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In the literature Mo Se;_ .S, (0 < x < 4) Chevrel phase bina-
ries are stable compounds, synthesized by solid state reaction
from stoichiometric mixture of MoS,, MoSe,, and Mo powders
at 1200°C. We report the single-crystal structure of these com-
pounds. The structural determinations show as expected a classi-
cal Chevrel phase structure with a framework of
pseudomolecular MoSe;_ S cubic units but furthermore exhibit
molybdenum atoms in the channels of the host structure of these
compounds, leading to the new formula Mo [Mo.Se,_.S ] with
0 <x < Sandy ~ 0.3. These extra molybdenum atoms stabilize
the Chevrel phase host network and seem to be linking with
a molybdenum atom of the Mo, cluster, forming a kind of Mo,
Cluster. © 1999 Academic Press

I. INTRODUCTION

The so-called Chevrel phases with formula M} MogX
(M = metal ion, X = chalcogen) have been extensively
studied because of their interesting properties (superconduc-
tivity, magnetism, ionic conductivity ... (1-3)). These prop-
erties are due to the peculiar structure of these compounds,
which can be considered as several subnetworks that inter-
act weakly with each other. The structure of the M,MogsXg
ternary molybdenum cluster chalcogenides can be described
as a three-dimensional framework of quasi-rigid MogXg
building blocks, forming quasi-orthogonal secant channels
where M metal ions can take place. This situation allows
small cations to be very mobile (3).

In this large family, metastable compounds exist. Chevrel
et al. have shown that a-MoeSg binary cannot be prepared
from the starting elements, in contrast to the case of MogSeg
(4). Thus, a-MogSg is a metastable binary. We recently
reported the single-crystal structure determination of a new
metastable binary sulfide type: -MogSg (5). f-MogSs is
only obtained by soft chemistry from heating of the o-
Mo¢Sg binary, and thus the f-type binary is stabler than the
a-type. In f-MogSg we identified molybdenum atoms in the
host network, which can explain the higher stability of this
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compound. We demonstrated that f-MogSg is really
Mo_{[Mo¢Ss], a pseudoternary compound.

So, we decided to investigate the whole series of
MogSeg - S, (0 < x <4) stable compounds in order to
check the occurrence of molybdenum atoms in the channels
of the host.

In the system MogSeg—Mo¢Ss, at least two MogSeg - .S,
solid solutions exist (6-8). The first one is composed of
stable “binaries” made at high temperature, so-called HT-
MogsSes - S, (0 < x < 4). The other one is formed by meta-
stable compounds denoted a-MogSeg_ .S, (0 < x < 8) ob-
tained by soft chemistry (6-9). This last series can only come
from a ternary chalcogenide compound such as Cu,MosXg
or Ni,MogXg (X =Se, S) from which small cations
have been deintercalated by an oxidation process. For
example, hydrochloric acid on Ni,MosX g powders removes
Ni cations; then a-Mo¢X g metastable binaries are obtained
(4).

With the same stoichiometry as chalcogen atoms, o and
HT compounds have different crystal lattice parameters,
but the same space group, R3. Particularly the og rhom-
bohedral angle of HT compounds is higher than that of the
o corresponding binaries. This angle changes weakly as
function of x in the « series, while it increases greatly in the
HT solid solution (2, 5).

Until now, no reason has been proposed to explain this
difference, and sometimes o« and HT compounds have even
been confused (9). A correct explanation for us is that
HT-MogXg are also pseudoternary compounds as f-
MogSg. In order to confirm this assumption we report in the
following the single-crystal structure results of the HT stable
compounds to discover whether or not they contain extra
molybdenum atoms in the channels of the host network.

II. EXPERIMENTAL AND COMMENT

We started to synthesize HT-MogXg compounds from
stoichiometric mixtures of MoS,, MoSe,, and Mo powders.
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For instance for x = 2 the reactional mixture is:
1MoS, + 3MoSe, + 2Mo — “Mo0gSeqS,.”

