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The structures of nickel sulfoselenide Chevrel phases have
been determined. All the richest nickel phases crystallize in
rhombohedral symmetry. A single-crystal structural study
makes it possible to identify the special nickel cation locations
inside the host network for both pure sul5de and selenide Chevrel
phases. We also show that these nickel atoms can form some
kind of cluster in the cavities of the host or Ni+Mo bondings.
( 2000 Academic Press
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I. INTRODUCTION

The ternary molybdenum chalcogenides M
y
Mo

6
X

8
(M"metal ion and X"S, Se, or Te), the so-called Chevrel
phases, have been extensively studied for their unusual
properties, such as superconductivity and magnetic and
thermoelectric behavior (1}3), because of their interesting
structure.

The Chevrel phases structure is based on pseudo-molecu-
lar quasi-rigid Mo

6
X

8
units, with three-dimensional secant

channels between units where are located in vacant sites
that can accommodate Mn` cations. The nature and num-
ber of cations control the symmetry of these phases.

This family of compounds contains complete solid solu-
tions when sulfur atoms substitute to selenium atoms. The
"rst solid solution studied was Pb

y
Mo

6
Se

8~x
S
x

(4) in 1975.
Chevrel et al., showed the correlations between ¹

#
(super-

conducting critical temperature) and structural parameters
such as the rhombohedral angle a

R
. Later, Tarascon re-

ported several series M
y
Mo

6
Se

8~x
S
x

(M"Cu, Ag, Pb, Yb,
Eu, Sr, La) and was interested in chalcogen ordering in the
host network according to cation content (5).
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We focused our interest on Ni
y
Mo

6
Se

8~x
S
x
, nickel chal-

cogenide solid solutions, because Chevrel phase series con-
taining small cations, have been much less studied, but they
have recently exhibited interesting physical properties (3).
Ni

y
Mo

6
Se

8~x
S
x
presents some unexplained di!erences with

other Chevrel phases containing small cations. For instance,
the whole Cu

y
Mo

6
Se

8~x
S
x
(04y44 and x48) solid solu-

tion crystallizes in the rhombohedral}hexagonal system at
room temperature (6, 7), while Ni

y
Mo

6
Se

8~x
S
x

is more
complex. Indeed in this solid solution, nickel Chevrel sele-
nides can crystallize at room temperature in rhombohedral
or triclinic structure according to the y amount of nickel
element (8). On the one hand, the only known structure in
the system Ni}Mo}Se was one of Ni

0.66
Mo

6
Se

8
with tri-

clinic symmetry (9), equivalent to triclinic nickel telluride
compound Ni

0.85
Mo

6
Se

8
(10). The nickel y solid solution in

Ni
y
Mo

6
Se

8
exhibited compounds with rhombohedral sym-

metry at higher y Ni content (8). On the other hand, the pure
nickel molybdenum sul"des Ni

y
Mo

6
S
8
crystallize in rhombo-

hedral symmetry with the structure like to Cu
y
Mo

6
(S, Se)

8
(6, 7). Pure nickel molybdenum sul"de and selenide present
very large di!erences in the location of the nickel cations. So
we expected to explain such di!erences in sulfoselenide
Chevrel phases with small cations by studying accurately the
crystallographic structure of this chalcogen solid solution.

We expected also to increase our knowledge of the sym-
metry of the Chevrel phases in relation to inserted cations.

The atomic positions determination is also important for
band structure calculations (3). We report the synthesis and
powdered X-ray di!raction results of Ni

1.2
Mo

6
Se

8~x
S
x

compounds. We also investigate the richest nickel solid solu-
tion to follow the location of the Ni atoms in the chalcogen
network by single crystal structural investigations.

II. EXPERIMENTAL

Phases of composition Ni
1.2

Mo
6
Se

8~x
S
x
(with a step x of

0.5) were prepared by reaction of stoichiometric mixtures of



FIG. 2. Hexagonal unit-cell volume of Ni
1.2

Mo
6
Se

8~x
S
x

crystalline
powders.
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MoS
2

and MoSe
2

binary powders and Mo and Ni metallic
powders pressed into a pellet and then sealed in evacuated
quartz tube. After being heated around 12003C for one
week, the samples were quenched in water (to prevent
MoSe

2~z
S
z
(04z42) from forming).

