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The Chevrel-phase compounds PbMo6S8 and Cul.8Mo6S8 have been investi- 
gated by tunneling spectroscopy. These superconductors show a very strong 
electron-phonon interaction expressed by 4 <-- 2Ao/kTc<-- 5. Structures in the 
tunneling density of states have been observed at most energies where the 
phonon spectra show maxima. The coupling of high-energy modes of 
the M06S8 units and of modes associated with displacements of the Pb (Cu) 
atoms are discussed. 

1. INTRODUCTION 

The ternary molybdenum chalcogenides MxMo6Ss and MxMo6Se8 
have attracted great interest because of unusual superconducting properties, 
especially their behavior in high magnetic fields. 1-3 

Efforts have been made to understand the electronic system by band- 
structure calculations 4-7 and the lattice dynamics in particular by inealstic 
neutron scattering experiments. 8-1~ However, not much is known about 
the electron-phonon interaction in these Chevrel-phase compounds. There 
has been some qualitative information on the coupling strength from 
measurements of the specific heat 8'11'12 as well as NMR and EPR. 13'14 
Experimental information on the coupling of individual phonon modes to 
the electron system have only been given by measurements of the isotopic 
effect.~5-18 

In this work we present the results of tunneling experiments on 
Cul.8Mo6S 8 and PbM06S8 .19'2~ The measurements of the energy gap Ao 
show that both substances have very strong electron-phonon interaction. 
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Furthermore, we were able to observe phonon-induced structures in the 
single-particle density 'of states obtained from measurements of the first and 
second derivatives of the current-voltage characteristic of tunnel junctions. 

Using a molecular crystal model in which the lattice vibrations are 
grouped into high-frequency internal modes of the Mo698 building blocks 
and low-frequency external modes of the Mo6Ss blocks and the M atoms, 
suggestions have been made that the low-lying optical modes of the metal 
ions 21 (Pb and Cu in our case) or the torsional modes of the quasirigid Mo658 
units 8'9'22 play a special role for the electron-phonon coupling in Chevrel- 
phase compounds. The importance of internal modes of the Mo6 octahedra 
has been emphasized by recent band-structure calculations of Andersen e t  
a l .  5 

Lattice dynamical calculations for PbMo6S8 have shown that there 
exists appreciable internal-external mode mixing. 23 Thus, for example, the 
torsional motion of the Mo6 octahedra is strongly hybridized with an internal 
breathing mode of the Mo6 octahedra. We find in our tunneling experiments 
that most of the phonon modes contribute to the electron-phonon inter- 
action. Modes which are assumed to be dominated by displacements of the 
M atoms Pb or Cu, however, seem to be of less importance, whereas 
high-frequency modes seem to couple particularly strongly. 

As in other high-To superconductors, such as A-15 compounds e4'a5 or 
the transition metal carbides and nitrides, 26 many difficulties have to be 
overcome in preparing good tunnel junctions of the ternary molybdenum 
chalcogenides. Since the Fermi velocity is quite small in transition metal 
compounds, the sampling depths of the tunneling electrons, especially at 
high energies where the mean free path is limited by phonon emission, is 
rather short. 27 This means that for good tunneling junctions, it is essential to 
have stoichiometric, undisturbed, and clean material just below the tunne- 
ling barrier. As it is quite difficult to get ternary substances with the required 
properties by evaporation or sputtering techniques, we started from bulk 
material in preparing our tunnel junctions. 

Two methods were used for the fabrication of the junctions: In the case 
of Cul.8Mo6S8 we made point contacts with oxidized aluminum or GaAs tips 
which were pressed onto the Chevrel-phase surface very carefully by a 
piezoelectric drive. The apparatus, which is described elsewhere, 19 was a 
combination of a mechanical screw drive for coarse adjustment of the point 
contact and a piezoelectric bending element for fine adjustment. Difficulties 
arose from the sensitivity to unavoidable mechanical vibrations and, in the 
case of oxidized A1 tips, from short-circuits in the insulating oxide barrier. 

