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We report ab initio calculations for the band dispersions and
total as well as partial densities of states for vacancy ordered,
clustered spinels, GaMo4S8 and GaV4S8. Results are presented
for the high temperature cubic phase for both compounds. Addi-
tionally, we discuss results of similar calculations for GaMo4S8

in an idealized cubic structure, as well as the nonmagnetic and
the ferromagnetic states of the low temperature rhombohedral
structure. Comparison of these results allows us to discuss the
unusual aspects of the electronic structure of this interesting class
of compounds, and provide estimates of the crystal-5eld and
exchange splitting strengths. ( 1999 Academic Press
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linearized mu7n-tin orbital method.

INTRODUCTION

Compounds with the general formula AB
2
X

4
form in the

well-known structural type called spinels (1). In this struc-
ture, A cations occupy the tetrahedral sites with the B ca-
tions in the octahedral sites formed by anions, X, arranged
in a cubic close-packed lattice. An interesting variation of
this structural motif is provided by compounds AB

4
X

8
such

as GaMo
4
S
8

(2, 3) and GaV
4
S
8

(4). In the case of these
cation-de"cient spinels, only half of the tetrahedral sites are
occupied by the A cation, leaving the other sites vacant.
When the A cation is a trivalent ion, such as Ga3` or Al3`,
it is found that the A cations and vacancies order (5) them-
selves among the tetrahedral sites in the ratio 1:1. This leads
to the reduction in the symmetry of the cubic Fd3m group to
the F4M 3m. The vacancies in the tetrahedral sites allow the
B cations to come closer together, forming metallic tet-
rahedral clusters involving four B cations, with typical intra
1To whom correpondence should be addressed. Fax: 91-80-3311310.
E-mail: sarma@sscu.iisc.ernet.in. Also at the Jawaharlal Nehru Centre for
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cluster B}B distances of 2.8 As and intercluster distances of
more than 4 As . Such a clustering of B atoms leads to strong
intracluster metallic bonding, though the intercluster inter-
action is expected to be weak. It is known that compounds
with Mo

6
octahedral clusters (chevrel phases) exhibit high-

critical "eld superconductivity; in contrast Mo
4

clusters are
prone to ferromagnetic instabilities at low temperatures.
Additionally, the overall charge neutrality requires unusual
oxidation states at the B sites. These facts lead to interesting
electronic and magnetic properties for this class of com-
pounds. Thus, it has been found that compounds belonging
to this structure-type exhibit di!erent magnetic properties;
for example, Mo

4
S
4
I
4

is diamagnetic, GaNb
4
X

8
and

GaTa
4
X

8
are paramagnetic, and GaMo

4
S
8

is ferromag-
netic. Moreover, fractional occupancies at the transition
metal sites arising from the unusual oxidation states should
be expected to give rise to a metallic behavior, while in
reality most of these exhibit semiconducting behavior. This
would indicate a strong electron}electron correlation e!ect,
though the Coulomb interaction strength within the Mo 4d
states is not expected to be as large as in the case of 3d
transition metal ions.

Speci"cally, in the case of GaMo
4
S
8
, there is a structural

transition from the high temperature cubic phase to a rhom-
bohedral phase, with ¹

53
"46.5 K. GaMo

4
S
8

is found to be
weakly ferromagnetic (1) below a ¹

#
of 13 K. The magnetic

moment per cluster has been reported to be 1.84 k
B

(5) and
1 k

B
(6). GaV

4
S
8

shows a structural phase transition around
46 K. GaV

4
S
8

is shown (7) to behave like a Fermi-glass, due
to the large intercluster distances of MoS

6
octahedra.

