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The specific heat of nine single crystals of the Chevrel phase compounds MogSes_, S,
(0=<x =4.0) has been investigated in the temperature range 1.5-9.0 K in magnetic fields of 0 and 6
T. Using the BCS theory with strong-coupling corrections, the thermodynamic properties and in-
formation on the electron-phonon interactions have been obtained. The superconducting transition
temperatures T, of these compounds decrease with increasing S concentration x, and the electron-
phonon interactions of this system change from strong to weak. In spite of the change in T, the
bare electronic density of states is nearly constant for all samples. The value of T, depends on the
average phonon frequency through the electron-phonon coupling constant. The anomalous lattice
specific heat has been observed for low concentration samples. This is explained by assuming low-
lying soft-phonon modes, which were reported by inelastic neutron experiments for MogSeg, in addi-
tion to a molecular crystal model. The relationship between the electron-phonon interactions and

the low-lying soft-phonon modes is discussed.

I. INTRODUCTION

The ternary molybdenum chalcogenides (Chevrel
phase compounds) have been studied considerably be-
cause they have the highest upper critical magnetic field
H,., (Ref. 1) and relatively high superconducting transi-
tion temperatures T, (Ref. 2) before the discoveries of the
new high-T, oxide superconductors. These compounds
have compositions MyMogX3 or MogX;, where M is a
metal atom and X is a chalcogen atom. By analyzing the
results of the specific-heat studies on a large number of
the Chevrel phase compounds, pure ternary MMogXg
and pure binary Mo¢X,, where “pure” means X is not an
alloy but an element, Lachal et al.® concluded that the
strength of the electron-phonon coupling and then the su-
perconducting transition temperatures of these com-
pounds are dominated by the band electronic density of
states.

On the other hand, for pseudoternary MMoX5 X,
and pseudobinary MogX; X, compounds, such a rela-
tionship between the electron-phonon coupling constant
and the band density of states does not always hold.
Sankaranarayanan et al.* observed that the superconduc-
ting transition temperature for Cu, sMogSg_,Se, and
Cu, gMo¢S;_ Te, decreases with increasing residual
resistivity. Maekawa and Fukuyama® and Anderson
et al.’ pointed out the localization effect suppressed the
superconducting transition temperature by increasing the
effective Coulomb repulsion. These theoretical predic-
tions may explain the experimental results of San-
karanarayanan et al.* because the localization effect also
reduces the electrical conductivity of materials.

The lattice dynamics of the Chevrel phase compounds
was studied in the framework of a simple molecular crys-
tal model proposed by Bader et al.” In this model, the
compound is regarded as a molecular crystal which con-
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sists of M atoms and quasirigid Mo¢X units. The lattice
dynamics then is simplified. The 45 normal modes of the
unit cell are grouped into 36 internal modes of the MogXg
clusters and nine external modes: three acoustic and
three optical modes associated with the M atoms and the
clusters and three torsional modes of the clusters. The
generalized phonon density of states obtained from the
neutron experiments by Bader et al.” and Schweiss
et al.® were qualitatively explained by this model:

Culetto and Pobell’ analyzed their isotope experiment
in MogSeg using the molecular crystal model and pointed
out the contribution of the translational acoustic modes
and the internal modes to its superconductivity. By com-
paring the tunneling data on Cu; jMogSz and PbMogS,
with the generalized phonon density of states, Poppe and
Wiihl'® showed that both low-frequency external modes
and high-frequency internal modes coupled to the elec-
tron, while the optical modes associated with M atoms
are ineffective to the electron-phonon coupling.

We!l reported the result of the specific-heat measure-
ment of MesSeg and pointed out that this compound is a
strong-coupling superconductor on the basis of its ther-
modynamic properties. We also suggested that the low-
energy phonon modes play an important role in its super-
conductivity. In the “alloyed” compounds MogSes_, S,
the substitution of the atoms in the cluster may cause the
change of the lattice dynamics. Therefore, it is interest-
ing to examine the relationship between the phonon char-
acters and superconductivity in alloyed compounds.

