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A high-resolution electron microscope has been used in structural investigation of the B&O,-Ta,OS 
system. Several distinct phases in the compositional range between B&O, and BiTaO, have been 
examined. The p-Biro,-related solid solution and the &BirO,-related type I and type II solid solutions 
are isomorphous with the analogues in the Bi@-Nb20, system. Two monoclinic structures with the 
compositions of Bi7Ta,018 (type II*) and Bi,Ta,O,, (type III) are proposed. The composition dependence 
of the structure transition and the structure dependences of band gaps and thermoelectric power of the 
materials are discussed. o 1992 Academic press, inc. 

Introduction 

Pure B&O, normally exists in a mono- 
clinic phase (a-B&O,) (1) at room tempera- 
ture. Above 729°C it transforms from the 
a-phase to a &phase (2) which has a defect 
fluorite structure. In addition, when cooling 
down the sample from high temperature, 
two metastable phases, tetragonal P-B&O, 
(3) and body-centered cubic y-B&O3 (4) may 
be obtained at 650 and 639°C respectively. 
Probably the most interesting phase of pure 
B&O, is the &type, since it is the best oxide 
ion conductor known (5), with a conductiv- 
ity of ca. 1 R-’ cm-’ at 1023 K. Unfor- 
tunately, the &B&O, phase cannot be 
quenched to room temperature. It is be- 
lieved that the instability of the &B&O, 
structure mainly results from oxygen vacan- 
cies (25% of the anionic sites) in the fluorite- 
like structure. 

On the other hand, many metal oxides can 

be dissolved into the B&O, structure and 
the high-temperature phases of B&O, are 
preserved at room temperature (6). Several 
B&O,-containing ternary oxide systems, Bi, 
O,-Nb,O, (7, 8), Bi,O,-V,O, (9, IO), and 
Bi,03-WO, (W. Zhou et al., manuscript in 
preparation), have been previously investi- 
gated by using high-resolution electron mi- 
croscopy (HREM). Except for the p- and 
y-type solid solutions obtained in very rich 
Bi compositions, the &type solid solutions 
were found in the greatest compositional 
range in each system. The guest cations in 
these materials, Nb, V, and W, were in 5 + 
or 6 + charge valences. Therefore, some ex- 
tra oxygen anions were introduced into the 
6-B&0, structure to reduce the anion vacan- 
cies. Furthermore, the ionic radii of NbS+ 
(r = 0.69 A), Vs+ (0.59 A), and W6+ (0.62 A) 
are significantly smaller in size than Bi3+ 
(0.96 A). According.to laser Raman studies 
(I. E. Wachs, unpublished work), these cat- 
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ions were in tetrahedral (for V’+> and octa- 
hedral (for Nb’+ and W6+) coordinations by 
oxygen in spite of eight anionic sites sur- 
rounding each cation in the fluorite structure 
and, therefore, some anion vacancies were 
“frozen” at room temperature. The forma- 
tion of Nb06 octahedra in the defect fluorite 
structure by shifting oxygen atoms was dis- 
cussed in Ref. (7). There is no doubt that 
the S-B&O, structure can be preserved in a 
solid solution state. However, it was found 
that the real structures of the &type solid 
solutions were far more complex than we 
expected, even though X-ray powder dif- 
fraction (XRD) patterns from these materi- 
als seem to be identical to that from pure 
&B&O,. When the concentrations of the 
guest oxides were low, the guest cations 
existed separately in some ordered arrange- 
ments to form a 2 x 2 x 2 body-centered 
cubic superstructure derived from the 
&B&O3 subcell in the B&O,-Nb,O, system, 
a 3 x 3 x 3 face-centered cubic superstruc- 
ture in the B&O,-V,05 system, and two te- 
tragonal superstructures in the B&O,-W03 
system. Further addition of the guest oxides 
resulted in various superstructures due to 
some ordered or partially ordered arrange- 
ments of tetrahedral clusters, NblOIS, 
V,O,, , and W,O,, , separated by a matrix of 
the &B&O3 structure (7-10). In the case of 
the B&O,-Nb,O, system, some Nb,O,, tet- 
rahedra altered into Nb,O,, square clusters 
at the composition of Bi,Nb,O,, (8). 

The physicochemical properties of these 
solid solution materials were found to de- 
pend on their detailed structures (II). 
Therefore, to describe the structures of 
these solid solution materials, we.prefer to 
use a multi-order approximation method, 
i.e., the basic structures determined by 
XRD are the first-order approximations and 
the more detailed structures revealed by 
electron microscopy are the second-order 
approximations to the true structures. 

