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The HTB-like six-membered ring of octahedra is the common building unit of all compounds presented 
in this review. In three of them the entire (001) HTB plane is observed, associated to either XO4, X207, 
or X309 groups (X = P, Si, Ge). This association can result in a 2D network as in K3Sb3P2OI4,xH20, 
as well as in a condensation of similar layers leading to the 3D framework observed in Cs3Sb3GezOB. 
The 3D framework of CssNb10023[[](Si309) 2 appears as the first term of an intergrowtb between the 
pyrochlore and benitoite structural types. These compounds are good ion-exchangers or promising 
precursors for such materials. Another family of compounds containing HTB-like six-membered rings 
corresponds to the first term of an intergrowth between HTB and perovskite types. Their physical 
properties are discussed in relation with the nature of the cations located either in the framework 
octahedra or in the perovskite and HTB sites. �9 1992 Academic Press, Inc. 

The purpose of  this paper dedicated to 
P. Hagenmuller,  one of  the pioneers in the 
field of  oxide bronzes (1), is to show the 
close structural relationship between the 
hexagonal tungsten bronze (HTB) type and 
some new structures recently determined in 
our laboratory and then to describe some of 
the properties of  the corresponding com- 
pounds. 

Several structural types such as pyro- 
chlore (2) and WO3, ~H20 (3) are closely 
related to the HTB first reported by A. Mag- 
neli (4). Both pyrochlore and WO3,�89 are 
built up from (001) HTB planes, that is to 
say planes of corner-sharing m o  6 octahedra 
forming six-membered rings. In the latter, 
the complete structure stems from the asso- 
ciation of such layers along the c axis via 
corner-sharing of octahedra with a shift of  
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a/2 between two adjacent layers. By a dehy- 
dration process above 250~ a metastable 
form of WO3 having the empty tunnel struc- 
ture of the HTB has been obtained by Fig- 
larz (5). The layers are then stacked up on 
top of each other. Another  relative position 
corresponding to a (2a/3 + b/3) shift in 
terms of HTB appears in the pyrochlore 
type; in that case the layers are not directly 
linked but joined by the intermediary of  oc- 
tahedra (2, 6, 7). This three dimensional ar- 
rangement delimits interconnected tunnels. 

It is well known that this geometry favors 
ion exchange or ionic conductivity and that 
the more covalent the framework is, the 
higher the mobility of monovalent  cations. 
Our interest in this field has motivated our 
search for new compounds having 2D or 3D 
frameworks resulting from the association 
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by corner sharing of m o  6 octahedra and 
XO4 tetrahedra (M = Sb, Nb; X = Si, Ge, P, 
As). We report on three of these structures 
containing (001) HTB planes of octahedra 
and either XO 4 , )(207 , or X309 groups. The 
first one, K3Sb3PzO14,xH20 (8), has a lay- 
ered structure and can easily be ion ex- 
changed in acidic medium, thus leading to a 
phosphatoantimonic acid which is a very 
good ion exchanger. There is a very close 
structural relationship between K3Sb3P2 
0 1 4 , x H 2 0  and Cs3Sb3Ge2013 (9) which is a 
good candidate for ion exchange reactions 
with smaller alkali ions. The same prom- 
ising behavior is observed for 
CssNbl00~3D(Si309)2 (10) which appears as 
the first member of an intergrowth between 
the pyrochlore and benitoite structural 
types. 

In the course of their study of tungsten 
bronzes MxWO3 with M = K, Rb, Cs, T1 
and x < 0.10, Hussain and Kihlborg have 
characterized by high resolution electron 
microscopy the orthorhombic tungsten 
bronzes (OTB) family resulting from in- 
tergrowths between HTB and WO3 (ReO3) 
types that they called intergrowth tungsten 
bronze (ITB) (11). A few years ago the struc- 
ture of Ca2T1TasO~5 was determined from a 
single crystal (12). This structure corres- 
ponds to the first term of the intergrowth 
evidenced by Hussain and Kihlborg, al- 
though the formulation of this tantalate is 
similar to that of the "Banana"  Ba2 
NaNbsO~5 exhibiting the tetragonal tungsten 
bronze (TTB) type. (Sb20)M010030 has the 
same framework as that of Ca2TlTasO15 but 
in this case the perovskite sites are empty 
and the hexagonal tunnel contains Sb20 
links (13). 

