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DEDICATED TO PROFESSOR J. M. HONIG
The electronic band structures of A2Mo9S11 (A5K, Rb) and
K1.8Mo9S11 are examined by extended Hückel tight binding cal-
culations. K2Mo9S11 and K1.8Mo9S11 are metallic and exhibit
resistivity anomalies below &115 and &80 K, respectively. The
origin of these anomalies is explained in terms of their Fermi
surfaces. Our study indicates that the resistivity anomalies of
these compounds are caused by the partial nesting of their
two-dimensional Fermi surfaces and that both K2Mo9S11 and
Rb2Mo9S11 should exhibit a charge density wave phenomenon.
( 2000 Academic Press

1. INTRODUCTION

A number of molybdenum chalcogenides contain Mo
3n

clusters (n"2—8, 10, 12) in which the Mo
3n

clusters for
n'2 result from the uniaxial trans-face sharing of Mo

6
octahedra (1—12). Recently Picard et al. reported that the
bioctahedral Mo

9
cluster compounds K

2
Mo

9
S
11

and
K

1.8
Mo

9
S
11

exhibit puzzling resistivity anomalies (Figs. 1a
and 1b) (13). K

2
Mo

9
S
11

is metallic from room temperature
to &115 K, is semiconducting between &115 and &50 K,
is metallic again below &50 K, but does not become super-
conducting. K

1.8
Mo

9
S
11

is metallic from room temperature
to &80 K, is semiconducting between &80 and 4.2 K, and
becomes superconducting below 4.2 K. The resistivity up-
turns of these metallic compounds, which occur at relatively
high temperatures (&115 and &80 K for K

2
Mo

9
S
11

and
K

1.8
Mo

9
S
11

, respectively), may arise from a charge density
wave instability. If this is correct, the Fermi surfaces of these
compounds should be partially nested (14). Furthermore the
124
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extent of partial nesting should be higher for K
2
Mo

9
S
11

than for K
1.8

Mo
9
S
11

, because the resistivity upturn occurs
at a higher temperature for K

2
Mo

9
S
11

and because the
extent of the resistivity upturn is larger for K

2
Mo

9
S
11

.
Rb

2
Mo

9
S
11

is isostructural and isoelectronic with
K

2
Mo

9
S
11

, but its transport properties have not been mea-
sured yet. Thus it would be interesting to see if Rb

2
Mo

9
S
11

and K
2
Mo

9
S
11

are similar in transport properties. In the
present work we calculate the Fermi surfaces of A

2
Mo

9
S
11

(A"K, Rb) and K
1.8

Mo
9
S
11

based on the extended Hückel
tight binding (EHTB) method (15, 16). The atomic parameters
used for our EHTB calculations are summarized in Table 1.

2. CRYSTAL STRUCTURE

To understand the electronic band structures of
A

2
Mo

9
S
11

(A"Rb, K) and K
1.8

Mo
9
S
11

discussed in the
next section, it is necessary to describe their crystal struc-
tures. These compounds are made up of Mo

9
S
11

clusters
(Fig. 2a). Each Mo

9
S
11

cluster has a bioctahedral Mo
9

unit
obtained by stacking three Mo

3
triangles. To a first approx-

imation, every edge of each Mo
3

triangle is capped by an
S atom to form a planar Mo

3
S
3

unit. Thus stacking of three
Mo

3
S
3

units leads to a Mo
9
S
9

cluster. When the outer two
Mo

3
triangles of a Mo

9
S
9

cluster are each face-capped by
S atoms, a Mo

9
S
11

cluster results. The Mo and S atoms of
the outer two Mo

3
S
3

units of a Mo
9
S
11

cluster are used to
form two Mo(2)—S(2) bonds between every two adjacent
Mo

9
S
11

clusters (Fig. 2b). Thus each Mo
9
S
11

cluster is
connected to three Mo

9
S
11

clusters using the topmost
Mo

3
S
3

unit and also to three Mo
9
S
11

clusters using



FIG. 1. Electrical resistivities of (a) K
2
Mo

9
S
11

and (b) K
1.8

Mo
9
S
11

as a function of temperature (taken from Ref. 13).

TABLE 1
Exponent (fi and fi{) and Valence Shell Ionization Potentials

(Hii) of Slater-Type Orbitals (vi) Used for Extended HuK ckel
Molecular Orbital Calculationsa

Atom s
i

H
**

(eV) f
i

c
1
b f

i{
c
2
b

Mo 5s !8.34 1.960 1.0000
Mo 5p !5.24 1.900 1.0000
Mo 4d !10.5 4.540 0.6097 1.900 0.6097
S 3s !20.0 2.122 1.0000
S 3p !13.3 1.827 1.0000

a H
**
s are the diagonal matrix elements Ss

i
DH%&& Ds

i
T, where H%&& is the

e!ective Hamiltonian. In our calculations of the o!-diagonal matrix ele-
ments H

ij
"Ss

i
DH%&& Ds

j
T, the weighted formula was used (see Ref. 17).

b Contraction coe$cients used in the double-zeta Slater-type orbital.
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9
S
11
resistivities of K
2
Mo

9
S
11

and K
1.8

Mo
9
S
11

cannot be
clearly distinguished in terms of their DOS and PDOS
plots.