Single crystals were made in the same way, but the
y amount of nickel was "xed to 2, so the extra nickel with
chalcogen atoms can act as transport agent and the
y amount of nickel be maximum (y

.!9
). The time of crystalli-

zation was extended for one week more and the compounds
were slowly cooled according to the inertia of the furnace.

III. RESULTS AND DISCUSSION

III.1. Ni1.2Mo6Se8!xSx Series

The X-ray data of the pseudo-ternary chalcogen system
Ni

1.2
Mo

6
Se

8~x
S
x

indicate that the samples have rhombo-
hedral symmetry (R31 ) over the whole range of composition
04x(8. Note that Ni

1.2
Mo

6
S
8

is a metastable com-
pound only obtained by low-temperature di!usion of Ni
element in a-Mo

6
S
8

host compound (11).
Figures 1 and 2 show respectively the hexagonal unit-cell

parameters a
H

and c
H

and the hexagonal volume <
H

versus
x, the sulfur amount. The a

H
and c

H
parameters decrease

quasi-monotonically as x increases, and the hexagonal vol-
ume shows a slightly negative deviation from Vegard's law.

On Fig. 3, we consider the variation of the ratio c
H
/a

H
or

the rhombohedral angle a
R

as function of x. Near the value
x"3.5}4, the curves present an in#exion point. We observe
a &&quasi-plateau'' around these values.
FIG. 1. Variation of a
H

and c
H

hexagonal unit-cell parameters as
function of x sulfur content in Ni

1.2
Mo

6
Se

8~x
S
x
.

Two assumptions can explain such a feature: a modi"ca-
tion of chalcogen disorder or a change of sites "lled by the
Nickel cations.

III.2. NiyMo6Se8!xSx(y&2) Single Crystals

The crystal growth has been carried out as it is described
previously. We have investigated "ve single crystals with
FIG. 3. Variation of the c
H
/a

H
hexagonal unit-cell parameters ratio and

the rhombohedral angle a
R
versus the sulfur content x of Ni

1.2
Mo

6
Se

8~x
S
x

solid solution.



TABLE 1
Crystal Data and Experimental Parameters for the Intensity Data Collection of Ni1.25Mo6Se8, Ni1.28Mo6Se5.72S2.28,

Ni1.82Mo6Se4.11Se3.89, Ni1.85Mo6Se3.46S4.54, Ni1.99Mo6Se2.17S5.83

I. Crystal Data
Formula: Ni

1.25
Mo

6
Se

8
, M : 1280.71 g/mol

Ni
1.28

Mo
6
Se

5.72
S
2.28

, M : 1218 g/mol
Ni

1.82
Mo

6
Se

4.11
S
3.89

M : 1314 g/mol
Ni

1.85
Mo

6
Se

3.46
S
4.54

M : 1103 g/mol
Ni

1.99
Mo

6
Se

2.17
S
5.83

M : 1050.75 g/mol

Crystal system: rhombohedral space group: R-3 (No. 148)
Parameters: a

R
"6.7316 (9) As a

3
"91.1833 (2) <

3
"304.60 (2) As 3

a
R
"6.6313 (3) As a

3
"93.1063 (6) <

3
"290.27 (5) As 3

a
R
"6.5790 (3) As a

3
"93.8753 (7) <

3
"282.71 (5) As 3

a
R
"6.5628 (3) As a

3
"94.0553 (5) <

3
"280.43 (4) As 3

a
R
"6.5079 (6) As a

3
"94.373 (1) <

3
"273.09 (9) As 3

a
H
"9.670 (2) As c

H
"11.282 (5) As <

H
"913.7 (4) As 3

a
H
"9.629 (1) As c

H
"10.845 (8) As <

H
"870.8 (1) As 3

a
H
"9.613 (1) As c

H
"10.597 (1) As <

H
"848.1 (1) As 3

a
H
"9.604 (1) As c

H
"10.533 (1) As <

H
"841.3 (1) As 3

a
H
"9.547 (1) As c

H
"10.378 (1) As <

H
"819.3 (1) As 3

Unit cell re"ned from 25 re#ections (93(h(153) Z : 1
o
#!-

"7.22, 6.97, 7.72, 6.53, 6.39 g/cm3

Crystal size: 0.093]0.093]0.07 mm3

0.14]0.08]0.07 mm3

0.12]0.12]0.12 mm3

0.16]0.09]0.07 mm3

0.046]0.058]0.07 mm3

Linear absorption factor: 32.5, 34.11, 35.02, 35.31, 17.56 mm~1

II. Data Collections
Temperature: 295 K Wavelength :MoKa

radiation
Di!ractometer : Enraf}Nonius CAD-4 Scan mode :u!2h
Monochromator : graphite Scan width:

1.20#0.35 tg h
0(h(10; 0(k(10; !10(l(10 h

.!9
: 35

Number of measured re#ections 1021, 989, 914, 719, 929
Number of independent re#ections (with I'p (I)) : 788, 737, 795, 765, 815

III. Structure Determination
Lorentz and polarization corrections
Absorption Correction : DIFABS, PSISCAN, SAC, PSISCAN, PSISCAN
Re"nement on F
Re"ned parameters: 33, 45, 45, 45, 45
Number of independent re#ections with I'3p (I)"726, 672, 765, 719, 651
Unweighted agreement factor R"0.032, 0.029, 0.036, 0.029, 0.023
Weighted agreement factor Ru"0.050, 0.036, 0.054, 0.044, 0.029
Validity of re"nement S"1.127, 1.026, 1.699, 1.07, 1.515
Ponderation factor P: 0.07, 0.05, 0.05, 0.07, 0.04 u"4F2

0
/[p2 (F2

0
)# (PF2

0
)2]

*o max : 2.11, 1.56, 2.16, 1.92, 1.07e~ As 3
*o min :!0.868, !0.549, !0.976, !0.522, !0.477e~ As 3
(*/p)

.!9
(0.03, 0.02, 0.02, 0.01, 0.01

Secondary Extinction coe$cient: 6.788]10~7, 1.87]10~7, 2.312]10~6, 2.55]10~6, 1.706]10~6

Atomic scattering factors from International ¹ables of X-Ray Crystallography RX
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four di!erent nominal stoichiometry: Ni
y
Mo

6
Se

8
, Ni

y
MoSe

6
S
2
, Ni

y
Mo

6
Se

4
S
4
, and Ni

y
Mo

6
Se

2
S
6
.

X-ray di!raction intensities were collected on a Nonius
CAD-4 four circle di!ractometer with the experimental con-
ditions given in Table 1. All the single crystals have the
space group (R31 ). All calculations were performed using the
MOLEN program system (12). The results from the crystal-
line determinations are summarized in Tables 2 and 3.



TABLE 2
Positional Occupancy Factors and Thermal Parameters of Ni2

Mo6S8, Ni1.99Mo6Se2.17S5.83, Ni1.85Mo6Se3.46S4.54, Ni1.82Mo6Se4.11

S3.89, Ni1.28Mo6Se5.72S2.28, and Ni1.25Mo6Se8 (Beq"4/3 ++ai ' ajBij)

Atom Site x y z B ( As 2)

Ni
2
Mo

6
S
8

(14)
Mo 6f 0.21743 (6) 0.40455 (6) 0.54305 (4) 0.58 (1)
S(1) 6f 0.3781 (2) 0.1330 (2) 0.7269 (2) 0.83 (1)
S(2) 2c 0.1999 (2) 0.1999 (2) 0.1999 (2) 0.81 (1)
Ni(1) 6f 0.0558 (11) 0.0791 (11) 0.8192 (10) 1.89 (8)

q"0.166 (2)
Ni(2) 6f 0.0144 (9) 0.3458 (9) 0.9404 (9) 1.45 (7)

q"0.166(2)
Ni

1.99
Mo

6
Se

2.17
S
5.83

Mo 6f 0.21889 (4) 0.40569 (4) 0.54448 (4) 0.552 (4)
X(1) 6f 0.3768 (1) 0.1309 (1) 0.7303 (1) 0.91 (1)

0.20 Se/0.80S
X(2) 2c 0.19420 (8) 0.19420 (8) 0.19420 (8) 1.067 (3)

0.49 Se/0.51S
Ni(1) 6f 0.0588 (6) 0.0718 (7) 0.7920 (7) 2.48 (7)

q"0.152(2)
Ni(2) 6f 0.0048 (4) 0.3470 (5) 0.9366 (4) 1.31 (5)

q"0.179(2)
Ni

1.85
Mo

6
Se

3.46
S
4.54

Mo 6f 0.22096 (5) 0.40749 (5) 0.54468 (5) 0.873 (4)
X(1) 6f 0.3749 (1) 0.1289 (1) 0.7346 (1) 1.167 (9)