K3Sb3PzO14 ,xH20 
(a) Description o f  the Structure 

This compound crystallizes in the rhom- 
bohedral system, space group R-3m with 
a = 7.147(1) A, c = 30.936(6) A , Z  = 3 (8). 

FtG. 1. [001] view of a (Sb3P2014) 3 layer. 

It is a layered material (Figs. 1 and 2). The 
(Sb3P20~-),, layers are built up from SbO 6 
octahedra and P O  4 tetrahedra sharing verti- 
ces. The SbO 6 octahedra are linked together 
in the same way as the WO6 octahedra in 
the (001) HTB plane. The phosphate groups 
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FIG. 2. K3Sb3P2014,xH20: projection of the structure 
on (110). 
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are linked to these layers of octahedra via 
three of their vertices. The fourth, which is 
unshared, points into the interlayer space 
wherein potassium atoms are situated. Simi- 
lar layers have already been observed in 
natro- and ammoniojarosites M~Fe3(OH)6 
(SO4) 2 (14, 15) as well as in alunites MIA13 
(OH)6(SO4) 2 (16). 

In the unit cell, there are 9 potassium 
atoms distributed over 12 possible positions 
which are therefore occupied at an average 
of 75%. This compound, prepared by solid 
state reaction at 1000~ is hydrated at room 
temperature (RT). Its water content, in- 
ferred from TG experiments and the adsorp- 
tion isotherm, corresponds to x = 5 over 
almost the whole range of relative humidity 
(RH) (17). The dehydration process which 
occurs at about 150~ is completely re- 
versible. 
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FIG. 3. H3Sb3P2014,xH20: absorption isotherm of 
water: evolution of the water content x, of the inter- 
layer distance d and of the conductivity as a function 
of RH at 20~ 

(b) The Layered Phosphatoantimonic 
Acid (LPA ) H3Sb3P2Ot4 ,xH20 

K3Sb3P2014,xH20 has been ion ex- 
changed in an 8 N nitric acid solution at 50~ 
(18, 19). The solution to solid ratio was 100 
ml/g of alkali material. After three stages, 
with renewal of the acidic solution after each 
2-hr stage, the extent of exchange is at least 
99% and the hydrolysis has proved to be 
very weak, with less than 1% by weight. 
Electron and X-ray powder diffraction stud- 
ies show unambiguously that the covalent 
layers which have been evidenced in the 
parent potassium phase are still present in 
the LPA. 

This LPA is hydrated and its water con- 
tent at RT strongly depends on the partial 
pressure of water vapor. The RH influence 
on the composition, interlayer distance, and 
protonic conductivity has then been studied 
at 20~ (20). The main results of this study 
have been summarized in Fig. 3. Since the 
lattice parameters parallel to the layers are 
very close to those of the parent potassium 
phase, one can calculate the increase of vol- 
ume per formula unit of the interlayer space, 

simply by considering the evolution of the 
interlayer distance. It is then possible to es- 
timate if the corresponding increase of the 
water content can be associated, entirely 
or partly, to crystallization water. For this 
LPA the protonic conductivity is closely re- 
lated to the water content (Fig. 3). Each 
plateau corresponds to a fixed x value and 
to a particular interlayer distance. Therefore 
this evolution shows a true "bulk-type" 
conductivity in agreement with the fact that, 
from volume considerations, the water con- 
tent can be associated with crystallization 
water over almost the whole range of RH. 

(c) Acidic and Ion Exchange Properties of 
H3Sb3P2014, xH20 

The ion exchange behavior of H3Sb 3 
P2Ol4,xH20 is illustrated by the titrations 
with alkali hydroxide solutions (19) (Fig. 4) 
and also by ion exchange isotherms such 
as those represented in Figs. 5 and 6. The 
ordinate of these plots, AM, is the equivalent 
fraction of the M + ion in the exchanger and 
the abscissa, X~, is the equivalent fraction 
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FIG. 4. Potentiometric titration curves for alkali cations o n  H3Sb3P2Ola,XH20. 

of  the M + ion in the solution. Both curves 
show that the selectivity coefficients of the 
Cs+/H § and Ag+ /H § systems with this 
LPA are very high. 

