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The electronic band structure and electrical properties of KMo,Os containing chains of condensed molybdenum octa-
hedra are analyzed by means of the extended Hiickel tight-binding method. KMoO; has partially filled bands of
1D as well as 3D character. They also exhibit the anisotropic band dispersions with bandwidths much larger along
the ¢* axis than along the directions perpendicular to it. Thus, conduction electrons are essentially delocalized along
the ¢* direction (t.e., the chain of condensed molybdenum octahedra) in the solid, The 1D band of two partially
filled d-block bands leads to Fermi surface nesting with the wave vector q=0.3¢*. The CDW instability due to this
nesting is expected to cause the phase transition associated with the resistivity anomaly at low temperature. The
characteristics of metallic behavior in the crystallographic ab plane are explained on the basis of the unnested 2D

Fermi surfaces.

Introduction

Recently, Greenblatt ¢f al' prepared single crystals of
KMo,0s by electrolysis of a mixture of Ko;MoQ, and MoO;.
Their X-ray diffraction analysis shows that the structure of
the compound is similar to that of NaMo,Os prepared by
Torardi and McCarley,” which contains chains of trans-edge-
sharing Mos octahedra. Also, the electrical resistivity and
magnetic susceptibility measurements on crystal samples'
show that KMo,Os is metallic along the direction of the
chains of Mo octahedra down to 100 K, below which it un-
dergoes a metal-insulator phase transition, while KMoOs re-
mains metatlic along the direction perpendicular to these
chains down to 2 K with no transition to semiconducting
behavior, The conductivity of the latter case is found to be
much lower than that of the former. This suggests that the
electronic properties of KMoOs should be highly anisotropic.

In the present work, we have undertaken the electronic
band structure calculations of KMo,Os on the basis of the
extended Huckel tight-binding (EHTB) method® and analyzed
the nature of its partially filled bands to examine the aniso-
tropy of the electronic conductivity described above and the
problem of whether a resistivity anomaly at low temperature

is associated with a charge density wave (CDW) instability.
The atomic parameters used in our calculations are summa-
rized in Table 1.

Crystal Structure

Previous to a discussion of the electronic band structure
of KMo,O;, it is necessary to describe the essential features
of its crystal structure. KMo,Os is made up of two MoO,
chains of trans-edge-sharing Mo, octahedra per unit cell
which are linked by trigonally bonded oxygen atoms. K~
tons reside in approximately cubic coordination in the chan-
nels between the cross-linked chains. The structure of this
compound is tetragonal (space group P4).! A projection view
of the resulting structure along the ¢ axis is shown in Figure
1. The MogOys cluster in KMo,O; is also shown in Figure
2, with the main interatomic distances collected in Table
2.

In an alternative description, the trans-edge-sharing Mo
chains of this molybdate may be considered as constructed
from two kinds of inoganic fragments, apical MoO; and basal
MoO, (for the purpose of clarity, the Mo-O bonds of each
fragment are represented by a thick line.) as shown in Figure
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Table 1. Atomic Parameters Used in the EHTB Calculations:
H: (eV} and & (Valence Orbitat Tonization Potential and Exponent
of the Slater-type Orbitaly*

atom orbital H; & (e £ )
Mo 44 —-10.50 454(0.5899)  1.90(0.5899)
Ss —-834 196
5p —-524 1.90
0 2s -323 2275
2p —1438 2275

“The d orbital of Mo is given as a linear combination of two
Slater-type orbitals, and each exponent is followed by the weight-
ed coefficient in parentheses. *A modified Wolfsberg-Helmholtz
formula is used to calculate Hy®

Figure 1. Projection of the tetragonal KMo,0s structure viewed
along the ¢ axis. The small and large open circles represent
Mo and O atoms, respectively. The K* jons are shown as dark-
ened circles.