Ta- and Nb-containing compounds are 
usually isomorphous. For example, using 

the XRD technique, B&Tao, was previously 
identified to be a cubic phase with a = 5.447 
A (12), similar to the basic unit cell of 
Bi,NbOT. No superstructure was observed 
at that stage. BiTaO, (13) is also isostruct- 
ural with BiNb04, being orthorhombic at 
low temperature and triclinic at high temper- 
ature (>9OO”C). In a short communication, 
superstructures and measurement of band 
gaps of some solid solutions in the Bi, 
O,-Ta,O, system have been reported (14). 
In this present work, the details of the struc- 
ture determination by HREM, phase transi- 
tion, and some physical properties of the 
bismuth tantalum oxides in the composi- 
tional range from B&O, to BiTaO, are dis- 
cussed. Similarities and differences be- 
tween the Bi,03-Nb,O, and B&O,-Ta,05 
systems are also examined. 

Experimental 

Microcrystalline samples of the ternary 
oxides were prepared by solid state reaction 
of B&O, and Ta205, both of 99.9% purity. 
A mixture of the oxides was ground with 
acetone in an agate mortar and pestle for a 
few minutes. The slurry was then allowed 
to dry in air before being placed in a silica 
boat. This was then placed in an electrically 
heated tubular furnace operating at the de- 
sired temperature (820 to 1000°C). To avoid 
possible reduction of the specimens, pure 
oxygen with a flow rate of ca. 15-20 cm3/min 
at 1 atm was used during the preparations. 
Initial preparation times were in the range 
24-182 h, with further annealing under iden- 
tical conditions in cases where nonhomoge- 
neity was subsequently found. Sintered 
specimens were quenched directly to room 
temperature. Table I shows the preparation 
conditions for each composition. 

Initial characterization of the specimens 
was by XRD on a Philips diffractometer us- 
ing copper Ka radiation with operating con- 
ditions of 40 kV and 40 mA. The composi- 
tions of the specimens were examined by 
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TABLE I specimens prepared exhibited only several 
LIST OF SPECIMEN PREPARATIONS WITH STARTING basic structures. The unindexed weak neaks 

COMPOSITION, HEATING TEMPERATURE, INITIAL 
HEATING TIME, AND PHASES PRESENT 

Starting Heating Initial Main phases 
composition temperature time present 

(B&O3 : TazOs) (“Cl (hr) (type) 

60: 1 820 182 /3 
39: 1 825 148 p 
2511 820 182 /3,1 
19: 1 825 168 I 
15: 1 825 110 I 
9:1 825 110 I, II 
4: 1 825 148 II 
3:l 825 78 II, 11* 
713 1000 24 II* 
2:1 1000 24 III 

intheXRDspectraof60: 1,25: l,and19: 1 
were from an impurity of a-B&O,. A 
&Bi,O,-like structure was found to cover a 
wide range of compositions (19 : 1 to 3 : 1). 
Some weak peaks also presented in the XRD 
spectra of 9: 1, 4: 1, and 3: 1 and did not 
vanish at high temperature (>75o”C), indi- 
cating existence of superstructures. But it 
was difficult to index these weak peaks. A 
laser Raman study (I. E. Wachs, unpub- 
lished work) indicated that, in all the sam- 
ples, Ta cations were in an octahedral coor- 
dination by oxygen. HREM studies were 
then carried out to ascertain if there were 

5:3 1000 50 IV, BiTaO, 
1:l 1000 50 BiTaO, 

: v 

energy dispersive X-ray spectrometry 
(EDS) on a Jeol JEM-200CX electron micro- 
scope. Freshly prepared monophasic Bi 
Tao, was used as reference material in the 
EDS studies. Final structure determination 
was by analysis of selected area electron 
diffraction (SAED) patterns and HREM im- 
ages; the latter were taken from another Jeol 
JEM-200CX electron microscope, in which 
a new specimen stage was used with C, = 
1.05 mm, C, = 0.52 mm and an absolute 
information limit ca. 1.8 A. Computer image 
simulation was according to the multislice 
method (1.5), using a special program devel- 
oped for very large unit cells (16). The 
phases presented in each specimen are listed 
in Table 1. The measurements of band gap 
and thermoelectric power were performed 
in the Royal Institution in London and Uni- 
versity of Kent at Canterbury, respectively. 
The experimental details were the same as 4 20 

25:l 

0 
N 

A\ 

30 40 50 60 70 80 28 
those for the B&O,-Nbz05 system (11, 17). - 

Results and Discussion 

PIG. 1. XRD spectra of some compositions in the 
B&O,-TazO, system, the cation ratio Bi : Ta being indi- 
cated. In the 3 : 1 case, the observed lines are accorded 

Similar to those of the B&O,-Nb,O, sys- 
indices on the conventional fluorite unit cell. The re- 
B ection 

tern, the XRD patterns (Fig. 1) from the 
peaks from 60 : I are indexed onto a /3-Bi20,- 

like unit cell. 
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FIG. 2. Composition dependence of the fluorite-like 
subunit cell parameters of the P-type, type 1, and type 
II structures in the B&O,-Ta?O, system. 

ordered arrangements of cations and, there- 
fore, superstructures. 

