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We report on measurements of the thermal conductivity of the quasi-one-dimensional conductor
(NbSe,);ol; between 80 and 320 K. We show that the thermal conductivity exhibits a well-defined
minimum below the Peierls transition temperature T, =285 K. Such behavior has also been found in the
charge-density-wave (CDW) conductors K, ;M0O; and (TaSe,),I, and seems to be a generic property of
CDW systems. We propose that this feature results from the contribution of low-frequency phasons of
rather large velocity. The position of the minimum in the thermal conductivity corresponds to the tem-
perature range where the screening of the Coulomb interaction by the quasiparticles (electron-hole pairs)
becomes effective and consequently enables the phason contribution.

I. INTRODUCTION

The collective oscillation spectrum in the charge-
density-wave (CDW) conductors was first presented in
the work of Lee, Rice, and Anderson.! They showed that
the Peierls transition leads to a modification of the pho-
non spectrum at Q=2kg, which is the CDW wave vec-
tor, and to the appearance of two new modes of oscilla-
tions. In the long-wavelength limit, one of them corre-
sponds to the amplitude and the other to the phase oscil-
lations of the order parameter with an acoustic dispersion
©4=vplqg—2kp|. It was also shown that at T=0 the
disappearance of dielectric screening leads to a finite
phason frequency; then, according to theoretical predic-
tions, the phason spectrum should be modified due to the
screening effects caused by quasiparticles.>”® These
effects must show up most clearly in the Peierls conduc-
tors, when exhibiting a semiconducting energy spectrum.
The screening effects give rise to drastic (i.e., exponential-
ly) temperature dependence of some kinetic characteris-
tics, such as the nonlinear conductivity in CDW conduc-
tors,” since the free-carrier concentration diminishes ex-
ponentially on cooling down to T < T,. The elasticity as-
sociated with the phase deformations of the collective
mode, recently measured by inelastic neutron scattering,’
unambiguously proves that Coulomb forces play an im-
portant role in the intrachain CDW deformation process-
es. There is no other experimental evidence on the
change of the phason spectrum.

Due to their high velocity, which few times may exceed
the steepest acoustic mode, phasons should contribute to
thermal conductivity. Previous papers on thermal con-
ductivity of different CDW systems pointed out the fact
that anomalous behavior around 7, cannot be explained
only in the frame of carrier and lattice contributions.
Here, we elaborate on the possibility that the contribu-
tion from the thermally assisted phason motion is the
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missing link for a better description of the thermal con-
ductivity of these systems. Also, our results of thermal
conductivity of some CDW compounds in the frame of
the proposed interpretation might give an indirect experi-
mental indication that the phason spectrum is strongly
affected by quasiparticle screening processes.

II. THERMAL CONDUCTIVITY OF (NbSe,);,l;

We have measured the thermal conductivity of the
CDW compound (NbSe,)oI; between 80 and 320 K.
This compound, as well as (TaSe,),I and (NbSe,);I, con-
sists of MX, parallel chains separated by iodine atoms.
The incomplete d, band filling of the Nb and Ta atoms is
amenable to the Peierls distortion.® Such a transition has
been detected in (NbSe,),ol5 at T, =285 K (Ref. 9) and at
T,=260 K in (TaSe,),1.® Though structurally akin with
both compounds, (NbSe,);] does not undergo such a
transition but rather exhibits a ferrodistortive structural
phase transition at 7,=274 K (Ref. 8) and remains a
semiconductor in the whole temperature range with the
largest gap within the MX, family. The thermal conduc-
tivity of this compound is included for comparison pur-
poses.

The technique we used for thermal conductivity mea-
surements is a standard four-contact method, relative to a
constant foil. '%!! Typical dimensions of the sample were
2.5X0.3X0.5 mm®. The sample holder was closely sur-
rounded by the heat shield, whose temperature was con-
trolled so as to differ less than 0.5 K from the sample
temperature, which minimized the radiation heat losses.
The cooling (heating) rate was ~5 K/h, and even less
than 1 K/h in the transition region. The temperature
difference along the sample was always smaller than 1 K
(0.2 K in the transition region). The relative accuracy of
the measurement was 1-2 %, much better than the abso-
lute one which was 20% (mainly due to the uncertainty
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FIG. 1. Thermal conductivity A as a function of temperature
for (NbSe,) 0l; (O) and (NbSe,);1 (@). The thermal conductivi-
ty of the CDW compound (NbSe,);oI; shows a well-defined
minimum below the Peierls transition.

in defining the geometrical factor of thin samples).