It has been shown from vibrational stud- 
ies (21-23) that the interaction between 
acidic protons,  as well as all protonic spe- 

cies, and covalent layers is relatively weak. 
Strongly self-associated HPO 2- groups sim- 
ilar to those observed in Zr(HPO4)2,nH20 
(24) do not exist in this LPA in which acidic 
protons belong to H3 O +  oxonium groups; 
this means that it is a stronger acid than 
o~-ZrP like acids which require a preinterca- 
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FIG. 5. Cs+/H + ion exchange isotherm on H3Sb 3 FIG. 6. Ag+/H + ion exchange isotherm on H3Sb 3 

P2014 ,xH20. P2014 ,xH20. 
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FIG. 7. Projection of the [Sb306(Ge207)] 3- framework 
on the (a, c) plane. 

lation of amines to give colloidal suspen- 
sions. 

Cs3Sb3Ge2013: Its Relationship with 
K3Sb3P2014, xH20 

Cs3Sb3Ge2OI3 crystallizes in the hexago- 
nal system, space group P63/mmc with a = 
7.31(1) A, c = 16.73(1) ,~, Z = 2 (9). Its 
three-dimensional f ramework (Fig. 7), built 
up from SbO 6 octahedra  and GeO 4 tetrahe- 
dra, can be described as resulting from a 
condensat ion ofM306(go4) 2 covalent layers 
(M = octahedral  cation, X = tetrahedral 
cation) similar to those which occur  in 
K3Sb3P2014, xH20.  This condensat ion takes 
place via the outwardly pointing vertex,  as 
yet unshared,  of  each XO4 group. They join 
to give X207 groups. In that manner the 
(Sb3Ge2013) 3- f ramework can be considered 
as HTB-like planes of  SbO 6 octahedra 
linked together by Ge207 groups so that the 
hexagonal windows delimited by the six- 
membered rings are aligned along the c axis. 
According to this description Cs3Sb306 
Ge207 would be a more relevant chemical 

formula for this compound.  Cs atoms are 
situated within the large interconnected cav- 
ities delimited by this framework.  High ion 
mobility is expected to take place in this 
phase when ions are exchanged with smaller 
alkali ions; investigations in this domain are 
in progress. 

CssNbl0Oz3E] (Si309)2 

This compound crystallizes in the hexago- 
nal system, space group P63/mmc with a :- 
7.342(1) A, c = 22.166(2) A, Z = 1 (I0). The 
structure consists of a three-dimensional ar- 
rangement of NbO 6 octahedra and three- 
membered Si309 single rings linked together 
by corners.  It can be described in terms of 
stacking of planes of polyhedra along the c 
axis (Fig. 8): 

- -HTB- l ike  planes of Nb(1)O6 octahe- 
d r a a t z  = 0and �89  

- -p lanes  of separated Nb(2)O 6 octahe- 
dra at z = -+~ and -+~ 

- -p lanes  of separated Si309 rings at z 
= _�88 

As each oxygen atom is connected to two 
cations (either Nb, Nb; Nb, Si; or Si, Si) the 
sequence along the c axis can be written 
[(Nb(1)309) (Nb(2)O3) (Si306) (Nb(2)O3)]2n. 
It must be mentioned, however ,  that this 
type of  writing does not account for the rela- 
tive positions of the two halves of  the unit 
cell. With the same restriction as for  relative 
positions of successive "b locks"  (formula 
written between square brackets),  the pyro- 
chlore framework can be described as a 
[(M309)(M03)]3 n sequence (M = octahedral  
cation) along the [111] axis (2), and the beni- 
toite f ramework by [(Si306)(WiO3)]2n along 
the c axis (25). For  the title compound,  the 
covalent f ramework can then be formally 
considered as an alternance of  one pyro- 
chlore- and one benitoite-type " b l o c k "  
(Fig. 8). This description suggests that it is 
the first member  of a family of  intergrowths. 
Preparations of various members  have been 
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exchange propert ies  of  this compound  are 
presently being investigated. 