/3-Bi,O,-like Structure 

From Bt,,Ta0,,,5 , a ,&Bi,O,-like phase, 
being tetragonal with u = 7.74 and c = 5.63 
A, was stabilized at room temperature until 
the composition reached B&Tao,, , where 
the structure started to transform to a cubic 
phase (Fig. 1). This P-type range was nar- 
rower than that in the B&O,-Nb,O, system, 
where Bi2,Nb0,, was clearly a homoge- 
neous P-type. The unit cell parameters of 
this P-type solid solution structure continu- 
ously increased with the doping of Ta,O, 
(Fig. 2). Bearing in mind that the cation Ta5+ 
(Y = 0.68 A) is much smaller in size than 
Bi3+ (Y = 0.96 A), this composition depen- 
dence of unit cell parameters can be 
explained as follows. The P-BizOj structure 
can be considered as a fi x 1/z x 1 super- 
structure based on 6-B&0, due to cation dis- 
placement toward anion vacancies, the unit 
cell being actually compressed. When Ta,O, 
was added, some vacancies were filled by 

oxygen and the atomic displacement was 
reduced. As a result, the lattice constant 
increased. The /3-B&O,-like structure was 
authenticated by SAED patterns and 
HREM images (Figs. 3a and 3d). 

The p-B&O, structure did not present ion 
conductivity except at high temperature 
when it had transformed to the S-phase. 
However, an interesting property was ob- 
served, i.e., its thermoelectric power was 
sensitive to oxygen pressure. Thermoelec- 
tric power of solid solution material 
BWb%.s has been measured previously 
(17). At high temperature (1033 K), the 
&phase specimen showed anionic conduct- 
ing property and its thermoelectric power 
was less sensitive to oxygen pressure. But, 
at low temperature (768 K), when the speci- 
men was in the P-phase, the thermoelectric 
power exhibited very high sensitivity to ox- 
ygen pressure. Ta-doped /3-B&0, presented 
a similar property. Figure 4 shows the de- 
pendence of thermoelectric power ( - f3) on 
oxygen pressure (In PO) in Bi,,TaO,, . At 
low oxygen pressure, the 6 value was even 
more sensitive to pressure. However, unlike 
the results from the Nb-doped P-B&O, 
phase (17), the relation between the - 8 and 
In PO was not linear and the temperature 
effect was obvious in this system (Fig. 4). 
The pretreatment of the specimen was the 
same as that for the Nb-doped sample as 
described in Ref. (17). The origin of this 
pressure dependence of thermoelectric 
power in the P-B&O,-related solid solutions 
and the difference on this property between 
the Nb-doped and Ta-doped specimens are 
still unknown. 

Another remarkable physical property of 
the P-B&O, solid solution is its low band gap 
(14). Although the band gaps for pure B&O, 
(a-type) and Ta,O, at room temperature are 
2.77 and 3.32 eV, respectively, the solid so- 
lution of Ta-doped P-Bi,O, has a band gap 
about 2.2 eV (Fig. 5). According to an opti- 
cal absorption study, pure p-B&O, should 
demonstrate an absorption edge at about 2.6 



FIG. 3. SAED patterns on the [OOl] projections of the P-type structure from Bi,,Ta06, (a), the type 
I structure from Bi,,TaO,, (b), and the type II structure from Bi8Ta20i7 (c). HREM images viewed 
down the [l lo] directions of the p-type (d) and the type II structures (e). Maxima corresponding to the 
p-BizOX unit cell (a, d) and the fluorite subunit cell (b, c, e) are indexed. 
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eV (18) and the band gap of pure &Bi,O, 
is in a 0.5-l eV infrared range (19). The 
reduction of band gap in Ta-doped p-B&O, 
supports that the P-type solid solution has 
an intermediate structure between pure 
p-B&O, and &B&O3 in terms of the lattice 
symmetry and the metal-oxygen bonding 
distances. 

