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Abstract 

The Mo4 tetrahedral metal clusters observed in the crystal structure of GaMo4Ss-type compounds are described 
as arising from the deformation of a highly symmetrical structure with M o S  6 octahedral local stoichiometry. Then 
Mo4 clusters occur at the crossing of MoS4 distorted linear chains made of M o S  6 octahedra sharing their opposite 
edges. The main factors (orbital interactions and electron counts) governing the pairing distortions, which lead 
to a metal-metal  alternation phenomenon and then to cluster formation, are analysed through extended Hiickel 
molecular orbital calculations. It is shown that the tetrahedral clustering corresponds to a multidirectional Peierls 
distortion in an extended network. 

I. Introduction 

The solid state chemistry of Va and Via transition 
metals often leads to compounds whose structural pat- 
tern, developed by the metal-metal (M-M) bonds, is 
characterized by the presence of metal clusters or 
metallic chains, separated from each other by different 
amounts, embedded in a ligand matrix. 

This fragmentary structure can be interpreted on the 
basis of deformation of a more uniform and symmetrical 
structure. Indeed, a consequence of these network 
deformations can be the occurrence of the alternation 
of short M-M distances (strong bonds) and long M-M 
distances (weak bonds), which explains the formation 
of dimers, zigzag chains or isolated clusters. 

With regard to compounds whose metals occupy the 
octahedral sites of a metalloidal lattice, the existence 
of dimers or deformed chains 1' can therefore be 
interpreted in terms of the deformation of a regular 
[MX4]I~ chain I derived from trans-edges-sharing 
[MX6] octahedra. This is the case for molybdenum 
dioxide, MoO2 [1], which adopts a deformed rutile 
structure with the formation of M02 dimers, and NbX4 
( X -  C1, Br, I) [2], which comprises dimerized polymers 
in the solid state. Moreover, some transition metal 
dichalcogenides possess infinite zigzag chains derived 
from the deformation of regular [M2X611~ chains 2, 

which for their part are the outcome of a parallel 
amalgamation of two chains 1. These chains are regular 
chains 2' in /3-MoTe2 [3], WTe2 [3], NiV2X4 ( X - S ,  
Se) [4], V3X4 [5], M2Se3 (M-Nb ,  Ta) [6] and M02S3 
before the charge density wave (CDW) transition [7]. 
They are irregular chains 2" with diamond-shaped M 4 
cluster formation in ReSe2 [8], MMo2S4 (M=Fe,  Co, 
V) [9] and MozS3 after the CDW transition [7] and 
in some oxides such as Bal.4MosO16 [10], K2Mo8016 
[11] and Nao.ssMo204 [12]. 

1 I '  

2"  

These deformations, created by the alternation of 
M-M bonds, have been theoretically interpreted [13] 
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on the basis of the Peierls classical distortion phe- 
nomenon [14] associated with the partial filling of 
conduction bands arising from d-orbitals of metals. 

Similarly, we aim to carry out a theoretical study of 
the formation of tetrahedral M 4 clusters found in ternary 
transition metal chalcogenides such as GaM04S8 [15]; 
the elementary cell of the crystal structure is shown 
in 3. These tetrahedral clusters will be described as 
resulting from the crossing of two deformed chains 1' 
which involves a Peierls multidirectional distortion phe- 
nomenon [16]. 

GaMo4Ss 
• M o  

© s  

3 

The crystal structure 3 of these compounds is similar 
to the AB2X4 spinel structure. The cation A and the 
anion X describe an f.c.c, lattice with A and B atoms 
occupying some of the tetrahedral and octahedral sites 
respectively. Alternatively, the structure can be con- 
sidered as the juxtaposition of an AX4 tetrahedron and 
a B4X 4 cube. 

The ABC-type stacking of the anion layers is 
represented in 4. The metal atoms partially occupy 
the octahedral sites with the following sequence: 
(Av3/4B,~l/4Xla3/4Ayl/4Ba3/4XI31/4 . . . .  T h i s  occupation allows 
us to display the trans-edge-sharing [MX412~ octahedra 
chains 5. 

The crystal structure can thus be considered as arising 
from the stacking of layers containing these infinite 
chains, the elongation directions being perpendicular 
for two successive layers. 

B C _  fl ~ _  
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The M-M alternation phenomenon in these crossed 
chains leads to the formation of tetrahedral M 4 clusters 
6. 