It is pressed into pellets, then sealed into silica tube,
and progressively heated at 1200°C for 1 week. The
X-ray diffraction pattern of the resulting compounds
shows MogXg rhombohedral compound, but always in
the presence of MoX, impurities isotypic with MoS, (Fig.
1). So if we want to explain the presence of MoX, in the
resulting product, in order to equilibrate the reaction, el-
emental Mo is necessarily in this product. But we never
identified unreacted molybdenum powder in the resulting
mixture. So we expect the missing molybdenum atoms to be
inside the host network channels of HT-MogXg com-
pounds.

To test this assumption, we carried out an easy experi-
ment. We added to the starting mixture an excess of molyb-
denum metallic powder and then followed the previous
process. The addition of extra molybdenum atoms (about
0.30Mo/Mog) allowed us to obtain single-phase HT-
MogSes—, S, (x = 2) compounds without Mo(Se,S), (Fig. 2).
This new result led us to solve the crystal structure on single
crystals from two mixtures of composition “MogSeqS,” and
“MogSey 6S3.4.7

These single crystals of HT-MogSeg - .S, are made from
a “stoichiometric” mixture of MoS,, MoSe,, and Mo pow-
ders pressed into pellets and placed in an alumina crucible.
The crucible is then sealed into a molybdenum tube and
heated around 1550°C for 72 h. After that, the tubes are
cooled at the rate of 100°C/h down to 1000°C.
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FIG. 1. X-ray diffraction pattern of HT-MoSesS, and occurrence of

MoX, (*) (with silicium standard) (ACuKuol).
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FIG. 2. X-ray diffraction pattern of HT-MogSesS, with ~0.3 extra
molybdenum atoms per Mo.

III. RESULTS AND DISCUSSION
Crystal Structure Determination

We isolated small single crystals of both “compositions.”
X-ray diffraction intensities were collected on a Nonius-
CAD 4 four-circle diffractometer under the experimental
conditions given in Table 1. All calculations are performed
using the MOLEN’s program system (10) and absorption
corrections were applied. We refined in a rhombohedral
unit cell the atomic positions of molydenum atoms and
X chalcogen atoms constituting the Mog X g cluster units as
found in MogSeg, assuming that crystals contained only
selenium atoms. Then, we refined the fractional occupancy
of the selenium atoms: at the end of refinement we cal-
culated the real occupancies of both the selenium and the
sulfur atoms from the selenium fractional occupancy and
constraint to full occupancy of the eight available chalcogen
positions.

All refined parameters and results are summarized in
Table 2. After refinement of all molybdenum and chalcogen
atom parameters, the differential map of electronic density
pointed out a significant electronic density peak on a 6f
position inside the channels of the network. This excess of
electrons is situated in a cavity called cavity 2 centered in
(1/2,0,0);(0,1/2,0);(0,0,1/2) inside the host. These electrons are
attributed to molybdenum atoms (Fig. 3).

The most persuasive proof of the nature of these excess
atoms is the release of molybdenum chloride observed when
HT-MogSes_ .S, (0 < x < 4) compounds are heated near
600°C under HCI gas flow (8). A loss of weight is noted, and
the X-ray diffraction pattern shows that the resulting com-
pounds are actually «-MogSeg .S, (0 < x < 4) binaries. We
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TABLE 1

Crystal Data and Experimental Parameters for Intensity Data Collection

I. Crystal data

Formula: Moy ,sM0gSes 785322
Crystal system: rhombohedral .
Parameters: ag = 6.5807 (6) A

a = 9.556 (1) A
Unit cell refined from reflection (9° < 6 < 15°)
Pea = 6.34: g/cm3
Crystal size
Linear absorption factor

II. Data collection

Temperature: 295 K

Diffractometer: Enraf Nonius CAD-4
Monochromator: graphite
—10<h<10;0<k<10;0<1<10
968 measured reflections

701 independent reflections (with I > o(I))

III. Structural determination

Lorentz and polarization corrections
Absorption correction: PSISCAN (11)
Refinement on F

