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Electron-phonon interaction and thermopower nonlinearities in Chevrel-phase compounds
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We show that previously reported measurements for the Chevrel compounds Cul 8Mo6Sg ~Se~ and
Cui 8Mo6S8 ~ Te~ provide evidence for electron-phonon enhancement of thermopower, when scatter-
ing is su%ciently large to suppress phonon drag. This enhancement effect is similar to that hitherto
seen in glassy metals, and is in agreement with theoretical calculations. The apparent sizes of the
enhancement |,'A. 5 1) are consistent with estimates from the McMillan formula using usual parameter
values, in contrast to the unusually large values of k and Coulomb repulsion p* recently suggested
for similar systems.

I. INTRODUCTION

The electron-phonon interaction in the 215 and
Chevrel-phase compounds has always been of particular
interest because of their high superconducting transition
temperatures. Recently, the unusual properties of these
materials have led to novel theoretical suggestions. An-
derson et al. ' suggested that localization enhanced the
Coulomb repulsion p*, leading to the general degradation
of superconducting transition temperature T, as resistivity
increases that is observed experimentally. Though not
directly related to the work of Anderson et al. , a proposal
was made by Schachinger et al. that the properties of the
Chevrel compound CuzMo6S8 could be accounted for by a
model involving a large value of p" (about 0.6) and a cor-
respondingly large electron-phonon enhancement A, (about
2.2), in contrast to the earlier model with more conven-
tional values for these parameters (p*-o.l and l- 1).

In another development, Yu and Anderson proposed a
local-phonon model of strong electron-phonon interaction,
involving very large values of the electron-phonon cou-
pling A. , that could account for the saturation of resistivity
and temperature dependence of susceptibility above about
200 K in strong electron-phonon coupling compounds.
Matsuura and Miyake pointed out the similarity of the
unusual properties of these materials to those of heavy-
fermion systems. They suggested a heavy-fermion band
could arise in the 315 and Chevrel compounds from
many-body correlations between periodic two-level sys-
tems (instead of the usual localized spins) and conduction
electrons. The origin of the periodic two-level systems in
these compounds was suggested to be the double-well po-
tentials in the strong-coupling model of Yu and Ander-
son. The value of the electron-phonon coupling constant
A, , however, was suggested to be only of order unity.

It is of interest, therefore, to make use of all possible
experimental probes of the electron-phonon interaction.
We show in this paper that the thermopower of high-
resistivity Chevrel-phase compounds, like that of amor-
phous metals, yields rather directly information about
electron-phonon enhancement.

Opsal et al. suggested that the electron-phonon in-
teraction enhances the diffusion thermoelectric power of

metals at low temperatures, the size of the enhancement
factor being the usual (1+k) mass enhancement as seen,
for example, in low-temperature specific heat. Unfor-
tunately, the presence of a large phonon drag contribution
to thermopower has up to now precluded direct
confirmation of the enhancement effect in crystalline ma-
terials, but Opsal et al. found some indirect evidence for
the effect in the magnetothermopower of aluminum. In
addition, Crisp and Henry, in separating the measured
thermopower of dilute silver alloys into diffusion and pho-
non drag components using a two-band model, inferred
that at least one of the characteristic diffusion thermo-
powers appeared to be nonlinear at low temperatures,
while Jackie showed that the low-temperature thermo-
power of amorphous SnCu films was too large to be ex-
plained within the free-electron model without enhance-
ment.

However, the first direct evidence for the electron-
phonon enhancement of thermopower was the low-
temperature "knee" seen by Gallagher in the thermo-
power of glassy metals, in which the phonon drag contri-
bution is suppressed by the strong disorder scattering.
This enhancement effect is now well established as a gen-
eral feature of nonmagnetic glassy metals ' and amor-
phous films. ' It is sometimes not fully appreciated that
thermopower in systems with large structural scattering is
very much simpler than in low-resistivity crystalline met-
als, not only owing to the suppression of phonon drag,
but also because the dominance of structural scattering re-
moves almost completely nonlinearities arising from
changes in the balance of scattering with temperature.
Thus, for example, trace magnetic impurities have no dis-
cernible effect, in strong contrast to the case of pure metal
thermopower. In addition, the beauty of the electron-
phonon enhancement effect in thermopower is that it is
seen directly as the ratio of slopes at low and high temper-
atures in the same data set, this ratio being essentially in-
dependent of the absolute values of the slopes.