6 

This alternation phenomenon of metal-metal bonds 
leading to tetrahedral M 4 cluster formation will be 
examined by a detailed analysis of the main orbital 
interactions (metal-metal, metal-ligand, ligand-ligand) 
and the role of the metal electronic configuration. In 
this study we will concentrate on molecular entities, 
which allows us to interpret the results in terms of 
energy diagrams of molecular orbitals in relation to 
the geometric parameters (Walsh diagrams). The cal- 
culations are performed with the algorithm of the 
extended Htickel method [17]. The atomic parameters 
used are listed in the Appendix. 

2. Orbital interactions 

Investigations [13] have shown that considering mo- 
lecular entities is often enough to display the relations 
between the alternation of M-M distances and the 
different orbital interactions (M-M, M-X, X-X) as 
well as the metal electronic configuration. 

We therefore chose the [MoS4] 1 ® chain to be modelled 
by the Mo4S.a8 tetramer 7 (four MoS6 octahedra trans- 
connected by an edge). Likewise, we consider the MosS32 
motif 8, which corresponds to the fusion of two Mo,S8 
tetramers, as a good starting point to work out the 
tetrahedral cluster formation. 
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The angles 01 and 02 defined in 7 and 8 determine 
two types of deformation: (1) 01 = 02 varying from 70 ° 
to 110 ° - this creates a uniform extension or con- 
densation; (2) 01 ~ 02 varying from 70 ° to 110 ° - this 
simulates a (short-long) alternation of Mo-Mo bonds. 

2.1. The [MoSd~= chain: study of  the Mo4S~s tetramer 
2.1.1. Symmetric distortion (Or = 02) 
The molecular orbitals (MOs) of MOaSls can be 

derived from those of MoS4 (C2v symmetry) which results 
from the MoS6 octahedron (omitting an edge.) Owing 
to this Cz~ symmetry, two non-degenerate (antibonding 
metal-ligand) orbitals lie considerably above the other 
three non-degenerate (non-bonding) orbitals, so we can 
consider initially that the classical (3 + 2) degeneracy 
"t2g+eg" is preserved in the MO diagram of MoS4. 
The "eg" levels are strongly destabilized and only the 
"tzg" levels, likely occupied for the electron counts of 
our compounds, are responsible for the M-M bond 
formation. Thus the three t2g MOs of the MoS4 fragment 
generate the 12 MOs of Mo4Sls. The M-M interactions 
developed from these orbitals can therefore be divided 
into three groups: g type of d : _ :  character, ~" type 
of dxz character and /5 type of dy~ character. 

In Fig. 1 we show the Walsh diagram for the 12 t2g 
MOs of MO4Sls corresponding to a symmetric (01 = 02) 
distortion from 70 ° to 110 °. Every group consists of 
four MOs (~, ~-~, 6~; i = 1--4). The index i = 1 is associated 
with the MO which exhibits completely bonding M-M 
interactions (without any node on the axis of the four 
metal atoms) and the index i=  4 with the MO which 
shows completely antibonding M-M interactions (three 
nodes). 
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Fig. 1. E n e r g y  of  the  M o  4d orb i ta l s  o f  an  Mo4S18 uni t  wi th  
respec t  to a s y m m e t r i c  d i s to r t ion  (01 = 0z). 

In accordance with the respective values of the orbital 
overlaps, we note the strong energy variation of the tr 
and 7r MOs compared with the very low value for the 

MOs. 
The right zone of the diagram, related to the high 

values of 0 (short M-M distances), presents the classical 
order, i.e. the trl, tr2, ~'1 and 7r2 bonding levels are well 
below the tr3, o-4, 7r3 and zr4 antibonding levels. This 
means that the M-M interactions play a leading role. 
In addition, the energetic stabilization and destabili- 
zation of the levels are in accordance with their bonding 
and antibonding characteristics respectively. For in- 
creasing values of 0, the strongest bonding MOs (o-1, 
• 1) are obviously the most stabilized and the strongest 
antibonding MOs (o-4, "rr4) are the most destabilized. 
The very strong destabilization of the rr4 level has to 
be related to the antibonding axial ligand-axial ligand 
(S 3px-S 3px) interactions which play a complementary 
role in the ~r antibonding M-M interactions. 

