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During the last 25 years the electrodynamic pro-
perties of many materials which exhibit a charge-
density-wave (CDW) ground state were intensively
studied by different techniques in order to obtain
information on the frequency dependence of the
complex conductivity [1, 2]. The group of Wachter
[3,4] first found the opening of a single-particle
gap in the excitation spectrum of Ky ;MoOj; (blue
bronze) by means of infrared spectroscopy. The
second important feature of such materials is the
appearance of a collective mode at finite frequen-
cies which is associated to the CDW pinned by
impurities. For most of the CDW-compounds like
NbSe,, TaS,, or (TaSe),I, this resonance is located
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in the microwave or radio frequency range [1, 2] and
can be studied by standard high-frequency tech-
niques. In other CDW-materials such as moleb-
denium bronzes (Kq.3Mo0Os3, Rby3Mo0O,, etc) this
resonance appears in the millimeter and submil-
limeter frequency range (1-10cm™') and only few
experimental data are available [5-7]. Since R~ 1,
the accuracy of reflectivity measurements at this re-
gime is not sufficient for reliable conclusions concern-
ing quantitative estimations of the conductivity be-
havior. The availability of thin blue-bronze films [§]
allowed us to perform the transmission measure-
ments and to continuously measure the real and
imaginary parts of the conductivity in the frequency
range of interest. This kind of transmission measure-
ment on thin films has previously proven to be a very
powerful method for studying the electrodynamical
properties of highly conducting systems [9-11].
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In our experiments, we used two thin films of the
charge-density-wave compound Rb, ;MoO; with
thicknesses of 250 and 750 nm, respectively. The
films have been grown by pulsed-laser deposition
on a plane-parallel 5x 5 mm sapphire substrate
with orientation (012) and thickness of about
0.45 mm. The single-phase films consisted of grains
with typical sizes of the order of micrometers. X-ray
analysis indicates that the b-axis along which the
CDW develops is oriented in the plane and most of
the grains are single crystalline. Although the
grains can be well aligned along one direction, the
films used in this study were oriented in the plane to
a small degree only. Details of the film preparations
and characterization are given in Ref. [8].

The measurements in the millimeter frequency
range (3-9cm™') were made with a coherent-
source spectrometer in quasi-optical configuration
[12]. Three different backward-wave oscillators
were used as continuously tunable sources of
monochromatic and linearly polarized radiation.
A Mach-Zehnder interferometer arrangement
allows us to measure both the transmission coeffic-
ient and phase shift. The samples were cooled down
from room temperature to 3 K. The measurement
of a bare Al,O; substrate of the same (0 1 2) ori-
entation were performed to obtain the optical para-
meters of the substrate. The conductivity and the
dielectric constant of the films were directly cal-
culated for each frequency point from the transmis-
sion and phase-shift measurements by using the
Fresnel’s formulae for a two-layer system [13]. For
further discussion, we concentrate on the thicker
film, since the main experimental features and re-
sults obtained are the same for the film with 250 nm
thickness.

In Fig. 1, the original data of a transmission and
phase-shift spectra obtained at T = 100 K are dis-
played for the 750 nm film on the Al,O; substrate.
Two large oscillations in the transmission spectra
are due to interference inside the substrate which
acts as a Fabry-Perot resonator. The period of the
oscillations is mainly controlled by the refraction
index ng and the thickness d; of the substrate. The
level of the transmission is defined by the transpar-
ency of the Rb, ;MoO; film, which is governed by
its conductivity. The frequency slope of the phase
oscillations is determined by the film properties.
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Fig. 1. Experimental data of the transmission (a) and the phase
shift (b) spectra of a 750 nm Rby ;M0Q; film on a 0.45 mm
Al,Oj; substrate obtained at 100 K. The dashed lines represent
fits by the Drude model; the solid lines correspond to fits by
a Drude model and an oscillator. (The phase shift is divided by
frequency for clarity.)