0.32 Se/0.68S
X(2) 2c 0.19697 (8) 0.19679 (8) 0.19679 (8) 1.275 (3)

0.77 Se/0.23S
Ni(1) 6f 0.0620 (10) 0.0750 (10) 0.7870 (10) 3.0 (1)

q"0.105 (2)
Ni(2) 6f !0.0004 (5) 0.3470 (6) 0.9368 (5) 2.10 (6)

q"0.203 (2)
Ni

1.82
Mo

6
Se

4.11
S
3.89

Mo 6f 0.22173 (5) 0.40819 (5) 0.54477 (5) 0.440 (5)
X(1) 6f 0.3749 (1) 0.1283 (1) 0.7360 (1) 0.709 (9)

0.405 Se/0.595S
X(2) 2c 0.19825 (8) 0.19825 (8) 0.19825 (8) 0.877 (3)

0.84 Se/0.16S
Ni(1) 6f 0.061 (1) 0.075 (2) 0.787 (2) 3.6 (2)

q"0.098 (3)
Ni(2) 6f 0.0016 (6) 0.3468 (7) 0.9363 (7) 1.87 (7)

q"0.205 (2)
Ni

1.28
Mo

6
Se

5.72
S
2.28

Mo 6f 0.22420 (5) 0.41165 (5) 0.54586 (5) 0.703 (5)
Se(1) 6f 0.37547 (9) 0.12661 (8) 0.73992 (9) 0.944 (8)

0.65 Se/0.35S
Se(2) 2c 0.20498 (8) 0.20498 (8) 0.20498 (8) 1.073 (7)

0.91 Se/0.09S
Ni(2) 6f !0.0013 (9) 0.3440 (10) 0.9359 (8) 3.2 (1)

q"0.168 (3)
Ni(2@) 6f 0.508 (2) 0.956 (2) 0.846 (2) 0.6 (2)

q"0.045 (2)
Ni

1.25
Mo

6
Se

8
Mo 6f 0.22924 (7) 0.41922 (7) 0.54805 (7) 0.468 (7)
Se(1) 6f 0.37670 (9) 0.12382 (9) 0.74339 (9) 0.763 (9)
Se(2) 2c 0.21714 (9) 0.21714 (9) 0.21714 (9) 0.833 (4)
Ni(2@) 6f 0.5000 (6) 0.9436 (5) 0.8406 (5) 0.67 (5)

q"0.208 (2)
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The chalcogen positions (Table 2) were "rst assumed to
contain only Se (or S if in the majority) with fractional
occupancy; then the positional and thermal parameters
were "xed to the re"ned values, and the occupancies of the
chalcogen positions by Se and S were re"ned, constrained to
full occupancy of the eight available positions. Then Ni
occupancy rates were re"ned. These occupancy rates, of
course, vary with the chalcogen ratio.

We represent in Fig. 4 the evolution of the y
.!9

cation
content in each compound as a function of the x sulfur
content. The pure selenide compound can only accept 1.25
Ni per unit cell against 2 in the pure sul"de one.

This curve exhibits a jump near x"4.
For x43, the Ni

y
Mo

6
Se

8~x
S
x

pseudoternary seems to
accept only 1.30 nickel cation and for x54 it is possible to
insert between 1.80 and 2 nickel cations per Mo

6
X

8
unit.

This property was often noted that the selenium Chevrel
phases contain less small cations content than the sulfur
ones because of covalency of Se atoms.

The Chevrel phases structure which consists of a stacking
of Mo

6
X

8
quasi-cubic building blocks is represented on

Fig. 5. This stacking leaves three types of cavity in the
chalcogen lattice. The cavity 1 (the largest one) is a quasi-
cubic shaped cavity located at the origin of the rhombohed-
ral unit-cell with point symmetry 31 ; it is formed by eight
chalcogen atoms belonging to eight di!erent Mo

6
X

8
units.

The cavity 2, situated at the middle of the rhombohedral
axes (11 point symmetry), has more irregular cubic shape (X

8
)

and is formed by eight chalcogen atoms belonging to four
di!erent Mo

6
X

8
units. This cavity 2 shares opposite

pseudo-squared faces with two other cavities 1 along the
rhombohedral axes. Cavity 3, formed by eight chalcogen
atoms belonging to two di!erent Mo

6
X

8
units, is always

empty because of the Mo}Mo intercluster bond going
through.