In the present paper, we give the results of the
specific-heat measurements on nine pseudobinary
MogSe;_, S, single crystals, together with the results of
tunneling spectroscopy in MogSez and MogSe,;S;. The
thermodynamic properties, the electron-phonon interac-
tions, and a phonon-softening effect which appeared in
the present pseudobinary system are discussed in detail. .
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II. EXPERIMENT

Nine single crystals with the formula MogSe;_, S,
(x =0, 0.2, 0.5, 0.7, 1.0, 1.5, 2.0, 3.0, 4.0) were prepared
as follows. Only samples with concentrations of x small-
er than 4.0 were possible to synthesize.!?> Powders of Mo,
Se, and S, about 15 g in total, were mixed and pressed
into a pellet and reacted three times at about
1100-1300°C for 24-70 h in an evacuated quartz cap-
sule. After the heat treatment, the powdered sample was
melted in an induction furnace at about 1800-1850°C
under the Ar or He pressure of about 20—50 bars in an
alumina crucible. Single crystals with sizes about
3X2X2 mm?® were obtained by use of the Stockberger-
Bridgman technique. The samples had (100) cleaved sur-
faces confirmed by a back-Laue reflection technique.

The specific heat of all the samples was measured in
the temperature range 1.5-9 K in the absence of a mag-
netic field as well as in a magnetic field of 6 T. Because of
rather small samples, a thermal relaxation technique was
used as described elsewhere.!> The electronic tunneling
spectroscopy was done by a point-contact method using a
Zn-doped GaAs tip with a carrier concentration of
2.3X10"/cm3. The probe was prepared using a tech-
nique described in detail in Ref. 14. This probe was
pressed onto the cleaved surface of the sample by a
mechanically screw-driven apparatus. The usual method
was used for the I versus ¥ and dV /dI versus V measure-
ments.!> Our measuring system was calibrated by the
characteristic measurements of the superconducting Pb
and In samples.

III. RESULTS

Figures 1(a)-1(i) show the results of the specific-heat
measurements in the form C /T versus T2 under magnet-
ic fields 0 and 6 T for samples with x =0, 0.2, 0.5, 0.7,
1.0, 1.5, 2.0, 3.0, and 4.0, respectively.

It should be noticed in Fig. 1 that the normal-state
specific heat shows strong deviations from the Debye T3
law for samples with the small concentration x. These
deviations have also been reported in many Chevrel
phase compounds.* !¢

The following polynomial expression is used for the
analyses of specific-heat results:

C,(T)=yT +BT*+aT> . (1
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The parameters y, 3, and a are estimated by a least-
squares method and are listed in Table I. The coefficient
a, representing the anomalous 7 term, is negative and
depends upon the concentration x for x < 1.5, while a ~0
for x 22.0. This anomalous specific heat may be caused
by the phonon anomaly which was measured by the in-
elastic neutron-scattering experiments for Mo¢Seg (Ref.
8), as discussed in Sec. IV.

The superconducting transition temperatures 7, ex-
cept x=4.0 were defined as the temperatures at which en-
tropies of the superconducting and normal states become
equal, while T, for the sample with x =4.0 could not be
determined by the specific-heat measurements,
as seen in Fig. 1(i). Entropies of both states were
numerically calculated from the equation, S(7)
= [ldT'C(T")/T'. The normal-state specific heat,
C,(T), was fitted by using Eq. (1). The smoothed curve
for the specific heat of the superconducting state C,(T)
was drawn in the temperature range of 1.5<T <T,.
Below 1.5 K, the exponentially extrapolated curve and
the curve extrapolated by T> were used for x <1.5 and
x = 2.0, respectively. Each T, falls within the transition
width AT, which is defined as the temperature difference
between the top and bottom of the specific-heat jump.
The values of AT, are less than 0.4 K in all cases except
x =4.0. The values of T, defined from the specific-heat
measurements agree with those determined by electrical
resistivity measurements. For x =4.0, T, was deter-
mined by an electrical resistivity measurement. The con-
centration dependence of T, is shown in Fig. 2 and is also
listed in Table I. This dependence is nearly in agreement
with that measured on sintered samples reported by Che-
vrel et al.'> The chemical concentration analyses of the
single-crystal samples have not been done. However, the
agreement of 7T, with sintered samples!? and the sharp
superconducting transition in the specific heat would per-
mit us to use the nominal concentration values for our
single crystals.