Type I Structure 

When the composition fell into the range 
from Bi,,TaO,, to B&Tao,, some cubic 
phases appeared and the observed XRD 
spectra matched the &Bi,O, structure (Fig. 
1). At the composition of B&Tao,,, all re- 
flection lines split into doublets, which indi- 
cated two similar cubic substructures. 
SAED patterns and HREM images indi- 
cated that the first cubic phase (type I) ex- 
isted in the nominal compositional range 
from Bi,,TaO,, to B&Tao,, (Fig. 3b). From 
many SAED patterns and HREM images, it 
was confirmed that this type I structure was 
isomorphous to the analogue in the Bi, 
O,-Nb,05 system (7). The unit cell of a 
typical type I structure had a composition 
of Bi,,Ta,O,, and was a body-centered cubic 
2 x 2 x 2 superstructure derived from 6- 
Bi,O,. The lattice constant, a, was about 

0.4' a s s c s a s a I 
-10 12 3 4 5 6 7 

In Po2 [torr] 

FIG. 4. The dependence of thermoelectric power 0 
on oxygen pressure in Bi,,Ta06, at temperatures of 753 
K (a) and 848 K (b). 
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FIG. 5. Band gap measurement for the solid solution 
materials in the Biz03-Ta20S system. The different su- 
perstructures are indicated. 

11.1 A. Although the HREM images pro- 
vided insufficient contrast for understanding 
the exact atomic arrangement in the type I 
superstructure, according to the composi- 
tion and the symmetry of the structure, also 
confirmed by a refinement of the SAED pat- 
terns, the most possible modification for the 
type I structure was suggested to be replac- 
ing two Bi cations at the corner and the 
body-center of the unit cell by Ta cations 
(Fig. 6a). When the composition contained 
less Ta, the Bi cations on these two sites 
were only partially substituted by Ta. The 
SAED patterns of the cubic phase from the 
Bi,,TaO,, and Bi,,TaO,, nominal composi- 
tions were identical to those from Bi,, 
TazO,, . The intensities of the satellite spots 
on the SAED patterns from Bi,,TazO,, were 
much weaker compared with those from 
Bi30Nbz0,, . This supported that, unlike the 
P-type solid solution, the type I superstruc- 
ture was predominantly based on an order- 
ing of cations rather than lattice distortion. 
The lattice dimension was, therefore, sim- 
ply decreased with the Ta,O,-doping 
(Fig. 2). 



FIG. 6. The structural models for the type 1 (a) and type II (b) in the Bi,03-Taz05 system. Only 
cations are shown in (a); (b) shows the arrangement of Ta-0 clusters on one of the four (Ill) planes, 
only Ta cations being presented. The small cubes represent the fluorite-like subceli. 

It was assumed that when the Ta concen- 
tration was increased, Bi cations were more 
or less oxidized and Bi-0 bond lengths de- 
creased, moving the Bi 6p band down. 
Therefore, the band gap of the type I phase 
was higher than that of the P-type phase 
(Fig. 5) in spite of the higher symmetric 
a-phase structure. 

When the concentration of Ta,O, in the 
solid solution increased from Bi,,Ta,O,, , 
Tao, octahedra were impossible to be iso- 
lated and a Ta-0-Ta chemical bond must 
have occurred, giving rise to some more 
complex structures. 

Type II Structure 

The type II structure was also isomor- 
phous to the analogue in the B&O,-NbzO, 
system and covered a nominal composi- 
tional range from B&Tao,, to B&Tao,. The 
SAED patterns and HREM images obtained 
from any composition in this range were 
very similar (Figs. 3c and 3e). But the posi- 
tions and intensities of the satellite spots on 
the SAED patterns derived from the super- 
structures were variable, indicating an in- 

commensurate state. However, to facilitate 
understanding of the structure, an ideal 
model has been chosen for the type II struc- 
ture, which has an 8 x 8 x 8 superunit cell 
based on &B&O, in a space group of Fd3m. 
The lattice constant, u, becomes 43.8 A. 
The composition of the whole unit cell is 
Bi 1648Ta400%2 . Ta cations are in two kinds 
of clusters, Ta,O,, and Ta,,O,,. Those in 
the Ta,O,, group are located at (16~) and 
(96g) m (xxz = l/16, 1116, 2/16) and those 
in the Ta,,O,, group at (96g)m (xxz = l/16, 
l/16, 12/16), (96g) m (xxz = 118, l/E, l/2), 
and (96h) 2 (X = 5/16). The arrangement of 
Ta cations on one of the four (111) planes in 
the type II superstructure is shown in Fig. 
6b, which is identical to the ideal model for 
the type II structure in the Bi,O,-Nb,O, sys- 
tem (7). The latter has been confirmed by 
computer image simulation (7) and also by 
computer simulation of SAED patterns (D. 
Tang, unpublished work). 

