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The ternary reduced molybdenum sulphide Cs∼1Mo12S14 has been synthesized by solid-state reaction at 1400 �C for
96 h in sealed molybdenum crucibles. The compound crystallizes in the trigonal space group P3h1c with the following
lattice parameters: a = 9.9793 (2) Å, c = 6.3730 (2) Å, Z = 1. Its crystal structure was determined from single crystal
X-ray diffraction data and consists of interconnected Mo6S8

i S6
a units forming an original three-dimensional framework in

which large tunnels are occupied randomly by the Cs+ ions. 133Cs static NMR studies are in favor of a static cesium
disorder. Unlike Ba4Mo12S18 where someMo6S8

i S6
a units are also connected through Si-i ligands, this connection mode

does not lead to significant interactions in the title compound. Single-crystal resistivity measurements show that
Cs∼1Mo12S14 presents a metallic behavior with a superconducting transition at 7.7 K as confirmed by magnetic
measurements.

Introduction

The ternary molybdenum chalcogenides MxMo6X8 (M=
Na, K, Ca, Sr, Ba, Sn, Pb, rare earth metal, 3d element; X=
S, Se or Te), known as Chevrel phases, have attracted special
interest because of their remarkable physical properties.1-4

For example, PbMo6S8 is a superconductor with a critical
temperature Tc as high as 15 K and high values of upper
critical field HC2 of beyond 60 T at 4.2 K. The common
structural motif in these compounds is the three-dimensional
cross-linking of Mo6X8X6 cluster units by sharing X atoms,
as indicated in the formula Mx(Mo6X2X6/2)X6/2.

5 The
Mo6X8X6 cluster unit consists of an octahedral Mo6 cluster
surrounded by 14 chalcogen atoms with eight of them
forming a distorted cube and the remaining six capping the
faces of the S8 cube. In the formalism of Sch

::
afer and von

Schnering,6 such a unit can be written as Mo6S8
i S6

a. The
ternary metal atoms, M, reside in channels running along
the rhombohedral axes in this network and transfer xn
electrons to the Mo6 cluster as in Mx

n+(Mo6X8
xn-). Up to

four electrons per Mo6 cluster may be transferred so xn

ranges from 0 to 4. Generally, frameworks with four trans-
ferred electrons (24 metal-metal bonding electrons per Mo6
cluster) are semiconducting while those with xn < 4 are
metallic and often superconducting. In 1983, we presented
briefly the superconducting compound Cs0.6Mo6S7

7 which
presents a different arrangement of the Mo6S8

i S6
a units. We

present here a thorough study of the latter compound which
includes the synthesis, the electronic and crystal structures,
and some physical studies such as magnetic, NMR, and
electrical measurements.

Experimental Section

Syntheses. Starting materials used for the syntheses were
MoS2, Cs2MoS4 and Mo, all in powder form. Before use, Mo
powder (Plansee 99.99%) was reduced under H2 flowing gas at
1000 �C during ten hours to eliminate any trace of oxygen. The
molybdenum disulfide was prepared by the reaction of sulfur
(Fluka 99.999%) with H2 reduced Mo in a ratio 2:1 in an
evacuated (ca. 10-2 Pa Ar residual pressure) and flame-baked
silica tube, heated at 800 �Cduring two days. The thiomolybdate
of cesium was obtained by sulfuration of Cs2MoO4, at 450 �C,
respectively, for two days using CS2 vapor in a flowing argon
carrier. The molybdate Cs2MoO4 was synthesized by heating an
equimolar ratio of MoO3 (CERAC 99.95%) and Cs2CO3

(CERAC 99.9%) in an alumina vessel at 800 �C in air over
two days. The purity of all starting reagents was checked by
powder X-ray diffraction on an Inel curve sensitive position
detector CPS 120. Furthermore, to avoid any contamination by
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oxygen and moisture, the starting reagents were kept and
handled in a purified argon-filled glovebox. Single-phase pow-
der of CsMo12S14 was obtained by high-temperature solid state
reaction from the required stoichiometric mixture of MoS2,
Cs2MoS4, and Mo. Theses powders were mixed, ground to-
gether in a mortar, and then cold-pressed using a hand press.
The pellet was then loaded in amolybdenum crucible, whichwas
sealed under a low argon pressure using an arc welding system.
The crucible was heated at a rate of 300 �C h-1 to 1400 �C and
held there for 4 days, then cooled at 100 �C h-1 to 1000 �C and
finally furnace cooled to room temperature. The analysis of
X-ray diagrams of powders with starting compositions ranging
from Cs0.9Mo12S14 to Cs1.1Mo12S14 showed a single phase.
Beyond these limits, multiphase samples with Mo2S3 and
Cs2Mo6S6 as main impurities were obtained. Crystals grow
generally in the shape of an elongated hexagonal pyramid
(Figure 1). The quasi-absence of nonstoichiometry in cesium
was also confirmed by the X-ray studies made on single crystals
coming from different preparations. Indeed, the stoichiometry
in cesium was in the Cs0.978(8)Mo12S14-Cs1.15(1)Mo12S14 range.

