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We present elastic constant and magnetic data for the two Chevrel-phase compounds PbMo6S8 and
Eu0.6Sn0.4Mo6S8Br0.1. A strong softening in the elastic constants as a function of temperature is observed for
the longitudinal and transverse modes in both compounds in the normal state. This effect can be explained with
a deformation potential coupling. We find no structural transition in the temperature range 1.2–300 K. In the
superconducting regime the attenuation and sound velocity exhibit pronounced anomalies which can be ex-
plained using the so-called thermally assisted flux flow model. These data together with electrical resistivity
measurements enable us to construct a detailedB-T phase diagram.
@S0163-1829~96!04526-2#

I. INTRODUCTION

Since the discovery of a new series of ternary molybde-
num sulfides in 1971 by Chevrelet al.,1 their unusual super-
conducting properties have generated a large number of dif-
ferent investigations in these compounds. Especially the
extremely enhanced critical fields are interesting for techni-
cal applications. Another interesting aspect in these com-
pounds is the coexistence of magnetic order and supercon-
ductivity and the reentrant superconducting transitions found
in some of these systems.2 Chevrel phases have the general
chemical formulaMxMo6S8, whereM stands for a large
number of metals. The superconducting properties are
mainly determined by the band structure of the Mo6S8 clus-
ter, whereas the magnetic behavior depends on the metal
atomsM .

In this paper we investigate polycrystalline sintered
samples of PbMo6S8 and Eu0.6Sn0.4Mo6S8Br0.1 with ultra-
sonic techniques for temperatures between 300 and 1.2 K
and magnetic fields up to 30 T. We performed these mea-
surements to obtain detailed information on the electron-
phonon interaction in the normal state, theB-T phase dia-
gram, and the vortex dynamics in the superconducting
regime for different Chevrel compounds. This work is part of
a larger program investigating various superconducting ma-
terials such as heavy fermion systems, mixed valence, etc.
~Ref. 3 and references therein!, using ultrasonic techniques.
The samples were also characterized by resistivity- and ac-
susceptibility measurements.

The experimental setup is briefly described in Sec. II. In
Sec. III we show elastic constant measurements and discuss
the elastic behavior of the samples in the paramagnetic re-
gion especially the strong softening effects using a deforma-
tion potential coupling. The superconducting properties are
treated in Sec. IV. The pronounced elastic anomalies in mag-
netic fields can be described quantitatively with the ther-
mally assisted flux flow~TAFF! model, which is explained
in Sec. V.

II. EXPERIMENT

The samples were given to us by W. Goldacker from the
Forschungszentrum Karlsruhe~PbMo6S8! and O” . Fischer
from the University of Geneva~Eu0.6Sn0.4Mo6S8Br0.1!. The
acoustic measurements were performed with a setup de-
scribed in Ref. 3. The high-field experiments up to 30 T were
performed at the MPI-SNCI high-field facilities in Grenoble.
The ac susceptibility was determined with a pickup coil sys-
tem and a mutual inductance bridge operating at a frequency
of 120 Hz. The resistivity data were taken with a standard
four-lead technique. The Debye temperature was determined
from the elastic constant measurements~see Table I! using
Ref. 4. From the x-ray and measured density~see Table I!,
we obtain a filling factor for our samples of 75%
~Eu0.6Sn0.4Mo6S8Br0.1! and 93%~PbMo6S8!.

III. PARAMAGNETIC REGION

In the paramagnetic region the elastic constants for both
PbMo6S8 and Eu0.6Sn0.4Mo6S8Br0.1 exhibit strong softening
effects for longitudinal-and transverse modes from room
temperature down to the superconducting transition tempera-
ture Tc as seen in Figs. 1~a!, ~b! and 2~a!, ~b!. The relative
changes in this temperature range are about 10% and 20%
for longitudinal and transverse modes in both compounds.
These softening effects are rather similar to these of theA-15
compounds, although somewhat smaller.5 The inset in each
figure shows the temperature dependence of the elastic con-
stants nearTc .

We can interpret these softening effects with a deforma-
tion potential analysis, used widely for semiconductors6 and
metals.7–9 In this mechanism electrons redistribute between
strain-shifted energy pockets which are located at equivalent
k points of the Brillouin zone. In order that this mechanism
give an observable temperature dependence, one needs
DE5EF2E0'100 K. HereEF is the Fermi energy andE0
is the bottom of the conduction electron band. In addition,
the electronic density of statesN(E) and the deformation
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potential coupling constantd have to be large. One gets9

c5c022d2NF12expS 2
DE

kT D G . ~1!