We show here that the measurements of Vasudeva Rao
et al. ' on the Chevrel compounds Cui 8Mo6S8 ~Se~ and
Cu i 8Mo6S8 ~ Te„provide the first direct evidence of
electron-phonon enhancement of thermopower in crystal-
line systems. These measurements provide further evi-
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dence that the positive knee seen in the thermopower
when scattering of electrons is strong is not simply a ves-
tige of a large phonon-drag peak, since the phonon-drag
contribution in these compounds appears to be a large
negative peak that is reduced as scattering increases.

The crystal structure of Cu& 8Mo6S8 is triclinic between
5 and 270 K, comprising distorted Mo6S8 "building
blocks" with two Cu atom positions per unit cell in the
interstices (not all occupied). The residual resistivities po
(the resistivity just above the superconducting transition
temperature) of Chevrel compounds such as Cu Mo6S8
are large (at least 100 pQcm); these resistivities corre-
spond to electron mean free paths of the order of 20—50
A or less, and as temperature increases the resistivity
shows saturation effects typical of systems in which the
mean free path is approaching the lattice spacing. ' '
The effects are even more pronounced as Se is partially
substituted for S to form Cu& 8Mo6S8 ~Se~. The absolute
resistivity is difficult to determine for sintered pellets as
used by Sankaranarayanan et al. , but these authors ta-
bulate values of pp/pRT, where pR+ is the room-
temperature resistivity, that indicate approximately the
relative size of the structural scattering of electrons (and
also very approximately of phonons, in the absence of
thermal resistivity data). Data for the Cu, 8Mo6Se8 com-
pound are of limited value since phase transformations
occur at 120 and 170 K.

II. THERMOPOWER NONLINEARITIES
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FIG. 1. Thermopower S as a function of temperature T (from
Ref. 16) for CuI 8Mo6S& (dots), showing the maximum deviation
b,S from a line joining the origin to points near room tempera-
ture, and for Cui 8Mo6S2Se6 (crosses) fitted to our theoretical ex-
pression [Eq. {1)]for electron-phonon enhancement {solid line).
Fitting parameters are listed in Table I.

Examples of the thermopower nonlinearities seen by
Vasudeva Rao et al. ' in Chevrel-phase compounds are
shown in Fig. 1. For Cu& &Mo6S8 there is a large negative
peak typical of those ascribed to phonon drag. The size of
this peak is progressively reduced as Se replaces S, i.e., as

y increases in the compounds Cu»Mo6S8 ~Se~. This
effect is shown in Fig. 2, where we have plotted the max-
imum deviation LS' of the thermopower from the line
joining the origin (S=-O, T=O) to the measured thermo-
power around room temperature. This decrease is not
surprising in view of the fact that the residual resistivity
ratio pp/pT of these compounds increases strongly as y in-
creases from 0 to 3, as also shown in Fig. 2. Thus as the
scattering of electrons and of phonons by structural irre-
gularities increases, the phonon heat current is reduced
and there is a reduction in momentum transferred to the
electrons, i.e., of the phonon drag effect.

%Shat is initially more surprising is that the disappear-
ance of the phonon drag peak leads to a linear thermo-
power only at higher temperatures, ' with a positive devia-
tion AS from this linear behavior at temperatures around
40 K. However, this behavior is strongly reminiscent of
the knee in the thermopower of glassy metals due to
electron-phonon enhancement, and we suggest that this is
the origin of the positive deviations AS in the Chevrel
compounds. Obviously the correlation between AS and

pp/pRT shown in Fig. 2, with positive values of AS occur-
ring only in those compounds with high residual resistivi-
ty ratios (i.e., small phonon drag effects), supports our ex-
planation. The data for Cut 8Mo6S8 ~Se~ with y=7 are
similar to those for y=6 shown in Fig. 1, while the data

for y=3, 4, and 5 show possible evidence of a slightly in-
creased slope at low temperatures. ' The enhancement
effect is also seen in Cu

& 8Mo6S8 ~ Te~ Chevrel com-
pounds with y=2, 3, and 4, as indicated by the example
in Fig. 3; in these compounds the residual resistivity ratio
pp/pT is also very large, ' of order 0.9.
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FICz. 2. Maximum deviation AS of the thermopower, as
defined in Fig. 1 and the text, of Cul 8Mo6S8 ~Se~ compounds,
using data from Ref. 16. Also shown are ratios of the resistivity

po just above the superconducting transition temperature to
room-temperature resistivity pRT, as tabulated in Ref. 20.
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FIG. 3. Thermopower of Cu& 8Mo6S&Te3 (crosses) from Ref.
16, with a fit to our Eq. (1) (solid line). Fitting parameters are
given in Table I. The dotted line shows linear behavior.
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Here, a F(E) is the Eliashberg function that describes the
interaction of electrons and phonons, F(E) being the den-

III. ANALYSIS OF ELECTRON-PHONON
ENHANCEMENT

To investigate this suggestion quantitatively, we have
fitted the data of Vasudeva Rao et al. ' to the theoretical
expression for the electron-phonon enhancement of
diffusion thermopower Sd.

