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The origin of the semiconducting properties of the motybdenum bronze Sb;Mo;,0;; was examined by
performing tight-binding electronic band structure calculations. Qur calculations show a band gap at
the Fermi level, so that SbyMo,,0y; is not a Molt insulator but a regular semiconductor. Analysis of
the Jow-lying r-block bands reveals that the band gap originates from the O-Mo -+ O alternations
in the six different types of MoOg octahedra prescent in SbyMayO,;, and the conductivity of this bronze
is onc-dimensional despite its three-dimensional erystal structure. The conducting nrop.crlics of other

MM (M = Sb, Bi: M’ = Mo, W) phases are also discussed.

Introduction

Most molybdenum and tungsten oxides
and broazes (/-9) are low-dimensional met-
als and exhibit interesting physical proper-
ties. A remarkable feature is that some of
these compounds are low-dimensional con-
ductors despite their three-dimensional (3D)
crystal structures. These systems arc often
structuraliy quite complex (10}, and hence
it is convenient to have some qualitative
guidelines by which to single out what parts
of their structures are responsible for their
low-dimensional  transport  properties.
These oxides and bronzes have extended
networks of MO, (M = Mo, W) octahedra,
and the average d-clectron count on the
transition metal atoin s very low (i.c.. be-
tween d® and d'). Hence, only the lowest
lying part of the 1,, block levels can be filled.
Distortions of some of the MoQy,, octahedra
lcad to short M-0 bond lengths, and thus
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some or all of their t,, levels are raised in
cnergy, thereby not contributing signifi-
cantly to the lowest lying f,, block bands.
Consequently, a detailed analysis of the
crystal structures of these matenals pro-
vides important insight into what parts of
their crystal structures control their trans-
port properties (9.

SbyM,,0s; is a semiconductor (/1) with
a complex 3D crystal structure (/2}). With
respect to the structure of SbyM,,0,,
BiyM,,Oq, has a (2a, 2b, 2¢) superstructure
and is semiconducting’ (f3). The tungsten
analogs, M,W,O, (M = Sb, Bi), as well as
some mixed molybdenum—tungsten
bronzes, M,W,,_ Mo, O, (M = Sb, Bi), are
also known (/4, 15). All of them are scmi-
conducting except for Sb,W,,0¢,, which is
metallic (/4, 16). Although the dctailed crys-
tal structure is known only for Sb,Mo4,0,,
(12), all thcse phases possess the same basic
structure (/4). It is challenging to correlate
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the transport and structural properties of
such structurally complex materials. In the
present work, we examine how the semicon-
ducting and metajlic properties of these
compounds are related to their crystal struc-
tures by performing extended Hickel tight
binding (EHTB) electronic band structure
calculations (/7) for Sb,Mo0,,O¢,. The struc-
tural and transport properties of low-dimen-
sional oxides and bronzes have been suc-
cessfully explained on the basis of EHTB
calculations (9).

Crystal Structure

Shown in Scheme 1 is a top projection
view of the quadruple chain unit Mo,0, ob-
tained by sharing the corners of four MoO;
single octahedral chains (Scheme 2). Corner
sharing by these quadruple chains leads to
Mo,0,, slabs (Scheme 3). The Mo;Os 3D
network (Scheme 4) of SbMo,,Oy; is ob-
tained when the Mo,0,, slabs (Scheme 3)
are condensed with MoO; single octahedral
chains (Scheme 2). The 3D network
(Scheme 4) is the first member of the family
of intergrowth tungsten bronzes character-
ized by Hussain and Kihlborg (18), and it
can also be constructed from the condensa-
tion of Mo;0,4 quintuple chains (Scheme 5)
(Fig. 1). The first member of the tetragonal
tungsten bronze family can be described as
a slightly different condensation of the units
in Scheme 5 (/9),

SbMo,0y; (see Fig. 1) contains Sh,0
units (---Sb—0-8b---Sb—0-S5b---} inside the
hexagonal channels of Scheme 4 in such a
way that every Sb atom forms an 5bO,
trigonal pyramid. In addition, every MoQ,
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octahedron shows a strong O-Meo---O bond
alternation (i.e., of the order of 1.67 vs 2.35
A)along the b axis. Every Mo atom of MoO,
is located slightly out of the plane of the
four equatorial O atoms, as depicted in Fig.
[, where the filled and empty circles repre-
sent the Mo atoms lying above and below
this plane, respectively. The senses of the
O-Mo---O alternation at the two kinds of
Mo atoms are opposite (i.e., O-Mo:--0O at
one and O---Mo-0 at the other), so that the
unit cell of Scheme 4 is given by (MosOs),.
Hence, Sb,Moy O, can be formulated as
(5b,0),(M0.0;),.

