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Results are given of heat capacity measurements on halogenated chalcogenides at low tempera- 
tures. The results are compared with literature values and those published earlier by the present 
authors. The parameters of the compounds studied, calculated from the results of measuring the 
heat capacity and superconducting properties, are presented. The possibility of regarding ternary 
molybdenum chalcogenides as quasi-binary inclusion compounds consisting of Mo,Ch, clusters 
and atoms of the third component is discussed. 

PACS numbers: 65.40. - f 

INTRODUCTION 

There have recently been intense studies of the thermal 
properties of a whole range of compounds of transition met- 
als with different metalloids. Many such compounds have 
not only metallic conductivity (i.e., their resistivity decreases 
on lowering the temperature) but also turn out to be super- 
conductors." Bronzes, carbides, nitrides, some clathrates, 
chalcogenides, etc., are included among these compounds. 
The features of the behavior of such compounds are often 
related to band structure details, but also depend to an ap- 
preciable extent on the characteristics of the phonon spec- 
trum. 

Binary and multicomponent molybdenum chalcogen- 
ides are now being studied intensely and among them many 
are superconductors. As is well known,' the critical tem- 
perature of these compounds reaches 15 K, and the critical 
magnetic fields, for some of them exceed 500 kOe. 

Important information necessary for understanding the 
physical properties in general and features of the supercon- 
ductivity in particular can be obtained from a study of the 
heat capacity of such systems. Studies of molybdenum chal- 
cogenides (MCh's) carried out by us have ~ h o w n ~ - ~  that the 
temperature dependence of the heat capacity at low tem- 
peratures can be very different for different MCh's (see Fig. 
1). The Debye law is obeyed up to 15 K for some MCh's, i.e., 

C , ( T ) - ( T / ~ D ) " ;  (1) 

the magnitude of the heat capacity is relatively small. Such 
chalcogenides include Mo,Ch,, NaMo,Sh,, and Cu,., - 
Mo,C~,.'.~ Other MCh's, mainly those which have high su- 
perconducting parameters, have a more complicated tem- 
perature dependence of heat capacity which then has a 
relatively high value. Such chalcogenides include PbMo,S,, 
PbMo,Se,, and S ~ M O , S , . ~ ~ ~ , ~ - ' ~  

Since the heat capacity of the MCh's studied consists of 
only the lattice, C,, and electronic, C,, contributions, the 
observed difference in the temperature dependence can be 
ascribed to the complicated structure of the phonon spec- 
trum. For cases where the lattice part can be approximated 
by the Debye formula, the coefficient y of the electronic term 
is determined from a plot of Cexp/T = f (T2). Such a method 
is not always applicable for MCh's, since for many of them 
CL ( T )  is a complicated function. 

A new method ofcalculation had, therefore, to be found 
for analyzing the experimentally determined temperature 
dependence of heat capacity of MCh's. The problem consist- 
ed in finding such physical bases of expressions for CL(T)as 
would satisfy the following criteria for the values found for 
their parameters: 

1) Agreement between calculated and experimental val- 
ues of CL (T)  above T, within the experimental limits of un- 
certainty (2%). 

2) Agreement between calculated and experimental val- 
ues of entropy in the normal state over the whole tempera- 
ture range studied to the same accuracy. 

3) The absence of a temperature dependence of the dif- 
ference CeXp / T  - C, T; this assumes that the coefficient y in 
the electronic heat capacity remains constant. 

It was found from the result of numerical comparison of 
the calculated and experimental values of the heat capacity 
that the requirements listed were satisfied with the best accu- 
racy by the following expression: 

CL=AtCi  ( 8 , )  +A&'? (82) +A3C3 (83) .  (2) 

Here C,(O,) is the full Debye function (8, = OD), C2(02) is the 
full Debye function for binary MCh's (8, = OD,) or the Ein- 

FIG. 1 .  Dependence of C/Ton T' for some molybdenum chalcogenides: stein function for ternary M C ~ ' ~  (0, = e,), ~ ~ ( 0 , )  = p ~ 3 ,  
1-PbMo,Se,, 2-Mo,Se,, 3-PbMo,S,, G C u , , ,  Mo,S,, 5-Mo,S,. The 
lines are obtained by averaging the experimental specific heat values (the where the temperature @3 = OD3 is determined the ad- 
experimental values do not scatter by more than 2%). justable parameterp f A,, A, and A, are weighting factors: 
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for binary compounds A, = A, = 1, A, = 12; for ternary 
compoundsA, = 1; A, = 0.4 to 1, A, = 13. 

