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ABSTRACT

The Chevrel phase sulfides M, MogS;_, (M = metal) have attracted attention because of
their high superconducting critical temperatures and high critical fields. However, much less
attention has been paid to their thermal and/or thermochemical properties. In this review,
thermochemical features of the Chevrel phase sulfides, such as phase relations of M, MogS;_,
thermochemical properties and thermal stability in air, are discussed.

INTRODUCTION

The ternary molybdenum sulfides having the formula M, MoS; (M =
metal), the so-called Chevrel phase sulfides, have been studied intensively
since the discovery of their unique crystal structure [1] and interesting low
temperature physical properties, i.e., high superconducting transition tem-
peratures (PbMogS;: 7. = 15 K [2]) and very high critical fields (PbMogS;:
H_, =60 T [3]). Recently these compounds have attracted attention also
because of their potential application as cathode material for high energy
density lithium secondary batteries [4—-6]. As described in the review article
by Yvon [7] on the crystal structure and physical properties of the Chevrel
phase compounds, the crystal structure of the Chevrel phase sulfides is
characterized by a three-dimensional stacking of nearly cubic Mo,S; clusters,
each of which is made up of eight chalcogen atoms located at the corners of
the cube and six molybdenum atoms nearly at its six face centers. Many of
the Chevrel phase sulfides crystallize in a hexagonal-rhombohedral struc-
ture at room temperature. (Some of them, such as Cr,Mo,S;, exhibit a
triclinic structure which is a distorted form of the rhombohedral structure
[1]. At lower temperatures, some of the rhombohedral phases transform into
the triclinic structure [8], as will be described later.) The crystal structures of
the Chevrel phase sulfides, together with hexagonal and rhombohedral unit
cells and the rhombohedral 3 axis, are illustrated in Figs. 1 and 2a. A second
metal element, M, occupies a site inbetween two Mo,S; clusters neighboring
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Fig. 1. Crystal structure of Pb,MogSg on the basis of the data given in ref. 7.
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Fig. 2. a, Crystal structure of Cu,Mo,S; using ref. 7; b, two sets of sixfold copper sites of
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along the 3 axis. When M is a large cation such as Pb*>*, Sn®* or Ag?, the
composition of M (the x value in the formula M, MogSy) is nearly 1 and M
is localized on the origin of the rhombohedral unit cell. When, however, the
M cation is small, such as Cu*, Ni?* or Fe?*, the values of x are usually
larger than 1 and the cations are randomly distributed in the 12 metal sites
which are away from the 3 axis, as shown in Fig. 2a. These 12 sites are made
up of two sets of six-fold sites which are called inner tetrahedral sites (A
sites) and outer tetrahedral sites (B sites), as illustrated in Fig. 2b. In general,
compounds containing large cations have a rhombohedral cell angle ay =
89°-91° (PbMocSs: ai = 89.27°), while those containing small cations
have values ag = 94°-95° [7]. The Chevrel phase sulfides can thus incorpo-
rate different concentrations of a variety of metal elements having a range of
size, atomic number, and ionic potential. The Chevrel phase compounds are
usually stable in a chalcogen deficient form [7,9,10]. Accordingly, the general
formula of the Chevrel phase compounds is expressed as M, MogS; _, in this
article.

Since the most striking features of this material are the unusual physical
properties at low temperatures, including high superconducting transition
temperatures and high critical fields, there have been a great many investiga-
tions and also several reviews on this subject [7,11,12]. However, only little is
known about the phase relations and/or thermal behavior of the Chevrel
phase sulfides.

In this article, the phase relations of the ternary Chevrel phase sulfides are
reviewed in the first section, while the second section deals with thermody-
namics and thermal effects. In the final section, stability of the Chevrel
phase sulfides in air at elevated temperatures is described.

PHASE RELATIONS

In Fig. 3, the metal elements which can be incorporated into the Chevrel
phase sulfides are summarized in the form of a periodic table after Fischer
[11] with some modification. The “r” and “t” in this figure represent the
rhombohedral and triclinic structures at room temperature, respectively. “r,
t” means that the phase crystallizes in both the rhombohedral and triclinic
structures depending on its composition, e.g., Fe, MogS; [13]. In Fig. 3, the
M elements which form compounds with agy > 94° when the M cation is
small are shaded.