It is interesting that, when the concentra- 
tion of Ta was high enough to form some 
Ta-0 clusters, Ta,O.,. and Ta,O, clusters 
were unlikely to exist inside the 6-Bi?O, 
structure. Ta cations with oxygen directly 
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formed Ta,O,, tetrahedral clusters, con- 
structed from four Tao, octahedra. These 
clusters joined together to form larger ones, 
Ta,O,, and Ta,&, lying on all four (111) 
planes of the type II unit cell. Nevertheless, 
the Ta,O,s tetrahedron was still the most 
characteristic figure of the type II super- 
structure. We designated such clusters py- 
rochlore-like units (7) because a complete 
three-dimensional network of such an ar- 
rangement for tantalum oxide with a matrix 
of bismuth oxide would lead to a hypotheti- 
cal pyrochlore structure with a composition 
of Bi,Ta,O,, which was never practically 
observed. 

Because the type II superstructure, like 
the type I structure, mainly resulted from 
an ordering of the cations, the sublattice 
constant simply decreased with the doping 
of Ta,O, , due to the different cationic radii 
between Bi3 + and Ta5+. However the basic 
unit cell dimensions of the type ; and type 
II structures were significantly different 
(Fig. 2), which was not observed in the Bi, 
O,-Nb,OS system. 

The band gap of the type II phase further 
increased (compared to the /?-type and type 
I phases) as we expected and depended on 
the detailed structure, rather than the com- 
position (Fig. 5). 

It was obvious that the XRD result from 
the specimen of Bi,TaO, (Fig. 1) indicated a 
fluorite-like cubic phase with a = 5.45 A, 
which was very similar to the XRD pattern 
from B&Ta,O,, and in good agreement with 
the previous report (12). The majority phase 
was indeed close to B&Tao,, which was 
confirmed by EDS, and had the type II 
structure revealed by the SAED and HREM 
studies. However, a minority phase with a 
composition of Bi,Ta,O,, , which was found 
to have a monoclinic structure, was also 
detected. 

There must be an upper limit of composi- 
tion for the type II structure. If the structural 
model (Fig. 6b) supported by computer im- 
age simulation is acceptable, each Ta,O,, 

cluster freezes eight oxygen vacancies and 
each Ta,,O,, cluster freezes 18 oxygen va- 
cancies in the defect fluorite structure and 
the numbers of these two clusters are the 
same. This means 25 Ta atoms will freeze 
26 oxygen vacancies. We suppose there are 
no other oxygen vacancies inside the struc- 
ture when the composition reaches the up- 
per limit, and the general composition of the 
ternary oxide becomes Bi,Ta,O,+,,,, , with 
1-0.5x oxygen vacancies. Therefore, to 
maintain the type II structure, x < 0.649 and 
the upper composition limit of the type II 
structure is about Bi,Ta,,,,O,,,,, , which is in 
very good agreement with the experimental 
results. Further addition of Ta,O, into this 
composition must give rise to some new 
phases. 

Type II* Structure 

To prepare a monophasic specimen of the 
new compound found in the B&Tao7 speci- 
men, a nominal composition of Bi,Ta30,, 
was first heated at 825°C for 24 hr. The XRD 
spectrum, comprising a type II-like cubic 
pattern with many unindexed diffraction 
peaks, indicated a multiphasic state. The 
sample was then reheated at 1000°C for 24 
hr and at 1100°C for another 6 hr followed by 
quenching to room temperature. The cubic 
phase disappeared from the XRD spectrum 
(Fig. 7) and the final specimen exhibited no 
change under further annealing. The homo- 
geneity of the sample was confirmed by 
EDS. 

Although the XRD spectrum of Bi, 
Ta,O,, was very complicated and was sig- 
nificantly different than that of the type II 
structure, the SAED patterns revealed a 
strongly relationship between the type II 
and the new phase, designated type II*. 
Figure 8a and 8d are SAED patterns of 
the incommensurate type II structure from 
Bi,Ta,O,, . Figures Sb and 8e were obtained 
from the specimen of Bi,Ta,O,, after being 
heated at 825°C for 24 hr. The relative 
intensities of the original spots of the type 
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FIG. 7. XRD spectrum of Bi,Ta,O,B indexed onto a monoclinic unit cell with o = 38.5, h = 7.7, and 
c = 13.64 A and p = 124.33”. 