The values ofA , and A,  were determined in the numeri- 
cal analysis since it was not known, a priori, which of the 
available degrees of freedom will be thermally excited in the 
temperature range studied and what form of contribution 
this can make to the heat capacity. Quantitative agreement 
within 2 to 10% between calculated and experimental values 
can be achieved by representing CL as the sum of only the 
first two terms, but there are departures, regular in charac- 
ter, which occur for a number of compounds. They appear at 
temperatures between 15 and 20 K, increasing with increas- 
ing temperature, and at T> 15 K the experimental values 
C,,, for such compounds exceed those calculated systemati- 
cally. This is evidence of the existence of an additional con- 
tribution to the heat capacity which is not included in such a 
representation of CL . The term C, (8,) is introduced into the 
expression for CL to take this contribution into account, and 
it can be related to intra-cluster oscillations. 

The model considered comes from considering MCh's 
as inclusion compounds consisting of quasi-rigid Mo,Ch, 
units with atoms A incorporated in the spaces between them, 
i.e., compounds consisting of light A atoms and heavy 
Mo,Ch, clusters. Molybdenum chalcogenides have similar 
properties to compounds which also consist of two compo- 
nents of very different masses (for example PdH). Mossbauer 
st~dies,'.".'~ inelastic neutron and also theo- 
retical c a l c ~ l a t i o n s ~ ~ ~ ~ ~  enable the phonon spectrum of 
MCh's to be thought of in the following way. The phonon 
spectrum of binary systems can be represented by a model in 
the form of a sum of 6 external modes (consisting of three 
acoustic translational and three torsional) and 36 hard intra- 
cluster modes. There are an additional 3 low-frequency optic 
modes in the phonon spectrum, related to oscillations of 

atoms A, in the case of ternary systems. '79Ln The optic modes 
are strongly anharmonic and anisotropic. Atom A then 
takes part not only in optic modes of oscillation but can also 
appreciably affect the Mo,Ch, torsional oscillations. More 
reliable results can be obtained than before2' by using such a 
model in treating the experimental results. 

Published work devoted to the measurement of the heat 
capacity of MCh's at low temperatures can be classified as 
follows. In some of them CL is represented in the form of a 
function a T or by a polynomial, after which the electronic 
term y is determined from the experimental C,,,(T). How- 
ever, since the system is in the superconducting state at low 
temperatures, the values of C, and y obtained in this way are 
unreliable. On the other hand, the polynomial used, CL 
= A , T  + A2T + Ai T + (just as asimilar polynomial for 

S ( T )  used to determine C,) is unsuitable for determining y, 
since very different values are obtained depending on the 
magnitude of the coefficient Ai . 

In a number of cases G is evaluated from the jump in 
heat capacity AC (T), using the BCS model. The value of the 
electron-phonon interaction constant, A,, , and the density 
of states at the Fermi surface, N(EF), can be determined 
from the value of y obtained. Such results together with 
known values of A,, and N (EF) obtained by other methods 
are collected together in Table I (here w, , w, and wi are the 
Debye, Einstein and intra-cluster frequencies). 

EXPERIMENT 

Ternary and some binary molybdenum chalcogenides 
were prepared by direct synthesis of the element at high tem- 
peratures. In a number of cases sulfides of the metals which 
were the third components were used for synthesis of ternary 
molybdenum chalcogenides (TMCh's), for example Na,S. 

TABLE I. 
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Synthesis was usually carried out in a quartz ampoule filled 
with clean inert gas. By subsequent grinding, pressing, and 
homogenizing annealing, sintered specimens could be ob- 
tained with sufficiently good conductivity and narrow width 
of the superconducting t ran~it ion.~ 

Specimens of Mo6S, were obtained by many-fold ex- 
traction of metal A from TMCh's with the help of dilute 
hydrochloric acid. The following ternary chalcogenides 
were used for this purpose: ZnMo6S,, NiMo6S,, Cu, , - 
Mo6S,.' Halogen substituted MCh's such as Mo,Ch6Y, 
where CH = S, Se and Y = Br, I were obtained by the meth- 
od described earlier.5 Synthesis of the compound Mo,Ch6Y2 
was carried out from the elements or from a mechanical mix- 
ture of composition 5Mo + 6Ch + MoY,. 