Sd ——[1+aA,X, (T/TD )]Xq T,
where X„ is the bare thermopower parameter S„/T (Sb
being the bare diffusion thermopower, i.e., the value in the
absence of electron-phonon enhancement, that is usually
approximately linear in T in nonmagnetic systems), a is a
constant discussed below, X is the usual mass enhance-
ment due to energy renormalization by phonons, and
k, ( T /TD ) is the normalized temperature-dependent
enhancement of thermopower:

sity of phonon states as a function of energy E and a the
electron-phonon coupling factor, G, (y) is the standard
function we have defined previously, and kz is
Boltzmann's constant. X,(T/TD) starts from the value
unity at zero temperature, and may or may not show a
small peak as temperature increases, depending on the en-

ergy dependence of a F(E) at low energies. At tempera-
tures of the order of TD, the effective Debye temperature
for the a F (E) distribution, X, ( T/TD ) has decreased to
small values and the thermopower reverts to its
unenhanced linear behavior.

The constant a in Eq. (1) takes the value unity if only
the usual mass enhancement due to energy renormaliza-
tion is present, but velocity and relaxation time renormal-
ization, and Nielsen-Taylor higher-order diagram
effects, may also make a contribution and change the
value of a. These effects in the presence of strong elastic
scattering have a similar temperature dependence to the
energy renormalization effect, so it is reasonable to take a
as a temperature-independent constant.

The fits of the data in Figs. 1 and 3 to Eq. (1) show that
the electron-phonon enhancement effect can give a good
explanation of the positive knee seen in the thermopower.
The parameter values obtained for these fits, and for simi-
lar fits for other concentrations, are listed in Table I. The
theoretical enhancement shapes used were those we have
calculated previously' ' for a Debye-like model in which
a F(E) varies as E" up to a sharp cutoff at k~TD, with
n= 1, 2, or 3, and for a smoothed a F(E) shape. The cal-
culated enhancement shape is insensitive to the shape of
a F(E) at higher energies (the main effect is simply a
change in TD), but its low-temperature behavior does de-
pend on the behavior of a F(E) at low energies, i.e. , on
the exponent n. We found that an E variation for
a F(E) gave a somewhat better fit than E or E, but the
difference in fit quality was not large. Accordingly, the
parameter values in Table I are for the n=3, Debye-like
spectrum, with very approximate uncertainties estimated
from the variation of fit parameter values with a F(E)
shape and change of data weighting.

It is tempting to regard these E preferences, like simi-
lar behavior in glassy metals, "' ' as some of the first
evidence for the prediction of Keck and Schmid that
a F(E) should vary as E at low energies when electron
scattering is strong. However, caution should be exer-
cised, since this result is crucially dependent on the values
of S/T at very low temperatures. This ratio is very

TABLE I. Values of the bare thermopower parameter Xb, effective Debye temperature TD, and
effective enhancement aA. for the fits of Eq. (1) to the data of Vasudeva Rao et al. (Ref. 16). Also listed
are values of the electron-phonon coupling parameter A, calculated from the McMillan formula (e.g. , Ref.
12) using experimental superconducting transition temperatures (Ref. 26) and Coulomb repulsion

p =0.13.

Compound

Cu1 SMo6S2Te2
Cu& SMo6S5Te3
Cu1 8Mo6S6Te4
Cu1 8Mo6S2Se6
Cu l. SMo6S & Se7

Xb (nVK ')

32+2
31+1
40%1
44+ 2
46+2

TD (K)

330+80
260+50
250+50
190+40
180+40

0.5+0. 1

0.6+0. 1

0.5+0. 1

1.0+0.2
0.8+0.2

~calc

0.6
0.7
0.6
0.7
0.7
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diKcult to measure accurately as T tends to zero, and
there is the possibility of a perturbing influence of
electron-electron correlations at low temperatures. At
this stage, therefore, we say simply that our analysis is
consistent with the result of Keck and Schmid. For-
tunately, our analysis should not be seriously affected by
incipient localization, since its effect is mainly to increase
thermopower magnitude with little effect on the relative
temperature dependence. The quality of the fits, at least
for the compounds including Te, argues against the pres-
ence of a remaining phonon drag contribution.

