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Thermal lattice fluctuations in charge-density-wave (CDW) condensates have been studied by
means of optical investigations on the prototype CDW compound Kg.3MoO3 and its alloys. The
temperature dependence of the CDW gap absorption in the mid-IR frequency range is strongly
indicative of the important role played by the thermal lattice fluctuation effects. The latter remove
the inverse-square-root singularity, expected for the case of the static distorted lattice. In fact, a
considerable broadening (i.e., larger than kgT') of the subgap tail absorption is found by increasing
the temperature towards Tcpw. Moreover, we find that the phase phonon modes also give an
important contribution to the disorder parameter, thus being an essential ingredient for the thermal

fluctuation effects.

Many quasi-one-dimensional materials undergo a
structural instability known as the Peierls or charge-
density-wave (CDW) instability.! Among a large vari-
ety of one-dimensional systems the so-called blue-bronze
compound Ko 3MoQj3 is the prototype CDW material. It
undergoes a CDW transition at Tcpw = 180 K and on
this system the most detailed analysis up to date has
been performed.

A central aspect of the CDW phase transition is the
appearance of the so-called fluctuation effects. Here, we
want to address our attention to the thermal lattice fluc-
tuations. In the great majority of one-dimensional com-
pounds the zero-point lattice motion is of the same order
of magnitude of the Peierls distortion and consequently
one might expect possible huge effects on the electronic
density of states. Recently, it has been suggested that
thermal lattice fluctuations should clearly manifest in
the absorption characteristic of the CDW gap (which is
opened at the Fermi surface due to the periodic lattice
distortion with twice Fermi wave vector 2kr).? Indeed,
the appearance of substantial subgap-tail absorptions is
predicted. These subgap-tail absorptions, which broaden
by increasing the temperature, determine a remarkable
deviation from the expected inverse-square-root singular-
ity at 2A, suggested by the static mean-field approach.®
However, the theory (Ref. 2) was contrasted until now
with experiments on compounds that have a substantial
intrinsic disorder (like, e.g., KCP). This intrinsic disorder
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leads to effects similar to the thermally induced disorder,
complicating the analysis, in particular as far as the effect
of the zero-point lattice fluctuations are concerned.

In this paper we report on our first attempt to study
these features in more depth by probing the effects of the
thermal lattice fluctuations with optical methods on the
model compound Ky 3MoO3 and its alloys, where, fur-
thermore, the static disorder due to random positions of
the counterions is absent. Moreover, from our oberva-
tions we find that the phase phonon modes (phasons)?
also contribute considerably to the thermal fluctuations
and play an important and decisive role in the temper-
ature dependence of the disorder parameter. In this re-
spect, our experimental data agree with a recent theoret-
ical prediction.?

The Ko.3MoO3 specimens used in this study have been
grown by electrolytic reduction of the starting materials
(i-e., KaMoO4 and MoO3), as described in detail in Ref.
4. Reflectivity measurements as a function of temper-
ature and with light polarized parallel to the chain di-
rection were then performed in a broad photon energy
range from 10° down to approximately 15 cm™?, using
several spectrometers with overlapping energy ranges.*
The reflectivity measured over such a broad energy spec-
tral range has been used for the Kramers-Kronig trans-
formations, from which we obtain the optical functions
[e(w) and o(w)].

The complete excitation spectrum of Kg3MoO3 has
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FIG. 1. Optical conductivity in the mid-IR for Ko¢.3MoO3.

The mean-field result of Ref. 3 for the static distorted lattice

is also shown and displays the inverse-square-root singularity.

been presented and thoroughly discussed elsewhere.* For
the present discussion, we will concentrate our attention
on the mid-IR spectral frequency window. In this re-
spect, Fig. 1 displays the optical conductivity in that
range at several temperatures above and below Tcpw.
No remarkable difference has been obtained in the W-
doped alloys. By lowering the temperature below Tcpw
the optical conductivity drops dramatically and one ob-
serves the progressive formation of a broad excitation at
~ 0.2 eV.* The latter is ascribed to the CDW gap absorp-
tion 2A. In fact, the onset of that absorption coincides
with the gap value evaluated from the activated behav-
ior of dc transport properties.* We observe that this gap
absorption seems to persist also above Tcpw, at least
up to 200 K.*® Moreover, a recent scanning tunneling
microscopy experiment is indicative of a gap of 140+20
meV in the electronic density of states.”

