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(1-5), Bi,O4~Ln,0; (Ln = La,

The crystal structure of the rhombohedral (R3m) Biy; BL,0O3-Ln,0;-TeO, (Ln = La, Sm, Gd, Ep (8,

Sm, Gd) (6, 7),

Srg 250 375 phase has been determined at room and high tempera-
ture using single crystal neutron diffraction. It can be described
at all temperatures as the regular repetition of three fluorite-like
sheets shifted with respect to one another by a vector g =
2 (a/3 + b/3 + ¢/3) and thus separated by an intersheet space
free of anions. Interstitial anions partially occupy delocalized sites
in the vicinity of the unsubstituted interface Bi-layers and are
responsible for the high ionic conductivity of this phase. They are
mainly located on the fluorite-like sheet side of this Bi-layer at
room temperature. At high temperature, they partly migrate to
the opposite side, i.e., the intersheet side, a phenomenon which
results in the B, = B, transition and a sudden increase of the
conductivity. In light of these and previous results the different
behavior of various alkaline earth-doped rhombohedral phases
(Ca, Sr, Ba) and of the La-doped homologue is analyzed and
rationalized. © 1994 Academic Press, Inc.

I. INTRODUCTION

Doping of Bi,O,; with various different oxides results
in numerous nonstoichiometric anion-deficient fluorite-
related phases which very often reveal high ionic conduc-
tivity. One of them with a rhombohedral symmetry has
been isolated within the Bi;O,—~MO (M = Ca, Sr, Ba)
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cedex, France.

Bi,0;~CdF,, Bi,0;-La,0;—-MF, (M = Cd, Pb), and
Bi,0,-CdF,~PbF, (9) systems. For each system, this
phase undergoes a reversible polymorphic phase transi-
tion (8, < 3,) which results generally in a sudden increase
of the conductivity (10-12).

Since the pioneering powder X-ray investigations of
Sillen and Aurivillius (1, 2), the crystal structure of the
3, polymorph at room temperature has been the subject
of numerous studies either by single crystal X-ray diffrac-
tion (5, 10, 12, 14, 13) or by powder neutron diffraction
(15, 16) techniques. As shown in Fig. 1, the structure
consists of a regular repetition along the c-axis of 3% hexa-
gonal close packed metal layers with the sequence
ABC-BCA-CAB, i.e., chh chh chh, and with alkaline
carth or rare earth cations located on every third hexago-
nal tayer (M(1) sites). The tetrahedral sites of this packing
are occupied with oxygen atoms O(1} and O(2) (for the
ccp part) and by a lone pair {E) of bismuth atoms (for the
hcp part). Such a structure can therefore be described as
a regular repetition along the c-axis of identical fluorite-
like sheets. Each sheet is built up of three hexagonal metal
layers (one internal layer of Bi/alkaline earth or rare earth
metal in distorted cubic eightfoid c¢oordination, sur-
rounded by two external layers of Bi atoms in dissymmet-
rical fourfold coordination: BiO, E) and accommodates
the majority of the anions (i.e., oxygen atoms O(1) and
0(2)) in its tetrahedral sites. Extra anions partially occupy
delocalized “‘interstitial’’ sites within the vacant octahe-

0022-4596/94 $6.00
Copyiight © 1994 by Academic Press, Inc.
All rights of reproduction in any form reserved.



2 ' MERCURIO ET AL.

A Oizg:c M(2)
c g(:) b m1)
B of2) “m)
c o2} p™ @
< .
5 o0 Sw | e,
A O® b w2
B ok sa— M(2)
offj ———b
A o) M {1)
c MW———=ryn
== lone pairE oBi .Bi;La
a b

FIG. 1. The Biy;Lag 30, s crystal structure (16). (a) Sequence along
the c-axis of hexagonal 3° cationic (A, B, C) and anionic (a, b, ¢} layers,.
(b) Location of the different anions within the cationic polyhedral
network.

dra of the intersheet space: O(3) sites near the basal trian-
gular face of the octahedra, and only in the case of the
Bijy 10l.84 440, 50 phase, O(4) sites near the center of the
octahedra. We must point out that, in order to avoid
O(1)-0(2) distances which are too short within the fluo-
rite-like sheets and aided by a very low anionic density
within the intersheet space, the O(2) atoms are shifted
from the ideal tetrahedral sites (always partly occupied)
toward the triangular face of the metal layer interface.