'b 

a 

\ 

FIG. 8. (a) Fragment of the CssNb10023 (Si309) 2 struc- 
ture parallel to the (a, c) plane, showing the sequence 
of Pyrochlore blocks (Pb) and Benitoite blocks (Bb). (b) 
[001] projection of fragment of the structure. Nb(2)O 6 
octahedra are shaded. 

The CazTITasOls OTB Type Structure 

The compounds  of general formula  
M[ IMIMv015 crystallize ei ther with the well 
known tetragonal tungsten bronze  (TTB) 
type first described by A. Magneli (26) or 
with the new structural type that was called 
or thorhombic  tungsten bronze  (OTB) when  
the structure of  Ca2T1TasO~s was deter- 
mined a few years ago (12). 

The structure was refined in the ortho- 
rhombic space group Pmm2. A project ion 
of the structure along [001] is shown in Fig. 
9. As it can be seen, the oxygenated  frame- 
work is built up f rom corner-sharing octahe-  
dra and is reminiscent of  the (2) 1 first in- 
tergrowth term, of  or thorhombic  symmet ry ,  
reported for the MxWO 3 bronzes  (11). For  
this reason and also because  other  com- 
pounds such as (Sb20)(M%O15) 2 (13, 27) or 
(Bi20)(MosO15) 2 (28, 29) which have  an anal- 
ogous oxygenated f r amework  exhibit physi-  
cal propert ies  of  oxide bronzes,  this new 
structural type was called OTB. Octahedra  
are arranged in such a manner  that they de- 

b 

under taken and they are present ly  being 
studied with high-resolution electron mi- 
c roscopy  and X-ray diffraction. 

In the pyrochlore  structure the basic 
f r amework  per  unit cell is M16X48 and the 
volume of  the unit cell is about  1100 ~3, 
whereas  in the title compound  the frame- 
work  is NbloSi6041D , i.e., MI6X41D, with a 
volume of 1035 ,~3. Consequent ly ,  with 
about  ~ fewer  anions, the structure of  
CssNb10023[~(Si3Og) 2 can be considered as 
more  open than that of  pyrochlore .  The ion 

FIG. 9. [001] view of the (TasOis) 5- framework in 
CazTlTasOl5, showing the A, B, and C cavities. 
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limit three types of cavities noted A, B, and 
C (Fig. 9) whose sections in the (001) plane 
are respectively hexagon-like, diamond- 
shaped, and triangular. The larger one (A) 
can accommodate the biggest univalent cat- 
ions such as T1 +, Rb + , or Cs + in 18-fold 
coordination while sites B fit well for diva- 
lent cations or trivalent rare-earth cations in 
dodecahedral coordination (30). 

Formally the OTB skeleton can originate 
from the HTB network by one (010) plane 
out of two with low octahedra density first 
being eliminated and then the slices so 
formed, containing six-membered rings of 
octahedra, being stacked up. This recon- 
structive process eliminates one A and two 
C cavities in HTB and creates two dodeca- 
hedral B sites in OTB. It results in an in- 
tergrowth phase between HTB and perov- 
skite-like sequences. Both OTB and TTB 
structures are closely related. In particular, 
the same M5015 units are found but they 
adopt a staggered disposition in TTB to form 
A' ,  B' ,  and C' cavities with pentagonal, 
square and triangular sections respectively. 
However, crystallographic formulations are 
different for both structures; they are writ- 
ten B2AC2Ms015 and B'A'2C'2Ms015, re- 
spectively, for OTB and TTB. 

