. The bottom curve is the difference and the small

vertical lines are the positions of the contributing Bragg reflections.

Bi(III) site are in agreement with the ex-
pected composition.

Baz.67Bi1‘3305.33. NO eVidence was Ob'
served in either X-ray or neutron data at
the x = 0.67 composition for any departure
from cubic symmetry and all reflections in-
dicated face centering. The face-centered-
cubic unit cell was confirmed also in a high-

resolution synchrotron powder diffraction
experiment at NSLS Brookhaven. Conse-
quently, the structure was refined from the
neutron data in space group Fm3m. Initial
refingments with all of the bismuth atoms
confined to the B sites were unsatisfactory.
A mixed Ba/Bi B site model always gave a
noticeable discrepancy with respect to the
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(111) and (311) superlattice reflections with
calculated peak intensities lower than the
observed values (the (111) reflection which
was outside of the time-of-flight range is
present in the NIST constant wavelength
data). As can be seen in Fig. 3, the (111)
superlattice line corresponding to the order-

ing of B cations is significantly larger at
x = 0.67 than for the other compositions.
The difference cannot only arise from in-
creasing Ba content. As described above,
gualitative X-ray intensity calculations indi-
cate that the two distinct B sites are com-
pletely occupied by Ba®* and by Bi*" ions

TABLE 111
REFINED PROFILE AND STRUCTURAL PARAMETERS FOR Ba,[Bay ;3Bi; ;1BiO,

Atom Site x ¥ z Occ.t u;, (A
Bal 2c 0.2456(5) x X [.0 0.020(1)
Ba2 15 0.5 0.5 0.5 0.28 0.016(1)
Bil la 0 0 0 1.0 0.006(1}
Bi2 15 0.5 0.5 0.5 0.72 0.016(1)
0l 6f —0.2435(15) 0.2030¢5) 0.2781(5) 1.0 —
uam-m(;kz): 0.048(2) 0.033(1) 0.0312) —-0.010(3) 0.003(3) —-0.022(1)
Cell constants: a = 61717DA, a = 60.136(1), RE
Bond lengths(ﬁ;)

Bal-01 3.130(1}) Bal-01 3.328(2)

Bal-01 3.039(1) Ba2/Bi2-01 2.279(4)

Bal-01 2.863(2) Bil-0Ol1 2.114(4)

@ Site occupancies not refined.



438

REIS, JACOBSON, AND NICOL

TABLE IV
REFINED PROFILE AND STRUCTURAL PARAMETERS FOR Bay[Bay 4Biy ]BiO;

Atom Site x y z Occ. u; (A%
Bal 8¢ 0.25 0.25 0.25 1.0 0.038(1)
Ba2 4b Q0.5 Q.5 0.5 0.45(4) 0.035(1)
Bil da [} 0 0 1.0 0.012(1)
Bi2 4b 0.5 0.5 0.5 0.55(4) 0.035(1)
0Ol 96j i} 0.0347(2) 0.2392(3) 0.25 0.032(1)
R,, = 11.3% R, = 8.4%
Cell constants: a = 8.7501(DA, Fm3m
Bond lengths(A)
Bal-01 2.888(2) Ba2/Bi2-0O1 2.302(3)
Bal-01 337 Bil-0O1 2.115(3)

with the excess bismuth atoms transferred
to the A sites to maintain stoichiometry. Re-
finement of the neutron data with this model
gave significantly improved results. The oc-
cupancies of the A and B sites were in good
agreement with the cation distribution
Ba;;;Bi,;4[BaBi]O; 4. Various other starting
models for the cation distribution were eval-
uated but all resulted in the same final cation
arrangement. The refined oxygen thermal
parameter is very large indicative of static
disorder. Better refinements in the cubic
model were again obtained when the disor-
der was represented by placing the oxygen

atoms on (0, y, z) sites with ; occupancy.
The final results for this mode] are given in
Table V and Fig. 6.

Discussion

The present results confirm that the
Ba,, Bi,_,O4_, compounds all have struc-
tures related to a 1: 1 ordered cubic perov-
skite. The neutron diffraction data for the
compounds with x = 0.22, 0.28, and 0.40
show that the excess barium atoms are ac-
commodated on the perovskite B sites to

TABLE V
REFINED PROFILE AND STRUCTURAL PARAMETERS FOR Ba, (;Bi; ;;[BaBilO; 47

Atom Site x y z Oce.? (A2
Bal 8¢ 0.25 0.25 0.25 0.86 0.042(1)
Ba? 4b 0.5 0.5 0.5 1.0 0.016(1)
Bil 8¢ 0.25 0.25 0.25 0.14 0.042(1)
Bi2 4a 0.0 0.0 0.0 1.0 0.001{1)
01 96/ 0.0 0.0352(6) 0.2319%(4) 0.236 0.015(2)
R., = 10.7% R, = 8.1%
Cell constants: a = B.7997(5)A, Fm3m
Bond lengths(A)
Bil/Bal-01 2.907(4) Ba2?-0O1 2.354(4)
Bil/Bal-0O1 3.337(4) Bi2-01 2.088(3)