Copper Chevrel-phase sulfides (Cu, MogS; _ ,)
Copper is a small cation, and the copper Chevrel phase sulfides exhibit a

rather wide range of nonstoichiometry. Fliikiger et al. [14] have reported the
temperature dependence of the solubility limit of copper (x in Cu, MogS;_ ),
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Fig. 3. Periodic table indicating the M elements which form Chevrel phase sulfides. The room
temperature phase is rhombohedral (r) or triclinic (t). Chevrel phase sulfides having shaded
elements have ayp values greater than 94°. From ref. 11 with some modifications.

at temperatures from 850°C to 1750 ° C (Fig. 4). Fliikiger et al. first meited
the sample in an induction furnace using an Al,O; crucible at argon
pressures between 20 atm and 100 atm, followed by homogeneization for 1 h
at 1500°C, and then quenching. In order to obtain precise information
about the phase limits, the samples were annealed in quartz ampoules at
temperatures from 850°C to 1450°C. It may be seen in Fig. 4 that the
rhombohedral Cu,MogS; phase is formed congruently from the melt at
1750 +£ 30°C, and that the rhombohedral phase exhibits a rather wide
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Fig. 4. The high temperature phase diagram of the system Cu,Mo,Sg, redrawn from ref. 14.
Ry represents the thombohedral Chevrel phase.



205

CuyxMogSs-y

e CuMogSa-y (CMS) o CMS + Mo

o CMS + Mo + MozS3 a CMS + MoSz
e CMS + Cu + "CuzS" o CMS + Cu
v

CMS + "CupS"
T b T T T T
o e v
4 0O O & e VvV o
0O @ & e @ A
3r o 0O e e @ & & -1
> 0O 0 0O & e A
2F © o 0O 0 0O @& @ A& A a -
0 00
tfoe o o o o o o A
o | | 1 1 1 1 1

74 75 76 77 78 79 B8O
8-y

Fig. 5. The single phase region and the phase relations of the copper Chevrel phase sulfides
Cu,MogS,_, at 1000°C, from ref. 15.

homogeneity range. Furthermore, the phase limits are strongly temperature
dependent, i.e., 1.2 < x < 3 at 1500 ° C while 1.8 < x < 4 at 850 ° C. However,
Fliikiger et al. have estimated the sulfur composition only roughly from the
lattice parameters. As described earlier, the Chevrel phase sulfides usually
have a sulfur deficiency, and the phase limits with respect to the copper
content, x, should be influenced by the sulfur content, 8 — y, in Cu,Mo,S;_ .
The sulfur nonstoichiometry of the copper Chevrel phase sulfides has
studied by Cheung and Steele [10]. They prepared samples by direct combi-
nation of the elements at 1100°C in evacuated quartz ampoules. This
preparation technique for the Chevrel phase sulfides has been used by most
of the researchers cited in this article and hereafter the preparation proce-
dure will not be mentioned if the sample was prepared in this manner.
Cheung and Steele have shown that the nonstoichiometry range of sulfur,
8 —y,in Cu,MoSs_, (compound with x = 2) was 7.7 < 8 — y < 7.85. In our
research group we have prepared copper Chevrel phase sulfides having
various compositions with respect to both x and 8 — y at 1000 °C, and have
determined the homogeneity range of Cu,MogS;_, [15] using X-ray dif-
fractometry (Fig. 5). A stoichiometric composition, Cu,MosS;,, was ob-
tained in this system. Figure 5 shows that the nonstoichiometry range with
respect to x at a certain sulfur content is not as large as that shown in Fig,
4: for example, at (8 —y)=78,2<x<3;at(8—y)=79, 3 <x<3.5; and
at (8 — y) = 8.0, 3.5 < x < 4. Accordingly, the sulfur contents of the samples
in the copper rich end (x = 4) and in the copper poor end (x = 2) in Fig. 4
should be different.

Figure 6 shows the phase diagram of the Cu—Mo-S system at 1000° C.
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Fig. 6. The phase diagram of the Cu—Mo-S system at 1000 °C [15].

This was drawn on the basis of the equilibrium data in Fig. 5 and some
additional data [15].

The variation in the rhombohedral lattice parameters for Cu,MogSs_,
with respect to x and 8 —y [15] is shown in Fig. 7. The lattice parameters
are more dependent on the copper content than on the sulfur content:
however, it seems that the ag value decreases slightly with increasing 8 — y
when the copper contents are the same.