The temperature, duration of synthesis and homogeni- 
zation of all MCh's was optimized according to the mini- 
mum width of the superconducting transition. Except for 
halogen substituted MCh's and LaMo6S, the size ofA T, was 
not more than 10 to 15% of T, determined by inductance. It 
was found that T, was equal to 1.7 K for Mo6S, specimens, 
regardless of which original TMCh was used.,' Determina- 
tion of the residual content, x, of the third component 
showed2' that for Mo6S, obtained from ZnMo6S,, 
x,, < lo-', from Cu,,, Mo6S,, x,, = 2 X and from 
Ni2M06S8? x,, = 7 X lop5. It can be concluded from these 
results that the observed superconductivity is not connected 
with the presence of the remains of the third component. It is 
more likely that the presence of hydrogen in all specimens 
leads to stabilization of the system and the appearance of 
superconductivity.32 

The specimens studied usually consisted of TMCh's 
with the Chevrel-phase structure. In a number of cases 
MoCh, and MoCh, were present in them. The content of 
each of these phases could amount to z lo%.,, The degree 
of uniformity of the specimens was determined by a micro- 
probe technique. A whole range of different measuring de- 
vices was used for experimental studies of MCh's. Heat ca- 

TABLE 11. 

pacity was measured in a calorimeter with a mechanical heat 
switch. "' Measurements were carried out over the tempera- 
ture range from 2 to 30 K (Ref. 33), and in mangetic fields up 
to H = 50 kOe.34 Measurements of the magnitude of the 
critical magnetic field H,, were carried out both in constant 
(Ref. 35)3 and in pulsed fields.,, A standard four-lead meth- 
od was used to measure the resistivity. The magnetic suscep- 
tibility ,y was usually measured with a string magneto- 
meter.37 The critical temperature was measured by an 
induction method or by the change in resistivity. 

The accuracy of the results obtained was not deter- 
mined by errors in measurements, but depended mainly on 
the presence of extraneous phases, such as MoCh, and 
Mo,Ch,, by lattice defects magnetic impurities and from the 
stoichiometry. The presence of extraneous phases is espe- 
cially important as they can lead to a reduction in the values 
of heat capacity measured by up to 15% compared with sin- 
gle-phase specimens. 

RESULTS 

The temperature dependence of the molar heat capacity 
of MCh's of composition A, Mo6Ch, is determined to a con- 
siderable extent by the third component (see Fig. 1). The 
entropy Sa t  T = 20 K for the MCh's studied can be calculat- 
ed from the C ( T )  dependence. These results are shown in 
Tables I1 and 111. It can be seen from the results given that 
MCh's with Ag, Cd, Pb and Sn have an appreciably higher 
entropy than the other MCh's, including those with substi- 
tuted halogen. 

Heavy metals, such as Pb and Sn, with large atomic 
radii going into the Chevrel-phase lattice and weakly bonded 
to the Mo6S, clusters, contribute to C,(T) even at low tem- 
peratures. Light atoms (Cu, Zn) on the other hand can be 
more strongly bonded to Mo,S,. Their contribution to the 
heat capacity will, evidently, only be appreciable at high 
temperatures. 
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TABLE 111. 

New results of measuring the heat capacity of MCh's in 
the temperature range 2< T(30 K are presented here. These 
results together with those published by us earlier2-9 are ana- 
lyzed with the help of the model presented above. The char- 
acteristic parameters of the phonon spectrum are obtained 
as a result of such an analysis together with values of the 
electronic heat capacity coefficient y, which N (E,), A,, , the 
energy gap A (O), and the thermodynamic critical field H, (0) 
can be found. 

The CL ( T )  relation for T < Tc was determined from the 
relation yT = C,,, ( T  ) - C, ( T  ). For compounds with rela- 
tively low values of dHc2 /dTand T,, measurements of heat 
capacity were made in a magnetic field H<50 kOe. The value 
of dHc2 /dT ) Tc obtained from measurements of heat capac- 
ity are shown in Table IV. For MCh's with large dHc2/dT 
and Tc, use was made of the suppression of superconductivi- 
ty by small amounts of iron i m ~ u r i t y . ~ - ~  

The characteristic parameters for CL(T)  shown in Ta- 
bles I1 and I11 could be calculated according to our proposed 
model and values of y determined for all the compounds 
studied. 