The measured total thermal conductivity of (NbSe,) ;I3
and (NbSe,);I in the temperature range from 80 to 320 K
is shown in Fig. 1. The thermal conductivity of
(Nbse,);I, which does not undergo a Peierls distortion,
increases almost monotonically with decreasing tempera-
ture.’® In contrast, the thermal conductivity of
(NbSe,4 ) 0I; shows a well-defined minimum in the region
of the Peierls transition and a weak anomaly of few per-
cent of the total conductivity at T,.

III. COMPARISON WITH OTHER CDW COMPOUNDS

The recognized general behavior of the thermal con-
ductivity of (NbSe,),oI;, characterized by a broad
minimum in the region of the Peierls transition and a
weak anomaly just below Tp,“'12 appears also in the
thermal conductivity of TaS;,'>'* K, ;M00;,'>13718 a5
well as in (TaSe,),I'""'217 indicating that the origin of this
generic feature might be due to the presence of the
CDW’s.

Possible physical explanations for this effect have been
already considered!! ™ !8 and it has been pointed out that
the anomaly at T, cannot be accounted for by consider-
ing only the electronic and phononic contribution to the
thermal conductivity, but no satisfactory explanation has
been given yet. It is very well known that on lowering
the temperature through the Peierls transition tempera-
ture the electronic spectrum is drastically changed and
the CDW gap appears at the Fermi surface. An exponen-
tial decrease occurs in the thermodynamical quantities
(including thermal conductivity) below the transition
temperature brought about by the spectrum of the quasi-
particle excitations of the condensed phase, i.e., the
bound electron-hole pairs of the CDW state. Because all
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the properties for screening are controlled by the gap am-
plitude E,, we will make a detailed comparison between
(NbSey)ol; (E; =3700 K) and blue bronze (E, =960 K
and T,=180 K). One expects for the former a very fast
temperature change and for the latter a relatively wider
range for the determination of all relevant contributions
to the thermal conductivity. In addition, rather detailed
investigations by inelastic neutron scattering of blue
bronze provide some necessary data for testing our as-
sumptions.

IV. CONTRIBUTIONS TO THE THERMAL
CONDUCTIVITY OF CDW SYSTEMS

We turn now to discuss the various contributions to
the thermal conductivity of CDW systems.
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FIG. 2. (a) The lattice contribution A; =A— Ay vs 1000/T for
two different ogp for (NbSey)ols; 75 (Qcm)™! (O) and 150
(Qcm™!) (@) cannot be fitted by simple 7! law. There is al-
most no influence of Ag, below 220 K. (b) The effective Lorentz
numbers (Wiedemann-Franz ratios) for (NbSes)jols. Leg
=Ag/0T (@) defined by Eq. (1) and L% (O), as explained in the
text, show different tendencies at lower temperatures.
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A. Lattice contribution

The lattice contribution A; to thermal conductivity in
this temperature range is due both to the umklapp pro-
cesses and normal one.'® The last one does not by itself
cause thermal resistance but nevertheless contributes to it
indirectly by distributing momentum among all the pho-
nons. It has to be pointed out here that we anticipate
that there are no modifications of the “normal” phonons
by the phonon modes becoming “soft™ as well as that op-
tical phonons do little to contribute to thermoconductivi-
ty. This is not totally obvious in the case of low-lying op-
tical mode, such as the amplitude mode. Although we
are aware of the possible shortcomings of this treatment
in the case of the lattice conductivity of CDW systems,
nevertheless, we follow the analysis of the lattice contri-
bution used by other authors in this field. 3718

The lattice conductivity A;=A— Ay, can be determined
with relatively high accuracy (better than 1%) regardless
of the free-carrier contribution Ay, as illustrated in Fig.
2(a) for two extreme values of the room-temperature (RT)
conductivity of (NbSey);oI;. The same figure shows
that A, rather obeys the exponential law such as
A= A exp(6p /aT) (a is a numerical factor and 6, is the
Debye temperature), instead of following the 7! law.
So far, our findings are similar to the ones in Ref. 18. It
seems that other authors'>~!7 did not pay special atten-
tion to the application of different fits. Debye tempera-
tures of CDW systems are relatively low and they are
inside the temperature range of our measurements
[6p=350 K for K;;M00;, 6,=116 K for (NbSe,);I,
6p =124 K for (TaSe,),I, and 6, =200 K as anticipated
for (NbSe,);ol;] but the condition T'<8, (Ref. 20) is
roughly fulfilled.