More stable junctions were obtained by depositing artificial tunneling 
barriers onto single crystals of PbM06S8 and completing the junction with an 
A1 film. Silicon or oxidized A1 films served as barrier. 
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2. S A M P L E  P R E P A R A T I O N  

The CUl.sMo6S8 sample  was prepared by reacting the powdered ele- 
ments at 1200~ for 30 h in a molybdenum crucible closed by electron-beam 
welding. After  the reaction the compound was rendered molten by heating 
the crucible up to about 1850~ for a few minutesbefore  switching off the 
oven. The top of the solidified ingot was formed by several single-crystalline 
areas covered by a thin molybdenum layer. This layer could easily be peeled 
off, unveiling an extremely clean and smooth surface of the Chevrel phase. 
On this surface the tunneling point contact was formed. The inductively 
measured Tc of the Cul.8Mo6S8 sample was 10.2 K with a transition width of 
about  1 K. 

The aluminum tips for the point contact were made from 99.999% 
aluminum wire, which was electropolished in a one mole Mg(C104)2 
methanol solution at a current density of about  1 m A / m m .  2 The tips were 
rinsed in a hot distilled water and purified ethanol. The shiny tips had a 
radius of about  0.2 mm and were oxidized in air for about 15 min. For the 
GaAs tips we used Zn-doped  material with a density of 2 . 8 x  1019 car-  
r ie r /cm 3. These tips were etched in H 2 S O 4 + H 2 0 2 + H 2 0  (3 :1 :  1) and 
washed in ethanol. Ohmic contact to the tips was made with a eutectic 
Ga-A1 alloy. 

In the case of PbMo6Ss we used small single-crystalline cubes with a 
length of 0.3-0.4 mm, as shown in Fig. 1. The crystals were prepared by a 
solid-state diffusion process. We started with coarse-grained PbMo6S8 
powder  obtained by heating the compounds to 1300~ in quartz ampules 
and annealing the reacted powder  for about four days at this temperature.  
Crystals with dimensions of about  30/~ m were selected from this material 
and placed into PbMo6S8 powder  with a grain size of less than 5/x m. After  
annealing at 1300~ for 15 h, the powder  surrounding the grown crystals 
was replaced by new fine material and the crystals were heated again. A 
repetition of this process for about six times lead to single crystals with shiny 
and smooth (100) surfaces which were suitable for the deposition of the 
artificial barrier. In some cases we used freshly cleaved crystals, leading to 
the same results. The composition of the starting materials differed by an 
excess of about 10% Mo from the stoichiometric formula PbMo6S8 to 
achieve good crystal growing conditions. The crystals had a Te of 11.3-12 K 
and a transition width of about  0.3 K. 

The PbMo6S8 tunnel junctions were prepared as follows: The crystals 
mounted on a sample holder were contacted with silver paint and the 
tunneling area was defined by masking the surface with G E  varnish. Then 
the crystals were cooled to 77 K in a vacuum of about  2 x 10 -9 Torr  and a 
layer of A1 with a thickness of 10-40 ~ was evaporated at a partial pressure 
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Fig. 1. SEM picture of PbMo6S8 single crystals. 

of about  3 x 10 6 Torr  0 2. The deposition rate was 0.7-1.5 A/sec .  The 
resulting granular A1Ox film was then oxidized for 2 h in pure  oxygen at a 
pressure of 400 Torr  and a t empera ture  of 50~ Then 1000 A A1 was 
deposited as a counterelectrode at a pressure of about  2 x 10 -7 Torr.  In a few 
cases Pb was used instead of A1. Exper iments  with other kinds of artificial 
barriers,  such as Formvar ,  28 w a x y  or carbon, 2s'3~ did not lead to observable 
tunneling currents. Only in the case of Si were we able to measure  an energy 
gap. The best results were achieved with the PbMo6S8/A1Ox/A1 junctions 
described above. 

For the measurements  of the current -vol tage  characteristics of tunne- 
ling junctions and their derivatives dI/dV and d2I/dV 2 conventional 
methods have been used. 31'32 For the a r rangement  normal  metal / insula-  
tor / superconductor ,  the first derivative at T-~  0 is proport ional  to the 
single-particle density of states. Besides the superconducting energy gap Ao, 
phonon- induced structures can be observed at energies exceeding A0. 
Maxima in a2F(o)),  which is the phonon spectrum times an average elec- 
t ron -phonon  coupling function, produce a decrease in dI/dV. The second 
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derivative directly reflects the shape of a 2F (w). The quality of our junctions 
was not good enough to give results suitable for a numerical evaluation of 
a2F(o2). 

