
VOLUME 39, NUMBER 10 PH YSI CAL RK V I K%~ LKTTKRS 5 SEPT-EMBER 1977

Relation between Electronic Structure and T, in Binary
and Ternary Molybdenum Chalcogenides

D. W. Bullett
Cavendish Laboratory, Madingley Road, Cambridge CB3 OIIE, England

(Received 25 July 1977)

Localized orbital calculations are presented for the electronic structure of Chevrel-
phase molybdenum chalcogenides. Densities of states at the Fermi energy, &(EF), are
found to depend sensitively on the modification of intercluster interactions because of
lattice distortions introduced by the ternary component. Calculated &(EF) values in
Moess, PbMoeSB, Mo6Se8, and PbMoeSe8 are 0.5, 1.7, 1.1, and 0.9 states/(spin Mo-atom
eV), respectively, and show a strong correlation with T,. States near to ZF are strongly
confined within Moe octahedra.

The unusual superconducting properties" of
the ternary molybdenum chalcogenides have gen-
erated considerable interest in their electronic
structure. These compounds, first synthesized
by Chevrel, Sergent, and Pringent, ' have the gen-
eral formula, M Mog', „,where X is S, Se, or
Te and M may be Cu, Pb, Sn, Ag, etc. , or a rare
earth, ' and they frequently occur nonstoichio-
metrically. They display superconducting tran-
sition temperatures as high' as 15 K and critical
fieldsa' up to 600 kG (for Pb, .»Mo, S, ,). Recent
experiments have detected soft vibrational modes
which contribute substantially to the ma, ss en-
hancement X. We report here a theoretical in-
vestigation of the electronic structure of the com-
pounds PbMo, S, and PbMo, Se, together with the
related binary compounds Mo, S, and Mo, Se,. The
results confirm a strong relation between T, and
the density of states at the Fermi surface N(EF),
which depends rather sensitively on the sma, ll
distortions caused by the addition of the third
component to the lattice.

The stoichiometric structures have rhombohe-
dral symmetry R3 with the rhombohedral angle
close to 90 and one formula unit per unit cell. '
The binary compounds consist of a distorted
primitive cubic network of chalcogen atoms with
every eighth cube occupied by a Mo, octahedron.
The vertices of this octahedron lie near the face
centers of the chalcogen cube, which is tilted
approximately 15 with respect to the rhombohe-
dral axes. Such an arrangement leaves vacant
channels running through the structure along the
rhombohedral axes and it is along these channels
that the Pb atoms are a,ccommodated in the ter-
nary compounds. An alternative way of visualiz-
ing the structure is as a distorted CsCl structure
in which Pb atoms replace Cs at the origin and
a cubic Mo, X, cluster replaces Cl at the center.

The Mo, X, unit is slightly deformed from cubic
symmetry and rotated 25' about a (111) axis.

Because of the complexity of these crystal
structures (containing fourteen or fifteen atoms
per unit cell), no full band-structure calculations
have previously been attempted. Andersen,
Klose, and Nohl' have presented level schemes
using muffin-tin orbitals and the atomic-sphere
approximation to the Korringa, -Kohn-Rostoker
method for Mo, X,4 clusters, corresponding to a
basic Mo, X, unit and the six nearestX atoms
from neighboring clusters. Mattheiss and Fong
have reported a tight-binding calculation for a,

cubic Mo, S, cluster. The interaction parame-
ters were derived indirectly from a tight-binding
fit to an augmented-plane-wave energy-band cal-
culation for a hypothetical Mo, S crystal in the
Cu3Au s true tur e . Al though they provide a us eful
discussion of a cubic Mo, S, cluster, the rele-
vance to the properties of real Chevrel-phase
compounds is questionable since intercluster
banding effects could not be included with any
certainty.

The results presented here were obtained in a
localized-orbital calculation. There were no ad-
justable parameters; all matrix elements in the
(non-Hermitian) localized-orbital secular equa-
tion" were computed by direct integration of the
appropriate atomic wave functions and potentials. "
For Mo the d's' configuration was adopted and
the exchange constant n in the Herman and Skill-
man" free-atom program was set equal to 0.7
throughout. The basis consisted of s and d orbi-
tals on Mo sites, s andP chalcogen orbitals, and
s and P orbitals on Pb sites (when present), giv-
ing a secular matrix of dimension 72&&72 or 68
&& 68. Interatomic interactions were neglected
beyond a separation of about 8.0 a, .u. ; the pre-
cise range in each case was chosen so tha, t the
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TABLE I. Free-atom energy levels (in eV) used in
the molecular orbital calculations.

TABLE II. Analysis of orbital character of molecu-
lar levels near gF for the cubic Mo6S8 cluster.

Se Mo
State

Energy
(eV)

Mo

dzy dyz z& d~ 2 y2 dz & Sp
g~
g~
&s

8.0
—17.8

7 4
—17.4

—5.0

—4.0
—4.5

—10.6

I II I I IIII I I I IIII

I III IIIII I IIII IIIIII

3 0-

2 0-
Mo 5 Mp Se

-12 -10 -8
X
C
CL

4 0-
e

V)
3 0- Pb Mo658

-6 EF -2 -12 -10 -8 -6 EF -2

Pb Mo65e8

2 0

1 ~ 0-

-12 -10 -8 -6 E -2 -12 -10 -8 -6 E -2F F
Energy (eV)

FIG. 1. Calculated electronic densities of states for
Mo6S8, Mo6Se8, PbMo6S8, and PbMo6Se8. Upper and
lower bars for Mo6S8 show the molecular energy levels
of an isolated Mo688 cluster before and after applying
the noncubic distortion which occurs in the solid.

same types of interaction were included in each
structure to avoid possible spurious differences
between calculations for different materials. The
free-atom energy levels used in the calculations
are shown in Table I.