The copper Chevrel phase sulfides having a copper content x of less than
1.8 are unstable at high temperatures, as shown in Fig. 4. They can, however,
be prepared at room temperature by an electrochemical technique [13,16]
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Fig. 7. Compositional variation of the rhombohedral lattice parameters of Cu,MosS; [15].



207

starting from single phase Cu,Mo,S;_, (x > 1.8), or by leaching methods
using hydrochloric acid [17] or iodine in acetonitrile [18].

The lattice parameters of Mo,S;_, prepared in this way are ag = 6.432 A
and agp =91.34° [17]. It should be noted that the ay value drastically
decreases from that of the original copper Chevrel phase, for example for
Cu,Mo,S,5 ag=6.501 A and ag =95.16°. These rhombohedral lattice
parameters can be converted to hexagonal parameters as follows: for
Cu,MogSg ay =9.598 A and ¢y =10.197 A; and for MogS; ay=9.20 A
and c¢;=10.88 A. The following conversion equations were used for this

purpose.
Hexagonal to rhombohedral
an=(kak+3ch)” (1)

cos ap = (— 4 ak +4 c&)/ad 2)

Rhombohedral to hexagonal

= [2(1 = cos ag)]*ag (3)
= [3(1 + 2 cos ag)]ag (4)

where the subscripts R and H represent rhombohedral and hexagonal,
respectively. The above comparison shows that the ¢ parameter of Mo,S; is
greatly increased. This means that the copper ions in Cu,MosSg_, strongly
attract the MogS; clusters neighboring along the 3 axis (see Fig. 2a).

Lead Chevrel phase sulfides (Pb,MogS;_ )

The phase relations of the lead Chevrel phase sulfides, Pb,MosSg_, have
been most intensively investigated, since among Chevrel phase compounds
these compounds exhibit the highest superconducting transition temperature
T, [9]. The lead cation belongs to the group of large cations, and the
composition x of lead is almost unity. However, slight non-stoichiometry
with respect to x and sulfur deficiency are known.

Single phase regions with respect to both lead and sulfur contents have
been reported by Krabbes and Oppermann [12,19], Hauck [20], Yamamoto
et al. [21] and Yamasaki and Kimura [22]. The results given in refs. 12, 21
and 22 are summarized in Fig. § together with the coexisting phases shown
in ref. 21. The single phase region reported by Hauck [20] (0.85 < x < 1.05,
6.8<8—y<74 at 1000°C) was considerably different from the other
three, and is not plotted. The stoichiometric composition PbMogS; , has not
been obtained as a single phase. The single phase region determined by our
research group (Yamamoto et al. [21]) shows that the homogeneous region
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Fig. 8. The single phase regions of Pb,MogS; reported in the literature.

shifts in the sulfur rich direction with increasing lead content x, similarly as
observed for the copper Chevrel phase (Fig. 5).

Since no other phase besides Pb, MogS, _, exists in the ternary Pb—Mo-S
system, the phase diagram of this system was found to be very simple (Fig.

9) [21].
The thombohedral lattice parameters reported in the literature [20-22] are

plotted against x in Fig. 10. No obvious trend in the compositional
variation is observed.

From DTA measurements, Hauck [20] has found that Pb,MogS;_, de-
composes peritectically at 1530°C with a liquidus temperature of about
1600 ° C. Fliikiger et al. [23] also have reported that PbMog,S;, SnMog . S,

Pb—Mo—S
1000°C

Pb PbS S

1. PMS + Pb + Mo 2. PMS + Mo

3. PMS + Mo + Mo2S3 4. PMS + MosS3
5. PMS + Mo2S3 + MoSz 6. PMS + MoS;
7. PMS + MoSz + Pb 8. PMS + Pb

9. Pb + PbS + MoS2

Fig. 9. The phase diagram of the Pb—Mo-S system at 1000 ° C [21].
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Fig. 10. Compositional variations of rhombohedral lattice parameters for Pb, Mo, Ss.

and AgMogS; form peritectically from the melt instead of forming con-
gruently like many other Chevrel phase sulfides, e.g. Cu,MoS; (Fig. 4),
Ni Mo,S;, ete.