Single Crystal Structure Determination. A black hexagonal
bipyramidal crystal of approximate dimensions 0.110� 0.100�
0.092 mm3 was selected for data collection. Intensity data were
collected on a Nonius Kappa CCD diffractometer using a
graphite-monochromatized Mo KR radiation (λ=0.71073 Å)
at room temperature. The frames were recorded using Δω=2�
rotation scans with an X-ray exposure time of 60 s. Reflection
indexing, Lorentz-polarization correction, peak integration,
and background determination were performed using the pro-
gram DENZO of the Kappa CCD software package.8 An
empirical absorption correction was applied with the SORTAV
program9 (Tmin = 0.4537, Tmax = 0.5035). Analysis of the data
revealed that the systematic absence (hhl) l = 2n + 1 was
consistent with the trigonal space group P3h1c. Of 11243 reflec-
tions collected in the 3.97-39.91� θ range, 1138 were indepen-
dent (Rint=0.0288). The initial positions for all themolybdenum
and sulfur atoms were determined with the direct methods
program SIR9710 in the P3h1c space group. At this stage, an
electron density difference map revealed a quasi-continuous
electron density along the c axis with a clear maximum at the
levels z = 0.25 (Figure 2). Subsequently, different models were
refined with SHELXL9711 to describe the cesium distribution.
The best one corresponded to two partly occupied Cs sites
(4e and 2b) using second-order tensors for the anisotropic
displacement parameters. Anharmonic treatment of atoms
Cs1 and Cs2 using the program JANA200012 was unsuccessful.
The final occupation factors for the Cs atomswere refined freely
to values of 0.845(11) and 0.57(3) for Cs1 and Cs2, respectively.
The positional and anisotropic displacement parameters for all
atoms as well as the occupancy factors for the Cs atoms were
refined to the values R1 = 0.0163, wR2 = 0.0315 for 27
parameters and 1045 reflections with I>2σ(I), and the residual
electron densities were 0.874 and -1.081 e Å-3. Because of the
disordering of the cesium atoms, we made reciprocal-space
reconstruction of different planes as well as long-exposure
rotations along the a and c axes on a single crystal on the
KappaCCD diffractometer. In both cases, we did not observe
any superlattice reflection. A summary of the X-ray crystal-
lographic and experimental data is presented in Table 1, and
selected interatomic distances are reported in Table 2.

Electrical Resistivity Measurements. The ac resistivity was
measured on single crystals at 80 Hz with a current amplitude of
20 μA using standard four-probe techniques between 290 and
4.2 K. Ohmic contacts were made by attaching molten indium
ultrasonically.

Magnetic Susceptibility Measurements. Susceptibility data
were collected on a powder sample on a SHE-906 SQUID
magnetosusceptometer at an applied field of 10 Oe.

Solid-State NMR Experiments. 133Cs (I=7/2) NMR experi-
ments were carried out under static and MAS conditions (up to
14.5 kHz) using a Bruker Avance 300 spectrometer equipped
with a 4mmMASprobe. Rotor synchronized quadrupolar echo
pulse sequences were used with radiofrequency field strength of
62 kHz and repetition delays of 2 s.

Computational Details. Self-consistent ab initio band struc-
ture calculations of CsMo12S14 were performed with the scalar
relativistic tight-binding linear muffin-tin orbital method in the
atomic spheres approximation including the combined correc-
tion (LMTO).13 A model compound where cesium atoms only
occupy 2b sites was first considered. Exchange and correlation
were treated in the local density approximation using the von
Barth-Hedin local exchange correlation potential.14Within the
LMTO formalism, interatomic spaces are filled with interstitial
spheres. The optimal positions and radii of these additional
“Empty Spheres” (ES) were determined by the procedure de-
scribed in ref 15. Ten nonsymmetry-related ESwith 0.65 Åe rES
e 1.57 Å were introduced for the calculations. The full LMTO
basis set consisted of 6s, 6p, and 5d functions for Cs spheres, 5s,
5p, 4d, and 4f functions forMo spheres, 3s, 3p, and 3d functions
for S spheres, and s, p, and d functions for ES. The eigenvalue
problem was solved using the following minimal basis set
obtained from L