3. R E S U L T S  

First derivatives dI/dV typical for Cul.8M06S8 point contacts and 
PbMo6Ss/AIOx/A1 sandwich junctions are shown in Figs. 2 and 3. The 
smearing of the gap structure might be due to imperfect barriers and surfaces 
besides the influence of the finite measuring temperature.  A further reason 
for the smearing in the case of point contacts is an inhomogeneous pressure 
distribution at the contact area in connection with a strong pressure depen- 
dence of Tc in CUl.sM06S8 .33 The transition temperatures deduced from the 
vanishing of the energy gap were pressure-enhanced from 10.2 K to 12.5 K. 
From the plastic deformation of the A1 tip we estimate a maximum pressure 
of 4 kbar at the contact area .  The agreement of the observed Tc with 
pressure with data in the literature proves that the point contact does not 
notably damage the complicated lattice structure and thus the super- 
conducting properties of the Chevrel phase. Ratios of the junction 
impedances Rs/Rn, Rs and R ,  being measured at zero bias in the super- 
conducting and normal states, respectively, up to 30 were observed for the 
point contacts. PbM06S8 sandwich junctions with ,the artificial A1 oxide 
barrier usually had ratios of 2-5. In two cases, however, Rs/R, 
exceeded 10 4 . 
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Fig. 2. Differential conductance dI/dV vs. voltage of a 
CUl.sMo6Ss-A1 point contact. 
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Fig. 3. Differential conductance dI/dV of a PbMo6Ss/A1Ox(12/~)/A1 sandwich junction at 
various temperatures. 

For  the evaluation of the energy gap A0, the tempera ture  smearing at 
T = 1.2 K has been taken into account by reducing the energy of the 
max imum in dI/dV by 7%. 34 This procedure  seemed to us more  appro-  
priate than other  methods,  35 as the gap smearing of our junctions may  not be 
dominated by thermal  effects. Thus, energy gaps between 1.8 and 2.3 m e V  
are obtained for Cul sMo6S8 with different Tc values using the point contact 
method.  The ratios of 2Ao/kTc for which the local Tc was measured  in each 
exper iment  range f rom 3.9 to 4.2. For PbMo6S8, A 0 = 2 . 4 m e V  and 
2Ao/kTc = 4 . 8  are typical values. In some cases values up to 5.5 are 
observed. These values, significantly exceeding the BCS value of 3.5, 
indicate extremely strong e lec t ron-phonon coupling in these materials.  
When  the energy gap is taken as a lower limit at dI/dV = R ~1,35 values up to 
4.2 are obta ined for 2Ao/kTc of PbM06S8. 
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Phonon-induced structures in dI/dV and d2I/dV 2 were observed for 
most of the junctions. But instabilities in the tunneling barriers gave rise to 
excessive noise, especially at high energies, and prevented the analysis of the 
data in many cases. The more stable junctions were tested for structures due 
to nontunneling currents through weak spots in the barrier by measuring at 
different temperatures, since the position and shape of such structures are 
strongly temperature dependent, in contrast to structures correlated with 
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Fig. 4. (a). d 2 ! / d V  2 vs. voltage measured  from the gap edge 
for four Cul .sMo6Ss-A1 point  contact junctions.  The bars 
show the positions of the min ima obtained from about  20 
junctions.  (b) Phonon  density of states G(oJ) from inelastic 
neut ron  scattering measured  by Schweiss et a1.1~ 
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the Eliashberg functions a 2F(to). At  T > T~ the tunneling characteristics 
were completely smooth. At  energies to --< 20 meV, structures due to peaks 
in a2F(to) could be reproduced for more than 30 junctions, whereas at 
to > 20 meV phonon-induced structures could be only observed in a few 
junctions of the type PbMo6Ss/A1Ox/A1. 

The best information on a2F(to) at to < 2 0 m e V  was obtained for 
Cul.sMo6S8 using point contacts. In Fig. 4a traces of d2I/dV 2 from different 
samples demonstrate the reproducibility. The magnitude of the dips in 
d2I/dV 2 varies, depending on the quality of the junctions. The influence of 
the contact pressure on phonon frequencies is expected to be of minor 
importance. The bars mark the variation of the energetic position of the 
minima obtained from all our measurements.  The low-energy part of the 
generalized phonon density of states G (to) obtained by neutron scattering 
experiments 1~ at 5 K 1~ are shown for comparison in Fig. 4b. 