The left zone of the diagram, which concerns the 
low values of 0, illustrates the reverse order, i.e. the 
antibonding M-M orbitals o'4, o'3 and "IT 3 are below the 
bonding M-M orbitals o-1, o-2, ~'1 and 7r2. This is a 
feature of very loose or virtually non-existent M-M 
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bonds, the level order being determined by M-L in- 
teractions. This can be easily interpreted on the basis 
of the orbital interactions. For the 0  ̀system with large 
M-M distances (01 = 02 = 70 °) the dx:_y2 metallic orbitals 
interact almost exclusively with the 3py orbitals of the 
equatorial S atoms bridging the different metals. Ac- 
cording to the symmetry rules, these 3 p~ orbitals are 
in phase with the metallic orbitals, spread mainly over 
the three bridges (Mo--S-Mo) for the 0̀1 level, over 
two external bridges for 0"2 and over one internal bridge 
for 0`3, while the ligand participation in the 0̀ 4 level is 
relatively unimportant (see Fig. 2, which displays the 
isodensity curves of the MOs concerned). These M-L 
interactions are strong enough to reverse the established 
order based only on the direct M-M interactions. The 
same phenomenon associated with the 4d= metal orbitals 
and 3p~ ligand orbitals induces the inversion of the 7r 
levels. 

The energetic evolution of the t2g orbitals in relation 
to a symmetric (01 = 02) distortion is then elucidated 
as follows. 

(1) For a uniform condensation (01=02>90 °) the 
distribution of 0  ̀levels arises mainly from the direct 

. . . . . . . . . .  .. . . . ' ' " %  , .  . . . . . . . . .  .,, 
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Fig. 2. Wave func t i ons  of  the  ~ ( i = 1 - 4 )  molecu la r  orbi tals  of  
Mo4Sls at 01 = 02 = 70 °. 

M-M and equatorial M-L interactions, both leading 
to complementary effects. The dominating forces of the 
7r system, namely the equatorial M-L and direct axial 
L--L interactions, do likewise. 

(2) On uniformly lengthening the chain (01 = 02 < 90°), 
the distribution of the levels will be determined by the 
competition between the direct M-L (for the 0  ̀system) 
or axial L-L interactions (for the 7r-system) and the 
equatorial M-L interactions. As 0 is reduced, this 
competition will rapidly turn in favour of the M-L 
interactions of the r-system, but in contrast, only at 
the smallest angles will the 0  ̀system completely acquire 
this advantage. 

This difference in behaviour of the M-L interactions 
(in relation to 0) leads to the avoided crossings shown 
in Fig. 1. Besides, the position of these avoided crossings, 

lying in the region of small angles, exhibits a larger 
zone of influence of the direct M-M interactions of 
the 0  ̀system (best overlap: S d ~ d , >  S d:d~,). 

2.1.2. Asymmetric distortion (01 ~ 02) 
We will now examine the effect on the t2s block of 

an asymmetric deformation (01 4= 02) which leads to an 
alternation of long and short M-M bonds. 

Figure 3 shows the M04S18 Walsh diagrams: in Fig. 
3(a) the evolution of the central Mo-Mo distance of 
M04S18 (01=90 °, 02 varying from 70 ° to 110°); in Fig. 
3(b) the evolution of the external Mo-Mo distances of 
Mo4S18 (02=90 °, 01 varying from 70 ° to 110°). 

For the high values of 0 we notice a strong stabilization 
of the o'1 level in Fig. 3(a) and the two levels 0"1 and 
0̀ 2 in Fig. 3(b). These levels have a strong M-M bonding 
character either on the central bond (Fig. 3(a)) or on 
the externals bonds (Fig. 3(b)). The associated anti- 
bonding levels o,4 (Fig. 3(a)) and cr 4 and 0̀ 3 Fig. 3(b)) 
clearly exhibit a strong destabilization. In fact, in Figs. 
3(a) and 3(b) the energies of the 0  ̀levels at large 02 
and 01 respectively correspond to the domination of 
direct M-M interactions. 

This is also true for the 7r system in Fig. 3(b) (formation 
of two bonds), where we find a considerable energy 
gap between the bonding (~'1, ~'2) and antibonding (zr3, 
7r4) levels. 

