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Dowd and Paik and assigned to triplet 3,6 actually does belong 
to this diradical. 

Acknowledgment. We thank the National Science Foundation 
for support of this research. The purchase of the Convex C-I 
computer, which was used for some of the calculations, was also 
made possible by a grant from NSF. Several of the calculations 

Metal clustering is often observed in MX2 layers made up of 
MX6 octahedra (M = transition metal, X = halogen).2"7 It is 
appealing to analyze the origin of the metal clustering from the 
viewpoint of the electronic structure change associated with a 
distortion from an ideal, hexagonal MX2 layer.8 However, this 
analysis is complicated due to the absence of simple distortion 
parameters connecting the ideal structure to the real one. All MX2 

layers that show metal clustering have M2X6 chains as their 
building blocks (vide infra), so it would be simple to describe the 
metal clustering as a phenomenon concerning the M2X6 chains 
rather than the MX2 layers. This alternative approach provides 
a much simpler description for the crystal and electronic structures 
of numerous transition-metal chalcogenides containing MX2 layers, 
which include ReX2 (X = S, Se),2 M'Mo2S4 (M' = V, Cr, Fe, 
Co),3 NiV2X4 (X = S, Se),4 V3X4 (X = S, Se),5 Mo2S3,6 and 
M2Se3 (M = Nb, Ta).7 In the present work, we discuss the 
electronic structures of these compounds from the viewpoint of 
their building blocks, M2X6 chains. In the following, the structural 
patterns of those compounds are briefly reviewed, and the origin 
of their metal clustering is discussed in terms of the tight-binding 
band electronic structures calculated for several representative 
examples. 

M2X6 Chains as Building Blocks 

An ideal MX4 chain 1 is obtained from regular MX6 octahedra 
upon edge sharing. Similarly, an ideal M2X6 chain 2 is obtained 
from two ideal MX4 chains via edge sharing. By repeating this 
process, one obtains an ideal MX2 layer 3. For our discussion, 
it is important to note that the layer 3 is also derived from the 
M2X6 chains 2 upon edge sharing. A projection view of 3 per
pendicular to the layer is given by 4a, which shows only the metal 
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atoms and the upper triangle of X atoms around each metal. Ideal 
M2X6 chains have no metal-metal bonding as schematically 
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represented by 5a. Any real M2X6 chain of our interest is not 
ideal in shape due to the metal-metal bond formation across each 
shared octahedral edge between two MX4 chains of the M2X6 

chain. Thus, the M-M distance rl becomes short with respect 
to the M-M distance r2 (see 2). The M2X6 chain with such a 
distortion shows a metal clustering represented by 5b (i.e., met
al-metal zigzag chain). 

5a 

5b 

5c 
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Description of the crystal structures containing MX2 layers is 
simplified by adopting the following schemes: A perspective view 
of the ideal M2X6 chain is represented by 6, in which only one 

MX6 octahedron is shown for each MX4 chain for simplicity. We 
show the projection view of 6 along the chain direction by 7a, in 
which two oxygen atoms indicated by a double-headed arrow in 
6 are projected as one oxygen position. Then the corresponding 
view of the M2X6 chain with the metal-clustering 5b is represented 
by 7b, where the dashed line between the metal atoms signifies 
the short M-M distance. 

jb o-"f~-6 

7a 7b 

An MX2 layer having the metal-clustering 5b is given by 4b, 
which is simply derived from the M2X6 chains with the metal-
clustering 5b upon edge-sharing. Side-projection views of the MX2 

layers 4a and 4b can be given by 8a and 8b, respectively. In some 
cases, M2X6 chains with the metal-clustering 5b undergo a further 
distortion to have the metal clustering shown in 5c. An MX2 layer 
with the metal-clustering 5c is then given by 4c. 