We now discuss briefly the values of the fit parameters
in Table I. The values for the effective Debye tempera-
ture TD of the a F(E) distribution are of the correct or-
der of magnitude: Vasudeva Rao et al. ' found a Debye
temperature of 210 K for Cu& 8MoSSe7 from specific-heat
measurements between 25 and 65 K.

The sizes of the bare thermopower Xb are very large.
For this reason, we would expect the energy renormaliza-
tion effect to dominate over the effects of velocity and re-
laxation time renormalization and higher-order dia-
grams. There is some evidence for these effects when
the bare thermopower is small, but the parameter a is
about 1 for glassy metals with larger values of Xb, so
unless these effects are dramatically larger in the Chevrel
compounds (with even larger Xb), a should also not vary
much from 1. Thus the values of ak in Table I should be
reasonable estimates of A, . We see that our deduced
values of ak are consistent with values of A, calculated
from T, values in the McMillan formula' with the con-
ventional value of 0.13 for p*.

IV. CONCLUSION

We conclude that there is direct evidence for the
electron-phonon enhancement of the diffusion thermo-
power in crystalline-metals, but that the effect is only visi-

ble when structural scattering is large enough to suppress
phonon drag. The data of Vasudeva Rao et a/. ' for
Cu& 8Mo6S& ~Se~ Chevrel compounds provide a rather
neat demonstration of the suppression of a large negative
phonon drag peak by structural scattering as y increases,
leaving the small positive enhancement effect.

We find that in Cu& 8Mo6S8 ~Se~ and

Cu& 8Mo6S& ~Te~ the electron-phonon enhancement k is
of approximately the size expected from the McMillan
formula with the conventional value 0.13 for the Coulomb
repulsion p'. There is no evidence for very large values
of X (and so of p*) similar to those suggested by Schach-
inger et al. for Cu2MobSs (k-2.2 and p*-0.6): our re-
sults are more similar to the earlier model for CuzMo6SH
of Lachal et al.

The superconducting transition temperature T, of
Cu& 8Mo6S8 ~Se~ and Cu& 8Mo6S8 ~ Te~ shows the strong
reduction as residual resistivity ratio increases (i.e., as
mean free path decreases) that is a general feature of the
315 and Chevrel compounds: the value of T, for
Cu& 8Mo6S8 is 10.8 K, but this is reduced to about 4 K
for the high-resistivity compounds we have analyzed. Ac-
cording to Anderson et al. ,

' such a reduction in T, can
arise from an increase in p*, while Belitz derives a gen-
eralized McMillan equation with an extra term due to
electron-electron interactions that is the main cause of the
decrease in T, ; in both cases, the value of A, is postulated
not to decrease significantly from the clean limit reference
as disorder increases: if we take Cu

& 8Mo6S8 as the
"clean" reference for our case, we have A. -1.1. Our re-
sults for Cu

& 8Mo6S8 ~ Se~ are inconclusive, but for
Cui sMobSs ~ Te~ (for which our fits are better), the ther-
mopower enhancement size (A, -0.5) suggests that the de-
crease in T, relative to Cu& 8Mo6S8 is associated with a
decrease in k. Such behavior has also been inferred from
tunneling experiments on disordered Nb3Sn by Geerk
et al. This decrease of k could possibly arise from
changes in the phonon spectrum as Te is added, but our
result is also consistent with the suggestion of Meisel and
Cote that the decrease of electron-phonon coupling at
low energies as electron mean free path is reduced causes
a reduction in T, . This decrease of electron-phonon cou-
pling also causes the E variation of a'F(E) at low ener-
gies that we have found gives the best fit to the tempera-
ture dependence of the thermopower data.

Because in the usual quasiparticle picture thermopower
depends rather generally on the energy derivative of con-
ductivity, it gives directly the size and temperature
dependence of the renormalization of electron energy by
the electron-phonon interaction, i.e., of the mass enhance-
ment. Our analysis suggests that to be viable, theories
such as the local-phonon model of Yu and Anderson or
the heavy-fermion model of Matsuura and Miyake need
to be able to simulate normal quasiparticle energy renor-
malization with conventional parameter values.

Further measurements, particularly of the thermopower
of highly disordered 315 compounds, would be of great
interest —the existing measurements of Sarachik et al.
for V3X compounds are for samples with residual resistivi-
ties from 5 to 35 pA cm, too small to eliminate the effect
of phonon drag.
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