The jump in heat capacity at T = Tc was also used to 
determine y from the relation for y,,, which comes from the 
BCS theory: AC (T)/T, = 1.43~.  

TABKE N. 

* T, measured in a field of 20 kOe 

In Tables I1 and I11 we show values of y,,,, y, the 
coefficient of the electronic heat capacity determined from 
thejumpinheatcapacityAC(T < T,) = C,, ( T )  - C,, (T)and 
also y, determined from the magnetic susceptibility X .  We 
also show in Tables I1 and I11 the results of measuring the 
electrical resistivityp at T >  T, and the density d. The tem- 
perature dependence CL ( T )  obtained in this way can be com- 
pared (see Fig. 2) with the dependence CL ( T )  calculated from 
the known phonon spectra. We cannot expect strict quanti- 
tative agreement with the results for CL(T)  because the har- 
monic approximation was used in calculating CLp(T). Suffi- 
ciently good agreement between CL(T)  and CLp(T) was 
obtained, for example, for PbMo6S8 (Fig. 2) and also for 
PbMo6Se8, Mo,Se, and SnMo6S,. However, there is a large 
difference between CL(T)  and CLp(T) for Cu,,Mo,S,. The 
results given earlier33 for Cu, Mo6S8 also disagree with the 
heat capacity calculated from the phonon spectrum. It is 
possible that this disagreement arises because the phonon 
spectrum of copper chalcogenides is only known at room 

FIG. 2. Comparison of values of C , ( T )  calculated from the phonon spec- 
t r a ~ 7 . ~ x  for CuZMo,S, (@) and PbMo,S, ( o ) ,  with results obtained for them 
in the present work (curves 1 and 2 respectively). 
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TABLE V 

temperature, while these compounds undergo a phase tran- 
sition in the region below 300 K.38 

On comparing our results on the heat capacity of MCh's 
with those published in the l i t e r a t ~ r e ' ~ . ~ ~ . ' ~ . ~ ~  and taking the 
effect of the details of specimen preparation into account, 
the agreement between them can be regarded as satisfactory 
(if the discrepancy is not more than 15%). Our results usual- 
ly lie a few percent higher,'' which may, in particular, be due 
to small amounts of impurity. Inexactness in the assumed 
model for CL ( T )  can also be a source of systematic errors. (In 
view of quantitative estimates of the error, only differences 
between the mean values of CL ( T )  which exceeds 15% can be 
considered significant). 

It can be concluded from the results obtained on the 
heat capacity of molybdenum chalcogenides that the charac- 
teristic temperatures 8 shown in Tables 11 and I11 are appro- 
priate for describing CL ( T )  in the temperature range studied, 
and also for a sufficiently accurate determination of y for 
these chalcogenides. It should be borne in mind that the real 
lattice dynamics and the corresponding phonon spectra can 
differ from those of the model, so that the values of 8 should 

only be considered as approximate characteristic tempera- 
tures. It should also be remembered that anharmonicity and 
inhomogeneity of the specimen may affect the vibration 
spectrum.'' Since anharmonicity can give a contribution to 
C, ( T )  linear in temperature, a non-electronic contribution 
to y, can be obtained which will, however, not exceed 10% 
of the values given. Tables V and VI show quantities which 
have been calculated from the results in Tables I1 and 111, 
obtained directly from measurements of C ( T ) .  

The following symbols are used in these tables: ze,- 
the probable value of the electron-phonon interaction con- 
stant A,, (according to all available data); R(~,)-the prob- 
able value of the density of states at the Fermi surface in 
units of number of states per eV-spin-atom (according to all 
available data); H, (0)-the thermodynamic critical field at 
T = 0; (dHc2/dT),c-the experimental value of the tem- 
perature derivative of the upper critical field; Hc2-the ex- 
perimental value of the upper critical field at T =  0; 
(dH ,*, /dT)-the orbital contribution to (dH,, /dT); H 2 (0) 
-the orbital contribution to Hc2 (0); H,,-the paramagnetic 
limit; A (0) the energy gap at T = 0 K. 