A fit to the elastic constants in Figs. 1~a!, ~b! and 2~a!, ~b! is
shown by the solid lines. The parametersDE andd2N are
listed in Table I for the two compounds. The background
elastic constants were taken as constant for the temperature
region investigated. The coupling constants for the two sub-
stances are rather similar, with the longitudinal one 2–4
times larger than the transverse one~see Table I!.

The large value ofN(E) is substantiated by band structure
calculations for PbMo6S8 revealing a large density of states
peak in the vicinity of the Fermi energy10 originating mainly
from the Mo 4d band. Taking N(EF)50.67/eV spin
58.4331033 ~erg cm!21, we get for the longitudinal coupling
constantudu52.13104 K. Expressing this deformation poten-
tial constant as a Gru¨neisen parameterV,9 we getuVu5d/DE
5296, a rather large value for a Chevrel phase material.

In the samples we investigated there is no sign of a struc-
tural phase transition which was inferred from x-ray mea-
surements in PbMo6S8.

11 We examined especially the tem-
perature region around 140 K where the onset of this
transition should take place. Since elastic constants are a
highly sensitive probe for structural phase transitions,5 we
should have observed this transition. A possible explanation
lies in the oxygen concentration of the samples which sup-
presses this structural transition.12

We also investigated the magnetic field dependence of the
elastic constants in the normal-state region by taking the spin
splitting of the conduction band into account~analogous to
the Pauli spin paramagnetism in finite fields!. Equation~1! is
generalized to

c~T,B!5c022Nd2S 12e22DE/kBTF12cosh2S gmB

kBT
D G

2e2DE/kBT coshS gmB

kBT
D

3H 12e22DE/kBTF12cosh2S gmB

kBT
D G J 1/2D . ~2!

In the field and temperature ranges of 0–14 T and 10–30 K,
the magnetic field effect on the elastic constants according to
Eq. ~2! is rather small, the relative change in the elastic con-
stant being of the order of 1023 for B510 T andT520 K.
Experimentally, we observe a small field effect~Fig. 3! for
the normal-state region. The effect is largest in the tempera-
ture range 15–35 K and of the order of1331024, which is
nearly the same order of magnitude as the calculated one.
Since the measurements of Fig. 3 are taken for longitudinal
modes with thek vector parallel to the magnetic field, no
Lorentz force effect is present in this configuration. At the
moment we have no explanation for the field dependence in
the superconducting state in the vicinity ofTc . The relative
change at 9 K in the vicinity of Tc is 2831024 between 0
and 14 T.

FIG. 2. Temperature dependence of the elastic constants of
Eu0.6Sn0.4Mo6S8Br0.1. The inset gives the detailed behavior near
Tc . ~a! Longitudinal mode,~b! transverse mode. The solid lines are
calculations based on the deformation potential coupling~see text!.
The x-ray density was used to determine the elastic constants.

FIG. 1. Temperature dependence of the elastic constants of
PbMo6S8. The inset gives the detailed behavior nearTc . ~a! Lon-
gitudinal mode,~b! transverse mode. The solid lines are calcula-
tions based on the deformation potential coupling~see text!. The
x-ray density was used to determine the elastic constants.
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IV. SUPERCONDUCTING PHASE TRANSITION
REGION

Of particular interest is the region of the superconducting
transition. In Figs. 4~a! and 4~b! we show electrical resistiv-
ity measurements together with an enlarged view of sound
velocity measurements for the two compounds taken from
Figs. 1~a!, 1~b! and 2~a!, 2~b!. It is seen that at the tempera-
ture where the resistivity drops down we also observe an
anomaly in the elastic constants. Theory predicts a steplike
change of the order of2g2/b whereb is the fourth-order
Landau parameter andg the strain-order parameter coupling
constant.13 This steplike change is not seen in Figs. 4~a!, 4~b!
for both the Pb and Eu compounds and for the longitudinal
and transverse modes. For BCS and heavy fermion supercon-
ductors, the relative steplike change is of the order of 1024.
The reason why this steplike change is not observed in Figs.
4~a!, 4~b! is not clear. It could be due to the sintered mate-
rials used here. Instead of a steplike change, we observe a
rather broad minimum at or just belowTc , which was deter-
mined from ac-susceptibility~not shown! and resistivity
measurements.

