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We report on measurements of the thermal conductivity k7 close to the Peierls transition temperature
Tp in Ko3Mo0O; and (TaSes)2l. In both cases there is an enhancement of x7 that peaks at the transition.
Simultaneous measurements of the specific heat suggest that the anomalous behavior is a result of mode
occupation rather than changes in electron- or phonon-scattering processes.

PACS numbers: 72.15.Nj, 65.40.Em, 71.45.Lr, 72.15.Eb

The charge-density-wave (CDW) systems Kg3;MoO3
(blue bronze) and (TaSe,),I have been thoroughly stud-
ied with respect to their electrical transport properties!
because of the small threshold fields required to observe
nonlinear conduction? and the strong frequency-
dependent conductivity o(w) observed down to very low
frequencies.® To a great extent, measurements of other
macroscopic properties have not been studied as intense-
ly. The thermal conductivity fits into that class of mea-
surements. However, the formation and novel charge
transport properties of the CDW state indicate that
thermal conductivity measurements and investigations
that are, in general, related to the Onsager transport
coefficients*® will assist in a more complete understand-
ing of transport in these systems. There are at least two
points to consider for the thermal conductivity: (1) the
role of CDW fluctuations in scattering electrons and
propagating phonons, and (2) whether the development
of the soft phonon mode is important for heat transport.

The materials known to form an incommensurate
charge-density-wave state are quasi-one-dimensional
with respect to charge transport properties. A result of
the one-dimensional nature is that the situation is ideal
for the study of fluctuation effects in various thermo-
dynamic® and transport properties. Because of the wide
variation of anisotropy between materials, it is not
surprising that the strength and range of temperatures
where fluctuations are observed will differ also.! Furth-
ermore, previous experimental work may not have ad-
dressed all aspects of the effect of CDW formation on
the thermal conductivity.” In particular, it would be
surprising if one could separate a fluctuating thermal
conductivity from the total and properly describe the ex-
perimental results using the electrical conductivity and
the Wiedemann-Franz law.

The mean-field description of the CDW state is associ-
ated with the opening of a gap at the Fermi surface ac-
companied by a soft phonon mode at the 2kr position in
reciprocal space. The lattice degrees of freedom will not
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directly contribute to charge transport, but that may be
untrue for thermal transport. The low phonon energies
w(q) ® about g=2kr are accompanied by a high mode
occupation level, and the finite values for dw/dq provide
a mechanism for heat transport.

In this Letter, we present our results on the thermal
conductivity of the blue bronze Ko3MoO3 and (TaSe4),I
in zero electric field with special emphasis on the behav-
ior near Tp [Tr =180 K for the blue bronze and 263 K
for (TaSes)2Il. In each case, the component of the
thermal conductivity tensor along the chain direction
was measured. For both materials, there is a peak in the
total thermal conductivity xr at the phase transition
which is not predicted by the simplest interpretation
where the lattice contribution is smooth near Tp and the
electronic part can be discussed in terms of the
Wiedemann-Franz law.%'® The results are surprising in
view of the fact that fluctuation effects around a phase
transition could be expected to introduce a minimum in
xr at Tp, instead of the observed peak. We propose that
the phase-transition region is more complicated because
of the phonon softening associated with the new CDW
formation, and this is reflected in both the thermal con-
ductivity and specific-heat data.!!

In total, we measured four samples of the (TaSes)-I
and two samples of the blue bronze. (TaSe4),l single
crystals came from three different sample preparation
batches. The two blue bronze samples were from
different batches. The measurement technique was a
direct, steady-state linear heat-flow method with one end
of the sample anchored to a large block of copper that
served as the thermal reservoir, and a resistive wire
heater wound around the other end. The temperature
difference along the sample AT; was measured using a
differential AuFe-Chromel thermocouple with the joints
anchored at two well-separated positions along the sam-
ple. Radiation heat losses were minimized using a
stainless-steel heat shield with a diameter approximately
2 to 3 times the sample diameter. The shield tempera-
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ture was controlled at one end and anchored to the
thermal reservoir at the other so that the temperature
profile would be the same as that of the sample. Bound-
ary thermal resistance problems were monitored by
measuring the temperature difference between the shield
and the sample at both ends of the crystal. Systematic
errors introduced by boundary resistances were con-
sidered to be negligible when both shield-sample temper-
ature differences were very small compared to AT, a
condition that was easily satisfied in practice.