II structure were altered, but the diffrac- 
tion patterns from the basic fluorite sub- 
structure remained. Figures 8c and 8f, re- 
corded from the final sample of Bi,Ta,O,, 
after annealing at 1100°C for 6 hr, show 
the SAED patterns of type II’. Comparing 
these SAED patterns, three main sugges- 
tions can be made. First, the substructure 
of the type II* is still fluorite-like with 
significant lattice distortion. The relation 
between the superlattice and the fluorite- 
like sublattice is represented as 

aI,* = 5a, - 5bf, 

b,,- = a, + b,, 

CII’ =af+bf+2cf, 

where a, b, and c are unit cell vectors. Sec- 
ond, there might also be some pyrochlore- 
like Ta,Ois tetrahedral clusters in the type 
II* structure. These clusters lie on only one 
(111) plane of the fluorite structure instead 
of all four (111) planes in type II. The order- 

ing along the [ 1111 direction of the fluorite- 
like subcell is commensurate and fivefold. 
Third, the phase transition from type II to 
type II* is gradual, suggesting that there is 
no boundary between the two phases. By 
tilting the specimen stage, a series of SAED 
patterns were obtained from one single mi- 
crocrystal of Bi,Ta,O,,. The unit cell was 
therefore determined to be monoclinic with 
a = 38.5, b = 7.70, c = 13.64 A, and p = 
124.33”. Using these unit cell parameters, 
the XRD spectrum of Fig. 7 was indexed. 
However, to refine the XRD spectrum using 
such a large unit cell is extremely difficult. 
Alternatively, HREM technique was ap- 
plied to study the detailed type II* structure. 
One principal HREM image viewed down 
the [OlO] projection of the type II* unit cell 
is shown in Fig. 9. Superstructure ordering 
in one of the (111) directions of the fluorite 
subcell can be apparently observed. 

Note that in the previous work in these 
laboratories, a type II family of Bi-V-O 
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FIG. 8. SAED patterns viewed down the [llO] (a, b, c) and [112] (d, e, f) projections of the fluorite- 
like subcell, showing the phase transition from the type II to type II* structures. (a) and (d) were 
obtained from BisTa,O,, ; (b) and (e) from Bi7Ta30,8, after heating at 825°C for 24 hr; (c) and (f) from 
BijTa3018 after reheating at 1100°C for 6 hr. The monoclinic unit cell axes of type II* are indicated on 
the schematic drawings of (c) and (f). 

ternary oxides was found, in which VO, tet- cations of diffraction spots on the SAED 
rahedra lay down one of the { 11 I} planes of patterns along the main [I 1 I] direction of 
the defect fluorite structure to form series the fluorite subcell are 6, 8, or 24, while in 
of monoclinic structures (9, 10). Both of the J%Ta3018, only a fivefold repeat was ob- 
SAED patterns and the HREM image of the served. Using the structural principle for the 
type II* Bi,Ta,O,, structure in Fig. 8 and type II Bi-V-O, some Ta,O,, tetrahedral 
Fig. 9 are very similar to those of the type units were placed on one (111) plane of the 
II phases in the B&O,-V,O, system, except fluorite structure. However, such an ar- 
that, in the B&O,-V,O, system, the multipli- rangement never reproduced the details of 
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FIG. 9. HREM image of the type II* structure with the composition of Bi,Ta30,s, viewed down the 
[OIO] direction. The insets show computer-simulated images using the model of Fig. 10 with specimen 
thicknesses of 80 A (left) and 120 A (right) and lens defocuses of 850 w (left) and 650 A (right). 

the HREM image shown in Fig. 9. It is nec- 
essary to have some separate Ta cations 
substituting Bi in the space between these 
planes. After testing more than 10 models, 
the final model for Bi,Ta,O,, is shown in 
Fig. 10. A computer image simulation 
showed that the image contrast with differ- 
ent thicknesses from the type II* structure 
can be reproduced from this model, shown 
by the insets of Fig. 9. It has been noted that 
the right bottom area of Fig. 9 shows the 
type II* structure intergrowing with a new 

phase in a twin-like manner. The latter, be- 
ing a threefold superstructure along the 
[l 1 l] direction of the fluorite subcell, was 
confirmed to be a type III structure de- 
scribed in next section. 

The composition of the type II* model 
shown in Fig. 10 is exactly Bi,Ta,O,, or Bi,, 
TGh+ 16A for a unit cell, where A stands 
for oxygen vacancies. All 16 oxygen vacan- 
cies surround the Ta,O,, clusters. Although 
those isolated Ta cations are still in octahe- 
dral coordination with oxygen as indicated 
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a 

FIG. 10. (a) Suggested model for the type II* structure with the composition of Bi,Ta3018. Only 
cations are shown. (b) A Ta40,s tetrahedral unit. 

by laser Raman studies, two other anionic 
sites around these guest cations might be 
also occupied by oxygen with significantly 
longer Ta-0 bond lengths. The lattice, of 
course, must be distorted as we observed in 
the XRD pattern (Fig. 7). Therefore, the 
reason for the phase transition from the type 
II to the type II* is the extra oxygen atoms 
occupy the anion vacancies surrounding the 
Ta,O,, clusters and break up some of these 
tetrahedral clusters. But it is still unknown 
why the remaining Ta,O,* tetrahedra lie on 
only one (111) plane to form a monoclinic 
superstructure instead of a tetragonal phase 
as the type III structure in the B&O,-Nb,O, 
system (8). With the lattice distortion from 
a cubic symmetry, the band gap of the type 
II* phase increases substantially compared 
with the value for the type II phase (Fig. 5). 