The points in Figs. 2 and 3 present direct calcu-
lations of the frequency dependence of conductivity
and dielectric constant of the film for several tem-
peratures above and below the Peierls transition
temperature (Tcpw = 180 K). For the temperatures
below T¢pw in the spectra of ¢ and & we find clear
evidence for a weak but a vivid mode centered at
4.5cm ™! and with a line width of about 1 cm™*.
The evaluation of the mode is done by fitting the
original transmission and phase-shift spectra using
the simplest possible model consisting of a Drude
term and a single Lorenz oscillator. In the example
of such fits, shown in Fig, 1, it is clearly seen that
the oscillator term is crucial to model the experi-
mental results. The frequency-dependent conduc-
tivity and dielectric constant of Rbg3;MoQO;,
obtained by these fits are represented in Figs. 2 and
3 by solid lines. We found, that the Drude conduc-
tivity drops from about 90 Q cm ™! at 150 K down
to almost zero at 6 K (Fig. 4), in agreement with the
DC conductivity. The mode described by a Lorentz
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Fig. 2. Frequency-dependent conductivity of the Rby ;MoO;
film for different temperatures above and below T'cpw = 180K
as indicated; the curves are not shifted. The points represent
results directly calculated from the transmission and phase-shift
spectra. The solid lines correspond to the fits of the transmission
and phase-shift spectra. The dashed line shows a fit of the 300 K
conductivity data by a single Drude term.
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Fig. 3. Frequency dependence of the dielectric constant of the
Rbg.3M00O; film at T = 30 and 300 K. All spectra at temper-
atures below T¢cpw practically coincide with the 30 K data. The
points represent directly calculated results. The solid line is
obtained by fits of the transmission and phase-shift spectra.
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Fig. 4. Temperature dependence of the Drude conductivity of
the Rby 3MoQ; film; the solid line is a guide to the eye.

oscillator (center frequency vy = 4.5 cm ™!, scatter-
ing rate y=1cm™', oscillator strength v, =
45cm™!, leading to Ae=vZ/v§ = 100) remains
practically unchanged (within our experimental ac-
curacy) for temperatures below Tcpw. Due to the
decreasing conductivity of the broad background,
this feature becomes more pronounced as the tem-
perature decreases. We attribute this mode to the
collective excitations of the charge-density-wave
condensate pinned to impurities. Microwave cavity
measurements on bulk samples of Ky 3;MoO; [6]
and estimations from the threshold field of the
non-linear conductivity [1, 2] infer that the pin-
ned-mode resonance is located around 3.3 cm™’.
We explain the slightly higher pinning frequency
observed in our experiments on thin films with the
higher defect concentration compared to single
crystals and the finite grain size of typically 1 um.
The thickness of the film has only little influence
since we observe the same resonance frequency in
both samples (750 and 250 nm). We feel that the
width of the mode is due to a distribution of reson-
ance frequencies rather than homogeneous
broadening.

Our measurements of Rby ;MoO; films allowed
us to estimate the spectral weight of the collective
mode and, consequently, the effective mass m* of
the condensate. Taking the single-particle plasma
frequency from infrared measurements [6], we
obtain m*/m, ~ 10, which is somewhat higher
than estimated from previous measurements of
Ko.aMoO, [5-7). Since the films were not single
crystalline but a mixture of randomly oriented
grains in the plane, the polarized radiation effec-
tively interacts with half of the CDWs developing
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in the grains along the b-direction. We can not also
exclude that some part of the film is non-stochio-
metric or amorphous.

We can compare our experimental results with
data for the gap energy Aw,,, and the plasma fre-
quency w, of blue bronze, using the standard for-
mula [14] for the increase of the dielectric constant
due to the opening of the single-particle gap:
Ag = 2wk/3wE,,. The estimations found in litera-
ture [6] give values for Ae of about 102, which is in
agreement with the rise in the dielectric constant we
observe (Fig. 3) as the temperature is lowered; this
behavior therefore indicates the opening of the
single-particle gap at approximately 10% cm ™"

Now, let us consider the dynamical conductivity
and dielectric constant of Rby ;MoQj in the nor-
mal state, above Tcpw. Spectra of the conductivity
in this case are noisy due to the low transmission of
the sample. From the conductivity data obtained at
room temperature the existence of mode around
4.5 cm ™! cannot be definitely implied, as shown by
the dashed line (only Drude model) and the solid
line (Drude-plus-Lorentz model) in Fig. 2. The dis-
persion of the dielectric constant around 4 cm ™!
(Fig. 3), however, gives clear evidence of the exist-
ence of a collective excitation even at temperatures
above Tcpw. This feature is related to fluctuations
of the CDW interacting with impurities; indications
of this behavior have been observed previously
[15,16].

Summarizing, the complex dynamic response of
thin Rb, sM0Q; films was studied by means of
millimeter—submillimeter spectroscopy technique.

In the spectra of conductivity and dielectric func-
tion at temperatures below Tcpw We have observed
the characteristic features of the CDW-pinned
mode centered at vy = 4.5 cm ™ '. The parameters of
this mode are practically temperature independent.
Above Tcpw we have found indications of CDW
fluctuations even at room temperature.
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