We have followed the evolution of the location of the
nickel cations in the whole solid solution, thanks to the
re"ned cation position. The Ortep representations of occu-
pancy of cavities 1 and 2 by nickel cations are shown on
Fig. 6 (13). The occupancy rate of the sites (labeled 1 in
cavity 1 and 2 or 2@ in cavity 2 of the Chevrel phases'
structure) as a function of x, sulfur content, has been sche-
matized in Fig. 7.

The Ni
2
Mo

6
S
8

structure (14) has been chosen as a refer-
ence to de"ne the cavities and the positions where the
atomic coordinates of nickel cations are located. We di!er-
entiate two types of positions in cavity 2 because of the
atomic coordinates found for Ni

1.28
Mo

6
Se

5.72
S
2.28

(see
Tables 2 and 3). One type of positions in cavity 2 is very
similar to the type met in the structure of Ni

2
Mo

6
S
8
(14). So

we named them Ni(2). The other type of positions are nearly
those found in the Ni

0.66
Mo

6
Se

8
(9) triclinic selenide com-

pound, so they are called (Ni(2@)).
This new occupation of channels of Ni

1.28
Mo

6
Se

5.72
S
2.28

by nickel ions is quite original and allows us to well under-
stand the di!erences in site occupancy between the pure
sul"de and the pure selenide.

So we are able to follow the evolution of the location
of the nickel cations in the whole solid solution in the



TABLE 3
Principal Distances (As ) and Angles (3) of Ni1.25Mo6Se8, Ni1.28Mo6Se5.72S2.28, Ni1.82Mo6Se4.11S3.89, Ni1.85Mo6Se3.46S4.54,

Ni1.99Mo6Se2.17S5.83, and Ni2Mo6S8

Distances (As ) Ni
1.25

Mo
6
X

8
Ni

1.28
Mo

6
X

8
Ni

1.82
Mo

6
X

8
Ni

1.85
Mo

6
X

8
Ni

1.99
Mo

6
X

8
Ni

2
Mo

6
S
8

X
8
"Se

8
X

8
"Se

5.72
S
2.28

Distances (As ) X
8
"Se

4.11
S
3.89

X
8
"Se

3.46
S
4.54

X
8
"Se

2.17
S
5.83

(14)

Mo
6
X

8
cluster unit Mo

6
X

8
cluster unit

Intratriangle
(Mo}Mo)*

2.686 2.694 Intratriangle
(Mo}Mo)* 2.700 2.703 2.702 2.691

Intertriangle
Mo*}Mo*

2.760 2.778 Intertriangle
Mo*}Mo* 2.777 2.775 2.770 2.765

Intercluster Mo}Mo 3.355 3.293 Intercluster Mo}Mo 3.265 3.254 3.217 3.185
Mo}X(2) 2.571 2.573 Mo}X(2) 2.574 2.573 2.559 2.477

X(1) 2.562 2.518 X(1) 2.448 2.476 2.437 2.408
X(1) 2.608 2.562 X(1) 2.526 2.514 2.477 2.451
X(1) 2.623 2.603 X(1) 2.587 2.577 2.534 2.496

Intercluster Mo}X(1) 2.655 2.575 Intercluster Mo}X(1) 2.534 2.522 2.484 2.460
X(2)}X(1) 3.747 3.746 X(2)}X(1) 3.717 3.706 3.663 3.577
X(1)}X(1) 3.576 3.507 X(1)}X(1) 3.468 3.454 3.400 3.353

X
8

origin (org) cubic
site

X
8

origin cubic site

X(2)}X(1) 3.443 3.366 X(2)}X(1) 3.342 3.329 3.336 3.360
X(1)}X(1) 3.587 3.546 X(1)}X(1) 3.528 3.525 3.524 3.523
org(1)}X(2) 2.450 2.223 org(1)}X(2) 2.101 2.073 2.015 2.047
org(1)}X(1) 3.216 3.205 org(1)}X(1) 3.210 3.213 3.223 3.229
X(1)}X(2)}X(1) angle(3) 101.70 105.03 X(1)}X(2)}X(1) angle(3) 106.75 107.13 107.98 107.32

Site 2@/cavity 2 Site 1/cavity 1
Ni(2@)}Ni(2@) 2.253 2.106 Ni(1)}Ni(1) 1.655 1.653 1.601 1.403

