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Thermodynamics of Charge-Density' %aves
in Quasi One-Dimensional Conductors

D. C. Johnston
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Simple methods are described to evaluate quantitatively the influence of charge-
density —wave fluctuations on the thermodynamics of quasi one-dimensional conductors, and
are applied to experimental data for K03Mo03. These fluctuations are found to affect strong-
ly the magnetic susceptibility and electronic entropy and heat capacity over a large tempera-
ture range.

PACS numbers: 65.40.Em, 65.SO.+m, 75.20.En, 75.40.-s

Strictly one-dimensional (1D) conductors have
been shown theoretically to exhibit no long-range
charge-density-wave (CDW) ordering transitions
above temperature T =0, although CDW fluctua-
tions can occur which then determine the tempera-
ture depenence of various physical properties. '

However, even weak coupling between chains can
lead to long-range CDW order at a critical tempera-
ture T, which is an appreciable fraction of the
mean-field transition temperature T, ", ' and the
CDW fluctuations are then expected to die out
below T, .

Recently, inorganic quasi 1D conductors such as
NbSe3, TaS3, (TaSe4)2I, and K03Mo03 have attract-
ed much attention, primarily due to the discovery
of CD% transport and other associated phenomena
which occur in these materials in the vicinity of and
below the respective CDW T, 's.4 However, the in-
fluence of CDW fluctuations on the thermodynam-
ic properties of these compounds has not previously
been quantitatively assessed, even though diffuse
electron scattering results for orthorhombic TaS35
and x-ray and neutron scattering studies on
K113Mo03 have proved their presence even at tem-
peratures far above the respective T, 's. In this arti-
cle, I outline results of a quantitative examination
of their effects on the magnetic susceptibility (X)
and electronic contributions to the entropy (S,)
and heat capacity (C, ) of the representative quasi
1DS 9 inorganic conductor Ko 3Mo03. ' In this
compound, the CDW ordering transition at
T, = 180 K completely removes the Fermi surface,
leading to a metal-semiconductor transition at

6, 8, 9

Below T„anonzero average gap 2(A) (T) opens
up in the density of electronic states (D) at the Fer-
mi energy EF, whereas above T„CDWfluctuations
may induce a temperature-dependent pseudogap in
D near EF as discussed in Refs. 1 and 2; both ef-
fects reduce X'"" from the unperturbed value X '"",
where X'"'" is the intrinsic conduction electron spin

susceptibility. In order to evaluate self-consistently
the influence of the fluctuations on X'P'"( T) in both
temperature ranges, I adopt the following strategy.
I first model the deviation of X'P'" at each tempera-
ture frOm XP'u" aS ariSing frOm a unifOrm effeCtiVe
semiconducting gap Et= 26,,ff in D(e) at E„and I
derive A,«(T) from X'P'"(T). In the absence of
fluctuations, b,,«(T) is presumably the same as
(5) ( T), and this situation should occur from T= 0
to somewhat below T, . By comparing A,ff( T) with
(5) ( T) found directly from neutron diffraction ex-
periments, 2 I have determined that fluctuations be-
gin to be important to X'P'"(T) by 20 K below T, .
Above T„acrossover in X'"'"(T) and b„ff(T) to
behavior predicted theoretically for isolated 1D
chains is found; thus the fluctuations appear to be
solely responsible for the strong temperature
dependence we find in XaP'"(T) above T, . Finally,
C, ( T) and S, ( T) will be computed from h, ff( T)
and shown to be consistent with a strong influence
of CDW fluctuations.

In order to apply the above model, we assume
that a 1D tight-binding band picture is appropriate
at all temperatures, and that the conduction elec-
trons are noninteracting. We further assume linear-
ized valence and conduction bands and that
kBT &( EF, 8' —EF, where kB is Boltzmann's con-
stant and 8' is the unperturbed bandwidth. The
density of states g (E, Aaff) of a 1D semiconductor
with uniform gap 2/3, ,« is then g(E, h, ff)
=DoiEi/E(E h, ff)' if iEi —A, ff and 0 other-
wise, where Do is the unperturbed density states.
&' '"(T) is just pBg(baff)T where p, B is the Bohr
magneton and g (A,ff) T is the thermal average of g
at the temperature T'. g (b, ,ff) T —fg (E, A,ff)
x ( —Bf/BE)dE, where f is the Fermi function.
Thus, defining A —= /3. ,«/kaT and X

'
p, aDo, one

obtains

XSPin X e
. =2 dX.