::
owdin downfolding technique: Cs (6s), Mo

(5s, 5p, 4d), S (3s, 3p), and ES (1s). The k space integration
was performed using the tetrahedron method.16 Charge self-
consistency and the average properties were obtained from 96
irreducible k points. Ameasure of the magnitude of the bonding
was obtained by computing the crystal orbital Hamiltonian
populations (COHP) which are the Hamiltonian population
weighted density of states (DOS).17,18 As recommended, a
reduced basis set (in which all ES LMTOs have been down-
folded) was used for the COHP calculations.19 DOS and COHP
curves are shifted so that εF lies at 0 eV.

Figure 1. SEM image of a crystal of Cs∼1Mo12S14.
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Full potential (linearized) augmented plane wave + local
orbitals (LAPW+lo) calculations,20 as implemented in the
WIEN2K code, have also been carried out.21 Different modeled
crystallographic structures described in the space groupP3 have
been computed depending on the position of cesium atoms.
Exchange and correlation effects were treated using theGGA of
Perdew et al.22 Sphere sizes of 2.5, 2.4, and 2.3 a.u. for Cs, Mo,
and S spheres, respectively, were used. Basis of 57359 planewaves
(corresponding to RminKmax=7) were used, and the integration
was done with 36 k points in the irreducible Brillouin zone.

Results and Discussion

The Cs∼1Mo12S14 compound crystallizes in an original
structural type, the Mo-S three-dimensional framework of
which is based on an original interconnection of theMo6S8

i S6
a

unit (Figure 3). The latter unit, which is similar to that
encountered in the Chevrel phases, can be described as a

Mo6 octahedron surrounded by eight face-capping inner Si

(six S1 and two S2) and six apical Sa (S2) ligands. In
Cs∼1Mo12S14, all the S ligands of theMo6S8

i S6
a unit are shared

with the adjacent units for the first time leading to the
connective formula [Mo6S2/2

i-i S6/2
i-1 ]S6/2

a-i . As a consequence the
title compounds constitute the limit phase in the process of

Figure 2. Difference Fourier map along the c axis in Cs∼1Mo12S14.

Table 1. X-ray Crystallographic and Experimental Data for Cs1.15(1)Mo12S14

formula Cs1.15(1)Mo12S14
formula weight (g mol-1) 1752.73
space group P31c
a (Å) 9.9793(2)
c (Å) 6.3730(2)
V (Å3) 549.64(2)
Z 1
Fcalcd (g cm-3) 5.295
T (�C) 20
λ (Å) 0.71073 (Mo KR)
μ (cm-1) 97.81
R1a (on all data) 0.0203
wR2b (on all data) 0.0323

aR1=
P

||Fo|-|Fc||/
P

|Fo|.
bwR2={

P
[w(Fo

2-Fc
2)2]/

P
[w(Fo

2)2]}1/2,
w=1/[σ2(Fo

2)+(0.0279P)2+64.3224P] whereP= [max(Fo
2,0)+2Fc

2]/3.

Table 2. Main Interatomic Distances (Å) in Cs1.15(1)Mo12S14

Mo1-S1 2.4072(3) Cs1-S1 3.5864(3)�6
Mo1-S1 2.4341(3) Cs1-S1 4.1287(3) �6
Mo1-S1 2.4863(3) Cs2-S2 3.5236(3)�6
Mo1-S1 2.4958(3) Cs2-S2 4.2878(3)�6
Mo1-S2 2.61029(12)
Mo1-Mo1 2.5999(2)
Mo1-Mo1 2.67923(18) �2
Mo1-Mo1 2.7279(2)
Mo1-Mo1inter. 3.4962(2)

Figure 3. View of the unit-cell of Cs∼1Mo12S14.
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condensation of the Mo6L8
i L6

a unit (L=S, Se, Te, Cl, and Br)
(see Table 3). Indeed such motifs exist as discrete anions, for
example, inMMo6Cl14 (M=3ddivalentmetal, Sn, Pb, ...)23,24

or can be linked to each other by sharing apical and/or inner
ligands to create various structure-types, the dimensionality
of which depends on the numbers of shared ligands. In a first
step, the sharing of the La ligands is observed. Thus Na-
Mo6Cl13,