The results for the total measured thermal conductivi-
ty xr are shown in Fig. 1. First, we will discuss the blue
bronze [Fig. 1(a)l. Overall, the shape is similar to the
previously reported results.®!® At high temperatures,
the thermal conductivity is weakly temperature depen-
dent, reminiscent of a metal with a lower carrier concen-
tration. Below the phase transition, k7 decreases more
quickly before going through a conductivity maximum
centered near 20 K. The behavior at the phase transition
itself is distinctive: There is a sharp peak approximately
4 K wide [Fig. 1(a) inset], and the increase is slightly
greater than 5%. The features of the peak reproduced in
two experimental runs on the same sample. A second
blue bronze sample also showed a peak, but somewhat
smeared out as compared to that shown here. The sam-
ple dependence at the phase transition seems to be corre-
lated with the low-temperature behavior. The sample
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FIG. 1. Thermal conductivity as a function of temperature
for (a) Ko3MoO; and (b) (TaSes).l. Inset: Data near the
Peierls phase transition for each of the two materials.
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with the larger low-temperature conductivity maximum
also has the narrow anomaly at Tp. Because both sam-
ples were very similar geometrically, it is likely that lat-
tice defects affect both aspects of 7.

The (TaSe4),I samples that were measured exhibit
similar behavior, as shown in Fig. 1(b). «7 is decreasing
as the temperature is lowered from above Tp, with a
change in curvature closer to the transition. At Tp
(verified by resistance measurements), there is a peak
before a decrease again at lower temperatures. It is like-
ly that the overall temperature dependence above Tp is
related to the strong fluctuations in this material.! At
low temperatures, k1 begins to slowly increase as expect-
ed. The qualitative temperature dependence between
samples, however, does not reproduce over the entire
range of temperature measured. A large variation be-
tween samples has been observed below 220 K, with two
of the samples having a nearly temperature-independent
xr between approximately 30 and 220 K before decreas-
ing at lower temperatures.

For the purposes of brevity, the results for the blue
bronze will be analyzed in detail, although the same pro-
cedure has been applied to the (TaSe4),I with similar re-
sults. We begin by assuming that the total conductivity
kT can be described by a sum of two terms:

KT =Kp+K,, 1)

where «, is the contribution from phonons and «. is the
heat carried by the electrons. In general, the contribu-
tion to xr from each source is proportional to C,vl,
where C, is the appropriate specific heat at constant
volume, v is the velocity, and / is the mean free path.

At low temperatures, x7 for the blue bronze is charac-
teristic of insulators where / constant, increasing as 73
below 1 K.!2 It continues to about 20 K before dropping
approximately as 1/T over the range 40 to 110 K. As Tp
is approached from below, the increase is presumably
from quasiparticles excited across the Peierls gap. This
behavior is very similar to that observed in conventional
superconductors. At temperatures above 7p», CDW fluc-
tuations persist,®!3 so the continuing increase in k7 is
expected from an increasing electronic component. A
more detailed analysis is necessary, however, to qualita-
tively understand the origin of the peak at the CDW
transition. We will show that changes in the scattering
rates of phonons or electrons are an unlikely explanation.
Because the specific heat shows similar behavior, we sug-
gest that the reason for the bump is mode occupation as-
sociated with the soft phonons.

The “lattice” contribution will remain if it is possible
to subtract x, from the total. In ordinary metals, it
would suffice to estimate x, at high temperatures from
the Wiedemann-Franz law

ke/oT =Ly, )

where the Lorenz number is Lo=2.45%x10 "% WK ~2,
and o is the dc electric conductivity. The main assump-
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tion for the validity of Eq. (2) is that the same scattering
processes dominate for electrical and thermal transport.
Therefore, it will hold at higher temperatures (on the or-
der of the Debye temperature ©p), where the dominant
phonon wave vectors can bring about transitions to the
opposite side of the Fermi surface. The full line in Fig. 2
is the electronic contribution k. as calculated using the
Wiedemann-Franz law and resistivity measurements.
The decrease in x. as the temperature is lowered is the
direct result of the decrease of free charge carriers. The
“lattice” conductivity «, =xr—k,. is also shown, with
the shape of the anomaly at Tp essentially unchanged.

However, the situation in these materials is more com-
plicated than in a simple metal because of the opening of
the gap at the Fermi surface. As for semiconductors,
there is an additional “electronic’’ contribution to xr
from recombination of electrons and holes.!* If an elec-
tron and hole traverse the length of the sample before
recombining, then the full gap energy is transported over
that distance. The enhancement is a maximum when the
electron and hole mobilities are equal. Even in that ex-
treme case, the peak at Tp cannot be explained by purely
electronic mechanisms.