Iron Chevrel phase sulfides (Fe, MogS; _ )

The phase relations of the Fe-Mo-S system are rather complicated
because of the existence of two additional ternary phases (monoclinic
FeMo,S, and triclinic FeMo,S,) besides the iron Chevrel phase Fe, Mo,S,
[11]. The precise phase relations of the Fe—Mo-S system at 1000 °C have
been reported by Wada et al. [13] and are given in Fig. 11. Although a wide
single phase region of Fe MogS;_, was expected because Fe?* is a small
cation, the observed range was small. Figure 11 shows that the rhombo-
hedral Fe MoS;_, phase coexists with the triclinic FeMo,S, phase. How-
ever, one must remember that this phase diagram is for samples quenched
from 1000 ° C, because the phase analysis was by means of X-ray diffraction
carried out at ambient temperatures. According to Yvon et al. [24], triclinic
FeMo,S, transforms into the rhombohedral modification above 200°C
owing to an order—disorder transition of the iron atoms. Accordingly, Wada
et al. have suggested that a solid solution of the rhombohedral phase in the
range Fe,Mo,S; _,~FeMo,S, is formed at 1000°C because both end mem-
bers have the same structure. In other words, a rather wide homogeneous
range of rhombohedral Fe MosS;_, (1.1<x<21, 7.67<8—-y<8.12)
would exist at 1000° C.

In Fig. 12 the compositional variations of the rhombohedral lattice
parameters presented by Wada et al. are plotted only for the single phase
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Fig. 13. The single phase region and the phase reiations of the Sn,MosSg_,, reported in ref.
26. The single phase region shown in ref. 25 is also plotted. Both results were obtained at
1000°C.

Tin Chevrel phase sulfide (Sn, Mo,S;)

The single phase region of tin Chevrel phase sulfides Sn,MosS;_, has
been reported by Wagner et al. [25] and Sato et al. [26]. In Fig. 13, the
results given in the above papers are summarized. The coexisting phases
reported by Sato et al. are also given. Since the tin cation is a large cation,
the tin content x is around unity. It ranges, however, over a larger region
(0.70 < x < 1.2) than that for the lead Chevrel phase (Fig. 8). Furthermore,
the nonstoichiometric range of sulfur 8 —y (6.75 < 8 —y < 7.95) is larger
than for any other system described so far in this article.

On the other hand, the compositional variation of the rhombohedral
lattice parameters is fairly small, as shown in Fig. 14 (Sato et al. [26]), in
spite of the wide homogeneous range with respect to both tin and sulfur
contents.

Nickel Chevrel phase sulfides (Ni, MogSg _ )

The single phase region for nickel Chevrel phase sulfides Ni,MogS;_, has
been investigated by Tanjo et al. [27], and is shown in Fig. 15. Owing to the
high vapor pressure at 1000 ° C of the nickel sulfides, which would coexist
with the Chevrel phase at high x values, ambiguity still remains concerning
the phase limit in the high x region (x = 2).
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The nonstoichiometry with respect to nickel content x is rather narrow
when compared with those of other Chevrel phase sulfides having small
cations, e.g. Cu,MocS;_,, 2=x=4; Fe,MoS;_ ), 1.25 = x = 2 (assuming
that the triclinic FeMo,S, phase transforms into the rhombohedral phase
and forms a solid solution with the Fe, MogS;_, phase at high temperatures).
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Fig. 15. The single phase region of Ni, MogSs_, [27].



213

The rhombohedral lattice parameters were in the range 6.449-6.460 A for
ag and 94.66°-94.75° for agy [27).

Cobalt Chevrel phase sulfide (Co,MosS; _ ,)

Yamaguchi et al. [28] have investigated the single phase region of cobalt
Chevrel phase sulfides Co,MogS;_ . It was found to be very narrow, which
is limited within the range of 1.55 < x <1.65 and 7.65 <8 — y < 7.75. This
phase was found to coexist with another ternary phase, CoMo,S,, in the
sulfur rich side of the single phase. The rhombohedral lattice parameters
were ag = 6.469 A and ag = 95.29°. Also, Guillevic et al. [29] have reported
the composition of CoygoM0;,0S, (Co,sMogS;5: ag=6483 A, ag =
95.28°).

Other than those described above, investigations of the single phase
region for the Chevrel phase sulfides are, as far as we know, quite few in
number.

Yvon [7] has previously offered an ionic—covalent bonding model of the
Chevrel phase compounds, which includes the concept of cluster valence-
electron-concentration (cluster VEC [7]). According to this model a maxi-
mum of four electrons can be transferred to a MogSg cluster by incorporat-
ing M cations. This theory clearly can explain the maximum number of M
cations which can be incorporated in the Chevrel phase sulfides, e.g. four
Cu” in Cu,MosS;_ ,, two Fe?* in Fe,MogS;_, and two Ni®* in Ni Mo,S, _, .,
etc.