2. These fragments are seen as the remnants of an octahed-
ron from which one or two ligands have been removed. This
can provide an elementary scheme for simplifying the inter-
pretation of rather complex electronic structure of this com-
pound and thereby play a crucial role in determining the
nature of the low-lying portion of the Mo d-block bands.
A more detailed picture of bonding in this molybdenum
oxide compound is discussed below.

Band Electronic Structure

Given the oxidation states of K™ and O?, there are 325
electrons per molybdenum atom in the d-block bands of
KMo,0s, so that the low-lying part of the d-block bands is
filled. Figure 3 shows the dispersion relations of the three
d-block bands near the Fermi level calculated for the MogOy2*~
lattice of KMo,Os along several symmetry lines of the first
Briltouin zone. With the two formula units per unit cell, we
have 26 electrons to fill these bands. The dashed line refers
to the Fermi level (¢,;=—10.14 eV) corresponding to this
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¢ axis

Figure 2. MogO;s cluster unit having the same geometry as in
the KMo,Os solid. The labels m, n, and g-w indicate Mo-O dis-
tances, and d-g identify Mo-Mo distances.

Table 2. Bond Distances (1) Calculated from Crystal Datz in
Ref. 1

bond KMo,0s
Mo-Mo

d 2.75
e 2.77
f 2.88
g 2.79
Mo-O m 2.01
n 204
q 207
r 204
s 203
t 205
u 203
v 2.06
w 2.07

electron counting. Since the transport properties of a metal
are primarily determined by the partially filled bands, we
focus on the low-lying part of the d-block bands. The C 2s
and 2p bands are lying lower than the Mo d bands shown
in Figure 3. Each of the three d-block bands shown in Figure
3 consists of two subbands. Of these three, the bottom two
bands @ and b are cut by the Fermi level and the bottom
of the other band ¢ lies slightly above the Fermi level. The
most important feature is the anisotropy in the band disper-
sion curves. The bands are nearly flat along the I'X, XM,
and ™ lines; f.e., the directions perpendicular to the edge-
sharing chain, while the bands are strongly dispersive along
the I'Z line; ie., the chain direction corresponding to the
crystallographic ¢ axis. The large slopes of the bands across
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Figure 3. Dispersion relations of the three d-block bands near
the Fermi level calculated for the Moy(;*~ slab of KMo,Os,
where the dashed line represents the Fermi level. ['=(0, 0, 0),
X=@*/2, 0, 0), M={(a*/2, */2, O), and Z=(0, O, c*/2).
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Figure 4. Projection of the density of states on the 4d orbitals
calculated for the 3D Mo sublattice of KMoOs. The Fermi level
for the d electron count on the Mo sublattice chosen to preserve
the formal oxidation state of Mo in KMo,Os is represented by
the arrow.

the Fermi level are indicative of a small effective mass for
the conduction electrons leading to a good electrical conduc-
tivity.* The conduction electrons present in the conduction
band edge should be much more delocalized along the chain
direction than perpendicular to this direction, and thus low-
dimensional properties of this molybdenum oxide are strong-
ly expected.

One (band 4) of the two partially filled bands is crossing
the Fermi level along ¢* axis (ie., chain direction in real
lattice space), but not along the other reciprocal axes. The
other (band b) is crossing the Fermi level along the three
orthogonal directions. Consequently, KMo,Qs possesses the
partially filled bands of both one-dimensional (1D} and 3D
character. In general, low-dimensional metals exhibit resisti-
vity anomalies originating from the electronic instability such
as a CDW state when their Fermi surfaces are nested® The
presence of the 1D band suggests that the CDW instability
can occur in KMo,Os. However, even if KMo Q; undergoes
a2 CDW transition, it may still remain metallic due to the
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Figure 5. Plots of total DOS (solid line), Mo 4d contribution
(dotted line) and O 2p contribution (dashed line) to the total

DOS for the MosOp?~ slab of KMo,Qq. The Fermi level is indi-
cated by the arrow.
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Figure 6. COOP curves for intracell Mo-Mo (solid line), intercell
Mo-Mo (dotted line), and Mo-O bonds (dashed line} of the edge-
sharing chains in KMo,Os. The Fermi level is indicated by the
arrow.

presence of the 3D band.