2.706 2.706 2.613 2.370
Ni(2@)}X(2) 2.258 2.263 3.172 3.171 3.064 2.755

X(1) 2.188 2.115 Ni(1)}X(2) 2.405 2.385 2.308 2.335
X(1) 2.243 2.171 X(1) 2.110 2.116 2.149 2.220
X(1) 2.517 2.574 X(1) 2.121 2.117 2.155 2.220

Ni(2@)}Ni(2) * 1.309 X(1) 2.841 2.817 2.736 2.592
Site 2/cavity 2 Site 2/cavity 2
Ni(2)}Ni(2) * 2.196 Ni(2)}Ni(2) 2.132 2.119 2.104 2.105

* 2.919 2.923 2.909 2.896 2.902

Ni(2)}X(2) * 2.440 Ni(2)}X(2) 2.386 2.380 2.333 2.292
X(1) * 2.199 X(1) 2.184 2.172 2.167 2.194
X(1) * 2.214 X(1) 2.234 2.230 2.278 2.330
X(1) * 2.541 X(1) 2.508 2.515 2.481 2.446

Ni(1)}Ni(2) 0.984 0.973 1.002 1.187
2.059 2.060 2.026 1.879
2.529 2.515 2.500

Ni(1)}Mo 2.975 2.965 2.974 3.040
Ni(2)}Mo 3.009 2.973 2.949 2.940 2.978

3.099 3.076 3.079 3.034 3.014
3.422 3.301 3.285 3.198 3.090

Ni(2@)}Mo 2.481 2.460
2.848 2.811
2.904 2.888

Org(1)}Ni(1) 1.586 1.585 1.532 1.378
Org(2)}Ni(1) 1.926 1.917 1.924

3.109 3.100 3.068
Org(2)}Ni(2) * 1.098 Org(2)}Ni(2) 1.066 1.059 1.052 1.052
Org(1)}Ni(2) * 2.342 Org(1)}Ni(2) 2.347 2.344 2.325 2.300

Org(2)}Ni(2@) 1.127 1.053
Org(1)}Ni(2@) 3.505 3.357

Org(2)}Mo 3.175 3.029 Org(2)}Mo 2.955 2.936 2.886
3.490 3.466 3.447
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FIG. 4. Evolution of the nickel maximum content y
.!9

versus the
x sulfur content of Ni

y
Mo

6
Se

8~x
S
x
.

FIG. 5. Projection of the host network Mo
6
Se

8~x
S
x

on hexagonal
plane of Ni

y
Mo

6
Se

8~x
S
x
compounds. View of the chalcogen channels with

the three types of cavities.
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chalcogen network while sulfur atoms substitute for sel-
enium atoms.

In Ni
1.25

Mo
6
Se

8
, the nickel ions are only in one six-fold

position in cavity 2 (site 2@: Ni(2@) cations). The occupancy is
q(Ni(2@))"0.208 and the nickel ions are in a tetrahedral
coordination of selenium atoms (distances Ni(2@)}Se(2),
2.258 As , and Ni(2@)}Se(1), 2.188, 2.243, and 2.517 As ).

In Ni
1.28

Mo
6
Se

5.73
S
2.27

, the nickel ions can occupy two
six-fold positions in the same cavity 2. The Ni(2@) ions (site
2@) are in tetrahedral sites of chalcogen atoms as the nickel
atoms in the previous structure. The occupancy of this site 2@
decreases (q"0.045) with respect to one of the pure sele-
nide. The Ni(2) ions occupy the site 2 so in the cavity
2 (occupancy of 0.168) and are in tetrahedral environment of
chalcogen atoms, this tetrahedron sharing one face with the
precedent tetrahedron. But it looks evident that these tet-
rahedra are not "lled in the same cell, because the distance
Ni(2@)}Ni(2)"1.309 As is really too short. The distances
Ni(2)}Ni(2), 2.199 As , and Ni(2@)}Ni(2@), 2.106 As (via 11 ), are
also very short to have metal}metal bondings. The drawing
of Fig. 6 allows one to understand why the equivalent
thermal parameter of Ni(2@) is smaller than that of Ni(2): it
is because the Ni(2@) site is much smaller than the Ni(2) site
(see the Ni}Se distances).

