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An Oxygen Deficient Fluorite with a Tunnel Structure: Bigla;0,;
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A new lanthanum bismuth oxide, BigLa,;0,;, has been synthesized. It crystallizes in the Immm space
group with the following parameters: a = 12.079 (2) A, b =16348(4) A, ¢ = 4.0988 (5) A. Its structure
was determined from powder X-ray and neutron diffraction data. It can be described as an oxygen
deficient fluorite superstructure (a = 3ap/V2, b = 3ag, ¢ ~ ay/V2) in which bismuth and lanthanum, as
well as oxygen vacancies, are ordered. The structure consists of fully occupied (110) or (110) lan-
thanum planes (La) which alternate with mixed {¥} planes and fully occupied oxygen planes (4) which
alternate with two sorts of oxygen deficient (110) or (110) planes (B and C) according to the sequence -[
La A B {#} C C {fi} B A [-. The anionic distribution determines tunnels where the bismuth ions are
located, forming diamond-shaped based tunnels. The coordination of bismuth and lanthanum is dis-
cussed. The high thermal factor of some oxygen atoms suggests that this oxide exhibits ionic conduc-

tivity.  © 1991 Academic Press, Inc.

Undoped and doped Bi,0; materials with
fluorite-type crystal structure have been in-
tensively studied for their high ionic con-
duction properties (I1-15). For pure Bi,O;,
the ionic superconductive form (called §) is
stable above 1002 K (6). It can be stablized
at lower temperature by addition of diva-
lent, trivalent, pentavalent, and hexavalent
ions (4, 5, 7-15). For instance, in the sys-
tem Bi,O:— LnyO;, the solid solution
Bi;-.Ln, 0.5 can be observed at room tem-
perature with the fluorite-type structure for
In=Sm@0.1=x=04),Dy(020=x=<
0.40), Er (0.20 = x = 0.30), Yb (0.10 =x <
0.40) (1I) and Y(0.25 = x = 0.42) (10).
When lanthanum is substituted for bismuth,
only rhombohedral phases are observed up
to x = 0.50 (I1). A recent structural study
by single crystal X ray diffraction and pow-
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der neutron diffraction of the oxide
Bij 7L.ag 30,5 (16) has shown that the struc-
ture of this oxide of rhombohedral symme-
try (parameters of the hexagonal cell: a =
4.040 A, ¢ = 27.557 A) can be described as
a regular stacking along the ¢ axis of identi-
cal M;0, 143 fluorite-like sheets with extra
oxygens partially filling delocalized sites
within vacant octahedra of the interlayer
space. This confirms that even if no compo-
sition with the fluorite structure was re-
ported in the system with lanthanum, the
structure of the rhombohedral form re-
mains closely related to the latter. This sug-
gests the possible existence in the BiO;-
La,0; system of microphases closely
related to the fluorite structure. We report
here the synthesis and structure of a new
oxide Bigla;00,;, an ordered member of
the oxygen deficient fluorite series
Bi;-,La,0; 5, corresponding to x = 0.55
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Experimental

The Bi,0;-La,0; system was investi-
gated by solid state reaction in air between
bismuth and lanthanum sesquioxides. Ade-
quate mixtures of these oxides were inti-
mately ground and heated in a platinum
crucible at 950-1000°C for 24 hr and then
quenched down to room temperature.

Cell parameters were fitted from X-ray
and neutron powder diffraction data which
were collected by means of a Philips dif-
fractometer (Cuk, radiation) and the multi-
counter diffractometer 312, installed at the
Orphee reactor in Saclay (A = 1.2269 A),
respectively. For structural studies, inte-
grated intensities measured from X-ray dif-
fraction pattern were introduced in the re-
finement computer program Maryse (17).
Neutron data were collected by step scan-
ning over an angular range of 6° < 20 <
115°, in increments of 0.05° (2 ©). The
Bragg reflections were used to refine the
crystal structure with the profile refinement
computer program DBW 3.2 (18). The dif-
fraction lengths used were 0.8533 (Bi),
0.827 (La), and 0.5805 (0) (x10~"? cm).

The electron diffraction observations
were performed on a Jeol 120CX electron
microscope fitted with a side entry go-
niometer (=60°).