For given a M~IMIMV015 formulation one 
can ask what are the relevant parameters 
which govern either OTB or TTB. 

termine the TTB type. Of course other fac- 
tors such as polarization effects also have 
to be taken into account. These effects are 
important too in order to explain piezoelec- 
tric properties evidenced in some OTB com- 
pounds. These properties were discussed in 
terms of hardness or softness, as defined by 
Pearson (31), of the cations present in A and 
B sites. It was shown that the piezoelectric 
effect in OTB is favored by the presence 
both of a soft cation in A and of hard cations 
in B sites. CazT1TasOls and Ca2CsTasO15 are 
piezoelectric but not Ca2RbTasO~5. Partial 
substitution in A site by smaller cations such 
as K + induces and/or strengthens piezo- 
electricity because of the off-centering of 
smaller cations. For instance, CazRbl_xK x 
TasO~5 becomes piezoelectric for x > 0.15. 

Thermodynamic factors (pressure and 
temperature) of course influence the stabil- 
ity of either OTB or TTB. For example, 
Ca2TITasO~5 was transformed to TTB at 
1273 K under 60 kb. This transformation 
induces a relative decrease of cell volume 
AV/V of about 5%. Therefore OTB com- 
pactness is lower than the TTB one. Under 
atmospheric pressure, by raising tempera- 
ture up to 1900 K, the tetragonal phase 
RbGdNaTasO~5 was transformed into ortho- 
rhombic with a relative increase of cell vol- 
ume by 2%. Hence it can be thought that the 
entropy of OTB is higher than that of TTB. 

Relative Stability of Both OTB 
and TTB Types 

The relative stability depends primarily 
on steric factors. A few years ago, thanks to 
numerous substitutions, it was established, 
using an homogeneous scale of crystal radii 
in eight-fold coordination (so as to compare 
with TTB), that a simultaneous presence of 
a large univalent cation in A site (r(w m > 
1.58 A) and a relatively small one in B site 
(1.08 A < r(w m < 1.19 A) favors the OTB 
type (30). On the other hand, the largest 
divalent cations being in A' sites rather de- 

Crystal Field in OTB and TTB 
Dodecahedral Sites 

In order to improve comparison between 
both types, crystal field was tested in B and 
B' sites in order to explain the magnetic 
behavior of some neodymium and europium 
phases (32). From the splitting values of the 
Nd 3+ 4/73/2 level on one hand and the Eu 3+ 
7F 1 level on the other hand, which almost 
exclusively depend on crystal field second 
rank components (B2), it was shown that 
these latter were higher in OTB (>1000 
cm 1) than in TTB (-500 cm-t).  B 2 is re- 
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FIG. 10. Thermal evolution of molar magnetic sus- 
ceptibility in some Eu 2+ OTB and TTB compounds. 

lated to the orthorhombic distortion and acts 
only in OTB but B 2 is present  in both sym- 
metries, tetragonal and orthorhombic.  In 
addition the Nd 3 + 419/2 ground state splitting 
value which depends on several Bkq compo- 
nents is more important in OTB (>800 
cm 1) than in TTB ( -650  cm-1). This fact 
indicates higher values for some crystal field 
components  acting at the lanthanide site 
in OTB. 

C o m p a r a t i v e l y  E u  3+ is a more suitable 
local probe than Nd 3+ for testing crystal 
field. Indeed looking at magnetic suscepti- 
bility curves obtained with powder  samples 
of  OTB and TTB europium tantalum com- 
pounds in Fig. 10, it can be seen clearly that 
both types are sharply divided. The charac- 
teristic plateau observed at low temperature 
depends on Xo constant terms in the Van 
Vleck formula (33) whose values result from 
a perturbation,  in first order  approximation, 
of the 7F o ground state by excited states via 
crystal field operator  and particularly the 
B2q components .  According to the plateau 
values it can be deduced that B 2 are higher 
in OTB. 

A further investigation by 151Eu nucleus 

M6ssbauer spectroscopy confirmed that the 
BE crystal field component  was higher in 
EuNaCsNb5Oj5 (OTB) than in EuK2Nb5OI5 
or EuNaKNb50~5 of tetragonal symme- 
try (32). 