However, the situation differs slightly for the ,rr system 
of Fig. 3(a) (a single M-M bond). Despite the presence 
of a stabilized bonding level, a destabilized antibonding 
level and two non-bonding levels, the energetic inversion 
between ~'1 and ~'3 is note worthy. In this case 7r3 is 
stabilized and mainly located on the central bond, 
whereas zrl, situated well below, is mainly located on 
the external bonds. This can be interpreted via a strong 
competition between the different orbital interactions. 
Indeed, in contrast to the symmetric distortion (homo- 
geneous condensation with formation of three M-M 
bonds), the equatorial M-L interactions are now strong 
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Fig. 3. Energy of the Mo 4d orbitals of an Mo4S18 unit with to an asymmetric distortion (01#=02): (a) 0~=90 °, 02=70°-110°;  (b) 
02 = 90 °, 01 = 70 ° - 110 °. 

enough to perturb the order established by the direct 
M-M interactions (a single M-M bond) and to desta- 
bilize ~'1 and ¢r2 sufficiently to place them below %. 

For the smallest angle (0=70 ° ) the energetic order 
is essentially determined by the M-L equatorial in- 
teractions. The inversion of the M-M MOs is complete 
for the 7r system but is only partial for 0- levels. 

In Fig. 3(a), if an inversion between 0-1 and tr2 and 
between 0-3 and o,4 is obtained, both the 0-z and o'1 
bonding levels remain well below the 0-3 and 0-4 an- 
tibonding levels. This partial inversion is due to the 
presence at 02 = 70 ° of a single long distance (three 
long distances for the symmetric distortion). Indeed, 
although for 02 = 70 ° the equatorial M-L interaction 
created by the 3py orbitals suffices to reverse trl and 
0-2 as well as 0-3 and 04, it does not suffice to reverse 
completely the two levels 0-1 and 0-2 in comparison with 
the two levels 0-3 and 0-4. In contrast, in Fig. 3(b) the 
0-1 and 0"2 levels are situated above the 0-3 and tr4 levels, 
since the antibonding interactions with the 3py orbitals 
of the S atoms bridging the external bonds are sufficiently 
strong (two long M-M bonds). 

These energy evolutions of the molecular levels show 
that the d 1 and d 2 metal electronic configurations cor- 
responding to filled trl, 0-2, 7rl and ¢r2 levels will favour 
the alternation phenomenon with dimer formation. This 
(half-filled and ~-bands) corresponds to a Peierls dis- 
tortion phenomenon. 

T h e  d 3 configuration leads to the filling of non- 
bonding 6 levels which only weakly move around en- 
ergetically in the energy zone centre, thus contributing 
little if any to the dimerization of the trans-edge-sharing 
[MoS4]I  ~ octahedra. 

2.2. Crossing of two [MoSs]I® chains and formation 
of tetrahedral M04 clusters: study of the MosS32 unit. 

The M08832 entity arises directly from the fusion of 
two M04S18 tetramers, each one simulating an [MoS411= 
chain. 

In this fusion, both M04S18 tetramers share four S 
atoms, since two axial S atoms of one tetramer (on 
the X axis) correspond to two equatorial S atoms of 
the other (on the Y axis). The asymmetric distortion, 
leading to dimerization in both directions X and Y, 
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can therefore be described by the two parameters 01 
and 02 in the same way as for a single chain. 

We devoted all our attention to asymmetric (0a 4:02) 
deformations, particularly those which lead to the for- 
mation of a strong M-M bond in the centre of each 
M04S18 fragment (01 =90 °, 02 varying from 70 ° to 110°). 
Simultaneously with these two deformations, a third 
one has been introduced along the Z axis in order to 
obtain a perfectly tetrahedral M04 cluster in the centre 
of  Mo8832. 

We will first discuss Fig. 4, wherein is reported the 
MO diagram of the 24 tEg orbitals of MosS32 (D2d 
symmetry) deduced from the MO diagram of the two 
M04S~6 fragments (C2~)I Only the most important in- 
teractions, generated from orbitals mainly distributed 
at the central Mo atoms and leading to the M4 cluster, 
have been displayed. The non-bonding MOs associated 
with external Mo atoms have been grouped in frames. 
Thus, according to the symmetry rules, the tr, ,-r and 
0"* orbitals of one Mo4Sa6 fragment interact with the 
corresponding orbitals of the second Mo4S16 fragment 
to create the MOs era + cry, ¢r3 + 7r~ and 6*4 + 6"  of 
Mo8832. On the other hand, the ~-* orbitals interact 

with 6 orbitals and thus induce "e"-degenerated MOs. 
These interactions combine and give rise to the six low 
energy binding levels and six high energy antibonding 
levels which correspond to the six Mo-Mo bonds of 
the tetrahedral MO 4 cluster. 