? Occupancies fixed in final refinement.
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F1G. 6. Neutron diffraction data at » = 1.5 A for Ba, ;Bij ;5[BaBi]Os ;. The lines and + symbol
are as in Fig. 5. Between 37 and 38° 28 a small impurity peak was excluded from the refinement.

give a 1:1 ordered distribution. One B site
is solely occupied by Bi** ions but the other
contains a mixture of barium and bismuth
cations. As discussed earlier, the oxygen
contents of the x = 0.22, 0.28, and 0.4
phases are close to stoichiometric. Conse-
quently, in this composition range Ba?*,
Bi**, and Bi’* cations must all occupy the
same B’ site. The composition with x = 0.4,
for example, corresponds to the cat-
ion distribution Ba,[Ba, ,,Bij £, Bif{,1BiO,.
The random distribution of cations with dif-

ferent sizes and charges on the B sites and
the resulting static disorder results in the
large thermal motion observed for the oxy-
gen atoms.

The bond distances are given in Tables
II-1V. In Ba,Bi(IINBi(V)O,, the average
Bi’* -0 and Bi**-O distances are 2.262 and
2.141A, respectively (3). As the barium con-
tent increases in the series reported here,
the average Ba/Bi-O distance increases and
the Bi*-0 bond distance decreases
slightly. The Bi(V)-O bond distances



440

REIS, JACOBSON, AND NICOL

Counts (x103)

1]

2 theta (x101)

Fi16. 6—Continued

(2.09-2.12 A) are in the expected range but
the Ba/Bi-O bond distances are about 0.2
A shorter than predicted from the ionic ra-
dii. The precise values are, however, depen-
dent on the model used to represent the
static disorder.

The compound with x = 0.67 has a stoi-
chiometric ordered arrangement of Ba®*
and Bi’* cations on the B sites. In order to
maintain the 2/1 ratio of barium to bismuth
atoms, some Bi’* cations are also located
on the A sites and, in contrast to the lower
barium content phases, the compound is ox-

ygen nonstoichiometric. The unusual cation
distribution adopted at x = 0.67 is energeti-
cally favored over the arrangement Ba,
[BaZ f;Bi; 1;1Bi° O, that would result from
an extrapolation of the cation distribution
determined for the lower x phases. A distri-
bution with Ba?* and Bi** ordered on the
B sites is favored over a structure with two
cations of very different size and charge on
the same site. The compound Bas,
Bi,;[BaBi]O; ¢, that results from this cation
rearrangement cannot be completely stoi-
chiometric because any additional Bi(V)



STRUCTURE AND CATION ORDERING IN Ba,, Bi,_,0;_,

441

T T : T
c

I T T T I

Counts (x102)

2 theta (x102)

Fic. 6—Continued

cations generated by further oxidation
would be too small for the twelve coordinate
perovskite A sites. The x = 0.67 composi-
tion 18 rigorously cubic which is surprising
because cubic symmetry imposes an aver-
age B—0 bond distance which is too small.
Normally, in perovskite structures coupled
rotations of the BQ; octahedra lead to opti-
mum B-0O and A-O bond distances. Such
octahedral rotations, however, always
lower the symmetry of the unit cell. In the
x = 0.67 phase, the Ba—Q distance is 2.38
A, significantly shorter than the value of

2.79 A expected from ionic radii but the cell
remains cubic. The absence of any distor-
tion is likely to be due to the presence of
oxygen vacancies which act to uncouple the
octahedral tilts and permit a disordered ar-
rangement of oxygen positions. A related
situation was recently reported for K,Cg,
which also appears to be a face-centered
cubic but is disordered (35).

Summary and Conclusions

The structures and cation ordering for
four members of the series Ba,, Bi, ,O,_,
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have been determined from powder neutron
diffraction data. The compounds undergo
progressive structural transformations from
mongoclinic to rhombohedral to cubic as x
increases. Barium atoms replace Bi(Ill) on
the B site for x < 0.6, but at x = 0.67 a
unique cation distribution is observed. The
perovskite B sites are occupied by Ba®* and
Bi’* in an ordered arrangement, with some
Bi(III) cations located on the A sites. The
overall structure corresponds to Basj,
Bi;;5[BaBi]Os ;. Substantial catien disorder
is present in all of the compositions investi-
gated and only average structures have been
determined. Significant diffuse scattering
resulting from the cation disorder is ob-
served in electron diffraction patterns and
will be described in a future report. Finally,
we note that cation distributions in these
materials are sensitive to redox and thermal
history and that other structures at the same
composition ¢an be obtained by medifica-
tions of the synthesis procedures.
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