EuNaCsNbsOls:  The First Member  of  a 
N e w  Class o f  Ferroelectrics 

Given the numerous points of  comparison 
outlined above between OTB and TTB it 
was natural to search for ferroelectrici ty in 
OTB compounds.  The first attempts to evi- 
dence hysteresis loops at room temperature  
failed because,  as emphasized below, the 
lattice stiffness is more important  in OTB 
than in TTB. However ,  the Ca2T1TasO15 
space group being a polar one, substitutions 
were performed in order to increase the 
acentric character  of this phase. As it is well 
established for tetragonal and perovskite- 
like ferroelectrics,  substitution of  niobium 
for tantalum increases Curie temperature.  
Hence EuNaCsNbsO15 (28) was synthe- 
tized. Under  a 10 kV.cm i electric field, the 
hysteresis loop, obtained on sintered sam- 
pies, appears only at about 500 K, then is 
saturated at 530 K and disappears near 565 
K, the Curie temperature.  This behavior  is 
characteristic of a hard ferroelectric.  On the 
other hand it can be observed that e; damp- 
ing increases with field f requency (Fig. 11). 
This fact is characteristic of a diffuse transi- 
tion due to simultaneous presence of  two 
cationic species (Eu 3+, Na +) in dodecahe-  
dral B sites. Structural determination from 
a single crystal of EuNaCsNbsOI5 in polar 
space group Pmc21 reveals that spontane- 
ous polarization is closely related to a se- 
quence of short (1.792 A) and long (2.137 A) 
Nb(I)-O(10) bonds along the c axis. The 
Nb(I)O 6 octahedron is located at the center  
of  the M5015 unit (Fig. 9) (34). Ps at 293 K 
and T c can be estimated using the empirical 
formula of Abrahams et al. (35) to be 45 
/xC �9 cm 2 and 600 _+ 30 K respectively (ex- 
perimental value for To: 565 +- 10 K). The 
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FIG. 11. F requency  and tempera ture  dependence  of  
the dielectric permitivity in EuNaCsNbsO15. 

Ps value can be compared with that of "Ba- 
nana" Ba2NaNbsO15 (Ps = 40 I~C �9 cm -2 at 
293 K). The displacive transition is probably 
of the second order and purely ferroelectric. 
In TTB ferroelectrics the polar axis lies usu- 
ally in the (a, b) plane whereas in this OTB, 
c is the polar axis. Hence this situation ren- 
ders more difficult the microscopic distor- 
tions inducing P~ spontaneous changes and 
even more since the crystal field strongly 
stabilizes the perovskite planes. This is why 
coercive field values are so high below 500 
K. Because of its lattice stiffness EuNaCs 
Nb5015 exhibits quasi-pyroelectric be- 
havior. 

The search for ferroelectricity has not 
been much developed and other ferroelec- 
tric compounds of this large new family 
could probably be prepared. 

The (SbzO)(MOsOls)Z Orthorhombic Type 

(a) Structural Features 

The crystal structure of this orthorhombic 
bronze was determined in the polar space 
group Pma2 (27). Projection of the structure 
along [001] shows clearly (Fig. 12) that the 
oxygenated network is very similar to that 
of CazT1TasOL5 and can be formally de- 
scribed as a (2) 1 intergrowth term. However, 
some differences between both types must 

be outlined. Octahedra inside which Mo 
atoms are off-centered are very distorted 
and delimit hexagonal tunnels containing 
-Sb20- units where the Sb m lone pair is 
stereochemically active. Dodecahedral sites 
remain empty because the -Sb20- link acts 
as a tetravalent pseudocation. Sb m is linked 
to two oxygen atoms of the framework and 
to another one in the tunnel thus adopting 
the SbO3 E (E lone pair) configuration. De- 
tailed examination of the structure indicates 
that SbnI-O bonding competes with ~- 
Mo-O bonding inside octahedra for 2p ~r ox- 
ygen orbitals of the framework. It results 
that ~- bonding becomes localized on some 
particular bonds causing an off-centering of 
Mo atoms inside their oxygen polyhedron. 
Then cooperative ferroelectric distortions 
along each chain of octahedra are evidenced 
along the polar axis. Inside the cell, net elec- 
tric polarization vanishes because polar 
chains order antiferroelectrically thus yield- 
ing a supercell (which contains four Mo50~5 
units). From these structural features can 
be anticipated the presence of narrow bands 
and flat levels in this antimony compound. 