There have been a lot of studies of the electrical and
magnetic properties of these spinels and also of the speci"c
heat and Seeback coe$cients. Comparitively, there are few
electronic structure investigations of this class of com-
pounds (8, 9). One earlier study (8) calculated the band
structure of GaM

4
X

8
-type compounds within the extended

HuK ckel tight binding calculations. It was found that the
metal}metal interaction in such clustered compounds is
3
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strongly modi"ed by the presence of the ligand atoms. In the
present investigation, we report ab initio band structure
calculations and discuss the details of the electronic struc-
ture in various crystallographic modi"cations of GaMo

4
S
8

and also in GaV
4
S
8
. To date, the only ab initio band struc-

ture investigation for any compound in this class has been
carried out for GeV

4
X

8
(X"S, Se) (9). The DOS of GeV

4
S
8

(9) is similar to the DOS of GaV
4
S
8

reported in the present
work. Here, we report a detailed electronic band structure
investigation of GaMo

4
S
8
and GaV

4
S
8
, in terms of total and

partial densities of states, as well as band dispersions.

METHOD OF CALCULATION

Band structure calculations within the local density ap-
proximation were performed using the linearized mu$n-tin
orbital (LMTO) method, in the atomic sphere approxima-
tion (ASA) (10). In the case of ASA, a sphere is inscribed
around each atom, with the radii of the spheres chosen in
such a way that the sum of the volumes of the spheres equals
the volume of the unit cell. The potential within each sphere
is assumed to be spherically symmetric, with a constant
potential in the intersphere region. In close-packed struc-
tures, it is possible to construct such spheres around each
atom without very strong overlaps between di!erent
spheres. However, in compounds such as the ones being
investigated here, the use of only atomic spheres with the
volume-"lling criterion leads to unphysically large (&35%)
radial overlaps. In such open structures the volume-"lling
criterion is met by additional introduction of &&empty
spheres'' that are not centered on atomic sites. This helps in
achieving a better description of the potential and leads to
more accurate results. In the present cases, we include 15
empty spheres along with the 13 atomic spheres to achieve
the volume-"lling criterion with modest (418%) radial
overlaps. In each sphere, s, p, and d orbitals were used as
basis. The sphere radii used were 2.24 a.u. for Ga, 2.5 a.u. for
Mo, 2.88 a.u. for S, and 2.4 a.u. for V; the radii of empty
spheres were in the range 1.45}2.3 a.u., depending on the
position and the compound.

Both GaV
4
S
8

and GaMo
4
S
8

form as cubic spinels with
space group F4M 3m, with the lattice constants a"9.68 and
9.7356 As (2), respectively. In the low temperature phase, the
structures belong to the R3m space group (a

3)
"6.8506 As

and a
3)
"60.533 As for GaMo

4
S
8
). In the low temperature

distorted phase, GaMo
4
S
8

also shows weak ferromag-
netism. We have carried out self-consistent calculations in
the case of GaMo

4
S
8

for both crystal structures and in the
case of GaV

4
S
8

for the cubic crystal structure. In the case of
GaMo

4
S
8
, an additional spin-polarized scalar relativistic

calculation was carried out for the ferromagnetic structure.
In all these calculations, self-consistency was achieved with
216 (6]6]6) k points in the Brillouin zone. This corres-
ponds to 18, 18, and 68 k points in the irreducible part of the
Brillouin zone for ideal cubic, cubic, and rhombohedral
structures, respectively.

In order to understand the complicated spinel structure
better, we have also performed calculations for the
idealized-cubic spinel structure. This enables us to establish
the role of distortion of Mo}S or V}S octahedra in the real
structure and also that of clustering of Mo or V atoms, that
are reportedly responsible for the various magnetic behav-
iors of these spinel compounds. In this case also, we have
used s, p, and d as basis and obtained self-consistent band
structures with 216 k points in the Brillouin zone (18 k in the
irreducible part).