8a 

8b 

Structural Patterns of MX2 Layers 
A. ReX2 (X = S, Se).2 This phase consists of ReX2 layers, 

which are stacked together via van der Waals interactions. The 
metal atoms are in the oxidation state Re4+ (d3) and the ReX2 

layers exhibit the metal-clustering 4c. 
B. M7Mo2S4 (M' = V, Cr, Fe, Co).3 As shown in 9, this phase 

consists of MoS2 layers. The M' atoms occupy the octahedral 
sites between the MoS2 layers. One might consider 9 as a structure 
distorted from the so-called defect-NiAs structure9 shown in 10. 
A powder X-ray diffraction study of CoMo2S4 (with the space 
group I2/m)u shows the metal-clustering 4b in the MoS2 layers 

(9) Wells, A. F. Structural Inorganic Chemistry, 5th ed.; Clarendon: 
Oxford, 1984; p 167. 
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and so does a single-crsytal X-ray study (with the space group 
C2/m).3b However, a single-crystal X-ray study3c of M'Mo2S4 

(M' = Fe, Co) with the space group Cc reveals the metal-clustering 
4c. Magnetic susceptibility measurements3^ on M'Mo2S4 indicate 
the M' atoms to have the oxidation state +2, so that the MoS2 

layers consist of M3+ (d3) ions. The M'Mo2S4 phase is semi
conducting. The V3X4 (X = S, Se)5 phase has a structure similar 
to 9 (i.e., M'M2X4 with M' = M = V). The VX2 layers show 
the metal-clustering 4b, and the V3X4 phase is metallic. The 
M'Cr2S4 (M' = Cr, V, Ni)5d-10 phase has the structure 10, and 
the CrS2 layers do not show any metal clustering. 

C. Mo2S3.
6 As depicted in 11, the Mo2S3 phase is derived from 

type 2 
chain 

11 
the M'Mo2S4 structure 9 by replacing each M' atom with an 
Mo2S2 unit, i.e., (Mo2S2)Mo2S4 = (Mo2S3)2. This phase has 
Mo2S6 chains both in the MoS2 layers (type 1) and between the 
layers (type 2).6a_d The two types of chains are nearly equivalent 
in that the Mo-Mo distances are about the same, and the Mo 
atoms have the oxidation state Mo3+ (d3). Mo2S3 is metallic but 
undergoes charge density wave (CDW) transitions.6 The type 
1 and 2 chains have the metal-clustering 5b before the CDW 
transitions but the metal-atom-clustering 5c after the CDW 
transitions. M2Se3 (M = Nb, Ta)7 has a structure similar to 11, 
the type 1 and 2 chains of which have the metal-clustering 5b and 
do not exhibit a CDW phenomenon. 

Metal Clustering as a Peier's Distortion 
Our survey in the previous section reveals that the metal-

clustering 5c in the M2X6 chains (equivalently, the metal-clustering 
4c in the MX2 layers) occurs with d3 metal ions and that the 
systems containing such chains either are semiconducting or exhibit 
a CDW phenomenon. With d3 ions, the t2g block bands of an 
M2X6 chain are half-filled. Thus the distortion 5b —* 5c in an 
M2X6 chain, which doubles the unit cell size, would simply be a 
Peierls distortion11 associated with the half-filled t2g block bands. 
This is indeed the case, as we show by performing tight-binding 
band structure calculations12 on representative examples with 

(10) Jellinek, F. Acta Crystallogr. 1957, 10, 620. 
(11) (a) Peierls, R. E. Quantum Theory of Solids; Oxford University 

Press: London, 1955; p 108. (b) Berlinsky, A. J. Contemp. Phys. 1976, 17, 
331. (c) Whangbo, M.-H. Ace. Chem. Res. 1983, 16, 95. (d) Whangbo, 
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Figure 1. t2g block bands of the Mo2S6 chain with the metal-clustering 
5b,3a where T = O, Y = b*/2, and the dashed line refers to the Fermi 
level. 

Table I. Parameters and Exponents Used in the Calculations 

atom orbital Hd (eV) 1̂ 

S16 

Se16 

Nb17 

Mo17 

3s 
3p 
4s 
4p 
5s 
5p 
4d 
5s 
5p 
4d 

-20.00 
-13.30 
-20.50 
-13.20 
-10.10 

-6.86 
-12.10 

-8.34 
-5.24 

-10.50 

1.817 
1.817 
2.44 
2.07 
1.90 
1.85 
4.08 
1.96 
1.90 
4.54 

1.64 0.6401 0.5516 

1.90 0.5899 0.5899 
"Contraction coefficients used in the double-f expansion. 