Refined parameters: 35

603 independent reflections with I > 3o (1)
Unweighted agreement factor R = 0.030
S =0.864

Ponderation factor: 0.07

Apmax: 1.359 €. A3

(A/0)max < 0.05

Extinction coefficient

Atomic scattering factor from Internal Tables for X-Ray Crystallography (12)

I. Crystal data

Formula: Moy 2sM0gSes 225375
Crystal system: rhombohedral
Parameters: ag = 6.5660 (5) A

ag = 9.547 (1) A
Unit cell refined from 25 reflections (9 < 0 < 15)
Peat = 623 gfem®
Crystal size
Linear absorption factor:

I1. Data collections

Temperature: 295 K

Diffractometer: Enraf Nonius CAD-4
Monochromator: graphite

0<h<10; —10<k<10;0<I< 10
962 measured reflections

530 independent reflections (with I > o([))

II1. Structure determination

Lorentz and polarization corrections
Absorption correction: spherical
Refinement on F

Refined parameters: 35

446 independent reflections with I > 3a([)
Unweighted agreement factor R = 0.041
S =1.188

Ponderation factor: 0.05

AP 1.665 ¢ A3

(A/0)max < 0.02

Extinction coefficient:

Atomic scattering factor from Internal Tables for X-Ray Crystallography (12)

a. Moy ,5Mo06Se4 7853 .22

M: 1083.2 g/mole

space group R-3 (no 148)
o = 93.11° (1) Vi = 283.68 (8) A3
e =1076 (2) A Vi = 851.0 (2) A3
Z: 1
0.058 x 0.058 x 0.046 mm?>
32.69 mm™!

Wavelength: MoKo radiation
Scan mode: »-20

Scan width: 1.20 + 0.35¢g0

O max: 35

Ry 0.025

Weighted agreement factor R, = 0.041

o =4 F3/[¢*(F3) + (0.07 F3)*]
AP pmin: — 3413 7. A3

3.96x 1077

b. Mog 2sM06S€4.2253.75

M: 1056.3 g/mole

Space group: R-3 (no 148)
g = 93.27° (1) Ve = 281.64 (8) A3
e = 10.704 (2) A Vi = 8449 (2) A3
Z: 1
0.046 x 0.046 x 0.046 mm3
3293 mm~!

Wavelength: MoKo radiation
Scan mode: w-20

Scan width: 1.20 + 0.35tg0

O max: 35

Ry 0.072

Weighted agreement factor R,, = 0.050

o =4 F§/[o® (F3) + (0.05 F§)’]
Apmin: —0.656¢- A3

7.07x107°
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TABLE 2
Positional Parameters, Isotropic Equivalent B“ and
Their Estimated Standard Deviations

Atom Position X y z B (A?)
HT-Mo,, ,sMoSe, ;¢S; ,,
Mo(1) 6 022075(7) 0.41093(6) 0.54575(7) 1.492(7)
Se(1) 6f  03739(1) 0.1275(1) 0.7406(1) 1.80(1)
0.51 Se/0.49 S
Se(2) 2c 02036(1)  02036(1)  0.2036(1) 1.872(4)
0.86 Se/0.14 S
Mo(2) 6  0987(1)  0491(1)  0927(1)  1.1(1)
T = 0.047(1)
HT_MOO.28M06SG4.2283.78
Mo(1) 6f  02202(1)  04105(1) 0.5457(1) 1.83(1)
Se(1) of 0.3731(2) 0.1278(2) 0.7391(2)  2.28(3)
0.43 Se/0.57 S
Se(2) 2 020242)  020242) 020242 2.26(1)
0.82 Se/0.18 S
Mo(2) 6 09862 04922  0929(2)  09()
= 0.046(2)

“The isotropic equivalent displacement parameter is defined as (4/3)
[a®B(1,1) + b2B(2,2) + ¢2B(3,3) + ab(cos y)B(1,2) + ac(cos f)B(1,3) +
be(cos ) B(2,3)].

have also demonstrated that a-MogSes - .S, compounds are
binary compounds as MogSeg or a-MogSg by single crystal
structure determinations (8). These o-MogSeg—, S, com-
pounds constitute only host networks without cations in the
channels.