As described above, most of the Chevrel phase sulfides exhibit smaller
sulfur : molybdenum ratio than 4: 3. Accordingly, the compositions of these
compounds have been expressed as M,MogS;_, in this article. However,
various models for the defect structure of the Chevrel phase sulfides have
been proposed in the literature. Fliikiger et al. [23] have reported that the
predominant defect species in the lead Chevrel phase PbMo,,S; should be
excess molybdenum atoms instead of sulfur vacancies, based on a compari-
son of the calculated (from X-ray data) and the measured densities. Sergent
et al. [30] have also supported this model. However, Marezio et al. [31] have
found, based on X-ray diffractometry of a lead Chevrel phase sulfide, that
8% of the Pb sites and 25% of the S(2) sites, which are on the 3 axis (see Fig.
1), are unoccupied resulting in the composition Pbg,sMocS;5. This result
suggests that the predominant defect type is sulfur vacancies. Wada et al.
[13] have also suggested a sulfur vacancy model for the iron Chevrel phase
sulfides from density measurements. On the other hand, Yamasaki et al. [32]
have concluded that both sulfur vacancies and excess Mo atoms would exist
in PbMogS; _, having intermediate or large y values. More intensive investi-
gations would be necessary for a better understanding of the defect structure
of the Chevrel phase compounds.
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THERMOCHEMICAL PROPERTIES AND THERMAL BEHAVIORS OF THE
CHEVREL PHASE SULFIDES

Only limited information about the thermochemical properties has been
reported so far, in contrast to a great many papers on physical properties.

Only one paper has been presented on the high temperature thermody-
namics of the Chevrel phase compounds, by Hauck and Heiderich [33]. They
have prepared lead and copper Chevrel phase sulfides from the elements
under hydrothermal conditions in an autoclave, and have found that the
ternary phases PbMo,S; and Cu,Mo,S; (they assumed stoichiometric com-
position) form only above the temperatures 713° C and 590 ° C respectively.
They referred to these temperatures as the decomposition temperatures. This
decomposition temperature of Cu,Mo,S, is very close to that of CuMo,S,
(supposed to be identical with the copper Chevrel phase) reported by Grover
and Moh [34], which is 594 + 4°C < T < 610 &+ 5° C (where T stands for the
decomposition temperature).

Using a linear interpolation of the thermodynamic data [35] within the
temperature range 700-1100 K, Grover and Moh also estimated the Gibbs
energies of formation of PbMogS; and Cu,MoS;. A part of the Gibbs
energy diagram given by Hauck and Heiderich is shown in Fig. 16 in
accordance with eqns. (1) and (4) in the figure. From Fig. 16, the Gibbs
energy of Cu,Mo,S, at 1000 K is estimated to be — 873 kJ mol ~!. Assuming
that the activities of the solid Cu, Mo and Cu,MoS; are unity, the
equilibrium partial pressure of sulfur from eqn (5) in Fig. 16 is calculated to

1 Pbe6Mo+4S) —> Pb+4M0S2:2Mo
2 — Pb~-g-MOZS3.%Mo
3. —> PbMogSg
T 20 4.2Cu+BMo+45,—>2Cus4M0S,+ 2Mo
° 5 —>Cu2M0658
E ~
R
~ R re<7ction 2
O ey ~
40 T v
& reaction 1 and 4 \\\
N INCTEING ~ \;ﬁ‘
-10 | SOt reaction 3>~  ~
=-1590:0727 T AN
reaction 5
-20

700 800 900 1000 100
Temperature / K

Fig. 16. The Gibbs energy diagram for the reactions (1)—(5) shown in the figure, relative to
reactions (1) and (4) in the figure. Redrawn from ref. 33.
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Fig. 17. Illustration of the three dimensionally interconnected copper sites in the crystal
lattice of Cu,MoS;_,. Positions are calculated from ref. 7.

be log Ps, = —6.4 at 1000 K, where P, is in Pa. However, Fig. 5 shows that
Cu,Mo,S,;; coexists with MoS,. It can be estimated from the paper of
Suzuki et al. [35] that MoS, is stable under a partial pressure of log Pg >
—5.4 at 1000 K. Accordingly, Cu,MosS;_, would be stable at least in the
range —6.4 <log Ps < —5.4 at 1000 K. '