RESULTS AND DISCUSSION

The real crystal structure of compounds with the general
formula MM@

4
X

8
, with M"Ga, Al, etc., M@"Cr, V, Mo,

etc., and X"S or Se, is complicated both in the high and
low temperature modi"cations. They contain not only dis-
tortions in the near neighbor coordination of M@X

6
oc-

tahedra but also M@ clustering involving four atoms. In
these M@

4
clusters the M@}M@ distances are often comparable

to those of the elemental metal. Therefore, the electronic
structure of these compounds is not only governed by the
nearest neighbor transition metal (M@) d-ligand (X) p inter-
actions, as in most other inorganic compounds of transition
metals, but is also strongly in#uenced by M@}M@ d}d inter-
actions. These two (d}d and d}p) interactions compete with
each other leading to interesting properties. In order to
understand the e!ects of these two interactions separately, it
is instructive to study these compounds in their idealized
cubic structure, which is related to the real structure. In the
case of the idealized cubic spinel structure of GaMo

4
S
8
, Mo

atoms are surrounded by six sulphur ions to form regular
octahedra of MoS

6
with Mo}S distances of 2.434 As each.

On the other hand, the nearest-neighbor Mo}Mo distances
are 3.443 As , which is signi"cantly more than the corre-
sponding Mo}Mo distances in the molybdenum metal
(2.72 As ). This suppresses the Mo}Mo d}d interactions, and
the electronic structure is expected to be dominated by the
local Mo d}S p interactions within the MoS

6
octahedra.

The "vefold degenerate Mo 4d levels split into triply degen-
erate t

2g and doubly degenerate eg levels in the presence of
the octahedral crystal "eld; the t

2g group of orbitals consists
of d

xy
, d

yz
, and d

zx
orbitals, while the eg group consists of the

d
xÈ~yÈ

and d
3zÈ~rÈ

Mo atomic orbitals. This splitting be-
tween t

2g and eg is expected to be further enhanced by the
anisotropic interactions between the Mo d and S p levels.
The t

2g levels of Mo interact with the S p levels via pdn
interactions forming a bonding (t

2g)}antibonding (t*
2g) pair,

while the Mo eg levels interact with the S p levels through
pdp hopping interactions, forming the bonding (eg)}anti-
bonding (e*g ) levels. Since the pdp interaction is approxim-
ately twice as large as the pdn one, the eg}e*g splitting is



FIG. 1. (a) Band dispersions along the various symmetry directions in
the case of nonmagnetic GaMo

4
S
8

in the idealized cubic structure. (b) The
total (thick line), partial Mo d (thin line), and partial S p (dashed line)
densities of states corresponding to the band dispersions shown in panel (a).
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larger than the t
2g}t*2g splitting, enhancing the e!ective crys-

tal "eld splitting, as mentioned before. These local cluster
orbitals corresponding to t

2g, t*
2g, eg, and e*g are expected to

mix between di!erent clusters via the Mo}S}Mo hoppings,
leading to the formation of the corresponding bands in the
periodic solid. Due to the bare energy di!erences, we expect
the antibonding (t*

2g and e*g ) bands to be mainly contributed
by the transition metal d states, while the corresponding
bonding bands will be dominated by the ligand p states. In
order to discuss these e!ects in detail, we show the cal-
culated nonmagnetic LMTO-ASA band dispersions along
four symmetry directions in Fig. 1a, with the corresponding
density of states (DOS) in Fig. 1b for GaMo

4
S
8

in the
idealized cubic structure. Since there are four atoms of Mo
in each unit cell, we expect a total of 20 spin-degenerate
d bands arising from Mo. Out of these, 12 will constitute the
primarily t*

2g band, the remaining 8 making the e*g band.
Bands with !1.4, !1.1, !0.8, 0.5, and 0.8 eV energies at
the ! point have degeneracies of 1, 2, 3, 3, and 3, respectively
making a total of 12 spin-degenerate t*

2g bands which can be
most easily observed along the X}! direction. The disper-
sion of these 12 t*