The final refinements give the following formula for
the HT studied compounds: Moy ,5[ M0gSe, 78S3.5,] and
Moy ;5[ M0gSes.2255.75]-

Crystal Structure Description and Discussion

From the calculated occupancies of chalcogen atoms, the
HT-MogSes - .S, (0 < x < 4) compounds exhibit an enrich-
ment in selenium in the 2¢ chalcogen position on the three-
fold axis (Table 2) as the corresponding mixed binaries
o-MogSeg - S.. This case (large anion on 2¢ position) seems
to stabilize such compounds when they are mixed binaries,
pseudobinaries such as MogS¢Br, (13), or mixed ternaries
with small cations (7, 14, 15). In contrary, in the compounds
containing large cations such as La, the largest chalcogen
(Se) sits preferably on a general 6f position off the three-fold
axis (16). The main interatomic distances are reported in
Table 3. The extra molybdenum atoms (Mo(2)) situated in
cavity 2 are in distorted triangular-based pyramidal chalco-
gen sites (Fig. 4b). In cavity 2, two equivalent positions exist
via 1 inversion center located on (1/2,0,0); (0,1/2,0);
(0,0,1/2). The distance between two Mo(2) positions is less
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Cu(3)

FIG. 3. Projection of the HT-Mo,MosSes .S, (0 < x < 4) structure
on (11-20) hexagonal plane. View of the two types of cavities.

than 1.0 A; when a position in cavity 2 is occupied, the other
one is vacant (Fig. 4a and Table 3).

In -MogSg compound, the Mo(2) extra atoms occupy
cavity 1 (6f position) in a squared planar sulfur environ-
ment. One cavity 1 over two is occupied by two Mo(2)
atoms forming a fourfold bonding at 2.22 A (5) (Fig. 5b).

In HT compounds, on the other hand, there is no bonding
between Mo(2) atoms. But the shortest distance (~2.73 .&)
between an intercalated Mo(2) molybdenum atom and a
Mo(1) molybdenum atom forming the Moy cluster is very
similar to those existing in the Mog cluster (~2.70 A) (Table
3). So we can assume that Mo(2) atoms are single-bonded to
Mo(1) atoms and form a kind of Mo5 cluster (Fig. 5a). Yet
the partial occupancy of cavity 2 can let us imagine more
complex molybdenum clusters such as Mog or Mog.

Recent results on metastable f[-type MogSes_,S,
(0 < x < 8) pseudoternaries also showed the occurrence of



Mo ATOMS IN NETWORK OF CHEVREL PHASES

. TABLE 3
Interatomic Distances (A) for HT-Mo,Mo.Se;_,S, Compounds

Distances HT-Mo0g.28M06Se4.78S3.22 HT-M0g 2sM06S€4.2253.78

MogXg cluster unit
Intratriangle

(Mo(1)-Mo(1))s 2.703(1) 2.704(1)
Intertriangle Mo(1),-Mo(1), 2.791(1) 2.788(1)
Intercluster Mo(1)-Mo(1) 3.230(1) 3.221(1)
Mo(1)-X(2) 2.563(1) 2.562(1)
X(1) 2.503(1) 2.496(1)
X(1) 2.542(1) 2.530(1)
X(1) 2.588(1) 2.581(1)
Intercluster Mo(1)-X(1) 2.543(1) 2.532(1)
X(2)-X(1) 3.718(1) 3.705(1)
X(1)-X(1) 3.481(1) 3.474(1)
X origin cubic site
X(2-X(1) 3.325(1) 3.321(1)
X(1)-X(1) 3.510(1) 3.500(1)
Mo(1)-Mo(2) 2.73(1) 2.72(1)
Mo(2)-Mo(2) 0.97(1) 0.95(1)
Mo(2)-X(2) 2.59(1) 2.58(1)
X(1) 2.02(1) 2.03(1)
X(1) 2.27(1) 2.27(1)
X(1) 2.48(1) 2.48(1)

extra molybdenum Mo(2) atoms in the channels of the host
structure (8). In the near future, those results will be com-
pared to the ones presented here (17).