Since copper ions can migrate through three dimensionary interconnected
cation sites (Fig. 17) even at room temperature, the copper Chevrel phase
sulfide is a good copper ion conductor, as well as a metallic electronic
conductor [36]. Dudley et al. [36,37] have measured the copper ion conduc-
tivity of Cu,MogS, s, at temperatures between 396 K and 441 K using a
solid electrolyte in both ends of the sample. The activation energy for ionic
conduction in the region x <2 where copper ions mainly occupy A sites
(inner sites, see Fig. 2b) [38], was higher (31 kJ mol ') than that obtained in
the region x > 2.4 (18 kJ mol '), where occupation of B sites (outer sites) by
copper ions becomes predominant [38]. They have deduced the energy
profile along the Cu ion conduction path as shown in Fig. 18, and estimated

18kJ/mol

13kJ/mol

Il I}
Cu(B) Cu(A)

Cu(A) Cu(B)

Fig. 18. Possible energy profile along the Cu ion conduction path, from ref. 37. Cu(A) and
Cu(B) represent the copper cation in the A and B sites, respectively (see Fig. 2b). Cu’(A) and
Cu’(B) indicate that these cations are in a unit cell adjacent to Cu(A) and Cu(B), respectively.
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Fig. 19. The low temperature phase relations in the system Cu ,MogS;_,, redrawn from ref.
14. Phase transformation temperatures and T, are also plotted. Ry represents the rhombo-
hedral high temperature phase (see Fig. 4).

that the A site (inner site) has an energy which is lower by 13 kJ mol ™' than
the B site (outer site).

Many Chevrel phase sulfides undergo phase transformations near or
below room temperature [39,40]. Fliikiger et al. [14] have reported that the
copper Chevrel phase Cu,MogS;_,, has four low temperature modifications
in the range of 0 <x < 4. Figure 19 shows the low temperature phase
relations for Cu,Mo.S;_ . In the range 1.5 < x < 3.6, the transition temper-
atures to the low temperature phase, determined by specific heat measure-
ment, and the superconducting critical temperatures 7, (Fliikiger et al. [41])
are also plotted. Three two-phase regions coexist with the region of four low
temperature phases (LT1 through LT4 in Fig. 19). From X-ray diffraction
results, it has been shown that LT2 (Fig. 19) crystallizes in a triclinic
structure and L'T4 in a rhombohedral form, while the structures for LT1 and
LT3 are unknown [14]. The crystal structure of the low temperature modifi-
cation (triclinic) of Cu, {MogS; which corresponds to LT2 in Fig. 16 has
been determined by Yvon et al. [8] and Baillif et al. [42]. The low tempera-
ture structure 1s illustrated in Fig. 20 together with the rhombohedral form
for comparison. These are illustrated on the basis of the crystallographic
data from ref. 8. The low temperature transformation is described as an
ordering of the randomly occupied twelve metal sites in the rhombohedral
structure onto two fixed lattice positions. Accordingly, this transformation
would not occur when the compounds contain more than two cations per
Mo,S; formula unit.

Such a rhombohedral-triclinic transformation has also been observed for
the following compounds: Co,Mo;Sg (220 K) [39], Fe,Mo:S; (~ 400 K) [7],



o
[y
~J

Fig. 20. Illustrations of the structures of (a) the rhombohedral high temperature form and (b)
the triclinic low temperature modification of Cu, gMogSg, in the rhombohedral crystal lattice.
Atomic positions are calculated from the data given in ref. 8. The outer sites of copper in the
rhombohedral structure (a) are neglected for simplicity.

ZnMosS, (320 K) [40], EuMo,S; (109 K) and BaMogS; (171 K) [43]; the
transition temperatures are given in parentheses. The rhombohedral phases
of PbMo,S; [31], AgMo,S; {39], Ni,Mo,S; [39] and MogS; [40] are known to
be stable down to 6 K.

Extensive measurements of specific heat near the superconducting critical
temperatures 7 of the Chevrel phase sulfides have been carried out by many
investigators. The specific heat measurement gives the most valuable infor-
mation when the measurement is done over a sufficiently wide range of
temperature. This temperature should be from about one-tenth of T to
one-sixth of the Debye temperature [44]. Complete analysis of the data
allows determination of the electronic specific heat coefficient and the
(initial) Debye temperature ® (7 = 0) including the formal variation ©(T'),
a rough shape of the phonon spectrum F(w), the thermodynamic critical
field H.(T), the energy gap A(0) at T =0, etc. [44]. Also, this may give most
of the parameters in the expression for 7, [45], such as the generalized
moments of the phonon spectrum (w,, @;, @, [45]), the electron phonon
coupling parameter A, the bare electron density state at the Fermi level
N (Ep), etc [44].