2g bands along the various symmetry
directions (!}¸, ¸}=, =}X, and X}!) are rather small
((0.7 eV), particularly for those with higher energies (dis-
persional widths (0.2 eV), leading to relatively #at bands.
These #at bands give rise to strongly structured DOS with
sharp peaks in the energy range between!1.8 and 1 eV, as
can be seen in Fig. 1b. In Fig. 1b, we have also shown the
partial Mo d and S p partial densities of states along with
the total DOS. A comparison of the partial DOS with the
total makes it evident that the density of states over this
energy range is dominated by the Mo d states with "nite
admixture of S p states. In a similar way, one can observe
eight bands between 2.1 and 4.1 eV in Fig. 1a. These eight
spin-degenerate e*g bands are most easily seen along the
=}X direction, where all the degeneracies are lifted. These
bands exhibit enhanced dispersion compared to the
t*
2g bands. The corresponding DOS appearing in the unoc-
cupied part, above E

F
, extends between 1 and 4 eV with

dominant Mo d character, as can be observed from the
partial DOS (Fig. 1b). It can be noticed that though Mo
d contribution is dominant for both t*

2g and e*g bands, the
relative contribution from S p states is considerably larger in
the energy region of the e*g band compared to that in the
t*
2g region. This enhanced admixture of S p states arises from
the fact that the pdp interaction responsible for the e*g states
is considerably larger than the pdn interactions giving rise to
the t*

2g states. From Fig. 1b, we "nd that the e!ective
crystal-"eld splitting measured from the centroids of the
t*
2g and e*g is about 2.6 eV. This splitting leads to the forma-
tion of a very small gap between the t*

2g and e*g bands, as
shown in Fig. 1b. The remaining 24 bands arise from the
three p-orbitals on each of the eight sulphur ions and can be
observed in the energy range between !8 and !1.8 eV.
The total and partial densities of states in Fig. 1b show that
this region is dominated by S p states with "nite Mo d ad-
mixture. These correspond to overlapping t

2g and eg bands
that are the bonding counterparts of the antibonding t*

2g and
e*g bands. From the DOS shown in Fig. 1b, it can be seen
that the total DOS is almost entirely made up of Mo d and
S p states, suggesting that the electronic structure in the
ideal case is dominated by the local Mo d}S p interactions.
Having understood the electronic structure of the idealized
cubic GaMo

4
S
8

in terms of the Mo d}S p interactions, we
now turn to the real crystal structures in order to investigate



FIG. 2. (a) Band dispersions along the various symmetry directions in
the case of nonmagnetic GaMo

4
S
8

in the real cubic structure. (b) The total
(thick line), partial Mo d (thin line), and partial S p (dashed line) densities of
states corresponding to the band dispersions shown in panel (a).
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the e!ects of transition metal clustering on the electronic
structures of these compounds.

In the high temperature nonmagnetic phase, the real
crystal structure of GaMo

4
S
8

corresponds to the space
group F4M 3m. Although it forms in the cubic space group, the
structure is already a distorted one from the idealized cubic
spinel structure discussed above. In this structure, Mo
atoms are displaced toward the vacancies at the tetrahedral
sites, forming tetrahedral clusters of Mo atoms. Intracluster
Mo}Mo distances are 2.814 As , comparable to the Mo}Mo
distances in the elemental molybdenum metal, as pointed
out earlier. The intercluster distances are much larger
(4.07 As ). Thus, one expects the intracluster Mo}Mo d}d
interactions to play a more dominant role in the real struc-
ture compared to that in the case of the idealized one and to
compete with the Mo d}S p interactions. Moreover, MoS

6
octahedra are no more regular, but distorted, with three
sulphur ions at 2.345 As and three others at 2.602 As , respec-
tively. Such distortions are expected to lift the degeneracies
of various bands at the symmetry points. Figure 2a shows
the LMTO-ASA band dispersions for GaMo