Results

For x = 0.55, a new compound was ob-
tained. It was a pale yellow colored pow-
der. Attempts to obtain single crystals were
unsuccessful because of the decomposition
which occurs above 1100°C. The electron
diffraction investigation revealed an
orthorhombic symmetry with cell parame-
ters closely related to the one of fluorite
cubic cell (ag) by the relations: a = 3 af
V2/2, b = 3ag, ¢ = ar V2/2 whose refine-
ments from X-ray powder data led to the
values: a = 12.079 (2) A, b = 16.348 (4) A, ¢
= 4.0988 (5) A. The observed conditions of
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reflection: 2 kI, h + k + [ = 2n involved an
I space group. It appeared that the unit cell
of this oxide is a superstructure of the cubic
fluorite cell, which could result from the or-
dering of lanthanum and bismuth and (or) of
oxygen vacancies with regard to the cubic
fluorite. Owing to the relative values of the
X-ray scattering factors and neutron diffu-
sion lengths of the different elements, the
complete structural study could only be
solved using both X-ray and neutron data.

X-Ray Diffraction

This study was performed in the Immm
space group using the first 43 integrated in-
tensities of the powder diffraction pattern,
i.e., 89 & k [. Because of the apparent close
relationships with the fluorite structure,
calculations were performed with starting
positional parameters corresponding to
those of the classical cubic fluorite. The dis-
tribution of Bi** and La3* ions over the
2(a), 4(e), 4(g), and (8n) sites of the Immm
group was chosen considering the ratio Bi/
La = 8/10. No oxygen vacancies were as-
sumed in the first step. For these conditions
and with global isotropic thermal parame-
ters fixed at 1 A2, the discrepancy factor
was R; = 21.5%. Successive refinements of
all the variable positional parameters and of
the B factors of metallic ions confirmed that
bismuth and lanthanum were located on
4(e) + 4(g), and 2(a) + 8(n) sites, respec-
tively. In a second step, occupancy factors
of oxygen in the different sites were refined
leading to an occupancy of the Og, site
close to zero. 7o3) was then fixed to zero
and new refinement cycles were performed
with x, y, and B(Bi, La) as variables which
led to R; = 7.1% for the parameters given in
Table I. At this stage, 32 oxygen atoms per
unit cell instead of 27 atoms imposed by the
charge balance were located; although 7o
had shown a significant deviation from 1
during occupancy refinements, calculations
were stopped and the structure was then
studied with neutron data.
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TABLE 1

BizlLa;g0,7: FIND REFINED PARAMETERS FROM
X-RAY POWDER PATTERN DATA

Atom  Site xla ylb e BAY 1
Biyy  4(e) 0.3158 (56) 0 0 13M 1
Bipy 4(g O 0.339427) 0 1.1(D 1
La,, 8(n) 0.3492(53) 03203(17) ¢ 1.2(®) I
Lag, 2@ 0 0 0 169 1
Oy 4Mh) 0 0.063 (10) 3 1 1
O 4 0 0.241 (11) i 1 1
Op) 4h) 0 5/12 3 0
Ow 8n) 0228(12) 0.073 (9) 0 1 1
O 8m) 0.161(17)  0.260 (9) 0 1 1
O 8(n) 0.154 (15)  0.439(7) 0 1 1

Neutron Diffraction

The neutron diffraction pattern was stud-
ied in the range 10-110° (20). A character-
istic of this pattern was that we observed a
rapid decrease of the peak intensities as ©
increases. Such a feature was previously
reported by P.D. Battle et al. (10) for
Biy6Y0.40,5, who attributed this phenome-
non to a disordered nature of the material.
Profile analysis was performed; it con-
firmed the absence of oxygen in the Og,
site. Moreover the O site was found to be
not completely filled with an occupancy
factor close to 0.34. Considering the num-
ber of oxygen atoms per unit cell, 7o was
then fixed as 0.375. Refinements of the po-
sitional parameters and of the isotropic
thermal factors for all the atoms led to the
values contained in Table II and to the dis-
crepancy factors: R, = 0.051, R,,, = 0.068,
R; = 0.094. Experimental, calculated, and
difference diffraction patterns are plotted in
Fig. 1. From Table 11, it appears that all the
B factors exhibit high values, in agreement
with the remark concerning the characteris-
tic of the neutron diffraction pattern. How-
ever they are not higher than those ob-
tained for Blo 7La0 301 5 (16) (B(Bl La =
1.6-2.5 A? and B = 1.9-6.3 A?). Fourier
maps at the level of Oy, (B = 2.58 A?) and
O (B = 4.93 A) were calculated to detect
eventual anisotropic vibrations or a split-
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ting of the atomic positions, but they did
not reveal any significant features. This is
in agreement with the results of calcula-
tions with anisotropic thermal parameters
or delocalization of the oxygens on more
general positions, which did not give any
significant decrease of the R factors.