TABLE VI. 
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FIG. 3. Comparison of electronic (S,)  and Lattice ( S , )  
entropies at T = 20 K, (dH,, /dT ),, and T,  for various 
molybdenum sulfides. 

The evaluation of A (0) from the temperature depen- 
dence of the electronic heat capacity in the superconducting 
state is not exact, since C,,(T) depends strongly on small 
errors in extrapolating C,, ( T )  and in determining y and 
C L ( T ) .  One cannot, therefore, say with certainty whether 
the observed non-linear dependence of In C,, on T -' for 
PbMo6S, (Ref. 7) is a general property of the MCh's studied 
or whether it is just a consequence of inaccurate extrapola- 
tion, all the more so because a reduction in the coefficient by 
only 10% gives the usual linear dependence on T - '  for all 
the chalcogenides investigated.'' The observed departure 
from linearity can also be produced by the existence of free 
unpaired electrons. This could indicate that as a result of 
scattering at T-0 not all the electrons, which determine the 
value of y, go into the "paired" superconducting state. The 
results of comparing S, , SL , T, and (dHc, /dt ),< for differ- 
ent molybdenum sulfides are shown in Fig. 3. It can be seen 
from this figure that the MCh's of the second group have the 
highest values of these parameters. Comparison of the values 
of y obtained from heat capacity measurements with those 
calculated from the relation y, = (2.2X 
(dH,,/dT), shows (Fig. 4 )  that the linear relation between 
these quantities is a sufficiently good approximation. At the 
same time, it can be concluded from comparison of the re- 
sults in Table I that there is practically no correlation 
between Tc and y, A,, and N (E,). 

FIG. 4. Dependence of y, on y for molybdenum chalcogenides. The num- 
ber by each point corresponds to the compound as follows: I-LaMo,S,, 
2-PbMo,S,, 3-SnMo,S,, 4--Sn, ,Mo,S,, 5-CdMo,S,, 6- 
Cd, , Mo,S,, 7-AgMo,S,, 8-Zn, , Mo,, S,, 9-Cu,, Mo,S,, 10-Na- 
Mo,S,, 1 I-Mo,S,Br,, 12-LaMo,Se,, 13-PbMo,Se,, l&Mo,Se,, 
15-LiMo,S,. 

DISCUSSION 

It has already been pointed out more than once that a 
number ot TMCh's have a complicated temperature depen- 
dence of heat capacity which is not covered by the Debye 
theory. Their heat capacity can be expressed approximately 
in the form of the sum of an electronic heat capacity 
C, = yT and the lattice part C,, according to Eq. (2). Stu- 
dies of the heat capacity of halogen-substituted molyb- 
denum chalcogenides, carried out recently, show that such a 
treatment of heat capacity can also be applied to these chal- 
cogenides. The results given here enable the electronic heat 
capacity to be obtained to sufficient accuracy by using the 
method of calculation employing the expressions derived 
above, and the magnitudes of the contributions to the lattice 
part can be determined. This consideration is probably ap- 
plicable to molybdenum chalcogenides because they are 
cluster compounds in which the bonds between atoms with- 
in a cluster are appreciably stronger than between clusters. 

Similar arguments should apparently be applicable to 
other cluster compounds, for example tungsten bronzes. As 
noted above, in the analysis of the properties of ternary mo- 
lybdenum chalcogenides, C l ( 8 , )  can be roughly considered 
as the contribution described by the Debye function and is 
associated with translational oscillations of the whole 
Mo,Ch, cluster; the term C2(8,) can be considered as the 
contribution associated with optic mode oscillations of 
atoms of the third component, which can be described by the 
Einstein function. The third term in the expression for the 
lattice heat capacity only because appreciable at relatively 
high temperatures ( T >  15 K). It corresponds to intra-cluster 
oscillations. The coefficients A ,  and A ,  correspond to the 
number of three-dimensional oscillators per elementary cell, 
giving a contribution to the heat capacity components C, 
and C,. When binary MCh's are considered, the second term 
in the expression for C, can be related to torsional oscilla- 
tions of the cluster. 