With the formal oxidation states of Sb*"
and O?~, there are eight electrons to fill the
f;, block bands of the Moy Og 3D network
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(Scheme 4) of Sb,Mo,,04,. SbyMo,,O, can
be either aregular semiconductor (i.c., there
is an energy gap between the fourth and
the fifth 1,, block bands of the Mo;O,; 3D
network) or a Mott insulator. To distinguish
between these two alternatives, it is neces-
sary to consider how the distortions of the
different MoOg octahedra control the nature
of the low-lying f,, block bands of the
Mo;0,5 3D network.

Electronic Structure

A. Octahedral distortion and low-tying 1,
levels. The 1, block levels of a regular MoO,
octahedron have antibonding combinations
between the Mo d orbitals and the O p orbit-
als. Hence, a shortening of an Mo-0O bond
length raises the energy of any #,, block or-
bital it it has an antibonding combination
between the Mo and O orbitals along the
shortened Mo-O bond. Consequently, a
distortion where one Mo-0 bond is short-
ened leaves one f,, level (i.e., the one that
is & with respect to the shortened Mo-O
bond) and raises the energy of the remaining
two levels (Scheme 6). By contrast, all three
t,, levels are raised by a distortion in which
two or more Mo-0 bonds (in ¢is arrange-
ment) are shortened (Scheme 6) (9).
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FiG. 1. Projection view of the crystal structure of
SbyMoy0,, along the b axis (12). The filled and empty
circles denote Mo atoms above and below the planes
of the four equatorial oxygen atoms, respectively.

As mentioned, all MoOg octahedra in
Sb,Mo,,0; have a strong O-Mo---O alter-
nation along the b direction. Consequently,
only one ¢, level of any MoQOg octahedra
{i.e., the one contained in the ac plane, de-
noted as the equatorial plane hereafter) can
contribute to the low-lying 4 block bands.
Since these orbitals are of §-type with re-
spect to the b direction, the low-lying ¢,
block bands should not be dispersive in that
direction, Shown in Fig. 2 are the various
basal Mo-0O bond lengths found in
Sb,Mo0,,0, (12). In addition to the strong
alternation along the & direction, the
Mo™O, octahedra have two very short
Mo-0O bonds (1.72 A) in the ac plane. Con-
sequently, the three t,, levels of the Mo™Oy
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Fic. 2. Mo-0 distances associated with the basal O atoms for the six different types of MoQO,

octahedra in Sb,;MoyOs,.

octahedra are very high in energy and do
not participate in the low-lying f,, block
bands. As a consequence, these bands are
not dispersive along the a direction either.
As a result, Sb,Mo0,,Oq, is expected to be a
good cenductor only along the ¢ direction.

B. Octahedral condensation and low-ly-
ing ty, levels. The previous analysis suggests
that five of the six different types of MoQj,
octahedra each contribute one #,, orbital to
the low-lying ¢ block bands, and that
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FiG. 3. Low-lying block levels of (a) MosOy, and
(b) MoyQy, clusters built from the crystal structure of
Sb4M020061.

Sb,Mo,0g, should be a very anisotropic
semiconductor. To understand the tempera-
ture dependence of the electrical conductiv-
ity of this compound, we need to consider
the nature of its low-lying d block bands in
more detail. Shown in Fig. 3 are the low-
lying f,, levels of the Mo,O, (Scheme 7) and
MogO,, (Scheme 8) clusters taken from the
crystal structure of Sb,M0.,,0q,. The four
low-lying levels of the Mo,0,, cluster, la-
beled {a)—(d) in Figure 3, are indeed built
from the equatorial £, orbitals of the four
octahedra and are schematically shown in
Schemes 9a-9d, respectively, For simplic-
ity, the p orbitals of the unshared oxygen
atoms are not shown in Schemes 9a-9d, and
the dots are used to indicate the absence of
the p orbital contribution from the shared
oxygen atoms. Every one of these four or-
bitals leads to a slightly split pair of orbitals

ScHEME 7
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in the MoyO,;, cluster (Fig. 3b). These pairs
of levels are essentially the in-phase and out-
of-phase combinations of the orbitals shown
in Scheme 9a—9d with a very small contribu-
tion from the MoYQy octahedra. In addi-
tion, there is a new level, labeled e in Fig.
3b, between the two low-lying pairs of orbit-
als of the Mo,O,, cluster. This level is essen-
tially the equatorial #,, level of the MoV"Q,
octahedron. The corresponding orbital of

the Mo")O; octahedron lies much higher in
energy and is not shown in Fig. 3. The a-type
levels of the Mo Q,; and Mo,O,, clusters
are low in energy because the octahedral
condensation decreases the antibonding
contribution of the shared oxygen atoms.
The condensation of the two Mo,0,, clus-
ters through the Mo™PO;, octahedra, with
local 3-fold symmetry, does not significantly
lower the energy of any of the (a)-(d) type

SCHEME 9
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orbitals. This means that an octahedral con-
densation with local 3-fold symmetry is less
effective than the one with local 4-fold sym-
metry (see later) in removing the antibond-
g contribution of the shared oxygen
atoms.