As the 8, polymorph is impossible to stabilize as a meta-
stable state at room temperature, up to now only high-tem-
perature single crystal X-ray diffraction experiments have
been performed (5, 10). If they confirm what the thermal
evolution of the powder patterns suggests, i.e., a great
structural analogy with the 8, form, they do not unambigu-
ously allow for the determination of the number and the
locations of interstitial anions within the intersheet space.
So,inorderto (i) accurately locate, both at room and higher
temperatures, the interstitial anions in a rhombohedral
phase less rich in anions than the Big 4, Sry 1,0, 5 phase,
and (i) clearly determine the structural features of the
B, & B, transition, whose impact on the electrical proper-
ties is far more important with the alkaline earth-doped
phases (see Fig. 8), we decided to undertake a single crystal
neutron diffraction study, at temperatures below and
above the transition temperature, of the Bi, ;sSr; 550 37
phase.

II. EXPERIMENTAL

Single crystals were prepared by melting at 1270 K in
a platinum crucible, and then slowly cooling down (2 K/
hr). From the numerous laminar and frequently foliated

Big 58rp250, 575 ¢rystals, one with a suitable form, size
(4 % 0.5 x 0.I mm?*), and quality was selected.

Bragg intensities were collected at the Institut Laue-
Langevin, France on the D19 diffractomer using a wave-
length of 1.043 A. D19 is a four-circle diffractometer
equipped with a vertically curved two-dimensional posi-
tion-sensitive detector (17). The 2D-PSD is built up of 16
cathode and 512 anode wires and situated 1.15 m from
the sample, covering a solid angle of 4° horizontally and
64° vertically. The detector is filled with *He gas at 6 atm
pressure and argon at 1 atm as quenching gas.

Measurements were performed at three different tem-
peratures: 300 and 600 K for the 3,-phase and 1050 K for
the 8, polymorph (transition temperature 930 X).

Using a 2D-PSD a single w-scan yields information
about three directions in reciprocal space rather than one
obtained with a single detector. This allows for an easy
detection of powder lines and other parasitic scattering
due to sample environments, e.g., furnace shields. Also,
very weak reflections are measured more reliably since
the background is much more well defined.

The integrated intensities were extracted as described
by Wilkinson and Khamis (I18). Because of the change
of the unit cell parameters the orientation matrix was
determined at each temperature. In each case 118 inde-
pendent reflections satisfying the I > 3 o () criterion were
retained. All the refinement calculations were performed
using the SHEL.X76 (19) and the scattering lengths (Fm):
b = 8.53, bg, = 7.05, by = 5.805.

III. DETERMINATION OF THE STRUCTURE

The refinements were done using the centrosymmet-
rical space group R3m and following strictly the same
procedure for the three data sets. Our starting model was
the one obtained by Conflant et al. (3) for Big 74551 23501 383

—2.25 Sr and 0.75 Bi on the M(1) site (3a: 0, 0, 0)
-6 Bi on the M(2) site (6¢: 0, 0, 0.22)
—6 O on the O(1) site (6¢: 0, 0, 0.29)
-6 O on the O(2) site (6¢: 0, 0, 0.10)

The isotropic thermal coefficients of the cations and
anions were fixed at reasonable values, 0.5 and 1.5 f%l,
respectively. The refinements converged quite well, indi-
cating that, as for all previously studied phases, the O(2)
site was partly occupied.

Using this model, difference Fourier syntheses were
then performed. They revealed the presence of three extra
partly occupied anionic sites: the O(3) site (6¢: 0, 0, 0.44),
similar to that observed for the Big,l.a,;0, s phase; two
extra sites O(2) and O(3) in 18 k position, (x, 2x, z)
which correspond to a splitting of, respectively, the Q(2)
and O(3) sites. The latter is observed only for the 3,
polymorph (see Fig, 2).
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FIG, 2. Visualization of the “‘interstitial”’ anions O(3), 0(3)', and
0O(2)' in the vicinity of the external Bi-layers of the fluorite-like sheets
at 300 K (a) and 1050 K (b).

Due to the high correlations observed between the oc-
cupancy and the thermal parameters of these two siles,
they were never simultaneously refined. In the last steps
of the refinement the anisotropic displacement parameters
of the cations and the O(1) and O(2) anions were intro-
duced. The final parameters are listed in Table 1 and the
main interatomic distances are given in Table 2. One can
see tha( the refined occupancies lead to a total number
of anions per unit cell which is in good agreement with
the theoretical number 12.375.