The thermodynamic critical magnetic field H.(T) is es-
timated from the difference of C,(7T) and C,(T) as fol-
lows:

TL‘ TC
VH,(T?/87= fT dr’ fT, dT"[C,(T")/T"
—C,(T")/T"], )

TABLE 1. Superconducting transition temperature 7T, which was obtained from the specific-heat measurements for
x =3.0 and from the electrical resistivity measurement for x=4.0, and the coefficients for the normal-state specific heat,
C(T)=yT+BT*+aT".

x 0.0 0.2 0.5 0.7 1.0 1.5 2.0 3.0 4.0
T. 6.34 5.49 4.95 4.68 " 4.56 3.75 2.94 2.59 1.86
(K)

y 47.2 46.9 45.7 45.6 45.1 38.8 37.8 35.1 32.3
(mJ/mol K?)

B 3.65 3.11 2.72 2.65 2.40 2.26 1.70 1.69 1.24
(mJ/mol K%

—a 1.06 0.58 0.40 0.45 0.46 0.25 0.0 0.0 0.0

(1072 mJ/mol K9
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FIG. 1. (a)-(i). Low-temperature specific heat plotted as C/T vs T2. Open and closed circles represent the results at 0 and 6 T,
respectively. Solid lines are calculated from our phonon model including the low-lying soft-phonon modes and dashed line in (a)

from only three acoustic modes excluding low-lying phonon ones.
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FIG. 1. (Continued).

where V is a molar volume. In Table II, the values of
H_(0) and the slope at T, —dH_ /dT, are listed. The va-
lidity of this procedure is examined by comparing
(dH, /dT)TC obtained with the value estimated from the

Rutgers equation,

(dH,/dT)} V/Aw=AC/T, , A3)

where AC is a specific heat jump at T,. The values of
(dH,/dT)y estimated from AC are also listed in Table

II. Good agreements between these values are obtained
for x <1.5. Slightly larger discrepancies, however, are
noticeable for x =2.0 and 3.0, and these discrepancies
may be caused by the difficulty of the extrapolation of
C,(T)to O K. ‘

TABLE II. Thermodynamic quantities.

x 0.0 0.2 0.5 0.7 1.0 1.5 2.0 3.0
AC(T,)? 682 560 407 371 346 250 158 139
(mJ/mol K)

H.(0)? 849 719 619 585 568 438 301 271
(107 T)

—(dl‘lc/dT)Tca 275 262 237 237 228 214 190 187
(10* T/K)

—(dHc/dT)TC" 276 267 241 237 232 219 197 198
(107* T/K)

#Direct 'analyses.
*From Rutgers relation.
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FIG. 2. Concentration dependence of 7.

Four important thermodynamic values to characterize
the superconductor, AC /y T,, H.(0)*/yT?, —(dh,/dt),,
and D (t), are derived from the specific-heat measure-
ments, where h (f) [=H.(T)/H,(0)] is the normalized
thermodynamic critical magnetic field, ¢ is the normal-
ized temperature, and D (¢) the deviation of A (¢) from
the parabolic law, D(t)=hc(t)-—(1——tz). The concentra-
tion dependences of the thermodynamic parameters,
AC/yT,, H.(0)?/yT?, and —(dh./dt), are shown in
Figs. 3(a), 3(b), and 3(c), respectively. The respective
Bardeen-Cooper-Schrieffer (BCS) values are 1.43, 5.95,
and 1.73 and are indicated by dashed lines in figures. The
t? dependences of D (¢) are shown in Fig. 4, where D (1)
in the BCS theory is also shown in this figure together
with data of Pb.!” AC/yT, and —(dh,/dt), represent
the property of the superconducting state at 7, and
H_(1)?/yT? at 0 K. On the other hand, D (t) represents
the superconducting property over the temperature range
from zero to T.. All of these parameters, however, show
the following trend in the concentration dependence: For
smaller x, the values of the parameters deviate strongly
from the BCS values. As the concentration x increases,
these deviations become smaller and the values of the pa-
rameters approach the BCS values. This behavior indi-
cates that this system changes from a strong-coupling su-
perconductivity to a weak-coupling one as the concentra-
tion x increases.