It could be concluded from the discussion of heat capac- 
ity given, that changing the mass of atom A in A, Mo6Ch, or 
the mass of the Mo6Ch, cluster should lead to a change in 
oscillation frequency proportional to MA - ' I 2 .  If we try to 
determine the change in frequency from the experimental 
results, it appears that an accurate correlation is not ob- 
served between 8, and the mass of atom A for ternary molyb- 
denum sulfides. In fact, 8, = 48 K for PbMo,S, and 8,  = K 
for SnMo,S,; the ratio ( ) p b / ( 2 ) s , ,  = 7 while 
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(Ms,/MPb)lt2 = 0.76. Such a 35% discrepancy is probably a 
result of a change in binding strength of atom A on substitut- 
ing Pb for Sn. A change in the volume of the elementary 
cell39 and the nature of such a change can be different in 
Chevrel-phases of the 1st and 2nd groups. The mangitude of 
8, for TMCh's should remain constant for all sulfides, in- 
dependent of which metal A is in the compound. In fact 8, 
does not stay constant although its variation is relatively 
small, especially for 2nd group Chevrel-phases, i.e., for mo- 
lybdenum chalcogenides with Pb, Sn, Ag. Changing metal A 
in this case probably leads to a small change in the force 
binding the clusters of the lattice. A fairly close relation 
between 8, and M ' I 2  is observed for halogen-substituted mo- 
lybdenum selenides if the mass of the cluster is taken for M. 
In spite of the departures noted from the simplified assump- 
tions about TMCh's in the form of quasi-binary compounds, 
one component of which is metal A, while the other is the 
Mo6Ch, cluster, it should be pointed out that the model is 
convenient for discussing the properties of TMCh's. No 
doubt, its further development will not only lead to a better 
agreement between the model and experiment, but will en- 
able new properties of cluster systems to be predicted. 

It must be pointed out in a discussion of model repre- 
sentations of molybdenum chalcogenides that the low-fre- 
quency contribution to the heat capacity of the optic modes 
of oscillation of the atoms of the third component only show 
up clearly in the 2nd group Chevrel-phases, for example in 
SnMo6S, and PbMo6S, in which heavy atoms with relatively 
large atomic radius figure as the third component. For 1st 
group Chevrel-phases which have light, relatively small 
atoms A, their optic vibrations are probably in the higher 
frequency range, so that the C, ( T )  dependence at low tem- 
peratures differs little from cubic. In addition, the groups of 
atoms A in 1st group Chevrel-phases are shifted from the 
[0,0,0] positions and, distinct from 2nd group Chevrel- 
phases, their position in the lattice can be represented ap- 
proximately as [0,0,1]. They are more strongly bonded to the 
cluster and probably exert a stronger influence on oscillation 
of the cluster itself. Atoms A in compounds A, Mo6S8 also 
have an influence on the magnitude of y. For example, in 
molybdenum sulfides with low-frequency optic modes, i.e., 
in 2nd group Chevrel-phases, y has a relatively higher value 
than could be connected with the large electron-phonon in- 
teraction. In 1st group Chevrel-phases, except for Cu, ,- 
Mo6S,, y is small. The reason for the relatively high value of 
y for AepMo,S, is not quite clear. It is not impossible that in 
this compound there is a lattice contribution, linearly depen- 
dent on temperature related, for example, to the large anhar- 
monicity or to the presence of a quasi-amorphous phase, 
which is to some extent confirmed by the difference between 
results for CL and the phonon spectrum (Fig. 3). If results on 
sulfides and selenides are compared, it can be noted that 
relatively large values of y for selenides (but smaller than for 
sulfides) are only observed in compounds with rare earths. 

The influence of the third component on the properties 
of superconducting TMCh's was noted earlier.2 It followed 
from the results given there that the dependence of CL on the 
atomic weight of atom A in AMo6S, appeared to be a smooth 