At  most energies where characteristic phonons appear in G (to), minima 
in d 2I/d V2 are observed. Qualitative agreement  between both results exists 
at energies of e.bout 4.5, 6.5, 12.5, and 15 meV. The phonon peak at 
12.5 meV, reflected as a well-pronounced minimum in only one of the 
second derivatives shown in Fig. 4a, has been observed in four other (not 
shown) experiments. The existence of a phonon peak at 3 meV could not be 
confirmed, since elastic neutron scattering dominates at such low energies. 
Disagreement  exists at 8.5 and 10.5 meV. The Einstein-like phonon peak at 
8.5 meV shows a very weak structure observed only occasionally in 
d2I/dV 2. On the other  hand, the structure in d2I/dV 2 at 10.5 meV has no 
counterpart  in G(to). 

Measurements at high energies could be considerably improved by 
changing from the point contact junction to PbMo6S8/A1Ox/A1 sandwich 
junctions. Here  only dI/dV has been measured. The differential conduc- 
tance of a junction measured in the superconducting and normal states is 
shown in Fig. 5. The relatively strong suppression of the conductance in the 
superconducting state below that of the normal state, especially from 6 to 
28 meV, implies the coupling to a broad band of phonons which is not much 
structured. Peaks in o~ 2F (to) expected from dI/dV are marked by arrows. 
Maxima in G(to) are indicated on the abscissa. The agreement in the energy 
positions is fairly good. Similar results were obtained on three additional 
junctions. The magnitude of the steps at high energies amounts to about 1% 
of the junction resistance. Apparently,  our junctions are of sufficiently high 
quality that, in spite of the small sampling depth, phonon-induced structures 
representing the bulk material could be resolved at energies up to 50 meV. 

Since the height of a step in dI/dV due to a peak in a 2F (to) is weighted 
with to 2, the pronounced steps at to > 20 meV indicate a very strong 
coupling at energies where the internal modes of the Mo688 unit dominate. 
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Fig. 5. Differential conductance dI/dV of a PbMo6Ss/A1Ox/AI tunneling diode 
versus voltage measured at 1.5 and 14 K. The arrows indicate peaks in a2F(w). The 
energies of characteristic peaks in the phonon density of states (0) as determined from 
inelastic neutron scattering in Ref. 10 are indicated from the gap edge Ao. 

In the energy range of vibrations attributed to the displacement of the Pb 
atom (w ~ 4  meV) the peak in a2F(w) lies 0.5-1 meV below that of G(w). 

4. D I S C U S S I O N  

The comparison of tunneling data with the generalized phonon spectra 
of Chevrel-phase compounds has shown that both low-frequency and 
high-frequency modes contribute to the e lec t ron-phonon interaction. The 
results indicate that high-frequency internal modes are of special 
importance. At  low energies discrepancies between G (w) and the tunneling 
data are evident. 

Cul.sMo, S8 undergoes a structural phase transformation at 269 K, 
which has a substantial effect on the low-energy part of G(~o). 1~ In the 
low-temperature  modification the Cu atoms condense into pairs, causing a 
small triclinic distortion of the lattice. 36 This distortion is likely to cause a 
splitting into different optical branches associated with Cu atom displace- 
ments. The pronounced Einstein-like peak which appears in connection 
with the phase transformation in G(~o) at 8.5 meV can be attributed to one 
of these optical modes. The absence of comparably strong structure in 
d 2I/d V 2 at 8.5 meV indicates weak coupling to this special mode. The slight 
shift in energy observed for PbMor around 4 meV may be due to a similar 
reason. The results on Cu1.sMo6S8 imply that there is a special mode at 
10.5 meV which is not distinguished in G (w) but contributes to a 2F (~o). The 
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amount of hybridization of low-frequency modes with internal modes seems 
to be decisive for the coupling to the electron system. 

For a more quantitative analysis of the discrepancies between G (w) and 
the tunneling results, the different constitution and the very different 
stoichiometry* of the samples used in the experiments must possibly also be 
considered. 