The energy gap is also estimated from the electronic
specific heat of the superconducting state Cgg by use of
the “a model” proposed by Padamsee et al.'® They
treated the quasiparticles in the excited states as well-
defined fermions, and described the entropy of the super-
conducting state Sgg by the expression

- Sgs= —2kp D[ frlnf, +(1—fi )In(1—f)],
k

where kg is Boltzmann constant and f is the Fermi dis-
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FIG. 3. Concentration dependence of the thermodynamic
quantities. Open circles are experimental values and the dashed
line shows the BCS value. (a) AC/yT,, (b) H,(0)*/yT?, and (c)
—(dh, /dt),. Closed circles are derived from Eq. (6).
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FIG. 4. Deviation D (t) from the parabolic law of H.(T) as a
function of ¢ for all the samples except x =3.0 and 4.0. Data

of Pb (Ref. 17) and the BCS curve are also shown for compar-
ison.

FIG. 5. Cgs/yT, vs t for several samples. Solid and dashed
lines are calculated from the a model (see the text) and the BCS
theory, respectively.
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tribution function. They assumed that the energy gap is
independent of the energy and real, and that the normal-
ized energy gap A(T)/A(0) obeys the BCS theory. As a
result, they showed that the superconducting electronic
specific heat Cgg/y T, =t[d(Sgs/vT,)/dt] could be cal-
culated by use of only one adjustable gap parameter
A(0)/kyT,. The values of Cgg/yT, are shown versus ¢
in Fig. 5. The solid lines show the calculated results by
the a model for our several samples. The temperature
dependence for the samples with the small concentration
x is much different from the BCS value (dashed line).
The energy gap ratios 2A(0)/ky T, used as adjustable pa-
rameters are shown versus x in Fig. 6. The concentration
dependence of 2A(0)/kyT. behaves similarly to that of
the thermodynamic parameters.

In addition, the energy-gap ratios 2A(0)/kpT, for
MogSeg and MogSe;S; were obtained directly by the tun-
neling experiments. Typical I versus V and (dV/dID)
versus V curves are shown in Figs. 7(a) and 7(b). The I
versus V curves near-zero bias indicate that junctions
have considerable leakage current. The broad minimum
of (dV /dI) versus V curves indicates the inhomogeneity
of the junctions which might be caused by the destruction
of the sample surface when the GaAs probe was moved
onto the sample surface. The energy gap A(0) was es-
timated from the position of the minimum of the dV /dI
versus V curve by considering the modification due to the
thermal smearing. According to the BCS expression for
(dI /dV) versus V, values of A(0) were given by reducing
the voltages of the minimum position by 14% and 21%
for MogSeg and MogSe,S,, respectively. The average gap
ratios of many measurements are also shown in Fig. 6.
The gap ratios obtained by the tunneling measurements
are about 6% — 14% larger than those estimated from the
specific-heat analyses by the @ model. This may be due to .
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FIG. 6. Concentration dependence of 2A(0)/kzT,. Open
and closed circles are obtained from the a model and Eq. (8), re-
spectively. The dashed line shows the BCS value. Triangles
represent the average values of the tunneling experiments.
Many data exist within the bars.
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T=1.66 K (T,=6.45 K), A(0)=1.29 meV, 2A(0)/kz T, =4.7;
(b) x=10, T=146 K (T.=4.51 K), A(0)=0.83 meV,
2A(0)/kpT,=4.2.

the broad minimum of the (dV/dI) versus V curve.
However, the trend of the concentration dependence is
the same as the results of the specific-heat analyses.

IV. DISCUSSION

A. Electron-phonon interactions and average phonon frequency

The behavior of the thermodynamic parameters and
the energy-gap ratio indicates that the electron-phonon

TABLE III. Average phonon frequency w,, determined from Eq.
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FIG. 8. Concentration dependence of the electron-phonon
coupling constant, A.

interactions changes with the concentration x. The
electron-phonon coupling constant A is estimated by use
of the following expression proposed by Allen and
Dynes'® for the transition temperature of the strong-
coupling superconductor:

T.=f1f201,
X exp[ — 1.04(1+4) /(A—p* —0.62Au*)] /1.20 ,
4)
where oy, is an average phonon frequency given by

wln:exp[Zfowd(o a?F (o)lnw /Aw] , (5)
a? is the average electron-phonon interaction, F(w) is the
phonon density of states, and u* a Coulomb pseudopo-
tential. f| and f, are correction factors for the strong-
coupling interactions and can be equal to one except the
case for very large A. For the value of u*, the conven-
tional value 0.1 is adopted. Here w,, is determined as fol-
lows: The correction for the BCS ratio, AC/yT,, by the
strong electron-phonon interactions were expressed in the
following approximate form by Marsiglio and Carbotte,?°