The parameters obtained from the fit for the lattice
contribution for blue bronze are 4 =0.98 W/mK and
0p/a=174 K. As a is the numerical factor of the order
of 2,202! we get for a=2 and 6, =350 K an excellent
agreement with the obtained value. For (NbSe,)ls,
A=4.24 W/mK and 6,/a=62.7 K. If we take the
same a =2 obtained for blue bronze, then the Debye tem-
perature of (NbSe,);oI; deduced from our thermal con-
ductivity measurement should be 6, R 125 K, quite close
to the value of 0, for (TaSe,),I.

It is important to notice that we took the largest possi-
ble lattice contribution and that a T ! fit would give
smaller values. The solid lines in Figs. 3 and 4 are the ex-
trapolation of our fits at higher temperatures. A well-
defined excess to A, is present around and above T,.

B. Free-carrier contribution

We pay special attention to the estimate of the free-
carrier contribution, A, as for T > T, (NbSe,),ol; shows
a semiconducting and blue bronze a metallic behavior of
electrical conductivity. In the absence of a more quanti-
tative, rigorous treatment of the electronic contribution,
it may be helpful to use the often suggested analogy be-
tween the CDW systems and semiconductors with a
temperature-dependent gap.?? In this case, besides the
usual Wiedemann-Franz (WF) contribution (the polar
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term), which has been considered as the only one by other
authors, 1378 the bipolar part of the electron-hole pairs
should be added?® and modified as in the following be-
cause of the temperature-dependent effective gaps:24

2
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A= |— | 0T
fc 3 e o
E
b —£+4
(b+1)? | kgT

2

k
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where e is the electronic charge, o the electrical conduc-
tivity, E, the temperature-dependent effective Peierls
gap,?? and b the electron-hole mobility ratio.

Even if it represents an improvement in the sense that
the semiconducting behavior has been accounted for
[especially for (NbSe,);pI; which has semiconducting
properties above T, but also for K, ;M00; as it shows
the existence of the pseudogap above 7], we should put
some brackets on this assumption below T,. In fact, the
CDW branches of quasiparticle excitations are not parti-
clelike and holelike (but rather bound states of particles
and holes), and the main process of heat transport in
semiconductors, the particle-hole recombination, is ab-
sent in CDW systems.

We have determined the parameters o(7), b, and
E,(T) from separate measurements of electrical conduc-
tivity and thermopower (TEP) on the same crystals,
which we used for thermal conductivity experiments.
The obtained A contribution for both materials is plot-
ted in Figs. 3(a) and 4(a). The self-consistent determina-
tion of both contributions, A; and A, in which the latter
is probably (but on purpose) overestimated,?® implies that
there should exist an additional extra term. In other
words, if one considers only two contributions, as
A=A, + A, the corresponding effective Lorentz number
L% [L%=(A—A;)/0T] would exhibit an unphysical
behavior when compared to the behavior given by Eq. (1),
where L (Loy)=A;/0T [L,=2.45X10"% WQK™? is
the Sommerfeld value] as shown in Fig. 2(b). This figure
is very illustrative for at least two reasons. It shows that

*m necessary for compensating all the residual conduc-
tivity at RT, needs to be more than 10L, (a simple WF
contribution is too small to be presented in Figs. 3 and 4).
Even if one tentatively accepts the possibility of an inac-
curate determination of electrical conductivity, what can
only rescale the data, it is impossible to change the oppo-
site tendency of L%; to decrease at lower temperatures.
This appears as a simple ‘“mathematical artifact’” mani-
festing the inconsistent analysis of the data when all pos-
sible contributions have not been taken into account and
we have to conclude that both the free carriers and the
“usual” phonon contributions cannot explain the upturn
of A 20 K below T, and that an additional contribution is
missing.

The insets in Figs. 3(a) and 4(a) show the extra thermal
conductivities for (NbSe;);oI; and K,;MoO; when
A;+Ag has been withdrawn. These contributions have
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almost the same magnitude as the free-carrier contribu-
tions.

As we pointed out above, it has been already found by
other authors!”!® that the detailed temperature depen-
dence of A in blue bronze does not agree exactly with the
sum of lattice and electronic contributions and it was
only tentatively suggested that the peak in A at T, is a re-
sult of heat carried by soft phonons.