The calculation of a 2F(w), and thus of the electron-phonon coupling 
constant A, has not been possible, because of instabilities in the junctions. A 
measure of the integral coupling strength is the ratio 2Ao/kTc. Values 
approaching 5.0 in the case of PbM06S8 are among the highest reported in 
literature. Values of about 5 have also been extracted from EPR measure- 
ments on Gd in PbM06S8 and SnM06Ss. 14 On the assumption that the 
superconducting behavior is basically the same for all Chevrel-phase 
compounds, we include in our discussion a binary system. The analysis of 
specific heat data on carefully prepared, single-phase Mo6Se8 yielded 
2Ao/kTc = 4.2.12'37 The jump in the electron specific heat at To, ( C , -  
Cn)/C,, = 2.25, which is 1.6 times the BCS value (and considerable phonon 
softening on cooling, as observed in several Chevrel-phase compounds s-l~ 
emphasizes strong electron-phonon coupling. It is remarkable that this 
binary low-T~ compound (To =6.3 K) already shows strong coupling 
behavior. 

Band-structure calculations 5 have shown that superconductivity is 
primarily associated with the d electrons of the Mo6 octahedra. Since it is 
mainly the charge fluctuations that correspond to motions of Mo atoms of 
the immediate neighborhood that lead to a pairing of d electrons, electron- 
phonon interaction should be primarly determined by the coupling of 
internal m.odes of the Mo6 octahedra to the Mo d electrons. 5'16 Therefore 
displacements of the M atoms as well as of the Mo658 units may contribute to 
superconductivity only to the extent that these modes are hybridized with 
internal modes of the Mo6 octahedra. Since the energies where hybridiza- 
tion takes place in general do not coincide with those of Brillouin-zone 
boundary modes, phonons with a relatively small density of states may 
experience a high electron-phonon coupling, leading to an enhanced peak in 
a 2F (to). These effects of hybridization seem to be observed in our tunneling 
experiment. 

So the M atoms influence superconductivity mainly in an indirect way 
by charge transfer to the Mo6Ss(Se8) units, which reduces the distortion of 
the  S o 6  octahedra and alters the electron density of states at the Fermi 
level. 39 

*The starting compositions for the samples used in our work are Pbl.07M06.75S 8 and 
Cu1.8Mo6S8, while for the neutron scattering experiments in Ref. 10 the compositions 
Pba.02M05.TS8 and Cu 1.83Mo788 were used. 
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I n f o r m a t i o n  on the  i n t e r ac t i on  b e t w e e n  e l ec t rons  and  p h o n o n s  h a d  
a l r e a d y  b e e n  o b t a i n e d  by  the  analys is  of  the  i so tope  effect  in Mo6Se8. 
Cu l e t t o  and  Pobe l l  ~s have  shown tha t  a d o m i n a n t  coup l ing  of a soft  t o r s iona l  
m o d e  mus t  be  exc luded .  F u r t h e r ,  i t  was c o n c l u d e d  tha t  the  in t e rna l  m o d e s  
a re  at  l eas t  as i m p o r t a n t  for  s u p e r c o n d u c t i v i t y  in Mo6Se8 as the  e x t e r n a l  
modes .  T h e  analys is  of  the  i so tope  effect  in t e r n a r y  SnM06S8 is m o r e  difficult  
b e c a u s e  of the  la rge  d e p e n d e n c e  of  Tc on s to i ch iome t ry .  Resu l t s  a re  
i n c o n g r u o u s  and  a ze ro  as well  as an inverse  i so t ope  effect  has  b e e n  d e d u c e d  
f rom the  da ta ,  18'4~ 

In  conclus ion ,  the  t unne l ing  e x p e r i m e n t s  on  Cul.8M0658 and  PbM06S8 
show tha t  these  ma te r i a l s  have  a ve ry  s t rong  e l e c t r o n - p h o n o n  coupl ing .  
B o t h  h i g h - f r e q u e n c y  m o d e s  a n d  l o w - f r e q u e n c y  m o d e s  coup le  to  the  e lec -  
t rons.  T h e  resu l t s  e m p h a s i z e  the  i m p o r t a n c e  of the  h i g h - f r e q u e n c y  m o d e s  
for  supe rconduc t iv i t y .  T h e  con t r i bu t i on  of l o w - f r e q u e n c y  m o d e s  s eems  to  
d e p e n d  on  the  a m o u n t  of hyb r id i za t i on  wi th  in te rna l  m o d e s  of  the  M06 unit .  
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