On the other hand, calculations per-
formed in a less symmetrical space group
such as 2mm or Im2m, to detect an even-
tual higher degree of order in the oxygen
distribution, do not lead to a decrease of the
different R values in spite of the increase of
the variables (16 independent atoms in
Im2m instead of 9). Moreover, one of these
groups, I2mm, leads to a twofold coordina-
tion of one-half of the Bi, site and for the
other half to a fourfold coordination with a
very short O-O distance of 1.81 A along the
b axis (see next section) which is unlikely.
The result is that, if Im2m cannot be ex-
cluded, Immm remains the most probable
space group.

Description of the Structure
and Discussion

Bigl.a,00Oy; appears as a superstructure of
the cubic fluorite, characterized by a com-
plete ordering of bismuth and lanthanum

TABLE 11

BigLa; 00,1 FINAL REFINED PARAMETERS FROM
NEUTRON POWDER PATTERN DaTa: R, = 0.051, R,
= 0.068, R; = 0.094

Atom xla vib e B(AY T
Bij, 0.3110(6) 0 0 0.97 (14) 1
Bip O 0.3316 (4) 0 0.71 (12) 1
Lag, 0.3430(5) 0.3225(3) 0 1.35(10) 1
Lay O 0 0 1.32(22) 1
0y O 0.0916(9) 4 171D 1
Op 0 0.2776 (7) 3 1.33(19) 1
Og 0
O 0.1878 (8) 0.0864 0 2.58 (18) 1
O 0.1541 (6) 0.2647 (5) 0 1.40(13) 1
O 0.1672 (28) 0.4446 (17) 0 4.93 (67) 0.375
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F1G. 1. Experimental, calculed, and difference neutron powder diffraction patterns for BigLa,;0,;.

cations, and a partial ordering of the oxy-
gen vacancies. The projection of the struc-
ture on the (001) plane (Fig. 2) shows that
one plane (110) or (110) out of three is com-
pletely occupied by lanthanum, whereas
the two other planes are mixed, i.e., con-
tain one-third lanthanum and two-thirds
bismuth. In those latter planes, the Bi** and
La3* ions are themselves ordered, one La**
cation alterning with two Bi** cations along
one [110] or {110] row. As a consequence
the bismuth atoms form diamond-shaped
based prisms running along c.

In the same way two consecutive (110) or
(110) oxygen planes out of six are fully oc-
cupied (labeled A), whereas the four next
consecutive oxygen planes are deficient (la-
beled B and C). Two sorts of oxygen defi-
cient planes are observed: in the B planes
two oxygens alternate with one partially oc-
cupied anionic position along the direction
[110] or [110], whereas in the C planes the
{1101 rows can be described by the se-
quence -{ F E P (-, in which F, E, P corre-

spond to fully occupied, empty, and par-
tially occupied anionic sites, respectively.
These oxygen planes are stacked according
to the sequence [ A B C C B A [. The lan-
thanum planes are sandwiched by the fully
occupied oxygen planes (A), whereas the
oxygen deficient planes are adjacent to the
mixed planes containing bismuth in agree-
ment with the stereoactivity of the 652 lone
pair of Bi**, which can play the role of an
anion.

Thus the stacking sequence is -[La A B
& € C () B A [-. This semiordered distri-
bution of the oxygen vacancies leads to the
formation of tunnels running along ¢ (Fig. 2)
where the bismuth prisms are located. In
those tunnels the bismuth cations are lo-
cated close to the oxygen walls. It is worth
pointing out that no oxygen is located in-
side these prisms, leaving a free space
where the 6s? lone pairs of the Bi** cations
can extend.