Thus, the following structure of nickel molybdenum sul-
foselenides is very close to the Ni

2
Mo

6
S
8

structure. The
nickel ions occupy equivalent positions in the cavity 2 (Ni(2)
atoms) and in the cavity 1 (Ni(1) atoms) for the three new
structures; only the occupancy factors change, being

q (Ni(2))"0.205(2) q(Ni(1))"0.098(3)
q(Ni(2))"0.203(2) q(Ni(1))"0.105(2)
q(Ni(2))"0.179(2) q(Ni(1))"0.152(2)
q(Ni(2))"1/6 (0.167) q(Ni(1))"1/6 (0.167)

in Ni
1.82

Mo
6
Se

4.11
S
3.89

, Ni
1.85

Mo
6
Se

3.46
S
4.54

, Ni
1.99

Mo
6
Se

2.17
S
5.83

, and Ni
2
Mo

6
S
8
, respectively.

The schema of occupancy evolution (Fig. 7) shows that
site 2@ empties quickly while site 2 "lls when sulfur atoms
start to substitute for selenium atoms in these phases. Note
that we have not checked if a compound can exist contain-
ing Ni cations in the three sites at the same time for x&3.
The possibility of nickel cations occupying very roughly



FIG. 6. Location of the nickel ions in cavities 1 and 2 of the host network of the di!erent Ni
y
Mo

6
Se

8~x
S
x
single crystals along the x chalcogen solid

solution.
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site 1 instead of the site 2@ (x&3}4) can probably explain
the jump of y

.!9
exhibited in Fig. 4, the sulfoselenide com-

pound can now accept much more Ni cations in the host
network.

Near x"2.5}3, site 1 begins to be occupied and only for
Ni

2
Mo

6
S
8
, the occupancies of sites 1 and 2 are equal (14). In

view of all these results, we conclude that the jump found in
FIG. 7. Nickel occupancy factors in the three di!erent sites of the
Ni

y
Mo

6
Se

8~x
S
x

solid solution.
the representation of the a
R

parameter as a function of x for
Ni

1.2
Mo

6
Se

8~x
S
x

or of y
.!9

versus x in Ni
y.!9

Mo
6
Se

8~x
S
x

single crystals is due to massive occupancy of site 1.
These structural investigations give also precious in-

formation on the chalcogen arrangement. The re"ned chal-
cogen occupancies are reported in Table 2. There is no real
ordering S/Se in the solid solution, but the disorder is not
perfect; actually the selenium atoms occupy the special 2c
position preferentially.

Tarascon and co-workers predicted no ordering for the
mixed Chevrel phases, except for LaMo

6
Se

8~x
S
x

(5), but
their considerations were only based on the variation of
c
H
/a

H
determined from X-ray powder diagrams versus the

chalcogen ratio. Our conclusions are a little bit di!erent,
since it is clear that selenium atoms take one preferential
place in special 2c positions for Chevrel phases with small
cations, and in general 6f positions with large cations, what-
ever the chalcogen ratio.

The copper mixed solid solution seems to exhibit the
same feature if we consider the two single structure deter-
minations for Cu

2.6
Mo

6
Se

6.5
S
1.5

and Cu
2.6

Mo
6
Se

3.4
S
4.6

reported by McKinnon and co-workers (6, 7). But there
is a main di!erence between the nickel and copper solid
solutions: for the 6Se/2S composition, the copper cations
are actually statistically localized in cavity 1, site 1 and in



FIG. 8. Variation of the Mo*}Mo* intertriangle distance as function of
electronic charge transfer in M

y
Mo

6
S
8
, M

y
Mo

6
Se

8
, and Ni

y
Mo

6
Se

8~x
S
x

compounds from model of Yvon (16).

TABLE 4
Charge Transfer and Oxidation State of Nickel Cation for

NiyMo6Se8+xSx from Model of Yvon (16)

Charge transfer Charge of cation
Compounds (ny)e~/Mo

6
n`

Ni
1.25

Mo
6
Se

8
1.1 0.88

Ni
1.25

Mo
6
Se

5.72
S
2.28

1 0.78
Ni

1.82
Mo

6
Se

4.11
S
3.89

1.15 0.63
Ni

1.85
Mo

6
Se

3.46
S
4.54

1.2 0.65
Ni

1.99
Mo

6
Se

2.17
S
5.83

1.3 0.65
Ni

2
Mo

6
Se

8
1.4 0.7

A NEW LOCATION OF NICKEL COUNTERIONS IN CHEVREL PHASES 257
cavity 2, site 2 (q(Cu(2))&q(Cu(1))&0.21) and we have seen
for the corresponding nickel compound that nickel cations
occupy two di!erent sets of positions only in cavity 2 (Ni(2)
and Ni(2@)) with di!erent occupancies (q (Ni(2))"0.170;
q(Ni(2@))"0.045).