The Walsh diagram of the 24 t2g orbitals of MosS32 
obtained when 01=90 ° and Oz varies from 70 ° to 110 ° 
is shown in Fig. 5. The twofold increase in the number 
of levels with respect to Mo4S18 and the new orbital 
interactions arising from 6 orbitals give a more complex 
appearance to the diagram. Nevertheless, separation 
of the levels according to symmetry allows an analysis 
of the main characteristics. Thus, in Fig. 5 the energy 
evolution of levels belonging to irreductible represen- 
tations (a2+bl) is emphasized by bold curves. 

The deformation towards the high values of 02 pro- 
duces a central cluster formation. This actually ends 
up in a strong stabilization of the bonding level cor- 
responding to in-phase combination (bl symmetry) of 
the 64 MOs of the two Mo4816 fragments. In addition, 
the antibonding level associated with out-of-phase corn- 
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Fig. 4. Molecular orbital diagram of the MosS32 unit and correlation 
with that of its building block unit M04S16. 
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bination (a2 symmetry) of these 64 MOs is largely 
destabilized. In the centre of the energy region we find 
non-bonding levels, coming from 62 MOs, which move 
only slightly. For 02=70 ° the situation, with loosely 
bonding and antibonding levels, corresponds exactly to 
the weak external Mo-Mo bonds. 

These energy evolutions are similar for the other 
symmetries. Actually, all al, b2 and e levels have to be 
taken into account to find five bonding levels 
(2a 1 + lb2+ le) and five antibonding levels (lb2+2e) 
associated with 10 non-bonding levels (2al + 262 + 3e). 

The 24 t2g MOs of Mo~$32 are thus divided into 12 
non-bonding MOs corresponding to the orbitals mainly 
localized on the external atoms, and 12 further MOs 
(six bonding, six antibonding) which are directly as- 
sociated with the central Mo4 cluster bonds. 

• Mo 

° '  

9 

antibondlng 
orbltals 

" t2g __ d 3 
orbltals 

bonding 
orbitals 

In fact, we need an Mo16S56 motif 9, achieved by 
the fusion of four Mo4S18 motifs 7, in order to obtain 
for 01=90 ° and 02=110 ° the formation of four tetra- 
hedral Mo4 clusters for which the 48 t2~ orbitals split 
into 24 bonding orbitals and 24 antibonding orbitals, 
the two groups being separated by an important energy 

gap as in 10. The total occupation of these 24 bonding 
orbitals, corresponding to the half-filling of the t2g block, 
is achieved for a d 3 configuration of the metal. The 
energetic stabilization accompanying the cluster for- 
mation for 02=110 ° thus corresponds exactly to the 
definition of a Peierls distortion, which in this case is 
three dimensional. 

3. Energies and electron counts 

We now have a detailed qualitative description of 
how the t2g orbital block behaves when influenced by 
different possible deformations of the molecular skel- 
eton. The major role of the metal electronic config- 
uration in any geometry is clearly exhibited. 

In order to get a better quantitative approach to the 
energy and thus be able to better understand the 
geometry variations, we have calculated the energy 
surfaces of the "d" orbital block for different electron 
counts. These curves or surfaces have been obtained 
from 81 points calculated for 01 and 02 variations from 
70 ° to 110 ° in steps of 5 ° . They are shown for the 
M04S18 tetramer in Fig. 6. As seen in 7, M04S18 presents, 
between the metallic atoms, two 01 angles for one 02 
angle. This leads to different energy results corre- 
sponding to the 01 or 02 axis and therefore gives a 
strong asymmetry of the curves and surfaces with respect 
to the 01 = 02 axis (denoted BB'). On both sides of this 
axis the points A and A' correspond to isomers which 
show the phenomenon of alternation. 

It is thus obvious that for the d 2 configuration the 
interactions of the d-orbitals alone favour the dimer- 
ization phenomenon. Indeed, although one can notice 
an energy "valley" from point B' (01 = 02 = 110 °) to 
point A (01 = 110 °, 02=70°), the minimum is obtained 
at point A, corresponding to two Mo-Mo distances of 
1.8/~ separated by 4.3/~ (experimental distances). The 
central part of the surface is dominated by a dome 
(D) at 4 eV above the minimum. This zone corresponds 
to the presence of numerous avoided crossings which 
we have discussed before. 