24,25 in which eachMo6Cl14 unit shares two opposite
Cla ligands, presents a one-dimensional character and has the
connective formula NaMo6Cl8

i Cl4
aCl2/2

a-a. In MoCl2,
26 the

Mo6Cl14 units are planar linked with the formula Mo6Cl8
i -

Cl2
aCl4/2

a-a, and in Mo6Br10S,
27 all the La ligands are shared

leading to a three-dimensional arrangement the connective
formula which isMo6Br7

i SiBr6/2
a-a. All of the above compounds

are insulators. In a second step, the inner Li ligands are shared
as exemplified by the compounds Mo6Br8S2 (Mo6Br5

i -
SiS2/2

i-i Br6/2
a-a),28 Mo6Br6S3 (Mo6Br4

i S2/2
i-a S2/2

i-i Br4/2
a-aS2/2

a-i ),29 and
MxMo6X8 (M=Na, K, Ca, Sr, Ba, Sn, Pb, rare earth metal,
3d element; X=S, Se or Te; MMo6S2

i S6/2
i-a S6/2

a-i ), known as
Chevrel phases.1,4 The next step after the ligand sharing
corresponds to the condensation of the Mo6 cluster itself to
form larger units such asMo9L11, Mo12L14, Mo15L17, ... (L=
S, Se, Te).30 The other structural feature inCs∼1Mo12S14 is the
connection of the Mo6S8

i S6
a units through Si-i ligands. The

latter atoms are thus in a trigonal antiprismatic environment
of Mo atoms. This differs from the Si-i ligands found in
Ba4Mo12S18,

33 inwhich theyare in a prismatic environment of
molybdenum. As reflected by the connective formula
([Mo6S2/2

i-i S6/2
i-a ]S6/2

a-i ) of the Mo6S8S6 unit in Cs∼1Mo12S14,
they are also, similarly to the Chevrel phases, six Si-a and
six Sa-i ligands around eachMo6 cluster which are sharedwith
the six adjacent clusters, three above and three below. How-
ever, the latter ones are in the eclipsed position, while in
the Chevrel phases, they are in the staggered position. It
results, from this arrangement, in large channels extending
along the c axis in which the cesium ions reside as shown by
the projection of the structure onto the hexagonal plane (001)
(Figure 4).

The Mo6 clusters are centered on 2d positions (1/3, 2/3,
1/4) and thus have here the point symmetryD3 instead ofC3i

in the rhombohedral MxMo6X8 compounds. The loss of the
inversion center leads to a small rotation of about 7� of the
twoMo3 triangles perpendicular to the 3-fold axis that are in
the ideal staggered conformation in the rhombohedral
MxMo6X8 compounds. As a consequence, two different
intertriangle Mo-Mo distances of 2.5999(2) and 2.7279-
(2) Å are observed in CsMo12S14. TheMo-Mo intratriangle
distances which correspond to the distances within the Mo3
triangles formed by the Mo atoms related through the 3-fold
axis are equal to 2.67923 (18) Å in CsMo12S14. The averaged
Mo-Mo distance is 2.672 Å. The Mo atoms are surrounded
by five S atoms (4 S1 and 1 S2) forming a distorted square
pyramid. The Mo-S1 bond distances range from 2.4072(3)
to 2.4958(3) Å while theMo-S2 distance is longer and equal
to 2.61029(12) Å. This also leads to an intercluster distance of
3.4962(2) Å. It is interesting to note that the latter distance is
larger that those observed in the sulfides MxMo6S8 where
they do not exceed 3.4086(3) Å as observed in BaMo6S8.

31

The sulfur cavities occupied by the cesium atoms can be
described as highly distorted snub tetrahedra with Cs-S
distances ranging from 3.5236(3) to 4.2878(3) Å.
Electrical resistivity measurements were performed on a

single crystal of composition Cs0.978(8)Mo12S14 that was
determined from an X-ray study. CsMo12S14 is poorly
metallic, with a room temperature resistivity of 1.4 mΩ 3 cm,