As clearly manifested in Fig. 1, the observed optical
conductivity in the mid-IR frequency range is quite dif-
ferent from what is given by the mean-field theory, for
which at all temperatures below Tcpw the absorption
is predicted to be zero for w < 2A and has an inverse-
square-root singularity at w = 2A (see Fig. 1).3 Indeed,
the singularity is absent, and there is a significant tail
below the maximum. Furthermore, as the temperature
increases, broadening of the spectrum occurs on an en-
ergy scale much larger than kg7T. The broadening is
particularly remarkable for temperatures larger than ap-
proximately 50 K, and it is larger than what might be
expected from anisotropy effects or interchain coupling.

We should also note that several other systems, e.g.,
KCP, (CH),, (TaSeq4).I, Pt-halogen chain,® 12 show this
particular behavior. However, while there is no accepted
theory of the temperature dependence of the lattice dis-
tortion and the gap parameter, most of the previous ex-
periments were compared to empirical formulas or the
mean-field (BCS) form with a renormalized temperature.
Attempts have been also made to explain some of these
facts in terms of solitons, disorder, or imperfect nest-
ing. Furthermore, some of those materials (like, e.g.,
KCP) are plagued by a quite important intrinsic static
disorder.®

An interesting observation concerns the comparison of
the lattice distortion uo and of the magnitude of the lat-
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tice zero-point motion du = (i/2Mw,)'/? (where M
is the mass displaced and w, the amplitude mode fre-
quency which determines the size of the actual zero-point
motion), which are found to be comparable for most of
the one-dimensional Peierls systems (e.g., for K¢ 3M0Oj3
ugp ~ du ~ 0.05 A).2 Given that the size of the electronic
gap is proportional to ug, lattice fluctuations should have
an important effect on the electronic properties, and one
might wonder why there should be a clearly developed
gap excitation in the spectrum at all.

Recently, McKenzie and Wilkins showed that, start-
ing from the Peierls-Frohlich Hamiltonian with electron-
phonon coupling as introduced by Brazovskii and
Dzyaloshinskii,!® the zero-point and the thermal lattice
motions are a source of disorder.? There is a significant
modification of the electronic density of states from the
behavior predicted for a rigid distorted lattice. First,
there is no large peak at the gap edges, in contrast to
the inverse-square-root singularity which occurs in the
absence of the zero-point motion.® Second, the density
of states is nonzero for all energies and has a substan-
tial subgap tail. Third, when temperature becomes of
the order of the phonon frequency wy (for Ko 3MoO3
w4 ~ 80 K), the disorder increases, and the smearing of
the density of states increases considerably.? As pointed
out above, there are signatures of such effects in the op-
tical conductivity.

The strength of the disorder is proportional to 1/7, the
electron-phonon scattering rate for states well above the
gap. The dimensionless disorder parameter,?

L _ \Thwa m(%?) (1)

"=TATA2A C

determines the properties of the subgap states (where A
is the dimensionless electron-phonon coupling). At T =0
it is also possible to write n = (2A/W)(6u/u0)2 (where
W is the bandwidth). Hence, when W is larger than the
gap, as it usually is, the effect of the lattice fluctuations
is reduced. This explains why a reasonably well-defined
gap is still possible (i.e., measurable) when du ~ u,.

The calculation of the optical conductivity reproduces
the basic features found in the calculation of the density
of states.® Even more interesting is the universal scal-
ing form of the strong subgap conductivity. In fact, by
scaling the calculated conductivity at different temper-
atures by the corresponding peak value (0peak) and the
frequency by the half width (T") for the low-frequency side
of the o, peak, the scaled curves for all 7 values have a
universal form independent of  below the peak frequency
(wpeak)."‘ Figure 2 shows the scaling of the experimental
optical conductivity (Fig. 1) for the pure blue bronze
at several temperatures. As suggested theoretically, we
recover also experimentally the universal behavior. For
comparison, Fig. 2 also presents the model calculation
with 7 = 0.66 (T = 0 K) and n = 1.0 (T = 140 K). The
deviations of the experimental optical conductivity from
the theoretical calculation above the gap (Fig. 2) are due
to the electronic interband transitions, which are not con-
sidered in the model of Ref. 5. In fact, band-structure cal-
culations by Whangbo and Schneemeyer show that there
are several bands within 0.1 eV of the conduction band.4
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FIG. 2. Scaling plot of the experimental optical conductiv-
ity for Ko.3MoO3 in the mid-IR. Note the universal form at
several temperatures. A calculation with the model of Ref. 5
is also presented for the disorder parameter n = 0.66 (" = 0
K) and n = 1.0 (T = 140 K).