We expect that the main contribution to Mo-Mo bonding
of the chain should arise from the low-lying portion of the
d-block bands because only about the bottom one third of
the bands will be filled for the formal d electron count of
325 per atom. Figure 4 represents the projected density of
states (PDOS) on the 4d atomic orbitals for the Mo sublattice
before interaction with the surrounding oxygens. The contri-
bution of the Mo 4d orhitals spreads over 4 eV, Such a
broadening reflects some significant metal-metal interactions.
The DOS curves after interaction of the Mo sublattice with
the oxide sublattice are shown in Figure 5. The DOS peak
due to the Mo 4d orbitals is pushed up inte antibonding
states by the oxygen 2p. This results in a shift of the Fermi
level up in energy by almost 1 eV as the d electron count
on the Mo sublattice is chosen to preserve the formal oxida-
tion state of Mo in KMo,Gs. This clearly indicates that the
bonding interactions between the two sublattices are not
simply jonic, but significantly covalent. States between —16
and —14.5 eV are mainly oxygen 2p in composition.



932 Bull. Korean Chem. Soc. 1995, Vol. 16, No. 10

Flgure 7. Structural models for the interchain interactions of
the double edge-sharing chains having the same geometry as
in the solid. The small and large open circles represent Mo and
O atoms, respectively. The chain directions (.., the crystallo-
graphic ¢ directions) are perpendicular to the figure plane.

Let us now tum our attention to the problem for understa-
nding the Mo-Mo and Mo-O bonding within the chains with
the help of the crystal orbital overlap population (COOP)
curves® In order to confirm the essential validity of the
above description, we examine the overlap populations of
the crystal orbitals for the 3D molybdenum oxide solid. The
overlap populations’ between two atoms are correlated to
the bond strength, and the higher the population, the strong-
er the bond. Consider first both intracell and intercell Mo-
Mo bonds. As shown in Figure 6, most of the levels below
¢ are Mo-Mo bonding. The total overlap populations at the
Fermi level (for the formal d count of 325 per atom) give
the values of 0.25 and 0.10 for intracell and intercell Mo-
Mo bonds, respectively. These are obtained by integrating
the COOP curves up to the Fermi level. The contributions
of oxygen 2p bands to Mo-Mo overlap populations are negti-
gible. The pairs of Mo atoms within the cell appear rather
strongly bonded, compared with those between cells. The
large positive COOP peak which lies in the region of the
oxygen 2p bands is indicative of Mo-O bonding, as predicted.

Interchain Interactions

In the preceding we analyzed the metal-metal bonding in
the edge-sharing Mo chains of KMo,0;. 1t is of interest to
examine the orbital interactions between the chains coupled
by the bridging three-coordinate oxygens to provide an elec-
tronic explanation for the electrical properties along the di-
rections perpendicular to the chain. Figure 7 represents the
double edge-sharing chains linked to each other through oxy-
gen atoms, where the chain direction {(crystallographic ¢ axis)
is perpendicular to the figure plane. We calculated the PDOS
on 4d orbitals of a single chain and that of a double chain
and compared them to that of the whole solid. For both
chains, the PDOS curves (Figures 8 and 9) are very similar
in shape and position to the PDOS curves on 4d of the 3D
solid (Figure 5). In particular, the shape of the PDOS curves
with a2 maximum at both band edges, which is indicative
of the typical 1D DOS, is found again for the DOS of the
4d Mo bands of the 3D solid. These strong similarities of
DOS curves indicate that the electronic states of the conduc-
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Figure 8. Plot of PDOS on 4d orbitals for the single chain of
Figure 7.
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Figure 9. Plot of PDOS on 4d orbitals for the double chain
of Figure 7.

tion bands in KMo,Os are made up of the crystal orbitals
of isolated single trans-edge-sharing Mo chain and the states
are scarcely affected by the interaction between chains. In
other words, this weak interchain interaction serves to re-
duce the delocalization of electrons in the bottom of the con-
duction bands of KMo.Os along the interchain directions,
and they should move as if they were in isolated single
chain.