1V. RESULTS AND DISCUSSION

I. Structure at Room Temperature (3,-form).
Comparison with the BiynLag 10, 5 Homologue

Qur results, illustrated by the schematic view in Fig.
2a and the values of Table 2, confirm and complete the
previous results of Conflant ef al. (5, 14) and Blower and
Greaves (15), i.e.,

* the cationic distribution among the M(1) and M(2)
sites;

» the partial occupancy of the O(2) site within the fluo-
rite-like sheets, and its displacement toward the inter-
sheet space;

+ the delocalization of the ‘‘interstitial’’ anions, and
their absence from the intersheet ideal octahedral site
(only really available since the tetrahedral sites are (i)
already occupied by the Bi lone pair E and (it} very close
to the O(2) anions) since they are essentially located in
the vicinity of the unsubstituted Bi-layers, either on the
flucrite-like sheet side (O(2)’ anions) or on the intersheet
side (O(3) anions) (see Figs. 2 and 5).

The absence of the interstitial anions from the intersheet
space distinguishes the alkaline earth-doped 8,-phases
from their La-doped homologues. In these latter phases
some interstitial anions are actually present on octahedral
intersheets sites (O(4) sites on Fig. 1).

Due to the existence of bonding interactions between

TABLE 1
Refined Parameters at Three Temperatures for the
Big 75515 250 375 Phase

B 8
Atom/site Parameters 300 K 600 K 1050 K
M) Beg (A 1.67 2.23 3.38
3a (0, 0, 0) ns, 2.25 2.25 2.25
ngi 0.75 0.75 0.75
M) z 0.2244(1)  0.2246(1) 0.2250(1)
6c (0,0, 2) B, (AD) 1.31 1.95 a1l
ng;i 6 6 6
o(1) z 0.2949(2)  0.294B(2) 0.2950(2)
6c(0,0,2) By (AY 2.20 3.19 4.63
] 6 6 6
0Q2) z 0.0981(7)  0.0992(15)  0.0968(14)
6c(0,0.2) By (AY 2.48 2.97 3.97
n 1.0(1) LYY 0.7(2)
o)’ x 0.0551(18)  0.0711(58)  0.0682(69)
18k (x, 2x, 2) z 0.1033(4)  0.1050(10)  0.1131(11)
By, (A) 2.4B(88) 3.17(50) 3.44(37)
n 3.9(2) 2.9(2) 2.8(3)
0(3) z 0.448(8) 0.4468(8) 0.4437(12)
6c(0,0,2) By (AY 1.91(56) 3.69(50) 51117
n 1.32) 2.2() 2.13)
0@y’ 0.2260(99)
18k (x, 2x, 2) z 0.1177(11)
B, (AD 4.56(1.37)
n 0.7(5)
. 12.2 122 12.3
a (A) 3.970 3.983 4011
c (A 28.54 28.69 29.01
v (A} 389.55 394.17 404.19
R, 2.42 1.85 4.30
Anisotropic thermal coefficients (x10* A2)
Atoms Temp. (K} Uy =Uy Uy Up
300 139(15) 429(5) 70(13)
M(D) 600 224(19) 511(34) 112(19)
1050 384(17) 710(36) 192(9)
300 239(11) 139(33) 119(6)
M2) 600 325(13) 254(19) 163(7)
1050 527(13) 150(16) 263(7)
300 456(20) 152(57) 228(10)
o) 600 756(142) 287(33) 586(211)
1050 829(25) 515(34) 414(12)
300 380(78) 371(78) 190(39)
02) 600 508(118) 473(208) 353(482)
1050 860(150) 218(147) 430(75)

these extra (O(4) anions and the Bi-atoms of the interface
M{2)layers, a flattening of the intersheet space occurs (see
the abnormally low value of d| with respect to & for the
Bij ;La, ;O s phase, among the series of values reported in
Fig. 3b) and accounts for the abnormally high and low unit
cell parameters (Fig. 3a). We will return later to the influ-
ence of such differences on the anionic diffusion processes
and therefore on the electrical properties of these phases.
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TABLE 2
Main Interatomic Distances and Structural Characteristics at
Three Temperatures for the Biy 5551y 350, 375