C. Electronic band structure. The disper-
sion relations for the low-lying d block
bands of Sb,Mo,;0g; are shown in Fig. 4. All
bands appear in pairs of near degeneracy,
because two Mo,;0;, units repeat along the
b direction due to the O-Mo---O bond alter-
nation. The d orbitals associated with these
bands are of 8-type along the b direction,
thereby leading to pairs of nearly degenerate
bands. The main orbital character of the
bands labeled a,, a,, €, and b, is similar to
that of the corresponding energy levels of
the cluster in Scheme 8 (see Fig. 3). These
bands are dispersionless along the g and b
directions but show some dispersion along
the ¢ direction, in agreement with our struc-
tural analysis. The important result of Fig.
4 is that there is a band gap (Ey) of 0.22 eV
between the fourth and fifth bands. This is
compatible with the activation energy for
the electrical conductivity of Sb,Mo,0;,
(£, = 0.16 eV} (I}, which suggests a band
gap of 0.32 ¢V.
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FiG. 4. Dispersion relations calculated for the low-
ldying d block bands of Sb;Mo,,04, where the arrow
denotes the highest occupied fevel. [, X, ¥V and Z refer
to (0, 0, 0), (a*/2, 0, 0), (0, b*/2, Q) and {0, 0, c*/2,
0), respectively.
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D. Structural origin of the band gap. The
previous analysis suggests that as far as
the conducting properties are concerned,
SbyMo,,0,; can be considered as an assem-
bly of noninteracting MoyOy; chains
{Scheme 10) running along the ¢ direction,
Every chain of Scheme 10 consists of two
Mo, 0, chains (Scheme 11) weakly coupled
through Mo”0, octahedra. The chain in
Scheme 11 is also the structural fragment
that is mainly responsible for the conducting
properties of the blue bronzes A,,MoQO,
(A = K, Rb, TD) and the red bronzes
Ay sMo0; (A = K, Rb, Cs, TD (%). How-
ever, the low-lying d block bands of the lat-
ter systems are much more dispersive. In
order to understand the origin of the semi-
conducting properties of SbMo0,,0y,, we
need to consider why the low-lying #,, block
bands of the Mo,O5 chains have a weak

ScheMmE N
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dispersion and are well separated from
the low-lying t,, levels of the bridging
Mo'¥IQ, octahedra.

The angle « (see Scheme 11) for the real
Mo, O chain is far from 90° (Fig. 1). To
study if such a rotation of the octahedra is
responsible for the band gap, we calculate
the band dispersion relations of an ideal
Mo,0; chain (where the four basal Mo-Q
distances are 1.956 A, i.e., the average
of the experimental bond lengths in
Sb;Mo,,0¢;, and the two axial Mo-O dis-
tances are 1.656 and 2.256 A) for different
values of the rotation angle a. Our results
for o = 90°and @ = 60° (close to the experi-
mental value) are shown in Figs. 5a and Sb,
respectively. The dispersion relations calcu-
lated for the real Mo,O4 chain taken from
Sb,M0,,0,, are shown in Fig. 5¢. The im-
portant results of Fig. 5 are as follows: (a)
bands a and b at Z and band ¢ at I are
degenerate for the ideal chain with o = 90°,
(b) changing « from 90° to 60° reduces the
bandwidths only slightly and keeps the
above mentioned degeneracy, and (c) only
in the real chain, bands ¢ and d rise above
band b, and the degeneracy at Z disappears.
According to these results, it is not the rota-

CANADELL ET AL.

tion but the distortions of the MoO; octahe-
dra that are responsible for the band gap in
the real chain,