Figures 5~a!, 5~b! show the electrical dc resistivity as a
function of temperature in different magnetic fields for both
compounds. In Eu0.6Sn0.4Mo6S8Br0.1 the onset of the sharp
superconducting transition is slightly above 8 K with a width

of the transition of 0.40 K. In PbMo6S8, Tc is around 13.2 K.
The resistivity and ac-susceptibility measurements@not
shown in Figs. 5~a!, 5~b!# give about the sameTc . These
measurements are used to construct theBc2 curve for aB-T
phase diagram~see Fig. 6!. The jumps inr(T,B) character-
ize theBc2(T) curve. The other lines shown in Fig. 6 are
discussed below.

V. DISCUSSION OF THE TAFF MODEL FOR CHEVREL
PHASES

In both compounds there are large magnetoacoustic ef-
fects observed in the superconducting phase for the trans-
verse mode with the orientationBik between the wave vec-
tor k and the external magnetic fieldB. Below Tc there are
positive steplike changes in the elastic constants combined
with large attenuation peaks for high magnetic fields shown
for Eu0.6Sn0.4Mo6S8Br0.1 @Figs. 7~a!, 7~b!#. The step height is
a function of a magnetic field.

We describe these magnetoacoustic anomalies in the su-
perconducting state with the TAFF model~thermally assisted
flux flow! proposed by Anderson and Kim.14 This model is
usually used for the description of the penetration of mag-
netic flux into a type-II superconductor and the temperature
dependence of the critical current. One assumption of this
model is a strong pinning of the vortices in the sample. The
system should be an extreme type-II superconductor because
the pinning energyU is proportional to the square of the
thermodynamic critical fieldB c

2 and to the third power of the
coherence lengthj3. Because of the short coherence length in
Chevrel phases, there is only a local pinning of vortices at
point defects. So one obtains a distribution of the vortices in
the form of flux-line bundles for temperatures nearTc .

The presence of a lattice of strongly pinned vortices gives
rise to a stiffening of the elastic modes in this temperature
region as observed@see Fig. 7~b!#. The sound velocity and
ultrasonic attenuation can be used to study the dynamical
properties of a flux-line lattice~FLL!. The coupling between
the FLL and the sound wave mediated through the pinning

FIG. 3. Magnetic field dependence of the longitudinal sound
velocity in the temperature range 0–20 K for PbMo6S8.

FIG. 4. Resistivity and relative sound velocity change near the
superconducting phase transition. ~a! PbMo6S8, ~b!
Eu0.6Sn0.4Mo6S8Br0.1.

TABLE I. Physical parameters of PbMo6S8 and
Eu0.6Sn0.4Mo6S8Br0.1 in the normal and superconducting states.

PbMo6S8 Eu0.6Sn0.4Mo6S8Br0.1

X-ray density~g/cm3! 6.20 5.80
Density ~g/cm3! 5.75 4.30
Elastic constants~100 K!

Longitudinal ~1011 erg/cm3! 9.12 5.40
Transverse 2.14 1.61
Coupling constantsd2N
~1011 erg/cm3!
Longitudinal 0.705 0.418
Transverse 0.370 0.105
DE ~K!

Longitudinal 71 86
Transverse 91 85
Debye temperature~K! 245 203
TransitionTc ~K! 13,2 7,8
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strongly modifies the sound velocity and attenuation. Ultra-
sound experiments really test the bulk properties of granular
samples and are less sensitive to surface and grain boundary
effects in comparison with resistivity measurements. So they
are very suitable for an investigation of the vortex dynamics
in Chevrel phases.

Now we describe the change of the elastic constant and
the ultrasound attenuation in the TAFF model. After a small
distortion, the FLL will relax to equilibrium. In our experi-
ments we use transverse sound waves withBik andB'u,
whereu is the displacement. We must combine the elastic
properties of the crystal lattice and the FLL. This was done
in Ref. 15, and one obtains the following equations for the

relative shift in the sound velocity and ultrasound attenua-
tion:

Dv t
v t

5
1

2rmcv t
2

c44v
2

v21~c44Gk
2!2

,

~3!