X1

X2

Mo2 ~1 1

X2

< cavity | —>
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Valence State of Mo(2)

In the Chevrel phases, there is a correlation between the
valence state of the intercalated element in the host network
and the Mo(1),-Mo(1), intratriangle distance of the Mog
cluster (Fig. 6) (18,19). Yvon has shown that the metallic
element transfers its valence electrons toward the Mog clus-
ter. This charge transfer provokes the shortening of the
Mo(1),-Mo(1), intratriangle distance of the Mog cluster,
which means reinforcement of the Mo-Mo bonding inside
the Moy cluster.

A model taking into consideration the difference of
covalence of chalcogen (Se and S) was proposed to illustrate
the variation of the distance Mo(1),—Mo(1), as a function of
this transfer or another parameter: the valence electron
concentration per molybdenum atom of the Mog cluster
called VEC (Fig. 6) (18,19). The difference of covalence
between sulfur and selenium atoms involves VEC =
3.33¢7 /Mo for MogSs, VEC =3.50¢™ /Mo for MogSes,
and intermediate values for a«-MogSes_ .S, (0 < x < 8)
mixed binaries. Two distinct curves have been drawn for
ternary molybdenum sulfides and selenides. Between these
two curves are many curves for M,MogSes_ .S, (0 < x < 8)
mixed ternary compounds. From this graph we can infer
different VEC for o and HT compounds having the same
Se/S ratio. This VEC difference corresponds to charge

FIG. 4. Host network occupation of cavity 2 by Mo(2) extra molybdenum atoms in HT- Mo,MosSes .S, (0 < x < 4). (a) Mo(2)-Mo(2) distance

~1A:; (b) environment of Mo(2) atoms.
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a - Moy ,3sMo0gSey 7853 2
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Mo2

b- MOI.ISMOGSS

FIG. 5. View of the two kinds of Mo(2) extra molybdenum atoms. (a) Case of HT-Mo,MosXs(M0g ,5M0gSe4.7555.22): 2.70 A corresponding to
a single bond Mo(2)-Mo(1) with Mo(1) atoms forming the Mo, cluster. (b) Case of f-Mo0gSs (= Mo, 13sMo0gSg): 2.22 A corresponding to a quadruple bond

Mo(2)-Mo(2).

transfer coming from the Mo(2) extra molybdenum atoms
toward the Mog cluster. Then, we calculate the charge of the
Mo(2) atoms contained in the HT compounds (VEC differ-
ence divided by the quantity of Mo(2) atoms).

We have reported on the graph the Mo(1),-Mo(1), dis-
tance found in HT ternary mixed compounds and corre-
sponding o binaries (Fig. 6). In Table 4, we collect the
deduced VEC of HT and o compounds, and the charge of
Mo(2) atoms intercalated in HT pseudoternaries.

The Mo(2) atoms seem to be at low valence state near +2
like that of the Mo(1) atoms forming the Mog cluster. The
low valence chemistry of molybdenum is characterized by
the formation of metal-metal bonding. So the Mo(2) atoms
should be linked with other metallic atoms. Indeed, the
shortest Mo(2)-Mo(1) distance, around 2.70 A, supports the
hypothesis of Mo(1)-Mo(2) single bonding (Table 3, Fig.
5b). So, we probably have some Mo~ or higher nuclearity
clusters in HT compounds, because of the low fractional
Mo(2) occupancy (0.28Mo(2)/Mog(1)).

We have shifted the old limit composition MogSe,S, (7)
by addition of extra molybdenum at richer MoS, starting
mixtures. So we stabilized a new compound close

to Moy 50Mo0gSesSs composition (ay = 9.51(1) 1&; gy =
10.59(1) A; vy = 826(1) A%) (Fig. 7).