Similar results can be found by rescaling the optical con-
ductivity of other one-dimensional systems as well, like,
e.g., KCP2 Pt-halogen chain,'? (CH),.®

From the evaluation of the data leading to the universal
scaling form discussed above, it is then possible to extract
the temperature dependence of the disorder parameter.
This is obtained by choosing 7 such that the computed
['(n)/wpeak(n) is equal to I'(T)/wpeak(T).>1® The exper-
imental values of n(T') (full dots refer to Ko.3sMoO3, and
triangles to Ko 3sMo;1_,W O3, with z = 1.5%) are shown
in Fig. 3. A comparison of the experimental values of
1(T) with the theoretical prediction of Eq. (1) using rea-
sonable parameters would not be very satisfactory, unless
one assumes an additional and very large extrinsic disor-
der (7e), for which it would be difficult to find a plausible
justification. However, it is possible to take into account
the effect of the so-called phasons within the same theo-
retical framework leading to Eq. (1).21%1¢ The result is
that the disorder parameter is now given by

Anwn hw,
n(T) =ne +m + E ;JAWCOth<?T‘) , wn <24,
(2)

where 7; is the contribution of Eq. (1) and A, and w,
are the dimensionless electron-phonon coupling and fre-
quency, respectively, of the phasons.!® The theoretical
fit to the experimental points (dashed line in Fig. 3)
of the pure and doped blue bronze has been obtained

TABLE I. The dimensionless electron-phonon coupling An,
the frequency w,, and the damping I',, of the phase phonon
modes calculated after the model of Ref. 17. A plasma fre-
quency of v, = 2.1 x 10* cm ™! and a static dielectric function
€0 = 7 x 10* have been used (Refs. 4 and 17).

wn (em™) A, Tn(em™) wnp (em™) A, T, (cm™)
30 0.06 0.8 300 0.01 20
50 0.06 5.0 350 0.01 20
80 0.04 9.0 400 0.02 60
100 0.04 3.0 450 0.02 40
150 0.09 15 500 0.08 60
200 0.04 10 550 0.08 60
250 0.01 20 800 0.10 95

FIG. 3. Comparison between the experimental tempera-
ture dependence of the disorder parameter n(T') and the cor-
responding theoretical curve [Eq. (2)]. The fit parameters are
given in the text and in Table I. The full dots refer to the
pure Ko.3MoO3s, while the triangles refer to K¢.sMo; . W.0O3
with z = 1.5%.

with ne = 0.1, A = 0.5, hwy = 7.05 meV (ie., 82
K), and 2A = 0.174 eV. As in our previous work,? ),
and w, were obtained by a fit of the optical conductiv-
ity in the CDW ground state after the phason model
of Rice,'” and those parameters are summarized in Ta-
ble I. A good fit to the experimental values of n(T) is
achieved and this set of parameters also satisfies several
experimental constraints. In fact, 2A and Aw,4 corre-
spond to the gap evaluated from the activated behav-
ior of the dc resistivity and to the measured amplitude
mode frequency,®181% respectively. Furthermore, from
the expression wy = v/ Aotwokr (w2rr being the un-
renormalized phonon frequency responsible for the Kohn
anomaly,’® and At = A+ 3 A, = 1.16) we obtain
hwsrrp = 6.6 meV, in fair accord with the value arrived
at with neutron scattering investigation.!®

In conclusion, there seems to be evidence for a unique
mechanism, leading to the remarkable signatures charac-
terizing the dynamical conductivity and more generally
the electronic density of states of the CDW systems. As
we have shown from the optical point of view, the ther-
mal lattice fluctuations, together with the phase phonon
mode contribution, influence the excitation spectrum in
a very wide temperature range and play a remarkable
role in the temperature dependence of the disorder pa-
rameter. The blue bronze has been chosen as a proto-
type system, free from static disorder, although other
CDW compounds are expected to show the same behav-
ior. Particularly good candidates are those systems with
an enhanced low dimensionality, like, e.g., (TaSe4)2I. On
this latter compound, extensive optical investigations are
in progress.
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