Type III Structure 

When the starting composition of Bi, 
Ta,O,, was heated at 825°C for 24 hr, the 
XRD spectrum was very similar to that of 
the Bi,Ta,O,, composition. However, when 
the specimen was reheated at 1000°C for 
another 24 hr, some new phases were pro- 
duced. Further heating at 1100°C for 6 hr, 
the XRD spectrum of the sample was similar 
to that of Bi,Ta,O,,, which had an Aurivil- 

lius-related structure (type IV) (20). It was 
strongly supported by the HREM studies 
that at least one new phase, designated type 
III, existed between the type II* and type 
IV structures. Although it might not be a 
dynamically stable phase since the XRD 
spectra always indicated a multiphasic 
state, the new phase would give some infor- 
mation about the phase transition from type 
II to type IV. According to a series of SAED 
patterns from one single microcrystal, the 
unit cell of the type III structure was deter- 
mined to be monoclinic with a = 24.14, 
b = 14.63, c = 13.47 A, and p = 126.2”. 
Two principal HREM images and the corre- 
sponding SAED patterns of the type III 
structure are shown in Fig. 11. A threefold 
superstructure derived from the fluorite-like 
substructure in the [ 1111 direction instead of 
a fivefold in the type II* structure was easily 
observed from the image of Fig. lla. The 
image contrast of Fig. 1 la is identical to that 
of the right bottom area of the image in Fig. 
9, suggesting that both images present the 
same phase. Since the type III phase is de- 
rived from the type II* phase and it can 
intergrow with the type II*, it is assumed 
that the new structure is still related to the 
fluorite structure. According to the intensi- 
ties of diffraction spots of the SAED pat- 
terns, the relation between the superlattice 
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FI IG. 1 I. HREM images of the type III structure viewed down the [OlO] (a) and the [loll (b) directio 
The insets show the computation images from a model shown in Fig. 12 with the conditions 
(a) ; !O L? specimen thickness, 1600 A defocus and (b) 40 A specimen thickness, 800 A defocus. 

KS. 

of 
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and the fluorite-like sublattice can be repre- 
sented by 

aIlI = 3a, - 3b,, 

b,,, = 2a, + 2b,, 

%I = -af + bf + 2q. 

Comparing the unit cells of type II* and 
type III, it is obvious that all three unit cell 
axes in both phases orient to the same direc- 
tions in the &B&O, reference sublattice, that 
the c dimensions are identical, and that the 
b dimension of the type III phase is simply 
a doubling of the b dimension of the type II* 
phase. Consequently, it is not surprising to 
see on Fig. 9 that the interface where the 
type II* and type III structures intergrow 
together is the (bc) plane for both phases. In 
other words, the (bc) planes in both of the 
real unit cells or the main (111) planes of 
the fluorite-like subunit cells, on which the 
Ta,O,, units lie, have a strong similarity. 

Suppose the structure principle of type III 
in the titled system is similar to that in the 
B&O,-Nb,O, system (8), when the content 
of Ta,05 increases from the upper composi- 
tion limit of the type II structure, some pyro- 
chlore-like Ta,O,s tetrahedra units in the 
type II structure will be rearranged into per- 
ovskite-like Ta40,, square units. Bearing in 
mind that the type III structure of Bi,Ta,O,, 
is derived from the monoclinic type II* 
structure, the intergrowth of the pyrochlore- 
like Ta,O,, units and the perovskite-like 
Ta,O,, units will not extend in three dimen- 
sions but only in one dimension. One possi- 
ble model for the type III structure is shown 
in Fig. 12. The simulated images from this 
model can reproduce the details of the ob- 
served image contrasts in two directions 
(Fig. 11). It is then deduced that the type III 
structure forms when the concentration of 
Ta in the type II* structure increases, some 
of the Ta,O,, tetrahedral units being re- 
arranged into Ta,O,, perovskite-like units to 
accommodate more oxygen ions and to link 
with the rest in the a direction. 

0 Bi 0 Ta 

b 

FIG. 12. (a) Suggested model for the type III structure 
with the composition of Bi4Taz0,, Only cations are 
shown. (b) A model of regular intergrowth of the Ta,O,* 
and Ta,O?,-, units. 