B2 B
Distances (15\) 300 K 600 K 1050 K
M(1)-M(2) 3.8625(9) 3.8801(9) 3.9033(9)
(M(2)-M(2))e = a 3.970(2) 3.983(2) 4.0112)
(M(D)-M(2)), 4.0142(2) 4.0327(9) 4.1006(2)
M{D-0(1) 2.541(2) 2.550(2) 2.568(2)
M(1)-0(2) 2.800(6) 2.814(14) 2.866(14)
M(1)-0¢2)' 2.972(51) 2.988(32) 3.315(3%)
M(2)-0(1) 2.012(2) 2.023(21) 2.031(2)
M(2)-0(2) 2.313(6) 2.320(14) 2.331(14)
M(2)-0(2)' 2.134(51) 2.141(11) 2.123(33)
2.676(51) 2.684(11) 2.792(33)
3.477(51) 3.495(11) 3.280(33)
M(2)-0(3) 2.296(7) 2.305(7) 2.316(11)
M(2)-0(3)' 2.065(23)
3.072(123)
3.486(123)
O(D-0(1) 3.173(4) 3.186(4) 3.210(4)
O(DH-0(2) 2.855(34) 2.867(14) 2.905(14)
O)-02) 2.821(51) 2.832(11) 3.032(33)
3.250(51) 3.262(11) 3.533(33)
O(1)-0(3) 3.162(8) 3.175(8) 3.119(11)
02)-02y 3.650(51) 3.662017) 3.631(360)
3.991(51) 4.004(17) 4.059(36)
0(2)-0(3) 2.341(10) 2.349(16) 2.339(18)
0(2)'-0(2)' 3.314(102) 3.325(21) 3.189(66)
3.686(102) 4.004(21) 3.669(66)
0(2)'-0(3) 2.524(51) 2.533(13) 2.586(35)
1.806(51) 3.824(13) 3.681(35)
0(2)'-0(3) 2.309(127)
2.937(127)
2.3100127)
3.379¢127)
3.836(127)
3.695(127)
0(3)-0(3) 2.962(15) 2.978(15) 3.267(23)
03)-0(3)" 3.392(124)
3.266(124)
3.143(124)
O3y’ -003)’ 2.719(247)
3.545(247)
dr 3.108 3.119 3.142
dy 3.294 3.323 3.383
Rpr 2.251 2.259 2.274
Rp; 2.292 2.299 2315
R 2.309 2.319 2.351
dw_on 2.245 2.245 2.267

Note. dp and d| are the thickness of respectively half the fiuorite-like
sheets and the iniersheet space. Rp is the radius of the horizontal
windows al the interface. Rp_pand R_jare the radii of the lateral windows
within, respectively, the fuorite-like sheets and the intersheet space.
dw_py is the distance from an O(1) anion to the center of the lateral
F-F window.
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FIG. 3. Evolution with the mean cationic radius (calculated on the
basis of Shannon-Prewitt values (20}) of {a) the unit cell parameters
and (b) the half height d¢ and the height d| of respectively the fluorite-
like sheet and the intersheet space for various rhombohedral phases at
room temperature. (1) Cay,5sBigs4O1an (5); (2) Cag,%Bigsu0) 42 (15);
(3) Lag 30Big 2001 50 (16); (4) S1y15,Big 4440420 (5); (5) Srp2sBig 750, 595 (this
work); (6) Bag 5,Bip 3400142 (3).

2. Thermal Evolution: The 3, < B, Transition

Figure 4 shows the thermal evolution of the powder X-
ray diffraction pattern of the Big 7581550, 375 phase. We
can see that the 8, < 8, transition simply leads to a sudden
increase of the unit cell parameters without any significant

F1G.4. Thermal evolution of the powder X-ray diffraction pattern (Gui-
nier-Lenné camera, A = CuKk)) of the Biy 7551150, 175 phase (* = KCl lines).
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change of the diffracted intensities, suggesting that the
corresponding structural change is not very big.

This 1s confirmed by the values reported in Tables 1
and 2, and their evolution with temperature as illustrated
in Figs. 5 and 6. They clearly indicate that the 8, & 8,
transition corresponds to

+ an increase of the delocalization of the “‘interstitial”
anions, mainly by the creation of a new interstitial site
O(3) at the expense of the O(2) site (see Figs. 5a and 7);

* an increase of the intersheet anionic population at the
expense of the fluorite-like sheet anionic population, due
to the migration of some interstitial anions from one side
of the unsubstituted Bi-layers (M(2)-layers} to the other
(see Figs. 5 and 7).

This small migration results in a high increase of the
(M(2)-M(2)), distances, i.e,, the Bi—Bi distances between
Bi atoms of the external layers of two adjacent fluorite-
like sheets, and therefore of the thickness 4, of the in-
tersheet space (see Fig. 6).

3. Srructural Correlation with the Electrical Properties

The thermal evolution of the electrical properties of the
alkaline earth-doped rhombohedral phases and of their
La-homologue are shown in Fig. 8. Three points are im-
portant:

(i) the conductivity is systematically higher for the La-
doped phase than for the alkaline earth-doped ones, in
both the B8,- and B,-states;
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FIG. 5. Thermal evolution of (a) the position of *“interstitial’’ anions
with respect Lo the unsubstituted M(2) metal layers (positive Az values
correspond to anions within the intersheet space and negative Az values
correspond to anions within the fluorite-like sheets) and (b} the popula-
tion of various anionic sites for the Biy 1581150, 375 phase.
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FIG. 6. Thermal evolution of the mean {M—-0) distance of the main
M-M distances, and of the thicknesses dp and d; of respectively half
the fAuorite-like sheet and the intersheet space ((M{2)-M{2))r =
M{)-M(1) = o).