Table 3. Progressive Condensation of the Mo6L8
i L6

a Unit in Reduced Molybdenum Halides, Chalcohalides, and Chalcogenides

compound connective formula Mo-Mointercl. (Å) VEC transport properties ref

HgMo6Cl14 Mo6Cl8
i Cl6

a >6 24 insulating 23, 24
NaMo6Cl13 Mo6Cl8

i Cl2/2
a-aCl4

a >6 24 insulating 25
Mo6Cl12 Mo6Cl8

i Cl4/2
a-aCl2

a 4.54 24 insulating 26
Mo6Br10S Mo6S

iBr7
i Br6/2

a-a 4.50 24 insulating 27
Mo6Br6S3 Mo6Br4

i S2/2
i-i S2/2

i-a Br4/2
a-aS2/2

a-i 3.53 24 semiconducting 29
Mo6S6Br2 Mo6Br2

i S6/2
i-a S6/2

a-i 3.22 22 metallic, super., Tc=13.8 K 1
PbMo6S8 Mo6S2

i S6/2
i-a S6/2

a-i 3.27 22 metallic, super., Tc=14 K 1
Cs∼1Mo12S14 Mo6S2/2

i-i S6/2
i-a S6/2

a-i 3.49 22.5 metallic, super., Tc=7.7 K. this work

Figure 4. Crystal structure of Cs∼1Mo12S14 as viewed down the c-axis.
Black lines denote Mo-Mo bondings, and gray lines, Mo-S bondings.
Ellipsoids are drawn at the 97% probability level.
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and becomes a superconductor below 7.7 K (Figure 5).
The resistivity just before the superconducting transition
was 0.45 mΩ 3 cm. Superconductivity was also confirmed by
Meissner effect from susceptibility measurements on
powder samples of compositions Cs0.9Mo12S14 and
Cs1.1Mo12S14 (Figure 6). It is interesting to note the super-
conducting transition temperature does not change with the
Cs content.
Because of the staggered conformation of theMo6 clusters

in the title compound, the shortestMo-Modistance between
neighboring Mo6 clusters that share a capping sulfur ligand
is equal to 4.439 Å. Such a long distance prevents the
occurrence of metal-metal bonds between these clusters.
That differs from the (Mo6)2 dimeric units of Ba4Mo12S18
where a metal-metal bond links theMo6 octahedral units in
eclipsed conformation.33 Therefore, as for the Chevrel
phases,32 the band structure of the title compound derives
from the electronic structure of the Mo6L8 octahedral motif,
and as shown by the COHP curves sketched in Figure 7, a
band gap separates the Mo-Mo bonding and nonbonding
bands (MOs) from the Mo-Mo antibonding bands for the
metallic electron (ME) count of 24 per Mo6 cluster. Since
theME count perMo6 in the title compound is equal to 22.5,
the Fermi level cuts a weakly Mo-Mo bonding peak of
density of states of the valence band. That is consistent with
themeasuredmetallic properties.As for theChevrel phases,32

weak interactions between metal atoms of Mo6 clusters that

share Si-a and Sa-i ligands (Mo-Mo=3.4962(2) Å) are at the
origin of the metallic properties.
The 133Cs static NMR spectra sketched in Figure 8 exhibit

a complex line shape with overlapping signals, hindering a
precise analysis of this spectrum; however, we do observe
satellite transitions. This supports the hypothesis of a static
cesium disorder. In the case of dynamic disorder, low
frequency dynamics would average out the 133Cs satellite
transitions by motional narrowing.34 Total energy calcula-
tions with DFT formalism have been performed for different
crystal structures that slightly differ from the position of
cesium atoms. This latter has been moved gradually from the
(0, 0, 1/4) position to the (0, 0, 1/2) site. The computed total
energy per unit cell increases approximately 0.025 eV when
the alkalinemetal occupies the latter position. Such an energy
difference is consistent with the X-ray electron density map
that reveals a quasi-continuous electron density along the c
axis with maximum values for the (0, 0, 1/4) site.

Supporting Information Available: X-ray crystallographic file
for Cs1.15Mo12S14, in CIF format. This material is available free
of charge via the Internet at http://pubs.acs.org.

Figure 5. Temperature dependence of the electrical resistivity for
Cs∼1Mo12S14.

Figure 7. DFT calculations for CsMo12S14 (upper) total (solid) andMo
projected (dotted) andDOS (lower) averaged COHP forMo-Mo bonds
of the Mo6 unit (solid) and between Mo6 clusters that share S

i-a and Sa-i

ligands (dotted).

Figure 8. 133Cs MAS NMR spectrum at MAS rate of 14.5 kHz. Spin-
ning sidebands are indicated by asterisks.

Figure 6. Temperature dependence of the dc susceptibility of
Cs∼1Mo12S14 at low temperature under an applied field of 10 Oe.
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