Da5
20 ln~e!v2

2rmv
3 •

c44
2 Gk2

v21~c44Gk
2!2

.

Here v t is the transverse sound velocity,a the attenuation,
c44 the vortex elastic constant (c445B2/4p), rm the mass
density,v/2p the frequency, andk the wave vector of the
sound wave. The background damping is ignored in these
expressions. G is a diffusion coefficient which is correlated
to the dc resistivityr5(4p/c2)c44G.

In the TAFF model the resistivityr in the region where
there is a thermally assisted hopping of flux-line bundles is
given by16

r5rTAFF expF2
U~B!

kT G , ~4!

with rTAFF constant in this regime. Combining Eqs.~3! and
~4!, one finds, for the temperatureT* of the attenuation peak
which is associated with a step in the sound velocity,
T*5U(B)/ln@c2 rTAFFk

2/4pv#.
Figure 7~a! exhibits the ultrasound attenuation as a func-

tion of temperature for fields up to 30 T. In the normal state
there is only a small temperature-independent attenuation.
Below Tc the attenuation starts to increase until a maximum
is reached. The position of this maximum characterizes the

FIG. 5. Electrical resistivity as a function of temperature and
magnetic field~a! PbMo6S8, ~b! Eu0.6Sn0.4Mo6S8Br0.1.

FIG. 6. B-T phase diagram for Eu0.6Sn0.4Mo6S8Br0.1 as deter-
mined from resistivity~open squares!, sound velocity, and ultra-
sound attenuation measurements. The solid circles are determined
from the attenuation maximum. The width of the ultrasound anoma-
lies characterizes the TAFF region.

FIG. 7. ~a! Ultrasonic attenuation~b! Sound velocity. Both mea-
surements as a function of temperature in magnetic fields for
Eu0.6Sn0.4Mo6S8Br0.1 at low temperatures. The solid lines are cal-
culations based on the TAFF model. A possible filling factor cor-
rection is neglected. The fields used are 15, 17, 21, 25, and 29 T.
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depinning line in theB-T phase diagram shown in Fig. 6.
For T→0 K the ultrasound attenuation decreases. Above the
depinning line there is a thermally assisted hopping of flux-
line bundles, whereas for low temperatures and small mag-
netic fields all vortices are rigidly pinned. There is no hys-
teresis as a function of temperature. As mentioned before,
the maximum in the ultrasound attenuation is accompanied
by a steplike anomaly in the elastic constant. Figure 7~b!
shows measurements from l5 to 29 T. The steplike anomaly
starts to increase for fields around 5 T and becomes very
large for 30 T. Here the change in the sound velocity is
nearly 1% for 10 MHz. Results similar to the ones shown in
Figs. 7~a!, ~b! have been obtained for high-Tc materials by
vibrating-reed techniques.17

For the calculated fit we used the following
parameters: v t52.763103 m/s, sound wave frequency 10
MHz, andrTAFF50.35 mV cm. Equation~3! gives only a
semiquantitative description of the experimental results as
seen in Figs. 7~a!, ~b!, however. The discrepancy could
partly be due to the filling factor of our granular samples,
cited in Sec. II~see Ref. 15!.

In Fig. 6 we show the B-T phase diagram of
Eu0.6Sn0.4Mo6S8Br0.1 constructed from the dc-resistivity and
ultrasound measurements. TheBc2 curve is determined by
the resistance measurements as discussed above. The posi-
tive curvature ofBc2 is very typical for the Sn-doped Eu
compound.18 For high Sn concentrations this anomalous be-

havior is due to the Jaccarino-Peter effect.19 Therefore, our
anomalous behavior could be due to such a precursor effect.
The depinning line shown in Fig. 6 is below theBc2 curve,
an effect already observed in high-temperature
superconductors.20

The ultrasound measurements together with the dc-
resistivity values yield the activation energies for the ther-
mally assisted hopping in both compounds as a function of
magnetic field. For Eu0.6Sn0.4Mo6S8Br0.l this energy is
around 25 K at 5 T and decreases to 11 K at 30 T. With 32
K at 5 T, these values are somewhat larger in PbMo6S8.

In conclusion, as shown in Table I and the figures, our
investigation provides a number of important physical pa-
rameters such as the deformation potential coupling constant,
elastic constant, and vortex bundle activation energies. In
addition, the superconducting phase diagram with the vortex
depinning region was obtained.
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