In Cu
y.!9

Mo
6
Se

8~x
S
x
, copper cation occupies statist-

ically site 1 and site 2, even at x"8 or x"0 (6, 7) while in
Ni

y.!9
Mo

6
Se

8~x
S
x
, the occupancy of each site (sites 1, 2, 2@)

depends on the Se/S ratio (Fig. 7).
So the nickel mixed Chevrel phases exhibit an interesting

feature in the location of these cations in the chalcogen
network, allowing the transition between the pure sul"de
and selenide nickel Chevrel phases to be well understood.

In the Mn`
y

Mo
6
X

8
Chevrel phases, a charge transfer of

(n .y)e~/Mo
6

occurs through Mo
6

cluster and Mo*}Mo*
intertriangle distances of the cluster (16). Yvon has reported
for a large number of Chevrel phases the variation of the
Mo*}Mo* intertriangle distances versus charge transfer
and established the model of Fig. 8.

We report our data from Ni
y
Mo

6
Se

8~x
S
x
. For these

compounds, the electronic charge transfer from nickel
atoms through the Mo

6
cluster seems to be quasi-constant,

because there is no signi"cant change in Mo*}Mo* distan-
ces, even if the nickel amount rises in richer sulfur com-
pounds. The mean distance is around 2.77 As , which
indicates a charge transfer model with between 1 and
1.4e~/Mo according to the nature of chalcogen (Table 4).
We deduced from this model the formal oxidation state of
nickel cations; it is between 0.60 and 0.90. It is not a com-
mon oxidation state for nickel cation in solid state chem-
istry, which leads us to conclude that electrons exist near
nickel cations.
We suspect that Ni}Ni bondings shape cationic clusters
(Ni

2
)2`, (Ni

3
)2`2 because magnetic susceptibility measure-

ments made on Ni
1.82

Mo
6
Se

4.11
S
3.89

indicated only Pauli
paramagnetism (No Curie/Weiss-type magnetism, typical
for Ni2` in tetrahedral sites, can be detected.) Moreover,
SchoK llhorn proposed earlier polynuclear models for
(Zn

2
)2`Mo

6
S2~
8

, (Cd
2
)2`Mo

6
S2~
8

, and (Li
4
)3`Mo

6
S3~
8

,
and suspected them to be available for Co, Fe, and Ni in
Chevrel phases (17, 18). Note that nickel clusters are com-
patible with the cationic sites geometry. In site 1, the six
equivalent positions (6f ) form a hexagon and we can easily
imagine as occupied one over two positions forming (Ni

3
)2`

triangular complex. In the same way, in site 2, we can have
(Ni

2
)2` pairs from a geometric point of view. These assump-

tions are reinforced by the high mobility of the nickel atoms
in nickel molybdenum sul"de (19).

In the pure nickel Chevrel selenide and the mixed close
selenide Ni

1.28
Mo

6
Se

5.72
S
2.28

, the nickel atoms are de-
localized in cavity 2 (site 2 and site 2@), interact strongly with
the Molybdenum atoms of the Mo

6
octahedral cluster, and

can form Ni}Mo bondings (Table 3).

IV. CONCLUSION

We showed that Ni
y.!9

Mo
6
Se

8~x
S
x

solid solution con-
taining the richest phases in nickel cations crystallizes in
rhombohedral symmetry. The nickel amount varies from
1.25Ni/Mo

6
in the case of the selenide compound to

2Ni/Mo
6

in the case of the sul"de.
For substitution of smaller sulfur atoms for selenium

ones, the nickel amount increases graduated in these phases
where only the cavity 2 is occupied. Thus, the greater in-
crease in the nickel amount is made possible when the rate
of substitution is close to 3}4S, because the nickel cations
can then "ll cavity 1 of the host network.

This study permits us to understand the "lling of the
cavities of the sulfoselenide host network by nickel cations
and to follow the structural evolution from Ni

2
Mo

6
S
8

to
Ni

1.25
Mo

6
Se

8
.
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We also show that the nickel cations cannot be in the #2
oxidation state. They can form nickel clusters inside cavities
of these phases or form bondings with Mo atoms belonging
to the Mo

6
cluster.
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