AC/yT,=1.43[14+53(T, /o,,)*In(w,,/3T,)] . (6)

The value of w,, obtained from the experimental values of
AC/yT, and T, is listed in Table III. These values of w,,

(6), and the band density of states N (0) determined by Eq. (11).

x 0.0 0.2 . 0.5 0.7 1.0 1.5 2.0 3.0 4.0
W, 5.8 5.5 8.4 8.9 10.0 7.5 10.1
(meV)
N(0) 4.4 4.6 5.3 5.4 5.5 4.7 4.7

(states/eV spin unit cell)
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are smaller than those of 415 compounds, 10.6 meV for
Nb;Ge and 10.8 meV for Nb,Sn.?! This result suggests
that the lower-energy part of the phonon density of states
becomes important for Chevrel phase compounds com-
pared to A15 compounds. Thus the electron-phonon
coupling constant A is estimated by substituting the
values of T, and w,, in Eq. (4). The values of A are shown
against the concentration x in Fig. 8. It is impossible to
estimate the values of A for x =2.0 and 4.0. Because the
value of AC/yT, is 1.42 for x=2.0, then it is considered
that this sample is in the weak-coupling limit. Further-
more AC for x=4.0 is impossible to obtain in the temper-
ature range studied, as seen in Fig. 1(i). The values of the
electron-phonon coupling constant change from the
strong-coupling values to the weak one as the concentra-
tion x increases. The corrections to the other thermo-
dynamic quantities of the strong-coupling superconduc-
tor were given by Marsiglio et al.?° and Mitrovi¢ et al.??
as follows:

H,(0?/yT}=5.95[1—12.AT, /o) X0, /3T)]"" ()
and
2A(0)/kp T, =3.53[1+12.5(T, /wy,)* In(w,, /2T,)] . (8)

These ratios calcualted by using the values of w,, are also
shown as closed circles in Fig. 3(b) and Fig. 6, respective-
ly. As can be seen, the values obtained by the different
procedures are in good agreement with each other.

Here, we consider the effects of the electron localiza-
tion. The scale of the localization is expressed by the
value of #/2mwey /7, where €5 and 7 are the Fermi energy
and the relaxation time of scattering, respectively,
and can be estimated from the upper critical field mea-
surement.”> The electron localization is effective for
#/2mepT~1 and then the value of u* is expected to be
large. In our samples, however, the value of #/2mepT is
much smaller than 1. Furthermore, as mentioned above,
the values of A are reasonable ones when p* is taken to be
0.1. These results mean that the effects of electron locali-
zation can be ignored in our samples.

B. Superconducting transition temperature

The superconducting transition temperature depends
exponentially upon the electron-phonon coupling con-
stant A and linearly upon the effective phonon frequency
oy, as seen in Eq. (4). Therefore the variation of A is
more effective in the change of T,. In fact, there is a
clear tendency that the higher T, shows the higher A,
while the relationship between w, and T, is opposite in
our system, as seen in Table III.

According to McMillan,?* the electron-phonon cou-
pling constant can be decomposed as follows:

A=N0)I?) /M(w?) , )

where an average squared phonon frequency {w?) is
given by

(o) =2["doa’F(@w/L, (10)

N (0) is the electronic density of states at the Fermi level,
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FIG. 9. Electron-phonon coupling constant A as a function of
the band density of states NV (0).

(I?) is an average of the electron-phonon interactions
over the Fermi surface, and M is the ion mass. The elec-
tronic density of states at the Fermi level is obtained from
the electronic specific-heat coefficient

N(0)=3y /27%k2(1+A) . (11)

The values of N (0) are also listed in Table III. Roughly
speaking, the change in {?) is accompanied by a change
in ®),. Then oy, is used instead of {w?). As the ion mass
M, the molar mass 6M | +8M, is used, where M, and M,
represent the mass of Mo and the averaged mass of
(Seg—,S,)/8, respectively. The relationship between A
and N(0), wI;Z and M ~! are shown in Figs. 9, 10, and
11, respectively. As can be seen in these figures, the value
of A does not depend on N (0), while it depends linearly
on wl;z. On the other hand, the value of A seems to de-
crease with increasing M !, contrary to Eq. (9). Within
the molecular crystal model, the mass used here
represents only the effective mass of the acoustic transla-
tional phonon modes of the cluster. The effective mass

o

1.2F O
1.0t ]
< 3 8

o
o8t o -
o o ]
06lo

08 16 24 32

wW,"2 (102 meV 2)