Comparing two type III structures in the 
B&O,-Nb,O, (8) and B&O,-Ta,O, systems, 
it is recognized that the structural principles 
of these phases are very similar, i.e., the 
network of MO, (A4 = Nb, Ta) octahedra 
are built up by regular 1 : 1 intergrowth of 
the perovskite-like A&O,, units and the py- 
rochlore-like M,O,, units. Such an inter- 
growth is only one-dimensional along the a 
direction to form a monoclinic unit cell in 
the Ta-doped type III phase instead of three- 
dimensional, forming a tetragonal unit cell 
in the Nb-doped type III phase. Unlike 
Bi,Nb,O,, , both the type II* Bi,Ta,O,, and 
the type III Bi,Ta,O,, are metastable phases 
found in a phase transition process from the 
type II to the type IV structures. There may 
be more than two intermediate phases and 
it is difficult to identify the phase boundaries 
in this compositional range. Furthermore, 
the models in Fig. 10 and Fig. 12 display 
only the most possible cation arrangements 
for the type II* and type III structures. The 
exact atomic coordinates (especially for ox- 
ygen) cannot be determined at this stage. 
However, they show structural principles 
and close approximations to the type II* and 
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b 
FIG. 13. HREM image viewed down the [OIO] direction (a) and the proposed structural model (b) of 

the type IV structure with a composition of Bi31Ta17089. The insets of (a) are the corresponding SAED 
pattern (left) and a computer-simulated image from the model (b) at the conditions of 80 A specimen 
thickness and 400 A lens defocus (right). 
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type III structures compared with the XRD 
results and are helpful in understanding the 
phase transition in this ternary oxide 
system. 

Type IV Structure 

When the content of Ta,O, further in- 
creased, all the pyrochlore-like units were 
rearranged into perovskite-like sheet com- 
ponents to form a type IV superstructure 
with a composition of Bi,,Ta,,O,, . Structure 
determination of the type IV phase was de- 
scribed in Ref. (20). It has a monoclinic 
structure with a = 22.72, b = 3.85, c = 
19.26 A, and p = 101.9” and is a stepped 
superstructure based on a regular inter- 
growth of IZ = 1 and IZ = 2 members of 
Aurivillius family (21). Figure 13 shows an 
HREM image viewed down the [OlO] direc- 
tion and an ideal model of Bi,,Ta,,O,,. 
There are two type IV structures observed 
on Bi,Nb,0,5, both related to the n = 1 and 
n = 2 Aurivillius phases (20). However, the 
stepped intergrowth in Bi,Nb,O,, are along 
the [ 1 lo] direction and, in Bi,Ta,,O,g, along 
the [loo] direction of the basic Aurivillius 
lattice. It is reasonable because the type IV 
Bi,,Ta,,O,, is derived from the monoclinic 
type III Bi,Ta,O,, by extending the perov- 
skite-like Ta-0 sheet components forward 
in the a direction. 

BiTaO, Structure 

Specimens prepared with nominal com- 
positions between Bi,Nb,O,, and BiTaO, 
were always mixtures of the type IV phase 
(Bi,,Ta,,O,,) and BiTaO, . For preparation 
of BiTaO, , several calcining temperatures 
were used. Up to lOOO”C, a single phase of 
BiTaO, appeared. Below this temperature, 
the type IV phase always existed and its 
concentration decreased with the increase 
in temperature. All the XRD, SAED, and 
HREM results from the freshly prepared Bi 
Tao, agreed with the previous report (13). 
It is triclinic, containing sheets of Tao, octa- 

hedra parallel to the (ab) plane. Each octa- 
hedron is joined by corners to four others 
and the sheets are held together by Bi atoms. 
It was, therefore, proposed that when Ta,O, 
was further added into the type IV structure, 
the perovskite-like Ta,O,, units extended on 
the (ab) plane across the whole crystal to 
form single Tao, sheets which were sand- 
wiched by Bi cations. 

Conclusion 

Bi-containing ternary oxides in the Bi, 
O,-Ta,O, system were synthesized and in- 
vestigated by HREM. Although most of the 
solid solutions studied are fluorite-like, their 
real structures can be divided into several 
types. Tao, octahedra exist separately in 
the P-B&O, and type I solid solutions, but 
form pyrochlore-like Ta,O,, tetrahedral 
clusters in the type II and type II* struc- 
tures. Fifty percent of the Ta,O,, clusters 
are rearranged into perovskite-like Ta,OZO 
square clusters and regularly intergrow with 
the rest in the type III structure. All Tao, 
octahedra are in perovskite-like square units 
by sharing corners in the type IV and Bi 
Tao, phases. Consequently, very different 
fluorite, pyrochlore, and perovskite struc- 
tural units can intergrow together and trans- 
form to each other in a doped &Bi,O, . It is 
believed that oxygen vacancies in the mate- 
rials play an important role in these phase 
transitions. 
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