XPauli Jg (X2 g 2)1/2 (ex+ 1)2
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From Eq. (1), X'""/X '""=A' exp(1 —A) for 3
& 4, a temperature dependence in agreement with

standard results in the 1D quasi free electron ap-
proximation. For A & —,', X'""/Xp'"'= 1 —0.21 A ~.

The general shape of X' '"(T/6«r) is similar to that
of the thin solid curve in Fig. 1(b).

The magnetic susceptibility of single crystal
Ko 3Mo03 was measured with a Faraday magnetom-
eter" between 4 and 720 K in a magnetic field of
6.4 kG; the data presented here have been cor-
rected for small contributions from ferromagnetic
and paramagnetic impurities. We write the result-
ing susceptibility as X ( T) =—Xo+ X'"'"(T), where
X' '"(0)=—0. The value of the orbital susceptibility
Xo= —(1.0 + 0.5) x 10 cm'/mole is in good
agreement with that computed using available
values for Mo03 and K+'. X'"'" is plotted versus T
in Fig. 1(a) for T & 720 K; an expanded plot of the
data below 320 K is shown in Fig. 1(b). The tem-
perature dependence of X'~'" is similar to but more
precise than the results ' of previous studies. The
long-range CDW ordering is manifested in the data
in Fig. 1 via a pronounced slope change at T, = 183
K. From Fig. 1, dX'"'"/dT monotonically and
smoothly decreases and remains positive above T, .
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This indicates that X'"" is approaching an asymptot-
ic limit (—= XP'"") with increasing T. Therefore,
Coulomb correlations are not important above T„
since if they were, one would expect to see a max-
imum in X'~'"( T).'3 From Fig. 1, we take
Xp'""=—X' '"(720 K), leading to D&=0.75 states/
eV-molecule and, via the usual expressions for
tight-binding bands, to 8'=3.1 eV and EF=0.26
eV. The large values of 8'and EF validate the use
of Eq. (1) below about 300 K = E„/10.

From the experimental X'""(T) data and Eq. (1),
Agff( T) was extracted and is plotted in Fig. 2 for
T & 300 K. A,rr(T) rises sharply below T, = 183 K,
then bends over at lower temperatures. Since
(5) ( T ) T, ) = 0 and A,rr(T ) T, ) & 0, 24, rr evi-
dently includes the contribution of fluctuations and
is therefore to be identified with some average over
the chain length of the magnitude of the energy gap
(see Johnston'4). I have obtained an extrapolated
b, (0) by scaling (6)(T)/5(0) versus T obtained
from the neutron diffraction data to the A,ff(T)
data below T, and requiring that the two measure-
ments converge with decreasing T; precise agree-
ment was obtained below 160 K with 6 (0) = 565 K,
as shown in Fig. 2. The value of Eg(0) = 25(0) is
comparable with the optical edge at 100 K,8 and is
in agreement with the approximate value of 1200 K
obtained from the slope of lno. vs 1/T for T —100
K. The latter agreement suggests that intrachain
Coulomb correlations are not important below T„
consistent with the result above for T ) T, . The
experimental value of A(0) and the mean-field re-
lation 26(0) =3.52ksTM" give TMF =321 K, about
75% larger than T, .