The discovery of molybdenum atoms within the network
of the Chevrel phases permits determination of a more
accurate composition of the HT pseudobinaries (Fig. 3) and
enlarges the HT compound range.

IV. PHYSICAL PROPERTIES

We have studied the superconducting critical tem-
perature (T,) of HT-MogSes_,S, (0<x<5) and «-
MogsSes - S, (0 < x < 8) compounds. We have determined
the T, onset by inductive measurements and represented the
variation of T, as a function of x for these two solid solu-
tions (Fig. 8). Our results for « compounds are in agreement
with those of Chevrel and co-workers (7), Tarascon et al. (9),
and Umarji et al. (20).

For the same chalcogen stoichiometry, HT pseudobina-
ries have lower T, than « compounds. The presence of extra
molybdenum atoms seems to decrease T, probably because
extra molybdenum atoms have 4d atomic orbitals that can
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FIG. 6. Variation of Mo(1),—~Mo(1), distance as function of VEC for «,
HT mixed binaries and sulfur, selenium ternaries from the model of Yvon
(18,19).

take part in the electronic band structure at the Fermi level
and modify the band model compared to the one for corre-
sponding o pseudobinaries.

In HT compounds, a correlation between oi and T, has
been already reported (21). T, is inversely proportional to
og. From our new results, the increase of og as function of
x in HT series can be now explained by the existence of extra
molybdenum atoms. In fact, oz increases when the number
of extra molybdenum atoms increases. For example, the
richest sulfur compound Mo, sMogSes;Ss has the highest
og and actually contains the most extra molybdenum atoms,
and also has the lowest T.. In contrast, MosSeg exhibits the
highest T, and the smallest oy of the HT series, and so
should have the fewest extra molybdenum atoms (y ~ 0) in
the host lattice. Really, we expected MogSeg to be a true

TABLE 4
VEC of a-MoSe;_ S, and HT-Mo MogSe;_ S, Compounds,

Valence State and Charge of Mo(2) Extra Molybdenum Atoms

Composition Se, 16555, Se, 5,55 56
VEC electron/Mo o 343 3.41
3.54 3.52
Number of transferred electrons to Mo, HT 0.66 0.66
n charge of Mo(2) atom +2.36 + 2.36
n’ charge of Mo(1) atom from Mo, y=028 4246 +2.48

165

3400

101

2900

2400

223

1900

122
131

1400

900

400

*Mo,S;,Se;

FIG. 7. X-ray diffraction pattern of a new Moy so0Mo0gSezSs com-
pound (with silicium standard) (A\CuKual).

binary because the refined unit cell parameters on single
crystals give the same results for HT-MogSeg and a-MogSeg
compounds (8).

T(K)

® HT-MogSes, S,
B o-MogSeq S,

4 |
Jo.ix
3 F
2 F
1.6K
0 1 23 4 5 6 7 8
MogSeg MogSg

FIG. 8. Variation of T, (onset) as a function of x amount of sulfur in
a-MogSes .S, (0 < x <8) and HT-Mo,MoeSes_.,S, (0 <x <5) com-
pounds.
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Y. CONCLUSION

The ternary M} MosXg Chevrel phases are character-
ized by the presence of M"* cations in the host network.
However, some exceptions have been encountered such as
Pd; ¢MoeSg (22), where palladium atoms seem to be bond-
ing each other in cavity 1 of the network, or Ni,MosXg
(8,23), where nickel atoms seem to form (Ni,)?* or (Niz)**
agregates in cavity 1 or 2. Now our interesting results show,
for the first time in sulfur-selenium compounds, two kinds
of molybdenum atoms: Mo(1) atoms forming the Mog clus-
ter, and Mo(2) atoms intercalated into the host network.

Moreover, we have identified for the Mo(2) extra molyb-
denum atoms two possibilities for occupation of the host
network: either they sit in cavity 1 constituting Mo(2)-
Mo(2) quadruple bonds (the case of f-MogSg), or they
occupy cavity 2 forming single bonds with Mo(1) atoms
(from the Moy clusters) and so become a kind of Mo~
cluster.
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