(b) Band Model o f  the 
(Sb20)(M05015) 2 Semiconductor 

Transport properties measurements of 
this mixed valence compound (40% Mo v, 

5" 

Fro. 12. [001] view of the (SbzO(M05Ols)2 s t ructure  
showing off-centered Sb a toms in the  A-channels .  
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~a / 150 meV 

2 meV 

E v ~  'L .... 

N (E) -~ 

FIG. 13. Band model for (Sb20)(MosO15) 2. 

60% Mo v~) were performed on sintered bars 
of polycrystalline samples (90% compact- 
ness) between 150 and 500 K. Experimental 
results including electrical conductivity o-, 
thermoelectric power S, and Hall coefficient 
RH were interpreted by means of a 
p-semiconductor model with two inverted 
acceptor and donor deep levels which pin 
the Fermi level near the mid-gap (36). Con- 
duction mechanisms are governed by acous- 
tical-phonon scattering of the carriers. In 
this bronze the gap value is small (-320 
meV) and because of the high positive value 
of S, hopping conduction was neglected. 
The band model for antimony molybdenum 
bronze is depicted in Fig. 13. To account for 
spin (Mo v) concentration determined from 
an E.P.R. experiment, it was necessary to 
involve flat levels situated below valence 
band edge far enough not to interfere in con- 
duction mechanisms. 

Recent band calculations with tight-bind- 
ing approximation back up this model and 
bring more precise information about va- 
lence band (VB) and conducting band (CB) 
nature (37). VB is made of four bands mainly 
built up from "dxz" orbitals of octahedra in 
perovskite-like sequence whereas CB levels 
imply Mo(6) orbitals (less distorted octahe- 

dron of hexagonal sequence). The calcu- 
lated indirect gap is about 220 meV. In Fig. 
14 very narrow bands appear along c* and 
numerous flat levels along a* and b*. 
According to these calculations (Sb20) 
(Mo5015)2 is a quasi-one-dimensional semi- 
conductor. 

Semiconducting Properties of Bismuth 
Orthorhombic Bronze (Bi20)(Mo5015)2 

In order to study the influence of 
M~I1-O units in hexagonal tunnels the bis- 
muth bronze (Bi20)(M%O15) 2 was synthe- 
sized. Its cell is a 2a, 2b, 2c superstructure of 
(SbzO)(Mo5015)2 reference cell. To account 
for transport properties measured on sint- 
ered bars of polycrystalline samples, the 
band model already used for antimony ana- 
logue was retained (38). Within a 357 meV 
gap, two inverted deep energy levels sepa- 
rated by 52 meV pin the Fermi level near 
the mid-gap. Figures 15 and 16 represent 
thermal carriers ratios and Fermi energy 
evolutions for both antimony and bismuth 
semiconductors. Comparatively the carriers 
ratio p/n is lower in bismuth than in anti- 
mony analogues while hole mobility at 300 
K is higher (19.7 c m  2 �9 V - i s  - 1  against 5.4 
cm 2. V-is- t) .  Here too, spin concentration 
inferred from E.P.R. measurements ex- 

ii 

J / 

-9.2 - - ~ - ~  

98  VB 

X F Z F Y 

Fro. 14. Calculated band structure 
(SbzO)(MosO15)2. 

for 
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FIG. 15. p/n and E F evolution in (Sb20)(MOsOls)2. 

ceeds by about two orders of  magnitude the 
concentrat ion needed at the N D donor  level 
to account  for semiconductor  behavior.  
Therefore  flat levels located below VB band 
edge where d 1 spins are trapped are postu- 
lated. In this compound Bi -O interactions 
are more ionic than S b - O  interactions; and 
octahedra  are probably more regular; in that 
case the valence band is larger and the hole 
mobility higher. 