M2X6 chains. Our calculations are based upon the extended 
Htickel method,13 and the atomic parameters employed in the 
present work are listed in Table I. In our discussion, we describe 
only the t2g block bands since it is those bands that are partially 
filled and thus responsible for the electrical properties and potential 
structural instabilities. 

A. M2X6 Chain and MX2 Layer. Figure 1 shows the t2g block 
bands calculated for the Mo2S6 chain with the metal-clustering 
5b, taken from the crystal structure of CoMo2S4 (space group 
C2/w).3a As described for the Nb2S6 chain OfNb3S4 elsewhere,14 

the flat bands a and c refer to metal-metal bonding and anti-
bonding (across the shared edge between MX4 chains), respec
tively. The band b is dispersive since it is composed of the x2-y2 

orbitals pointed along the chain direction (see 12). Figure 2 shows 

12 

the t2g block bands of the Mo2S6 chain with the metal-clustering 
5c, taken from the crystal structure of CoMo2S4 (space group 
Cc).3b With Mo3+ (d3), the overall t2g block bands are half-filled, 
so that the Mo2S6 chain with the metal-clustering 5b does not have 
a band gap, but that with the metal-clustering 5c does. Since the 
distortion 5b —• 5c in the Mo2S6 chain of Mo3+ (d3) ions doubles 
the unit cell size and also introduces a band gap, it is a Peierls 
distortion associated with the half-filled t2g block bands. 

Figure 3 shows the t2g block bands of the MoS2 layer 4b, taken 
from the crystal structure of CoMo2S4 (space group C2/m).3a Along 
the chain direction T -+Y, the bands a, b, and c are very similar 

(13) Hoffmann, R. J. Chem. Phys. 1963, 39, 1397. A modified Wolfs-
berg-Helmholz formula was used to calculate the off-diagonal H11 values; 
Ammeter, J. H.; Biirgi, H.-B.; Thiebeault, J.; Hoffmann, R. J. Am. Chem. 
Soc. 1978, 100, 3686. 
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Figure 2. t2g block bands of the Mo2S6 chain with the metal-clustering 
5b,3b where T = 0, Y = b*/2, and E1 refers to the band gap. 
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Figure 3. t2g block bands of the MoS2 layer with the metal-clustering 
4b,3" where T = (0, 0), Y = (0, b*/2), and the dashed line refers to the 
Fermi level. 

to those of the Mo2S6 chain shown in Figure 1. Along the in
terchain direction T —• Z, the bands a and b are nearly flat. Thus, 
as far as these two occupied bands are concerned, the Mo2S6 chains 
do not interact strongly in the MoS2 layer. Figure 4 shows the 
t2g block bands of the MoS2 layer 4c, taken from the crystal 
structure of CoMo2S4 (space group Cc).* As expected by analogy 
with the Mo2S6 chains, the MoS2 layer 4b does not have a band 
gap, but the MoS2 layer 4c does. 

It is clear from Figures 1-4 that the metal-clustering 4c in the 
MX2 layers of d3 ions is a direct consequence of the Peierls dis
tortion of its building blocks, M2X6 chains. The metal-metal 
distances found for the metal clusters of CoMo2S4

30 and ReSe2
2a 

are shown in 13a and 13b, respectively. In both cases, the shortest 

•3564 

2.988 

2.989 

CoMo S 
2 4 

2.927 

3.680 

ReSe 

13a 13b 
metal-metal distance is the shorter diagonal distance of the 
"diamond" cluster. That is, the metal-clustering 5c is a slight 
modification of the regular zigzag structure 5b. 

B. Metal Clustering and Electron Counting. According to the 
above discussion, MX2 layers of d3 ions are expected to undergo 
the metal-clustering 4c and become semiconducting as a conse
quence. MX2 layers of metal ions other than d3 are not expected 
to show the metal clustering 4c and hence remain metallic. With 

eV 

-10. 