C. Phason contribution

We will now associate the conductivity in excess of the
phonon and free-carrier contribution with excitations of
the CDW systems, i.e., mainly phasons. Their spectrum
is to a great extent determined by long-range Coulomb
interaction since the deformation of the CDW phase pro-
duces an electric field which results in a displacement
current and a quasiparticle current. The phason frequen-
cy is given by’
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FIG. 3. (a) Thermal conductivity of (NbSe,);oI; (O) with all
contributions estimated in an self-consistent analysis (see the
text). A, represents the lattice contribution fitted to the formula.
A=A exp(0/aT) with 4=4.24 W/mK and 6/a=62.7 K
(——). Ag is the free-carrier contribution estimated from Eq.
(1) (@) with orp=100 (2 cm)~! where for the ratio of mobilities
we estimated »=0.32 at T < T, from TEP measurements (Ref.
36) and for Eg(T) we used the general form given in Ref. 22.
The simple Wiedemann-Franz law gives almost 10 times smaller
Ag at RT. AA, is the extra conductivity attributed to phase ex-
citations (shown in the inset). (b) The frequency of dielectric
screening ®, vs temperature. The arrow indicates w,=w,;
wy=3.7 THz (Ref. 33) being the phason frequency in the un-
screened regime at T=0. The shaded area shows the uncertain-
ty of the parameters used for the analysis ( y E0o=15; @,
€., =230).
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o=k ek 1 2)
% (k2 +e,k?) ’
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where w%—%AaﬂQ. Here, g is the bare phonon frequen-
cy, €, and ¢, are the dielectric constants parallel and per-
pendicular to the chain axis, w, =40 /¢, is the frequen-
cy of the dielectric relaxation, and D is the diffusion con-
stant.?¢ Equation (2) is valid in a small-k limit. The finite
value of w, (where A is the dimensionless coupling
strength of the electron-phonon interaction) and the fac-
tor containing ¢, and ¢, in (2) originate from static dielec-
tric screening. The denominator accounts for quasiparti-
cle conductivity screening. This screening factor is
effective at higher temperatures where the electric field
produced by CDW deformation is screened by quasiparti-
cle excitations, a condition fulfilled when the dielectric
relaxation frequency w, exceeds the characteristic phason
frequency’ wo=V"3/2w 4 (® 4 is the amplitude mode fre-
quency). This allows the low-frequency phasons to ap-
pear, which in the region wy/V 0,D <k <V ®,/D have
a large velocity s =wyV/'D/w, (Ref. 27) and a small
damping. The contribution of phasons to thermal con-
ductivity can be estimated from the usual Debye formula,

In order to estimate the transport relaxation time 7 of
phasons we use the inverse damping rate value I' and
take 7=(F'+w3/w,)”!. Considering the parameters
which have a weak temperature dependence in compar-
ison with w,, we get for fiw <<kgyT,

— 1
App=V ©,D Tor (4)
1+

e

I reflects all the changes in the inverse phason lifetime,
also including anharmonic processes?® which are of non-
Coulomb origin. When the ratio ' /(03 /w, ) is small (the
denominator is the damping originating from the
Coulomb effects), the phason contribution to_ the
thermal conductivity increases with T as )»pth o,D.
If I exceeds Coulomb damping, one gets
kphz(ca(z)/I‘)\/ D /w,, and the phason thermal conduc-
tivity decreases with increasing 7.

Figures 3 and 4 demonstrate that there is a convincing
coincidence between the position of the minimum in the
thermal conductivity [Figs. 3(a) and 4(a)] and the temper-
ature at which the required conditions for the
effectiveness of phasons are fulfilled [w, < @, in Figs. 3(b)
and 4(b)]. To calculate w, we used our results for the
linear electrical conductivity o, obtained on the same
samples on which the thermal conductivity was measured
and normalized according to the self-consistent analysis
of thermal conductivity. For (NbSe,),I; the measured
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orr=100 (Qcm)~! was in a good agreement with other
authors.’ However, for blue bronze the value ogr=300
(Q cm) ™!, measured on the same sample which was used
for the thermal conductivity measurements, was relative-
ly low but still inside a range of values measured by
different authors in different samples. On another sample
of blue bronze, cut from the same crystal as the sample
for thermal conductivity, we have measured conductivity
that was two times higher. This was the main reason to
also probe the twice higher value?® o g7 =600 (Q cm)™!
[full line in Fig. 4(b)] and to see the probable region of un-
certainty in defining w, [the shaded area in Fig. 4(b)].
Since significant uncertainties also exist for blue bronze in
the value of €, (by different authors and for different
samples), we took the average value from accessible
sources (e, =100). The w,=2.2 THz value has been ob-
tained from neutron-scattering experiments.?® Infrared
measurements on the same sample on which we measured
thermal conductivity gave for (NbSe,),oI; €, =30 which
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FIG. 4. (a) Thermal conductivity as a function of tempera-
ture for K,3;MoO; (O) analyzed in the same manner as
(NbSey)i0ls. A;= A exp(6/aT) is the lattice contribution with
A=0.98 W/mK and 68/a=174 K ( ). Ag is the free-
carrier contribution (@) with 5=0.52 and Eg(T) from Ref. 22.
A}, is the extra contribution due to phasons given in the inset.
The crosses at T > T, represent normalized soft phonon contri-
bution when the relaxation time is 7=T""! [the damping, T, has
been taken from neutron measurements (Ref. 30)]. (b) The fre-
quency of dielectric screening w, vs temperature. The arrow in-
dicates w, =w, (wy=2.2 THz, Ref. 30). o(T) has been used
with two different values of ogy [ , Ogr=600 (Qcm)” ; @
orr=300 (2 cm)!].
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is relatively large®! if compared with blue bronze accord-
ing to the relation ¢, ~ (0, /E, )2, where @), is the plasma
frequency determined by optical measurements.3!3? So,
we took the twice smaller value £, =15 [full line in Fig.
3(b)] to demonstrate the possible region of w, values for
(NbSe,)0l;. The wy=3.7 THz value for (NbSe,),oI; has
been obtained from Raman experiment.3?