B a n d  M o d e l  E x t e n s i o n  A p p l i e d  t o  

T u n g s t e n  P h a s e s :  (M[IIo)(w5015)2 

Substitution of tungsten for molybdenum 
and/or  bismuth for antimony in OTB 
bronzes gives rise to numerous phases 
whose electric behavior  depends on compo- 

0.4 

0.3 
03 
m 0.2 

~g (Bi20) (M~ 100 

EA ~ 
- ~_____.__ "~ 50 =- 

0.1 F ~  EF 

IEv p i I 0 
100 200 300 400 500 

T(K) ,- 

FIG. 16. p/n and Ev evolution in (BizO)(MosO15)2. 

3 
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�9 
- -  2 

-1 

-2 

-3 

( S b 2 0 )  (W5 O15 )2 
�9 , ,~oCIHTB) . . . .  

. . . . . .  &Sb W5 O15 

( S b 2 0 )  (W45 MOo 5015)2 

(Sb~O)(W s O~}~ ~ - 
(OTB) " - \ 

(Bi20) (W 5 015)2 

(Sb 2 O) (W a Mo O ]5)2 

~ (Bi20) (W 4 Mo O15)2 

i i ~ I i L i 1L0 J i I 
3 4 5 6 7 8 9 11 1213 

103/W - ,, 

FIG. 17. Evolution of the conductivity with tempera- 
ture in some OTB phases. One example of HTB com- 
pound is given for comparison. 

sition and consequently on the structural 
intergrowth disorder which affects some of  
these phases. In turn, this disorder depends 
on temperature,  time and heating rate. Our 
observations corroborate  those made about 
the SbxWO3 system (39) in which a first heat- 
ing treatment,  with subsequent annealing, 
does not modify the structural intergrowth 
disorder appreciably, whatever  heating 
time. Various phases were synthesized (28). 
It is interesting to outline that (Sb20) 
(W5015)2 adopts both OTB and HTB struc- 
tural types depending on temperature.  Be- 
low 773 K, the HTB type is prepared. An 
increase of the temperature up to 873 K in- 
duces the H T B - O T B  transition which 
evolves slowly and irreversibly. Conductiv- 
ity measurements were performed on sint- 
ered bars of  polycrystalline samples (com- 
pactness 90%). Variations of  the con- 
ductivity with temperature for various 
phases are presented in Fig. 17. Antimony 
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tungsten compounds, namely (Sb20) 
(W5015)20TB and HTB, are metals whereas 
(Sb20)(W4MoO15) z and (Bi20)(W4MoOIs) 2 
look like semiconductors as it is the case, 
to a lesser extent, for (BizO)(WsO~5)2. As 
expected for tungsten compounds, conduc- 
tivity is higher than in molybdenum OTB, 
5 d orbitals having a higher radial extension, 
Experimental results (S and o-) obtained 
with (BizO)(WsO15)2 were interpreted by 
means of a single band model (40). The con- 
duction mechanisms are governed by hop- 
ping in states near the Fermi energy. It is 
shown that variable-range hopping occurs 
at low temperatures while next-neighbor 
hopping takes place at higher temperatures. 
This band may originate from overlapping of 
corresponding VB and CB in molybdenum 
compounds. This band is less than half filled 
and the electronic states are highly delocal- 
ized leading to "metallic" behavior as ob- 
served in (Sb20)(WsO15) 2. 

Conclusion 

As illustrated by the examples given in 
this review, HTB-like six-membered rings 
of octahedra and even complete slices of 
the HTB framework perpendicular to either 
[001] or [100] appear as building units for the 
structure of many oxides which exhibit a 
widespread range of properties. 

HTB slices perpendicular to [001] associ- 
ated with XO 4 , X207 , or X309 groups lead 
to good ion exchangers or promising precur- 
sors for such materials. 

HTB slices perpendicular to [100] and 
perovskite slices form the (2)~ intergrowths. 
This framework is an alternative to the TTB 
structural type for compounds of general 
formula MtelMfMVOls. According to the na- 
ture of the cations located either in their 
framework octahedra or in the perovskite or 
HTB sites, various physical properties such 
as ferroelectricity and semiconductor or 
metal behavior are observed. A band model 
recently supported by band calculation 

makes it possible to interpret the transport 
properties. 
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