The interatomic M-O distances (Table
III) are close to those usually observed in



300

i T
“

Fmm———
pom——

%
-

-~ .
om——_

(o

P il
\
2
A" A

3

————
————
]

————

o THNE

Ji‘ ] a
AR N R S O N NN

A B C Cc B A
La Bi,La Bi,La La

F1G. 2. Projection on to the (001) plane of the struc-
ture of Bigla,;yO,;. Bismuth, ianthanum, and oxygen
are schematized by small black circles, large black cir-
cles, and open circles, respectively; open circles with
dashed line represent the partially occupied O, site.
Succession of (110) planes is given as an example.

lanthanum or bismuth oxides. Two differ-
ent coordination polyhedra are observed
for lanthanum. Lag, exhibits the classical
eightfold coordination of the fluorite com-
pounds (Fig. 3a); however, the La Og poly-
hedra are distorted since Lap~Oqy and
Lap—Og distances differ by about 0.13 A
and O¢—O¢) and Oy)~O(4 distances along b

TABLE 1l
BigLa; g0, INTERATOMIC M—O DISTANCES (IN A)

Biy-Ow 205 (1) x2  Lag~On 2.36(1) x 1
Bi;-Ow 2.25(1) x 4 Lag-0p 2.504 (9) x 1
Big~Owm 2.230 (5) X 2 Lag~Ou 2.559 (1) x 2
Bip~Os 2158 (8) x 2 Lag~Op, 2,469 (9) x 1
Bip~O6 2.73(3) x 2  Lag~Og 2.495(5) x 2
Lag-0q, 2.537(9) x4 Lag~Of 291 (3) x 1
La(z,—O(,,, 2.672 (9) X 4

MICHEL, CAIGNAERT, AND RAVEAU

F1G. 3. Oxygen environment for La,, (a) and La,
sites (b and ¢).

are 2.99 and 2.82 A, respectively. The fact
that only 3/8 of the Oy, sites are occupied
leads, for lanthanum in Lay, sites, to a sev-
enfold or an eightfold coordination in ac-
cordance with the nonoccupation or the oc-
cupation of the O, site (Figs. 3b and 3c¢).
Here again the polyhedron is distorted with
regard to the cubic coordination in the fluo-
rites. Distances ranging from 2.36 to 2.56 A
are observed and the La()~Q distance is
particularly long: 2.91 A. Such a sevenfold
coordination derived from the cubic one by
elimination of an oxygen has already been
observed in Big71.ag 30, 5(16).

The coordination of bismuth is more
complex since Big;, and Bip, have four and
two O as neighboring sites, respectively.
The distance between two adjacent Oy,
sites along b is very short (1.81 A) and pre-
vents the occupation of both sites by oxy-
gen atoms simultaneously. Consequently
only two out of the four Oy neighboring
sites of Big, can be occupied, leading to a

)
i
!
)
- -
AN

k.

FIG. 4. Possible oxygen environments for Bi, sites
according to the different possibilities for the occupa-
tion of the O, neighboring sites: (a) one oxygen atom,
(b) and (c) two oxygen atoms.
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F1G. 5. Possible oxygen environments for Bi, sites
according to the number n of oxygen atoms in the O,
neighboring sites: (@) n = 0, (b)n =1, (¢c) n = 2.

threefold or a fourfold coordination (Fig.
4). One of the fourfold coodinations of Bi(
(Fig. 4b) has already been observed for
Bip-Lag30:5 (16): it is characterized by
short Bi-O distances (2.05 and 2.25 A) and
a 0(6)—Bi(1)—0(6) angle (1670) close to 180°.
Bi, sites have four neighboring oxygen at-
oms at distances ranging from 2.16 A (Os)
to 2.23 A (Op) and two possible oxygens
(O at 2.73 A. If the two neighboring sites
are unoccupied (Fig. 5a), the resulting coor-
dination is four, like in the Aurivillius
phases. It can be five (Fig. 6b) or six (Fig.
6¢) according to one or two occupied O
sites. In the latter case the environment of
bismuth is like the one postulated by P. D.
Battle ef al. (10) in the study of the cubic
oxygen deficient fluorite Bi;_,Y,O(s(x =
0.27, 0.34, 0.40) considering the accomoda-
tion of the lone pair of Bi** ion with regard
to the oxygen vacancies.

The distribution of three oxygen atoms
over eight sites (Og) and the abnormally
high B values observed for these oxygens
suggest that they are mobile and that this
oxide should exhibit high ionic conductiv-
1ty.
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