The region of the thermal conductivity minimum cov-
ers the temperature range in which the condition wy=w,
is reached [indicated in Figs. 3(b) and 4(b) by the shaded
area which also represents the uncertainties of the used
parameters]. In (NbSe,);oI; this occurs at 260 K
<T <270 K. For K,3;Mo00; this region is relatively
larger (140 K <T <160 K). The same analysis that we
did for other CDW systems, such as (TaSe,),I and TaS,,
gives additional confirmation for this assertation. 3*

The maximum phason contribution appears at
o,=w3/T. As in the classical description of an incom-
mensurate Peierls instability, the amplitude and phase
modes are characterized by the same damping?® we can
take for K, ;Mo00; I'=0.8 THz from neutron-scattering
measurements.® Following o, from Fig. 4(b), the ex-
pected maximum in the phason contribution should
occur at T=175 K. Furthermore, the phason thermal
conductivity decreases very slowly with increasing tem-
perature, as has been explained above. In the fluctuation
region around T,, contributions from other scattering
processes may take place, and the application of the
phason fit is not certain anymore. Unfortunately, there
are no neutron-scattering data for (NbSe,),(I;.

D. Thermal fluctuations above the Peierls transition

The heat current associated with CDW fluctuations
gives rise in the chain direction to an excess thermal con-
ductivity where the entropy is carried by the fluctuations
themselves in what is manifested as the square-root cusp
in the thermal conductivity at the CDW transition.?> A
similar cusp appears also in the free-carrier contribution
as a consequence of the singularity of the derivative of
the effective gap [Eq. (1)].3* On the other hand, quasipar-
ticle scattering due to fluctuations does not give rise to
any singular term in the vicinity of the phase transition
but it can give an almost linear increase at higher temper-
ature,> which outlines the continuity of excitations
through the second-order Peierls transition. At T'>T,,
phonon damping comes dominantly from lattice anhar-
monicity?® and the electron-phonon scattering which di-
minishes with increasing 7. Thus, the origin of the in-
crease of the lattice thermal conductivity above the
Peierls transition results from the soft Kohn-Peierls pho-
nons.

More information on the Kohn anomaly of blue bronze
has been given in a very detailed neutron-scattering inves-
tigation.*®* When T decreases from room temperature to-
ward T, the damping I increases by a factor of 3. T’
demonstrates all scattering processes affecting the Kohn
anomaly but it is mainly due to anharmonicity,?® as men-
tioned above. If for the phonon relaxation time above T,
we take the inverse value of the measured damping
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rate,?? then we can assume that the excess thermal con-
ductivity above T, varies as I'"!. The obtained tempera-
ture variation of A?Lp as shown in the inset of Fig. 4(a), is
in very good relative agreement with the I'"! results
from neutron scattering (shown by crosses in the same in-
set).

V. CONCLUSIONS

The CDW anomalies in thermal conductivity charac-
terized by a small cusp at the Peierls transition tempera-
ture Tp and a deep minimum below Tp, reported in this
paper for (NbSey);ol; and K, 3;M00; as representatives,
present a generic feature of CDW systems. We give a de-
tailed and self-consistent analysis of the lattice and free-
carrier contribution and show that there is an additional
contribution. = The quasiparticle-phason interaction
mechanism, which leads to phason screening, could pro-
vide a possible explanation for these anomalies. This
raises a complex of intriguing questions which should in-
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spire a more sophisticated theory of heat conduction in
CDW systems.

Note added. Since the submission of this paper, K.
Maki has published a calculation on excess thermal con-
ductivity at the charge and spin-density-wave transition
(considering only the amplitude mode)*>> where he also in-
dicates that in the case of some generalization in his ap-
proach, new terms in the thermal conductivity associated
with heat transport due to phasons can appear.
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