The bars in Fig. 1 indicate the molecular levels
of a single Mo,S, cluster, both before and after
applying the rhombohedral distortion character-
istic of bulk Mo,S,. A more detailed analysis of
the orbital content of levels near to EF is given in
Table II for the undistorted cubic case. The x, y,
and & directions are the conventional cube axes
and & points from a Mo site towards the cube cen-
ter. In agreement with other calculations, "the
spectrum separates roughly into a set of bonding
levels weighted predominantly on chalcogen sites
and a set of levels mainly derived from Mo d or-
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bitals. The groups are about 3 and 4 eV wide, re-
spectively, and their centers are separated by
about 4.5 eV. Sulfur s states form a group of
levels -1 eV wide centered about 10 eV below
the middle of the P band and have been omitted
from the figure and from Table II.

The valence levels of Mo, X, contain a total of
84 electrons and we find that states near the Fer-
mi level involve primarily the nonbonding d„~
orbitals. " The weakness of the coupling be-
tween these and the surrounding X atoms (lead-
ing to bandwidths of -0.3 eV in the solid) is pre-
sumably responsible for the high critical fields
characteristic of these materials. The next high-
er levels are of primarily d„character, nonbond-
ing with respect to intracluster X atoms but cap-
able of strong interaction with X atoms in adja-
cent Mo, X, units in the solid. Higher levels tend
to contain considerable d„, and X~ character, as
expected for antibonding Mo-X states.

In the bulk crystal the basic Mo, X, units dis-
tort and rotate relative to the (approximately
orthogonal) rhombohedral axes, in order to opti-
mize the formation of intracluster Mo(d, )-X
bonds at a, distance very close to the intracluster
Mo-X bond length. Thus we must expect substan-
tial banding effects from the intercluster interac-
tion. Densities of states for the measured crys-
tal structures' of Mo,S„Mo,Se„PbMo,S„and
PbMo, Se, were calculated by diagonalizing the
secular matrix at 64 regularly spaced 4 points in
the irreducible Brillouin zone (although to the de-
gree of detail considered here it was found that a
28-point sampling would have sufficed).

665



VOI.VME 39, NUMBER 10 PHYSICAL REVIEW LETTERS 5 SEPTEMBER 1977

TABLE lII. Comparison between calculated g (gF)
[states/(spin Mo-atom eV)) and experimental T, (K).

Mo688 PbMo688 MO6Se8 PbMo, se,

0.5
1,6

1.7
13

1.1
6.3

0.9
3.9

Results for these four materials are shown in
Fig. 1. Intercluster interactions are sufficiently
strong that the only gaps in the energy spectrum
occur in the middle of the d band, separating
what we might call the nonbonding and antibond-
ing Mo-X states, and, for the more electronega-
tive element, between bonding and nonbonding
Mo-S states. The Fermi level lies just below the
former gap. In the binary sulfide the nonbonding-
antibonding gap barely exists whereas the clear
gap of 0.6 eV in PbMo, S, demonstrates the stabil-
izing effect of the third component in the struc-
ture. It appears that in Mo, S, there is some mis-
match between the demands of the intercluster
Mo-S bonds and those of the weaker intercluster
S-S bonds and that this strain can be relieved by
a third component. In the selenide these compet-
ing intercluster demands are somewhat better op-
timized; the corresponding gap in Mo, Se, is 0.4
eV wide (this compound is known to form more
easily than Mo, S,) and increases to 0.7 in

PbMo, Se,.
Densities of states at the Fermi energy N(EF)

are compared in Table III with experimental su-
perconducting transition temperatures T,. The
change brought about by addition of Pb to Mo, S,
is particularly dramatic; N(EF) increases from
0.5 to 1.7 states/(spin Mo-atom eV), and at the
same time T, jumps from 1.6 to about 13 K. It
is clear that this is not simply the result of shift-
ing the Fermi level in a rigid-band model. We
can demonstrate that the function of the lead is
primarily a passive one of distorting the Mo, S,
structure, by computing the density of states for
the hypothetical PbMo, S, structure with Pb sites
left empty. The resulting spectrum of energy
levels is substantially the same as for the true
Pb Chevrel phase (except for the removal of the
sharp features just above and below the S P band,
both of which arise from Pb s states). This is
consistent with the experimental observation that
a wide variety of third (and fourth) components
can be incorporated into Mo, S, to raise T, ; the
size of the added components should be more im-

portant than their chemical nature. For the sele-
nide the change in N(EF) is much less dramatic
and it is known that the ternary elements can
either increase or decrease T,.4

These results show that in the Chevrel phases
N(Eq) and T, depend sensitively on the modifica-
tion of intercluster interactions resulting from
lattice distortions introduced by the ternary com-
ponent (or by changes in pressure" ). A more de-
tailed discussion of the'se distortions and their ef-
fects will be presented elsewhere. Unfortunately,
the present results show little reason to suppose
that in this series of compounds 1', can be in-
creased significantly beyond the value for
PbMo, S,.
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