Figure 4 
4c,3b where f 

Z T Y 
t2g block bands of the MoS2 layer with the metal-clustering 

(O, O), Y = (O, b*/2), and E1 refers to the band gap. 

(O) (b) 
Figure 5. Schematic diagrams showing the essential change associated 
with the 5b -» 5c distortion in the M2X6 chain: (a) the half-filled band 
a for the M2X6 chain with the metal-clustering 5b and (b) the two split 
bands a and a* for the M2X6 chain with the metal-clustering 5c. 

this generalization, we now comment on some M'M2X4 systems. 
VMo2S4 is a semiconductor311"1 and is reported to have the 

metal-clustering 4b in one study3f and 4c in another study.3e Given 
the most likely oxidation state V2+ and hence the Mo3+ (d3) ions 
in the MoS2 layers, the crystal structure having the metal-clus
tering 4c should be the correct structure. This is indeed the 
case.3e,ls 

NiV2X4 (X = S, Se)4 is metallic and shows the metal-clustering 
4b. This suggests the oxidation state Ni2+ and hence the V3+ (d2) 
ions in the VX2 layers, which avoids the instability toward the 
metal-clustering 4c. The V3X4 (X = S, Se)5 phase (i.e., M'M2X4 

with M' = M = V) is metallic and has the metal-clustering 4b 
in the VX2 layers. This is consistent with the oxidation states V2+ 

(d3) and V3+ (d2) in the M' and M sites, respectively. Our band 
structure calculations on V3S4 reveal that it is a multidimensional 
metal. 

Neither the metal-clustering 4b nor the metal-clustering 4c is 
found in the CrS2 layers of M'Cr2S4 (M' = Cr, V, Ni),4"'10 despite 
the expected oxidation state Cr3+ (d3) in the CrS2 layers. If 
electron localization occurs in M'Cr2S4, as usual for many other 
Cr compounds, high-spin electron configurations would be ap
propriate for M'Cr2S4. Therefore the reasoning of the Peierls 
distortion based upon low-spin band filling does not apply.llc,d 

Nevertheless, Cr3S4 is a poor metal, which is possible if the 
partially filled eg block bands of the M'2+ ions (i.e., Cr2+) between 

(15) X-ray oscillating Weissenberg photographs for a VMo2S4 single 
crystal clearly show a doubling of the monoclinic b axis (i.e., b = 6.478 A), 
which rules out the existence of a regular metallic zigzag chain: Chevrel, R., 
unpublished results. 

(16) Canadell, E.; Whangbo, M.-H. Inorg. Chem. 1987, 26, 3974. 
(17) Summerville, R. H.; Hoffmann, R. J. Am. Chem. Soc. 1976, 98, 7240. 
(18) Burden, J. K.; Hughbanks, T. Inorg. Chem. 1985, 27, 1741. 
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X Y YZ T 
Figure 6. t2, block bands of Mo2S3, where V = (0, 0, 0), X = (x*/2, 0, 
0), Y = (0, b*/2, 0), Z = (0, 0, c*/2), and the dashed line refers to the 
Fermi level. 

the CrS2 layers overlap with those of the M3+ ions (i.e., Cr3+) in 
the CrS2 layers.5d 

The M' atoms of M'M2X4 occupy the octahedral sites between 
the MX2 layers. It is interesting to consider if the band gap of 
the MX2 layer 4c (Figure 4) would be closed up by possible 
interactions between the MX2 layers via M'. Since the unit cell 
of M7Mo2X4 with the metal-clustering 4c is large for band 
structure calculations, we examine this question qualitatively. The 
essential electronic structure change associated with the distortion 
5b —• 5c in the M2X6 chain is summarized in Figure 5, i.e., the 
half-filled band b is split into bands a and a*. A unit cell of 
M'M2X4 has four M2X6 chains, so that eight a and eight CT* levels 
are present at T. These levels pair up along T —- Y (e.g., Figure 
5), but the crystal symmetry of M'Mo2X4 does not allow a pairing 
of (J levels with a* levels. Therefore, if the separation between 
the a and a* levels is large in each M2X6 chain, the band gap of 
the MX2 layer will not be closed up by interlayer interactions via 
M'2+ ions. 