4
S
8

in the real
cubic spinel structure, and Fig. 2b shows the corresponding
total density of states along with the Mo d and S p partial
densities of states. In this case also, we "nd that the total
density of states (Fig. 2b) over the entire energy region of
interest is almost entirely composed of Mo d and S p states.
However, both band dispersions and the DOS are consider-
ably di!erent in this case compared to those in the ideal
cubic structure (Fig. 1). Thus, we "nd that two triply degen-
erate bands originate at the ! point with energies !1.0 and
!0.2 eV (Fig. 2a). Moreover, these two groups of bands are
clearly separated from each other with a "nite gap along all
the symmetry directions. Furthermore, there are altogether
fourteen bands clearly separated from the lower six bands
by a large energy gap, dispersing in the energy interval
between 1.7 and 4.8 eV. In the case of the ideal cubic
structure, the lower energy group of twelve bands associated
with t*

2g bands arises basically from the Mo d}S p pdn
interactions within the MoS

6
octahedral clusters. While the

"nite distortion of the MoS
6

cluster from the octahedral
geometry in the real structure is expected to lift the degener-
acy of the t*

2g bands, it cannot be responsible for such strong
changes in the dispersions, where only six of the twelve
bands are observed in the relevant energy range of the
t*
2g bands. Thus, it is clear that Mo d}d interaction within
the local Mo

4
cluster leads to signi"cant changes in the

electronic structure of this compound. In particular, the
twelve t*

2g levels arising from 4 Mo atoms interact with each
other due to Mo clustering and further subdivide into bond-
ing and antibonding levels, each containing six states. This
d}d interaction involving the t

2g levels is particularly strong
due to the tetrahedral geometry of the four Mo atoms and
the short Mo}Mo bond lengths; thus, the antibonding six
levels are pushed up into the originally e*g group of levels
lying between 2.1 and 4.1 eV. Of the six bonding levels with
respect to Mo d}d interactions, the triply degenerate band
at the ! point just below E

F
, at !0.2 eV, shows little

dispersion due to the weak intercluster interaction and thus
gives rise to a peaked DOS feature at E

F
, well separated

from other features. The other triply degenerate band at the
! point at !1.0 eV, giving rise to a two-peak DOS struc-
ture, overlaps the top of primarily S p derived states, as can
be clearly seen in Fig. 2b. For these states also, Mo d contri-
bution is dominant, though sulphur p contribution in-
creases signi"cantly, particularly for the lower energy DOS



FIG. 3. (a) Band dispersions along the various symmetry directions in
the case of nonmagnetic GaMo

4
S
8

in the low temperature rhombohedral
structure. (b) The total (thick line), partial Mo1 d (thin line), partial Mo2
d (dash-dotted line), and partial S p (dashed line) densities of states corre-
sponding to the band dispersions shown in panel (a).
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feature at !1.2 eV. In the energy region of e*g bands of the
ideal cubic case (Fig. 1), now there are 14 bands between
about 1.7 and 4.8 eV. These are separated from the bands
near E

F
by 1.5 eV. Thus, it can be seen that the Mo}Mo d}d

interactions play a dominant role, opening up a much larger
gap between the subgroups of d-bands compared to that
arising from the crystal "eld e!ects in the case of ideal
spinels without any clustering of the transition metal ions.

The low temperature modi"cation of GaMo
4
S
8

is
a rhombohedral structure in the space group R3m. In this
space group, the distortions make the Mo sites inequivalent,
and there are two types of Mo atoms (Mo1 and Mo2). In
each unit cell, there is one Mo1 and three Mo2 atoms,
unlike in the case of the cubic high temperature structure.
However, in the low temperature phase also, there is a clus-
tering of Mo atoms and the MoS

6
octahedra are distorted

as in the case of real cubic high temperature structure. The
intracluster and intercluster Mo}Mo distances are not very
di!erent from the real cubic case, being 2.823 As and 4.028 As ,
respectively. Also, the Mo atom has three sulfurs at distance
2.414 As and three more sulphur atoms at 2.576 As , respec-
tively. Thus, the MoS