The low temperature specific heat is measured by a heat pulse calorimeter
[46], or a thermal relaxation type calorimeter [47,48].

The normal state specific heat C, can be expressed as

C,=vyT+ BT? (5)
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Fig. 21. Specific heat plotted as C/T vs. T?, redrawn from ref. 50.

where y and 8 represent coefficients of the electron and lattice contribution,
respectively. Accordingly, C,/7 is usually plotted against 72, At the T,
owing to the formation of an energy gap, the density of states of the electron
on the Fermi surface changes and a sudden increase of specific heat occurs
(BCS theory [49)).

An example of the C/T vs. T, plot is shown in Fig. 21, which was
measured for Cu, sMogS; (7. = 10.3 K) by Morohashi et al. [50].

However, detailed discussions on the variety of parameters derived from
the specific heat measurement will not be made in this article, and we will
simply refer to some papers in which heat capacity analyses of the Chevrel
phase superconductors are described [50-52].

THERMAL OXIDATION OF THE CHEVREL PHASE SULFIDE

The stability of the Chevrel phase sulfides in air at elevated temperatures
has been investigated by Takei et al. [53] and Taniguchi et al. [54] by means
of thermogravimetry, differential thermal analysis and X-ray diffractometry.
In Fig. 22, TG-DTA curves obtained by Taniguchi et al. and the DTA
curve reported by Takei et al. (broken line) for Cu,MogS;_, are shown. For
convenience, the DTA peaks are denoted as Al to A4 (solid line, Taniguchi
et al.) and Bl to B3 (broken line, Takei et al.). All the DTA peaks were
exothermic.

Takei et al. used samples of about 50 mg and heating rates of 1-5°C
min~'. Taniguchi et al. used samples of 5-20 mg and a heating rate was
10°C min~'. No change was observed below 200 ° C. Both the peaks A1l and
B1 were accompanied by a gradual weight gain. These peaks were thought to
be due to oxygen pick-up by Cu,MocS;_ . Takei et al. have concluded that
CuO and Cu _;MogS; were formed at this stage instead of replacement of
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Fig. 22. TG-DTA curves for Cu,MogS;_, from refs. 50 and 51.

sulfur by oxygen; however, no X-ray peaks of CuO were observed. Tani-
guchi et al. have detected the formation of Cu, ¢S at this stage. They have
suggested that oxygen atoms substitute for sulfur, and Cu,MoS;_,0,
(x < 2) and Cu, S were formed. In both cases, the copper contents x of the
Chevrel phase were considerably lowered and an increase in the hexagonal ¢
parameter was observed: ay = 9.612 A, cy=10247 A (Cu,MogSg) = ay =
9.403 A, ¢y =10433 A(Cu~1Mo6 g) (Takei et al.); ay = 9.61 A, ¢y =10.26
A (Cuy,M0gS;55) > ay =942 A, ¢, =1035 A (Cu,MocS;_ 0,49, x <2)
(Taniguchi et al.). It should be noted that these lattice parameters are
approaching those of Mo,Sq, i.e. ay = 9.200 A, cy =10.880 A.

Although reaction temperatures were considerably different, very sharp
DTA peaks (A2 and B2) were accompanied by rapid weight gains. These
peaks were ascribed to the partial oxidation of the Chevrel phase to MoO,.
Accordingly, unreacted Chevrel phase still remains at this stage.

Taniguchi et al. have detected an independent small peak A3 before the
broad and large peak A4. The X-ray diffraction analysis of the sample
quenched at 466 ° C (the temperature just before the A3 peak ended), clearly
showed the formation of CuSO,. Accordingly, the A3 peak would corre-
spond to the reaction:

Cu,MogS; _, (unreacted at A2) + O, = MoO; + CuSO, (6)

The peaks A4 and B3 correspond to the final oxidation of the Chevrel
phase to CuO, MoO; and/or to CuMoO, (at higher temperatures) according
to the following equations:

2CuSO, - CuO - CuSO, + SO, (7)
CuO - CuSO, - 2CuO + SO, (8)
CuO + MoO,; —» CuMoO, 9)
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