Fermi Surfaces

The Fermi surfaces associated with the two partially filled
bands a and b of Figure 3 are shown in parts a and b of
Figure 10(a), respectively. In part a of Figure 10(a), the
Fermi surfaces consist of one pair of the 1D warped lines.
The slight warping of the Fermi surfaces reflects the fact
that interactions along the interchain directions are very
small but nonvanishing. The part b of Figure 10(a) essentially
consists of the Fermi surfaces having a shape of overlapping
circles when combined into one in the extended zone
scheme. The cross section of these Fermi surfaces is closed
in all directions. Furthermore, these Fermi surfaces are
slightly elongated along the direction perpendicular to the
¢* direction. Thus, the electrical conductivity of KMo,Os
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(d)

(@
Figure 10. Cross sections of the Fermi surfaces in (a) the g%*
plane at the d*-height of 0 and (b) the ¢*6* plane at the c*-height
of 0, associated with the two partially filled bands of Figure 3.

should be much higher along the ¢* direction (i.¢., the chain
direction} than along the directions perpendicular to it, since
each surface has a much larger cross sectional area along
the ¢* direction. This is consistent with the observation that
the room temperature electrical resistivity measured along
the chain direction is approximately a factor of 3 lower than
measured perpendicular to these chains.’

For the Fermi surfaces of the band a shown in Figure
10(a), the lower piece is nested to the upper one by a wave
vector q=0.3¢*. A metallic system with a nesting vector q
is susceptible to form a CDW state of wave vector q. In
case that the resistivity anomaly of KMo,Os originates from
the CDW instability associated with this Fermi surface nes-
ting, the CDW instability would necessarily induce incom-
mensurate superlattice modulations into the lattice along the
¢* direction at low temperatures below ~100 K. The CDW
formation would open a band gap at the Fermi level, so
that it typically can induce a metal-insulator phase transition.
However, the crystal structure of KMos reveals no evide-
nce of diffuse spots indicative of incommensurate behavior
at a temperature below its phase transition.! It is probable
that the insulating state of KMo,Os is a spin density wave
and not 2 CDW or a new structural phase. Further experi-
mental work is necessary to understand the nature of the
insulating state of the compound.

Since the 2D Fermi surfaces shown in Figure 10(b) will
not be affected by the nesting, they are not expected to give
rise to a metal-insulator (MI) transition. This expectation
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is consistent with the observation' that KMo,0s remains me-
tallic down to 2 K in the crystallographic ab plane.

Concluding Remarks

QOur calculations show that KMo,Os has both 1D and 3D
bands, and its electrical conductivity is much stronger along
the chain of condensed molybdenum octahedra than in the
plane perpendicular to it. A CDW transition due to an elec-
tronic instability associated with the Fermi surface nesting
is likely to be responsible for the resistivity anomaly at low
temperature. However, the phase transition associated with
the resistivity anomaly may not be caused by the CDW insta-
bility because of the absence of an incommensurate superlat-
tice modulation in the solid lattice. Further studies are nec-
essary to resolve the difference between theory and experi-
ment concerning its origin. The characteristics of metallic
behavior in the crystallographic ab plane can be well account-
ed for by the occurrence of the unnested 2D Fermi surfaces
which is most likely to be cne of the factors impeding the
electronic instability toward MI transition.

It is noted that KMo,O; has an empty band whose bottom
lies very close to the Fermi level. Therefore, it would be
important to search for the presence of the CDW vectors
and their temperature dependence to understand the nature
of the phase transition in KMoOs. A similar phenomenon
has been observed for the molybdenum blue bronze Aq;MoO,
(A=K, Rb)?
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