C. Mo2S3 vs M2Se3 (M = Nb, Ta). Mo2S3 has two CDWs, 
ki = (0, b*/2, 0) and k2 = (a*/2, b*/2, 0),6b which occur below 
110 and 150 K, respectively. Mo2S3 is metallic after the two CDW 
transitions.6"1 This implies an imcomplete destruction of the Fermi 
surfaces by the CDWs and is possible when type 1 and 2 chains 
interact to some extent. Figure 6 shows the dispersion relations 
of the t2g block bands calculated for the structure of Mo2S3 without 
the CDW modulations. Mo2S3 has one type 1 chain and one type 
2 chain per unit cell. The six pairs of the t2g block bands, clearly 
seen along the T —• Y direction of Figure 6, are similar in nature 
to the t2g block bands a, b, and c of Figure 1. The energy splitting 
in each of the bands a, b, and c suggests the presence of some 
interactions between type 1 and 2 chains and so do the dispersion 
relations along r —*• X and T —* Z directions. The bands b, most 
dispersive along r —• Y and partially filled, are likely to cause 
the CDW instabilities in Mo2S3. The absence of a permanent 
distortion in Mo2S3 (such as that found for ReSe2 and M'Mo2S4) 
may be due to the interactions between type 1 and 2 chains. For 
example, a permanent distortion in type 1 chains may cause severe 
strain on type 2 chains and vice versa. 

M2Se3 (M = Nb, Ta)7 has a structure similar to 9, as does 
Mo2S3. The metal-clustering 5b is found for type 1 and 2 chains, 

Canadell et al. 

Figure 7. t2g block bands of Nb2Se3, where T = (0, 0, 0), X = (a*/2, 
0, 0), Y = (0, b*/2, 0), Z = (0, 0, c*/2), and the dashed line refers to 
the Fermi level. 

but the two types of chains are not equivalent in that the M-M 
bond is longer in type 2 chains. Unlike Mo2S3, M2Se3 does not 
show a CDW phenomenon, which reflects the fact that the M2Se6 

chains contain d2 ions instead of d3 ions. Figure 7 shows the t2g 

block bands calculated for Nb2Se3, which have the feature similar 
to those of Figure 6. The bottom portion of the dispersive bands 
b overlaps with the bands a. With d2 ions, the Fermi level of M2Se3 

cuts the region in which the bands are dispersive in all directions, 
r —* X, T —- Y, and T —>• Z (see Figure 7). Therefore, M2Se3 

(M = Nb, Ta) is a metal and does not show a CDW phenomenon. 

Concluding Remarks 
Except for systems such as M'Cr2S4 (M' = V, Cr, Ni) in which 

electron localization is presumably important, our study leads to 
the following conclusions: MX2 layers of d2 ions show the met
al-clustering 4b (or equivalently, the metal-clustering 5b, in its 
M2X6 chains). This is caused by the metal-metal bond formation 
in the M2X6 chain across each shared octahedral edge between 
MX4 chains. MX2 layers of d3 ions show the metal-clustering 
4c (or equivalently, the metal-clustering 5c, in its M2X6 chains). 
This is a consequence of the Peierls distortion associated with the 
half-filled t2g block bands of individual M2X6 chains. Therefore, 
the MX2 layers of d3 ions cannot be semiconducting without the 
metal-clustering 4c. Mo2S3 consists of two types of M2X6 chains, 
i.e., those in the MX2 layers and those between the MX2 layers. 
Mo2S3 has Mo3+ (d3) ions and shows metal clustering not as a 
permanent distortion but as a CDW. This is due to some in
teractions between the Mo2S3 layers via the intervening Mo2S6 

chains. M2Se3 (M = Nb, Ta) contains M2Se6 chains with d2 ions 
and consequently shows the metal-clustering 4b and metallic 
behavior. 
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