The main orbital components of bands
a-d are those of the cluster orbitals in
Schemes 9a—9d, respectively. Bands a and
b at Z for the ideal chain with o = 90° have
the nodal patterns in Schemes 12 and 13.
Band ¢ at I' has the nodal pattern in Scheme
14. These band levels are degenerate be-
cause they have the same number of anti-
bonding oxygen p orbital contributions (i.e.,
two per unit cell). Bands a and b are no
longer degenerate in the real chain because,
as shown in Fig. 2, there is an
0:--Mo—-0-Mo---Q alternation along the ¢
direction. Since the short distances are asso-
ciated with the local 4-fold octahedral con-
densation, the lower energy orbital (i.e.,
band a at Z) is given by Scheme 12. (The 4-
fold condensation occurs between the
dashed lines.) The real chain also has an
0O---Mo-0-Mo---O alternation of bonds in
the direction perpendicular to the ¢ axis (see
Fig. 2). Since band ¢ at I is given by Scheme
14 and since the short Mo-0 distances per-
pendicular to the c axis are shorter than the
long Mo---0O distances along the ¢ axis, band

[~
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FiG. 5. Dispersion relations calculated for a Mo,O ; chain with strong axial O-Mo---O alternation:
(a) for an ideal chain with @ = 9%0°, (b) for an ideal chain with a = 60°, and (c) for the real chain

found in Sb4M010062 .
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SCHEME 12 ScHEME 14

c at [ is far above band a at Z. The final
question to consider is why band e is closest
to band b at Z, thereby keeping a band gap
for 3D Sb,Mo0,,0O4,. The nodal pattern of
band b at Z is given by Scheme 13, while
band ¢ is mainly built from the basal #,, or-
bital of the Mo"YPQ, octahedra. As shown
in Fig. 2, the short Mo-0 distances along
the ¢ direction and the two short Mo~ dis-
tances of the Mo'YPQ, octahedra are practi-
cally identical. Thus bands b and ¢ should
be similar in energy. Consequently, there
occurs a band gap at the Fermi level of
Sb,Mo,,0,,.

E. Conducting Properties of M M50,
phases (M = Sbh, Bi; M’ = Mo, W). Qur
calculations <clearly demonstrate that
SbMo, Oy, is a regular semiconductor. The
Bi,Mo,,0; phase has a (2a, 2b, 2¢) super-
structure of the Sb,M0,,0; structure. This
superstructure is most likely related to a
slightly more complex arrangement of the
Bi,O units inside the hexagonal channels
SCHEME 13 and is not expected to modify the octahedral
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network in any substantial way. Hence both
phases should be regular semiconductors
with very similar band gaps E;. This is in
agreement with the values of E, derived
from conductivity measurements (0.32 (/1)
and 0.36 (13) eV for Sb,Mo,,0,, and Bi,
Mo,,0¢,, respectively). The WO, octahedra
commonly found in tungsten oxides and
bronzes usuvally do not have strong
O-W---O alternations. Although the de-
tailed crystal structures of the M, W0,
(M = Sb, Bi) phases are not known, it is
very likely that there will not be strong
O—W---O alternations along the & axis. The
pattern of distortions in the ac plane can be
somewhat reduced but will probably re-
main, since it results from the strain gener-
ated by the local 3-fold octahedral conden-
sation and the need to accommodate the
M,0 (M = Sb, Bi) units in the channels.
The weakly distorted nature of the WO, oc-
tahedra leads to a very small splitting of the
t;, orbitals (20). In the absence of strong
alternations along the axial direction of the
octahedra, m-type interactions that occur
along this direction among the m-type f,,
orbitals lead to strongly dispersive bands.
The resulting dispersive bands may cross
the less dispersive bands resulting from the
8-type t,, orbitals, thereby leading to par-
tially filled bands and hence metallic con-
ductivity (21). We believe this situation ap-
plies for Sb,W,,0,, and accounts for its
metallic conductivity. The structure of
Bi,W,,04, could not be solved using the (2a,
2b, 2¢) superstructure of Bi;Mo,,0;,, which
suggests a disorder in the arrangement of
the Bi,O units in the hexagonal channels.
Such a disorder introduces a random poten-
tial and can destroy the metallic conductiv-
ity of this phase. The same type of disorder-
induced localization should apply for the
mixed phases M,W,,_ Mo Og (M = Sb,
Bi).

Concluding Remarks

Our calculations show that Sb,Mo,,0,,
has a band gap at the Fermi level, and thus

CANADELL ET AL.

it is a regular semiconductor, not a Mott
insulator. A similar situation was found for
the motybdenum red bronzes A,3;MoO;
A = Li, K, Cs and Th (22}. Despite its 3D
crystal structure, SbyMo,,0,, is calculated
to be a one-dimensional semiconductor.
Analysis of the low-lying 4 block band orbit-
als shows that this band gap originates from
the O-Mo---O alternation in the six different
types of MoO, octahedra. To understand
the conducting properties of the tungsten
analogs, one should take into consideration
both the smaller extent of distortion in the
WO octahedra and the random potentials
artsing from a random arrangement of the
Bi,O units.
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