function for atoms A lying in one column of the periodic 
table, i.e., having as a rule, the same valency. It was shown 
later, when studying the isotope effect,40 that in the case of 
SnMo6S,, the dependence of Tc on the mass of the Sn atom is 
an increasing one: Tc increases as the mass of the Sn isotope 
increases, i.e., there is an anomalous isotope effect (see also 
Ref. 41). The anomalous isotope effect for Sn may be a result 
of the large anharmonicity of the Sn optic modes. As has 
been noted.42 it is just the optic modes which can lead to 
large values of&, . On the other hand, charge transfer from 
A to the Mo6S, cluster takes place; this process is determined 
by the valency of atom A. The change in the density of states 
is probably related to just this process. It can, therefore, be 
assumed that the change in transition temperature on chang- 
ing A comes about from changes in both N(E,) and A,, . 
Both factors (changes in N(EF) and A,,) will be important 
for TMCh's of the second group, i.e., for heavy A, while 
changes in N (E,) are more important for TMCh's of the first 
group. On changing the chalcogenide, the lattice parameters 
and the binding forces in the cluster change, and this can 
complicate the picture appreciably. 

As is well known,' the main feature of TMCh's is their 
high critical magnetic field H,,. In order to consider the 
relation between the TMCh parameters, obtained from heat 
capacity measurements, and the magnitude of the upper 
critical field, we can write the expression for the temperature 
dependence of Hc, in the form43 

11 < ., - (1'1 = H C z a ( T )  --0.22 ( ~ l h s , ~ )  T c H c , Z ( T ) .  

The first term in this formula, H ,*, (T), is the orbital critical 
field and the second represents the interaction between the 
external field and the spin of the conduction electrons. In the 
expression given, a is the Maki parameter and&, is the spin- 
orbit interaction parameter. Near T, the field H :, is nearly 
equal to H,,, so that we can take (dHc2/dT)Tc 
= (dH r, /dT )Tc. If we look at the dependence of the experi- 

mental values of (dH ,*, /dT )Tc on y derived from measure- 
ment of heat capacity, it can be seen that a monotonic rela- 
tion exists between these quantities. Since y = yo(l + A e p )  
and yo-N (E,), it can be thought that the critical magnetic 
fields of MCh's should depend on N (0) and on A,, . This 
means that the details of the phonon spectra of MCh's influ- 
ence H,, through A,, . Experimental values of Hc2 and calcu- 
lated values of H,, (0) are shown in Tables IV and VI, togeth- 
er with their temperature derivatives. The good agreement 
between values of H,, (0) and H :, (0) (especially if we take 
into account the fact that the difference between experimen- 
tal values of Hc, (0) given by different authors reaches 20%) 
can be considered to be a consequence of the spin-orbit inter- 
action constant being very high in the compounds studied, so 
that the second term in the expression of H,, at T = 0 is 
small. This conclusion is most valid for 2nd group Chevrel- 
phases for which Hc, exceeds the paramagnetic limit. As is 
well known, 2nd group Chevrel-phases, expecially PbMo,S, 
have fairly high values of the critical current density Jc as 
well as high critical fields.* At first sight it is difficult to 
reconcile the high values of critical current densities with 
high critical magnetic fields since the critical paired current 
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must depend directly on the relaxation time T or the mean 
free path I of the carriers, while the orbital critical field 
should be inversely proportional to I. The large J,  and H,, 
can be reconciled if it is accepted that the systems studies 
have high densities of state at the Fermi surface, N (E,). Re- 
sults obtained from measurements of heat capacity confirm 
this point of view. 

In conclusion it should be pointed out that the discus- 
sion of the properties of MCh's which has been presented 
and the model representations used for describing these 
properties could, in their further development, be applicable 
not only for MCh's but for other superconducting com- 
pounds of the cluster type. 

We are grateful to A. V. Mitin for his part in the discus- 
sion of the results and for help in preparing this article. 

"It should be pointed out that superconducting compounds are known 
which contain no metallic atoms: SN, and even some organic supercon- 
ductors. ' 

"Determination of x was carried out by x-ray fluorescence analysis. The 
phase composition was determined by x-ray diffraction. 

"Most of the measurements in steady magnetic fields were carried out in 
the International Laboratory of High Magnetic Fields and Low Tem- 
peratures (Wroclaw, Poland). 

4'For pure MCh's the susceptibility is usually paramagnetic (only MCh's 
with chalcogenide metals are an exception) and depends weakly on tem- 
perature. It can be represented in the form x = X,  + C / ( T  - 0 ). On the 
assumption that ,yo is mainly determined by the Pauli susceptibility, we 
can determine y, = (7?/3)(k B/pB)~O.  We should remark, however, that 
there is insufficient basis for such an assumption. 
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