The Fermi surfaces calculated for K
2
Mo

9
S
11

, Rb
2
Mo

9
S
11

, and K
1.8

Mo
9
S
11

are shown in Figs. 4}6, respectively.
Both K

2
Mo

9
S
11

and K
1.8

Mo
9
S
11

have two-dimensional
(2D) Fermi surfaces, which occur in the form of warped
cylinders running along the !}Z direction, and have three-
dimensional (3D) Fermi surfaces as well. However,
K

2
Mo

9
S
11

has more 2D Fermi surfaces than K
1.8

Mo
9
S
11

("ve versus two, see Figs. 4a and 6a along the !}> direction)
and has less 3D Fermi surfaces than K

1.8
Mo

9
S
11

. Conse-
quently, K

2
Mo

9
S
11

has a 2D character stronger than that
of K

1.8
Mo

9
S
11

. In addition, the 2D Fermi surfaces of
K

2
Mo

9
S
11

are generally less warped than those of
K

1.8
Mo

9
S
11

. Thus the extent of partial nesting is larger for
K

2
Mo

9
S
11

than for K
1.8

Mo
9
S
11

. Therefore, in terms of
charge density wave instability, it is easy to understand why
the resistivity upturn is stronger and occurs at a higher
temperature for K

2
Mo

9
S
11

than for K
1.8

Mo
9
S
11

.
Rb

2
Mo

9
S
11

consists of only 2D Fermi surfaces (Fig. 5) and
is expected to have a charge density wave instability at
a higher temperature than does K

2
Mo

9
S
11

.

4. CONCLUDING REMARKS

Our calculations show that K
2
Mo

9
S
11

and K
1.8

Mo
9
S
11

have both 2D and 3D Fermi surfaces. K
2
Mo

9
S
11

has more
2D and less 3D Fermi surfaces than K

1.8
Mo

9
S
11

, and the
2D Fermi surfaces of K

2
Mo

9
S
11

are generally less warped
than those of K

1.8
Mo

9
S
11

. Although 3D in crystal struc-
ture, K

2
Mo

9
S
11

exhibits quite a strong 2D character in
electronic structure. These explain, from the viewpoint of
the bottommost Mo
3
S
3

unit. Consequently, the A
2
Mo

9
S
11

(A"Rb,K) and K
1.8

Mo
9
S
11

phases consist of
pseudohexagonal layers of Mo

9
S
11

clusters parallel to the
ab-plane (Fig. 2c).

3. DENSITY OF STATES AND FERMI SURFACE

The plots of the density of states (DOS) calculated for the
d-block bands of K

2
Mo

9
S
11

, Rb
2
Mo

9
S
11

, and K
1.8

Mo
9
S
11

are presented in Figs. 3a}3c, respectively, where the arrows
indicate the Fermi levels. For simplicity, only the bottom
portion of the d-block bands is shown for each compound.
The plots of the projected DOS (PDOS) calculated for the
d orbitals of the Mo(1) and Mo(2) atoms are also shown. In
general, the DOS and PDOS plots of the three compounds
are very similar and hence the di!erence in the electrical



FIG. 2. (a) Perspective view of a Mo
9
S
11

cluster. (b) Perspective view of
two adjacent Mo

9
S
11

clusters joined by two intercluster Mo(2)}S(2) bonds.
(c) Projection view of layers of Mo

9
S
11

clusters along the c direction.

FIG. 3. DOS and PDOS plots calculated for (a) K
2
Mo

9
S
11

, (b)
Rb

2
Mo

9
S
11

, and (c) K
1.8

Mo
9
S
11

. The arrows indicate the Fermi levels.
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charge density wave instability, why the resistivity upturn is
stronger and occurs at a higher temperature for K

2
Mo

9
S
11

than for K
1.8

Mo
9
S
11

. Our calculations suggest that charge
density wave instability is stronger for Rb Mo S than for
2 9 11



FIG. 4. Cross-section views of the Fermi surfaces calculated for
K

2
Mo

9
S
11

on (a) the a*b* plane at the c* height of 0 and (b) the b*c* plane
at the a* height of 0.

FIG. 6. Cross-section views of the Fermi surfaces calculated for
K

1.8
Mo

9
S
11

on (a) the a*b* plane at the c* height of 0 and (b) the b*c*
plane at the a* height of 0.
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K
2
Mo

9
S
11

. It would be interesting to test the occurrence of
a charge density wave phenomenon in K

2
Mo

9
S
11

and
Rb

2
Mo

9
S
11

by performing electron or di!use X-ray scatter-
ing experiments.
FIG. 5. Cross-section views of the Fermi surfaces calculated for
Rb

2
Mo

9
S
11

on (a) the a*b* plane at the c* height of 0 and (b) the b*c*
plane at the a* height of 0.
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