(ii) the B, & B, transition results in a sudden increase
of the conductivity, but the change is far more important
for the alkaline earth-doped phases than for the La-
doped homologues;

(iii) the conductivity in the §;-state and the transition
temperature decreases strongly in the order Ca > Sr >
Ba for the alkaline earth-doped phases.

Each of these experimental facts can be explained on
the basis of both the present and previous structural
studies.

The bidimensional character of the diffusion process in
these rhombohedral phases has been clearly demon-
strated by the conductivity measurements of Conflant et
al., (5, 14) performed on single crystals of the 8,-phase:
the conductivity is two orders of magnitude lower parallel
to the Oz-axis than perpendicular to it. We can exclude
any contribution of the O(1) anions to the ionic conductiv-
ity since they are too tightly bound to the cationic network
and their occupancy does not change when increasing
the temperature. Therefore the migration process must
correspond to the migration of O(2) anions via the intersti-
tial O(2)’, O(3), O(3)’, and O(4) sites. Three pathways are
possible. They are shown in Fig. 9, and the corresponding
size of the diffusion windows and their evolution, with
mean cation radius and with temperature, are illustrated
in Figs. 10 and 11, respectively.

Pathway No. 1 is highly improbable for all phases he-
cause of the systematically lower size of the F—F windows
and of the very short dy._,;, distances (see values in Table
2) that it implies,
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FIG. 9. Possible diffusion paths for anions in the alkaline earth- and
homologue (10, 11).

La-doped rhombohedral phases.
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3).

Pathways No. 2 and 3 are both possible for La and
alkaline earth-doped phases. But it is highly probable that,
due to (i) shorter d, distances (see Fig. 3) and (ii) higher
sizes of the I-I and especially of the F-I windows (see
Fig. 10), pathway No. 3 is followed oniy for La-doped
phases. This is indicated by the exclusive presence of
O(4) interstitial anions in these phases.

So, the increase of conductivity when substituting La
for alkaline earths in rhombohedral phases would be the
result of an increased mobility of the anions due to a
lowering of potential barriers.

The sudden increase of the conductivity observed for
alkaline earth-doped phases, at the 8, — B, transition, is
a consequence of the migration of interstitial anions from
the fluorite-like sheets to the intersheet space, which re-

A B2 81
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] /|° Rrr
i -
2.321 " | oR
— /. FI
o =2
4 " |
228 | . REF
] 1
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it TK
2.24 y y , 1
0 300 600 900 1200

FIG. 11. Thermal evolution of the radius of the different windows
for the Bi0,755r072501'375 phase.

sults in an increase of (i) the number of mobile anions
and (ii) their mobility thanks to the increase in the size
of the F~f and overall the /-7 windows concerned (see
Fig. 10).

The same migration probably occurs in the La-doped
phases, but with a smaller influence on the window sizes,
since they are already as large as in the B8-state (see the
abnormally high values of R, ; and overall Rr, in Fig.
10). This explains why the change in conductivity is not
so abrupt in the case of the Bi,gsLag 50, 5, phase as in
the alkaline earth-doped ones.

The decrease of the 8, & 8, transition temperature with
increasing cation size (Ca > Sr > Ba) simply results from
the important increase of the size of the windows in the
F-I interface in the B,-state and therefore of the ability
for anions to migrate into the intersheet space. The de-
crease of the conductivity in the 8,-state results probably
from the decrease in the size of the windows (see for
example the high decrease from 5r- to Ba-doped phases
of Rz _; and overall R, ).

V. CONCLUSIONS

Despite the relatively low accuracy of the high-temper-
ature data (this study would have deserved to be comp-
leted by additional experiments on the D9 diffractometer
at 1.L.L. Unfortunately these experiments had to be
postponed because of the reactor shutdown) our struc-
tural results have allowed us to understand the nature
of the 8, & B, phase transition observed in rhombohe-
dral Bi,O; doped with alkaline earth and rare earth
oxides. This {ransition corresponds essentially to a mi-
gration of the delocalized interstitial anions from the
fluorite-like sheets toward the intersheet space, which
results in a steep increase of the number and mobility
of charge carriers and therefore in a sudden increase
of the conductivity.
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