6
octahedra are slightly less distorted

compared to the real cubic case. Therefore, the band disper-
sions and the density of states cannot be very di!erent from
the real cubic high temperature structure. The density of
states shown in Fig. 3b indeed con"rms this, as it is seen to
be quite similar to the real cubic spinel structure shown in
Fig. 2b. In Fig. 3a, we show the band dispersions along !}¸
and !}Z directions for the GaMo

4
S
8

rhombohedral struc-
ture. From the band dispersions it can be seen that the
distortions in the rhombohedral structure lift some of the
degeneracies of the bands at the ! point by small energies.
For example, the triply degenerate band closest to E

F
in the

real cubic case has now split into two bands, a singly
degenerate one and a doubly degenerate one. Similarly, in
the unoccupied part between 1.7 and 4.8 eV, all the triply
degerate bands split into singly and doubly degenerate
bands. In Fig. 3b, we also show the partial densities of states
for the Mo1 d, Mo2 d, and S p states. It is seen that the
partial DOS from Mo2 is approximately thrice that of Mo1,
as there are three Mo2 atoms and one Mo1 atom in the unit
cell.

GaMo
4
S
8

is weakly ferromagnetic below a temperature
of 19.5 K. In order to understand the magnetic structure, we
have carried out the spin-polarized calculations within the
scalar-realistivistic version of LMTO-ASA. In Fig. 4a, we
show the total and partial densities of states arising from
total Mo d and S p contributions for GaMo

4
S
8
. The total

DOS in this case is not very di!erent compared to the
nonmagnetic calculation shown in Fig. 3. This suggests
a weakly magnetic state with a small exchange splitting
compared to the dispersional widths of various bands. In
the reverse scenario of an exchange splitting substantially
larger than the band widths, we would expect to see new
features in DOS arising from the exchange splittings in the
magnetic state in comparison to the nonmagnetic state.
Instead, we only see a small decrease in the energy gaps
between the various subgroups of features in the DOS
arising from primarily Mo d states. In Fig. 4b, the up-spin
and down-spin contributions from Mo1 d states to the DOS
are shown separately, with the corresponding Mo2 d up and
down partial densities of states being shown in Fig. 4c. The
up- and down-spin partial DOS in each case (Fig. 4) are
shifted with respect to each other by the intra-atomic



FIG. 4. Total and partial Mo d and S p densities of states for ferromag-
netic GaMo

4
S
8

in the low temperature rhombohedral structure. (a) Total
(thick line), partial Mo d (thin line), and partial S p (dashed line) densities of
states. (b) Mo1 d up-spin and down-spin partial densities of states. (c) Mo2
d up-spin and down-spin partial densities of states.

FIG. 5. The total and partial V d and S p densities of states for GaV
4
S
8

in the high temperature cubic crystal structure.
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exchange splitting of less than &0.2 eV. Consequently,
there is a weak ferromagnetic moment associated with the
Mo atoms. The calculated magnetic moment per cluster (i.e.,
four Mo atoms) is about 1 k

B
, which compares reasonably

well with the experimental values 1 k
B

(6) and 1.84 k
B

(5)
reported in the literature.

In order to understand whether the unusual electronic
structure, as revealed by band structure calculations here, is
typical of such vacancy ordered, clustered spinels, we have
also carried out preliminary studies of the band structure of
GaV

4
S
8
, which is a closely related compound to GaMo

4
S
8
.

GaV
4
S
8

also forms as a cubic spinel with the space group
F4M 3m in the high temperature phase and goes through
a structural transition around 45 K to the rhombohedral
symmetry group of R3m at low temperatures. We have
carried out band structure calculations for the cubic crystal
structure and report the various densities of states to point
out the similarities between the two cases of GaV

4
S
8

and
GaMo

4
S
8
. In this case also, there is a clustering of

vanadium atoms, with intracluster V}V distances of 3.168 As
and intercluster distances of 3.677 As , respectively. Although,
the intracluster distance is not as drastically short as in the
case of GaMo