FIG. 10. Electron-phonon coupling constant A as a function
of ;2.
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FIG. 11. Electron-phonon coupling constant A as a function
of M1,

for the torsional modes and the internal modes are
represented by n(M, +4M,) and MM, /(M +M,),° re-
spectively, where 7 is a constant related with length be-
tween chalcogen atoms. These effective masses are also
not dependent on A. As a result, the electron-phonon
coupling parameter depends on the average phonon fre-
quency oy, and does not depend on the electronic density
of states at Fermi level. This is different from results
showing that A is directly proportional to N (0) for pure
binary and pure ternary compounds.’® The trend that the
average phonon frequency shifts to lower energy, and
then A and T, increase, was also observed in the high-T,
A 15 compounds.?! ‘

C. Phonon mode softening and the electron-phonon interactions

1. Model for phonon density of states

First, on the basis of the molecular crystal model by
Bader et al.,” the temperature dependence of the lattice
specific heat is discussed. This model decomposes the
phonon modes of the MogSe;_,S, crystal into three
groups, reflecting its crystal structure which constitutes
an ensemble of the quasirigid MogSez_, S, units. The 42
phonon modes of a unit cell consist of 36 internal modes
and six external modes. External modes are made of
three translational acoustic modes and three torsional
modes of the Mo¢Se;_ S, unit. Lattice-dynamical calcu-
lations for Chevrel phase compounds were performed by
Bader and Sinha®® and compared with the molecular
crystal model by Bader et al.,” where the hybridization
between internal modes and external modes was pointed
out.

The lattice specific heat at low temperatures studied in-
cludes only the contribution from the low-energy phonon
excitations, and then the torsional and internal modes
can be ignored because these modes lie in the high-energy
region above 10 meV and have the almost flat dispersion
as calculated by Bader and Sinha.?® Therefore, only the
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three translational acoustic modes contribute to the low-
temperature specific heat. The phonon density of states
of these modes can be expressed by the Debye model with
a cutoff energy of about 8 meV which was determined
from the inelastic neutron scattering experiment for
MogSeg by Schweiss et al.?® On the basis of this model,
the lattice specific heat is calculated and compared to the
experimental result in Fig. 1(a). However the anomalous
temperature dependence of the specific heat cannot be ex-
plained as shown by the dashed curve in Fig. 1(a). Then,
as previously pointed out by us for MogSeg (Ref. 11), it
becomes clear that the existence of lower-frequency
modes should be considered for 0<x <1.5.

The phonon model is modified by introducing low-
lying phonon modes, F,(w), as follows:

F(w)=[2eF(0)+(3—2¢)F,(0)]/42 , (12)

F0)=30"/v} , (13)
and

F,(0)=30%/0} , (14)

where w; and o, represent the cutoff energies of the low-
lying soft-phonon modes and the translational acoustic-
phonon modes, respectively, and € means the ratio of
low-lying phonon modes to the acoustic modes. We as-
sume that the low-lying phonon modes are caused by
phonon softening in the translational acoustic modes and
expressed by Debye-like phonon modes. The experimen-
tal result for x =0 is first fitted by using the adjustable
parameters o;, ®,, and €, where the y value listed in
Table I is used for the electronic contribution of the nor-
mal state. For samples of other concentration (x >0),
the value of w; is fixed. Calculated results are also shown
by the solid lines in Figs. 1(a) to 1(i). As can be seen, the
agreement between experiments and the present model is:
quite excellent. The values of w,, w,, and € are listed in
Table IV. The concentration x dependence of w, is a
reasonable one, because the mass of the cluster becomes
lightle/g by substituting S for Se: w, is proportional to
M~

The amount of the low-lying phonon modes is ex-
pressed by € in this model, and € shows a similar concen-
tration dependence to a as seen in Tables I and IV. Thus,
it becomes clear that the anomalous specific heat is
caused by the low-lying phonon modes with a charac-
teristic energy of about 4 meV.