From Fig. 2, A, ff becomes nearly independent of
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FIG. 1. (a) Conduction electron spin susceptibility
X' '" vs temperature for Ko3Mo03 below 720 K. (b) An
expanded plot of the data below 320 K where a fit of the
theory of Ref. 1 to the data above 225 K is shown as the
thin solid curve.
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FIG. 2. Effective uniform energy gap/2 (A, tt.) vs tem-
perature for Ko 3Mo03 as derived from X'"'"(T) (connect-
ed points); isolated points are (5) (T) data obtained
from the neutron diffraction data of Ref. 7.
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temperature above T, . If our postulate is correct
that the temperature variation of X'"'" above T,
arises from CDW fluctuations, then their influence
on X'"'"(T) near T, "is equivalent to that of a near-
ly temperature-independent uniform semiconduct-
ing gap 2b, ,rr=6, (0). Quantitative analysis of the
X' '"(T) data above T, in terms of the variation
predicted for isolated 1D metallic chains exhibiting
CDW amplitude fluctuations by Lee, Rice, and An-
derson' confirms the present interpretations. Scal-
ing their prediction for X' '"/XP'"" vs T/T, M" to the
data between 225 and 320 K yielded the fit shown
as the thin solid curve in Fig. 1(b) with T,M"= 330
K and XP'""=23.4&&10 cm /mole. The remark-
able agreement of T, " with that found indepen-
dently above at T « T, [i.e., from A(0) ] is strong
evidence that the variation of X' '"(T) above T, is
indeed due to CDW amplitude fluctuations.
Analysis of their X't""(T) prediction in terms of Eq.
(1) also shows that Ae«becomes nearly indepen-
dent of temperature above about T,M"/2 and that
A,«(T ) T, "/2) = b, (0)/2 as found experimental-
ly above. To my knowledge, this is the first case
where the theory of Lee, Rice, and Anderson' has
been quantitatively verified for a quasi 1D conduc-
tor. From comparison of (5) with b,,« in Fig. 2,
fluctuations begin to contribute to X'"'" and jeff
above about 160 K, or 20 K below T, . From Fig.
1(b), 2D and/or 3D fluctuations begin to be impor-
tant below about 225 K, as seen in a divergence
between the data and 1D theory prediction below
this temperature.

In view of the self-consistency of the above anal-

yses, we proceed to calculate the electronic heat
capacity C, and entropy 5, for K03Mo03. It was
shown above that X' '"(T) could be modeled as that
of a 1D semiconductor with a uniform gap
2b, ,«(T), where d, g«(T) was derived from X'"'"(T).
We assume here that C, (T) and S, ( T) can be corn-
puted from the same model using the previously
determined Ae«(T). ' For a semiconductor with a
uniform gap, C, is given by'

t

C, = —
Ji g (E, ,«) — E —— dE,

where the notation is the same as above Eq. (1).
Using h, «(T) from Fig. 2 and Eq. (2), C, and
S, = f (C,/T)dT were computed and are plotted in

Fig. 3, normalized to the values yoT in the absence
of a gap, where yo= zr k&D0/3; for Ko 3Mo03,
yo= 1.76 mJ/mole K . A discontinuity AC, is
seen in C, at T, given by b, C,/C, ( T, + ) = 0.9; this

C/$ T, ~ S/'iI T~
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FIG. 3. Electronic heat capacity C, and entropy S, vs
temperature for K03Mo03 as derived from X"'"(T);each
quantity is normalized to the unperturbed value yoT (see
text).

is significantly smaller than the mean-field value
1.43, consistent with extensive CDW fluctuations
above T, . S, ( T, ) is only 70'/0 of that in the absence
of fluctuations, again illustrating the influence of
fluctuations on the thermodynamics. C, (T)/yoTas
well as S,/yoT approach their asymptotic limit of 1

very slowly with increasing temperature above T„
as expected for a 1D metal. '

In conclusion, the analyses outlined here were
carried through for the compound K03Mo03 pri-
marily because it was possible to obtain high quality
X'"'"(T) data on a single crystal of this material, and
because data could be obtained both far above and
far below T, as well as T, ". However, the present
analyses are more general, since X'~'"( T) data above

T, for Ta$3' and (TaSe4)2I' can also be scaled to
lie on the universal curve of Lee, Rice, and Ander-
son' with scaling parameters 6(0) = 1.76 k&T,M" in
reasonable agreement with the 5(0) values extract-
ed below T, from conductivity data, indicating the
importance of CDW fluctuations in determining the
physical properties of these compounds and in

depressing T, from T, ". Interesting challenges
remain to quantitatively establish experimentally
and theoretically how the CDW fluctuations influ-
ence the temperature dependences of other proper-
ties such as the thermoelectric power in this class of
materials in the vicinity of T, and above.
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