Phonon thermal resistivity 1/x, results from scattering
processes with phonons (W,’,’, as in insulators), or with
electrons (W?) so that x, =(W5+W?F) ~'. An estima-
tion of W} can be made by extrapolating the 1/7 behav-
ior of the insulating state to 7, and W? is given by '’

pm Po_m'ni

Wk LT 3 3)
where n, is the number of electrons per atom, and pj is
the electrical resistivity from scattering by phonons.
From the measured resistivity and band filling, '® W2 (180
K) =4x10 ~2 W2, leading to a relative change in x7 of
about 0.025. Therefore, the thermal resistivity of the
phonons is provided almost completely by the phonon gas

itself.
As in the new high-temperature superconductors, it is
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FIG. 2. Thermal conductivity xr of Ko3MoQOs. The solid
line is the estimated electronic contribution to the thermal con-
ductivity. The difference is also shown.

expected that W? will decrease at the phase transition. !’

There are two reasons why this does not account for the
feature at Tp. The first is that the shape is not described
by Eq. (3) and the second is that the ratio WZ/W} is
more than 2 times too small even if we assume that
WZ— 0 within 2 K below Tp. Therefore, it is necessary
to consider other possibilities.

The specific heat for the blue bronze sample of Fig.
1(a) is shown in Fig. 3 over the temperature range
4-300 K. A detailed description of the measurement
and analysis of fluctuations about Tp will be presented
elsewhere.!! If the specific-heat anomaly at Tp is de-
scribed by a jump, then AC,/C,~0.06, similar to the
thermal conductivity. Because scattering processes do
not explain the behavior, it is compelling to associate the
two results with the same phenomenon. Therefore, the
effect in xr is probably related to mode occupation and
not scattering processes.

Accompanying the opening of the gap in the CDW
transition is a softening of the phonon mode near 2kf.
When the coherence length is long, there is only one pho-
non mode involved. In that case, there is no contribution
to the heat capacity from the lattice and the mean-field
prediction (which is the same as the BCS value) is

AcMF =1.43yTyr (C))

where y=(7%/3)k3(1+1)N(0), N(0) is the free elec-
tron density of levels at the Fermi surface, A is the
electron-phonon coupling constant, and Tmp is the
mean-field transition temperature. Using N(0)=1
stateeV ~! (formula unit) ~! (Ref. 13) and A~0.3 (Ref.
16), ACMF~0.4 J/molK. That value is more than 1 or-
der of magnitude smaller than the value deduced from
Fig. 3. In addition, the substantial width of the heat-
capacity anomaly is consistent with the inappropriate-
ness of mean-field theory.

In this case, it is more useful to examine the entropy
associated with the formation of the low-temperature
phase. The full line in Fig. 3 is a polynomial fit to the
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FIG. 3. Temperature dependence of the specific heat of
Ko.3Mo0Os. The full line is a polynomial fit through the back-
ground. Inset: Difference between the data and the fit.
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data at temperatures far above and far below Tp, from
which an excess specific heat and entropy can be found.
Admittedly, this results in a crude estimate, but we
claim the result is likely to be a lower bound because it
only includes contributions from a limited temperature
range where effects of the transition appear to dominate
the temperature dependence. Proceeding in this way, we
find a value (~1.5 J/molK) that is about 5 times larger
than the calculated electronic contribution y7,=0.3
J/mol K.

McMillan'® pointed out that this implies a significant
contribution from the lattice, which is possible only if the
coherence length is short, (i.e., the transition involves a
significant number of phonon modes). From the specific
heat, we estimate a coherent volume ~ (35 A)3 (Ref.
19). Diffraction studies®?%2! confirm that the coherence
lengths are short. For instance, the x-ray studies of
Girault, Moudden, and Pouget?® indicate that £~100 A
less than 2 K above Tp. The calculated zero-tem-
perature value £(0) =hvr/2A(0) (Ref. 16) is somewhat
less, ~30 A. Given the behavior of the specific heat
near Tp and the fact that the softening implies a nonzero
group velocity dw/dk near 2kr, we tentatively suggest
that the increase of xr is a result of heat carried by the
soft phonons. The heat would be transported because
the modes near 2kr are propagating, and there is a sub-
stantial heat capacity resulting from their occupation.

In summary, we find a peak in the thermal conductivi-
ty of the Peierls systems Ko3MoOj; and (TaSes),I. A
subtraction of the charge-carrier contribution to xr
leaves a remaining lattice contribution that is not smooth
through the transition, in contrast to previous discus-
sions. The increase in the lattice term cannot be com-
pletely accounted for by scattering processes alone. The
overall shape is not unlike the specific-heat anomaly, in-
dicating that the two results are linked to the same
phenomenon. The short coherence lengths deduced from
the specific heat imply that a large number of modes are
involved in the softening, suggesting that it is possible
that the soft mode is also responsible for the peak in xr.
Because the results cannot be explained in mean-field
theory, we believe they are important to understanding
fluctuation effects in Peierls systems.
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