In the generalized phonon density of states obtained
from the inelastic neutron experiments for MogSe; by
Schweiss et al.® the new small and broad peak around 5
meV, which did not appear at 297 K, was observed at 5
K. On the other hand, in MogSg the low-lying phonon
peak was not observed at both temperatures. In the case
of MogSey, this peak was attributed to the phonon soften-
ing in the TA [110] branch.?® It is reasonable to consider
that the low-lying phonon modes proposed in our model
are just the softened ones because the o, value of 4 meV
is in good agreement with the peak position of neutron
experiment for MogSeg.
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TABLE IV. Parameters w,, w;, and € used for analyzing the normal state specific heat. o, is determined for x =0 and fixed for the

other concentrations.

x 0.0 0.2 0.5 0.7 1.0 1.5 2.0 3.0 4.0
W, 8.4 8.4 8.5 8.5 8.6 8.6 9.0 9.0 10.0
(meV)

W, 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
(meV)
€ 0.110 0.088 0.059 0.050 0.020 0.020 0.0 0.0 0.0

2. Electron-phonon interactions

The electron-phonon coupling constant A is expressed
by

r=2[dod’Fl0)/o . (15)

Thus, the low-energy part of a?F(w) becomes dominant
due to the denominator . Therefore the electron-
phonon interactions are strongly influenced by the prop-
erty of the low-energy part of the phonon density of
states. The low-lying soft-phonon modes enhance a*F(w)
at low energies and make A increase through Eq. (15). As
seen in Fig. 12, the electron-phonon coupling constant A
is roughly proportional to the € value which expresses the
ratio of the low-lying soft-phonon modes to the acoustic
modes. This relation indicates the importance of the
low-lying soft-phonon modes in the electron-phonon in-
teractions. This result is similar to the case of 415 com-
pounds, in which the softening of a?F(w) is related to the
increase of T, and A.%!

Structural phase transitions were observed in several
Chevrel phase compounds which include the metal atom,
Cu,”” Ag,?® and Ca, Ba, Sr, and Eu,?>*° though the latter
four compounds do not show superconductivity. The ori-
gin of the structural transition in the compounds includ-
ing Cu and Ag atoms is the order-disorder transition of
the metal atoms, but in the other compounds it remains
unsolved yet. In EuMogS; studied by Decroux et al.,3!
the suppression of the structural transition under pres-
sure causes a superconducting transition with rather high
T, of about 10 K. Moreover, in PbMoSg with the highest

'-6 T T L} L] T
1-2' o o'
< 08F g o© -

o

0.4} -

0 4 A A 4 '} ~
0 0.4 0.8 1.2 x10”

€

FIG. 12. Relationship between electron-phonon coupling
constant A and the ratio of the low-lying soft-phonon modes, €.

T, among Chevrel phase compounds, evidence of a struc-
ture instability at low temperature was observed in the
neutron diffraction measurements by Jorgensen and
Hinks.>? These lattice instabilities would be related to
the low-lying soft phonons observed in MogSez_, S, .

V. SUMMARY

The specific-heat measurements were performed on
nine single crystals, MogSez_, S, , and tunneling measure-
ments for two of them. The values of the thermodynamic
parameters, AC /yT,, H.(0)*/yT?, —(dh,/dt),, D(t),
and 2A(0)/kpT, obtained from specific-heat measure-
ments behave similarly as the concentration x changes.
These concentration dependences show that the
electron-phonon interactions change from strong cou-
pling to weak with increasing concentration. The values
of 2A(0)/kgT, obtained from the tunneling measure-
ments also show a similar trend.

The electron-phonon coupling constant is estimated
from AC /yT,, according to the strong-coupling theories
proposed by Marsiglio and Carbotte,”® and Allen and
Dynes.'® The electron-phonon coupling constant
changes monotonically from 1.25 to 0.6 with increasing
concentration, where the Coulomb pseudopotential u* is
taken to be 0.1

The change of T, is dominated by that of the average
phonon frequency w,, through the electron-phonon cou-
pling constant A. The bare electronic density of states at
the Fermi level N(0) does not show the systematic
change in this system. Therefore, the change of T, is not
dominated by N (0).

Anomalous specific heat in the normal states is ob-
served. The anomaly can be explained by the existence of
the low-lying soft-phonon modes with the characteristic
energy of 4 meV, which is consistent with the neutron ex-
periment for MogSeg.?® The electron-phonon coupling
constant is proportional to the amount of the low-lying
soft-phonon modes. Thus, it becomes apparent that these
phonon modes play the important role for the electron-
phonon interactions and thus the superconductivity in
this system. .
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