Although for the d 3 configuration the general ap- 
pearance of the curves is basically the same, there is 
a reinforcement of the minimum A with a corresponding 
destabilization of point B', which is the cause of the 
filling of some non-bonding 6 levels. 

For the d 4 configuration the point B' continues to 
destabilize whereas the point B (01 = 02=700) ,  c o r r e -  

s p o n d i n g  to a uniform elongation of the Mo-Mo dis- 
tances, begins to stabilize. A d 5 metal provokes, with 
a large destabilization of point B', the almost complete 
disappearance of the central dome (D), the energetic 
minimum being located at point B. Finally, for a d 6 
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metal these modifications have considerably developed, 
ending with the point B' (maximum) having a strong 
slope down towards B (minimum). 

Finally, let us state that the Mo4S18 tetramer and 
the [MoS4]I® chain the d-orbital interactions favour 
the alternation of long and short Mo-Mo bonds for 
the d 1, d 2 and d 3 configurations. For the d 5 and d 6 
configurations these interactions instead favour a uni- 
form chain without Mo-Mo bonds (long distances). 
The situation is intermediate for the d 4 configuration. 

(continued) 

Obviously it is a large restriction to take only the 
interactions between d-orbitals of metals into consid- 
eration, since the observed geometric solution did also 
arise from the interactions of the ligand matrix. These 
latter interactions are interpreted by considering the 
energy corresponding to the d o metal configuration. 

The energy surface shown in Fig. 7 looks like a large 
"pan" with a slightly decentralized minimum on the 
side of the low 01 values (01 = 82 °, 02 = 88°), which is 
connected to the different behaviour of 01 and 02 (more 
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part towards the role played by the metallic interactions 
for a low electronic configuration of the metal. Never- 
theless, we can note that both the minimum and the 
"pan" take a stretched form on the AA' axis, which 
gives reason to put forward a greater deformation facility 
on the AA' axis (alternation). 

Figure 8 displays the total energy (ligand plus metal) 
with a d 3 configuration of Mo4S18 and MO8832. The 
minima, situated on the AA' axis (01 :~ 02), are in favour 
of the alternation phenomenon, particularly for MoaS32 , 
which presents the formation of the six Mo-Mo bonds 
of the central Mo4 cluster. 

Nevertheless, the minima correspond to Mo-Mo dis- 
tances relatively different from the experimental ones. 
The main reason lies in the strong energetic effect 
calculated for the ligand-ligand interactions, which is 
overestimated within the extended Htickel theory 
method. In the chosen Mo4Sla and Mo8532 models the 
ratio n[Mo]/n[S] is clearly smaller than 0.5. Therefore 
the Mo-Mo interactions of the chains are largely under- 
estimated; besides, the note-worthy improvement on 
going from Mo4S18 to MosS32 emphasizes this obser- 
vation. 

important antibonding ligand-ligand interactions at the 
high 01 values). The strong destabilizations of the points 
A, A', B and B' (close to 20 eV for B') emphasize 
the major part played by the ligand-ligand interactions 
being clearly more energetic than the Mo-Mo inter- 
actions (p-orbitals of the ligand are more diffuse than 
d-orbitals of the metal). With a minimum centred near 
the BB' axis, the ligand matrix plays an antagonistic 

4. Concluding remarks 

The semiempirical MO calculations undertaken for 
molecular entities have allowed us to display the role 
of the major orbital interactions and the electron counts 
in the alternation of the metal-metal distances in infinite 
chains. 
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Fig. 8. Two-dimensional energy contours calculated from all the 
valence orbital energies (Mo 4d plus ligand) of Mo4Sts for a d 3 
electron count. 

We have shown that the presence of such phenomena 
within crossed infinite chains of a three-dimensional 
structure, which is the expression of a multidirectional 
Peierls distortion, leads to the stabilization of tetrahedral 
M 4 clusters in ternary transition metal chalcogenides 
such as GaMo4Ss. 
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TABLE 1. Parameters  used for the extended HiJckel calculations 

Orbital Ha (eV) 1~i ;~z C1 a Cz ~ 

Mo 4d - 11.06 4.54 1.90 0.5899 0.5899 
5s - 8.77 1.96 
5p - 5.69 1.90 

Appendix 

The bond distances used for the MO calculations 
were those of the experimental structure of G a M o 4 S  8 

S 3s - 20.00 2.12 
3p - 13.30 1.83 

aThese are the coefficients in the double ~" expansion. 