4
S
8

(2.823 As ), it is still comparable to the V}V
distances in the metallic vanadium of 3.028 As . Thus, in this
case also, the V}V d}d interaction is expected to dominate
over the V d}S p interactions. Figure 5 shows the density of
states of GaV

4
S
8

in the high temperature F4M 3m. The densit-
ies of states in this case are very similar to that of GaMo

4
S
8

(Fig. 2b), and the various features are describable in terms of
that for the corresponding DOS of GaMo

4
S
8

in the real
cubic structure. In Fig. 5, the V}V interactions within the V

4
cluster open up a gap (&0.2 eV) at about !0.3 eV. The gap
between these and the e*g -like bands is about 0.7 eV, as
compared to 1.5 eV in the case of GaMo

4
S
8
.

While it is clear that the particular type of transition
metal clustering in these compounds dominates the elec-
tronic structure, the most unusual aspect evidently is the
formation of a very narrow band (width &0.7 eV) at the
Fermi energy; clearly these states are responsible for the
transport and magnetic properties. There are two distinct
e!ects arising from the clustering in these compounds. In
the "rst place, intracluster d}d interactions lead to signi"-
cant redistribution of the d bands. Such an e!ect takes place
in many compounds where signi"cant clustering of the
transition metals is observed. For example, in Mo

2
S
3

(11),
CoMo

2
S
4

(12), and Mo
2
As

3
(13), Mo ions form as zigzag

chains; in MoN (14), it forms triangular clusters; in Mo
3
Se

4
(15) and PbMo

6
S
8

(16), it forms octahedral clusters; and in
phosphides, it forms a more complicated but metallic net-
work. It is also known that in the chevrel phases, it even
gives rise to superconductivity. Only in the semiconducting
spinels (such as GaMo

4
S
8
), is Mo found to support local

magnetic moments, suggesting an enhanced e!ect of elec-
tron correlation. This is evidently due to the fact that the
Mo

4
tetrahedra are isolated from each other with a large

intercluster separation. This reduced intercluster coupling
leads to very #at bands and a narrow band width (=) at the
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Fermi energy. Thus, in spite of a modest Coulomb interac-
tion strength (;) within the Mo 4d states, overall correlation
e!ect, as measured by;/=, is strongly enhanced due to the
formation of narrow bands. Such narrow bands, with large
;/= and a high density of states at E

F
, are indeed unstable

with respect to magnetic ordering. We believe that the
semiconducting behavior in these systems is helped by the
formation of a Hubbard splitting of the band at E

F
, forming

an occupied lower Hubbard band and an unoccupied upper
Hubbard band. A similar view has been also suggested (9)
for the installing nature of GeV

4
X

8
(X"S, Se). While an

e!ective single particle calculation, such as LMTO, cannot
describe the Hubbard splitting of correlated bands, the
results presented here are strongly suggestive of such
a mechanism. The splitting between the upper and the lower
Hubbard bands is expected to be in the order of;. Thus, as
long as ; is larger than the relevant bandwidth (&0.7 eV),
a gap (or at least a pseudo-gap) indeed is expected to open at
the chemical potential. Such a modest value of ; is not
unreasonable even for the 4d states of Mo. It is also expected
that disorder e!ects may further accentuate the semicon-
ducting behavior, particularly in the presence of a pseudo-
gap resulting in low DOS at E

F
.

In conclusion, we have presented detailed band structure
results for GaMo

4
S
8

in the idealized cubic and real struc-
tures in order to elucidate the electronic structure of this
compound. We have pointed out the relative importance of
Mo d}S p and Mo d}Mo d competing interactions in this
compound and related the unusual properties to these ef-
fects. We have also estimated crystal-"eld and exchange
splittings. Preliminary results from a closely related com-
pound, GaV

4
S
8
, are also discussed.
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