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Frequency-dependent conductivity measurements are reported in the charge-density-wave state of
K,.;Mo00; and K, ;Mo,_, W, O; alloys in the radio-frequency, microwave, millimeter-wave, and infrared
spectral range. We identify several distinct features associated with the electrodynamics of the ground
state. The dynamics of internal deformations of the collective mode, appearing at radio frequencies, to-
gether with the pinned-mode resonance at millimeter-wave frequencies are analyzed in detail and we
evaluate the parameters that characterize these modes. We also identify a resonance in the far-infrared
spectral range and suggest that it is due to bound charge-density-wave states. We account for the pho-
non spectra in terms of a phase-phonon description and also analyze the optical response due to single-

particle excitations across the gap.

1. INTRODUCTION

Many different aspects of the electrodynamics of the
charge-density-wave (CDW) ground state have been ex-
plored in recent years by conducting frequency-
dependent transport measurements on various model
compounds. In contrast to superconductors, where all
the relevant excitations are above the single-particle gap
(except at temperatures close to the immediate vicinity of
T,), in the CDW ground state several features are ob-
served in the optical spectrum.! Single-particle excita-
tions, with the onset frequency 2A, where A is the CDW
gap, are clearly recovered in various compounds. Unlike
in the case of superconductors, nearly all the spectral
weight is associated with these excitations, and the ap-
pearance of single-particle transitions is not dependent on
whether the clean or dirty limit applies to the materials in
question. The collective mode excitation is shifted from
zero to a finite frequency o, (called the pinning frequen-
cy) because of the interaction of the collective mode with
lattice imperfections. The dynamic of the state is charac-
terized by a large effective mass m *, and, consequently,
the spectral weight of the collective mode is small, of the
order of m,/m?*, where m, is the band mass. Internal
excitations of the condensate lead to a low-frequency con-
tribution to o(w), in the spectral range well below w,,
and this contribution also depends strongly on screening
effects due to the uncondensed electrons. The optical
response due to phonons is also influenced by CDW for-
mation through the electron-phonon coupling. Finally,
amplitude excitations, which are purely Raman active in
a translationally invariant ground state, can, in principle,
be optically active due to Brillouin zone folding and im-
purity effects.

Several aspects of the above-mentioned excitations
have been discussed in the literature, and several impor-
tant features of the optical spectrum are well under-
stood.! Others have not been discussed or compared
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with the various models in detail. In this paper we sum-
marize our optical experiments on the model compound
K,3Mo0O; and its alloys. K;,3;MoO; is an anisotropic
metal with a chainlike crystal structure. The material
undergoes a metal-insulator transition at 7=180 K, and
structural studies clearly establish the development of an
incommensurate CDW state, which occurs along the
chain direction.! The experiments have been conducted
over an extremely broad spectral range, involving audio-
frequency, radio-frequency, microwave, millimeter-wave,
and optical measurements. Several of the features we
have obtained rely heavily on the combination of experi-
mental data taken in the different frequency ranges. In
addition, we also demonstrate that such a combination is
essential for a reliable evaluation of the parameters that
characterize the various excitations, and make a detailed
comparison with the theories of charge-density-wave dy-
namics.

In Sec. II we summarize our experimental methods and
results. A discussion of the relevant features of the com-
plete optical spectrum is presented in Sec. III, while our
conclusions are summarized in Sec. IV. Some of our ex-
perimental results have been reported earlier.2”*

II. EXPERIMENTAL METHODS AND RESULTS

We have used a variety of experimental methods in or-
der to evaluate the complex conductivity o =o,+io, (or
o=0¢'+ioc’") over a broad spectral range. The funda-
mental parameters o, and o, are related to various mea-
sured quantities. In some cases, however, we have to rely
on universal relations between the two components of the
optical conductivity in order to evaluate o; and o,. In all
cases, the applied electric field and the resulting currents
flow along the chain direction. The excitation amplitude
associated with the various methods is always small, and
linear response theory applies. We will use this aspect of
our experiments extensively later, when the electro-
dynamics is evaluated over a broad spectral range.
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At low frequencies (1073-10° Hz) the complex con-
ductivity was derived by Laplace transforming the time
dependence of the charging current.’ For experiments
above 10 MHz the sample was mounted at the end of a
50-Q wave guide, and the impedance was monitored as a
function of frequency in a compensated bridge circuit us-
ing a Hewlett-Packard HP-8754A network analyzer. The
intermediate-frequency range (i.e., between 1 and 10
MHz) was covered by conventional ac impedance mea-
surement, where the in-phase and out-of-phase voltage
responses were measured under constant frequency
current driving. This provides an overlap between the
low- and high-frequency limits. The experiments were
performed in a two-probe configuration of K, ;M00O; sin-
gle crystals with lengths ranging from 750 ym to 14 mm
and cross sections between 0.0004 and 1.1 mm?2. Samples
of different geometries gave identical results for the
dielectric constant, within the experimental error of size
determination. The dielectric response is thus clearly not
due to the contacts, but reflects the properties of the
specimen.

Bridge and resonant cavity configurations have been
employed to evaluate the complex conductivity in the mi-
crowave and millimeter-wave spectral range, techniques,
which have been described in Ref. 6.

The optical reflectivity of large single crystals were
measured in an extended photon energy range from 10°
down to 10 cm ! using linearly polarized light, in a tem-
perature range between 5 and 300 K. In order to cover
the whole energy range, we made use of four spectrome-
ters. In the far-infrared (FIR) part of the spectrum we
have used a Bruker Fourier spectrometer with triglicyne
sulfate detectors down to 25 cm ™! and with a liquid-
helium-cooled germanium bolometer from 100 to 10
cm™!. The incident light was alternately polarized both
parallel and perpendicular to the metallic b-axis direc-
tion. After performing the reflectivity measurements, the
crystals were covered with about a 1000-A thick layer of
gold to calibrate the effects of residual surface roughness.

The crystals used in this study have been grown by
electrolytic reduction of a molten mixture of K,MoO,
and MoO;. The successful crystallization is dependent
upon the reduction temperature and the moderation of
K,;Mo00, to MoO;. In order to prepare K;;Mo0O;, we
used a simple electrolytic cell and employed platinum
electrodes. Calcinated K,Mo0O, was ground with MoO;
in a ratio of 1:3.35-3.5. The mixture was melted around
550-600 °C, and subsequently poured into a Pyrex watch
glass. This mixture was then ground coarsely and placed
in the electrolytic cell, where it was remelted around
560°C. The electrolysis is usually performed at low
current densities (10-20 mA). The crystals, formed on
the cathode, are harvested periodically. The tungsten
(W) -doped crystals are grown with the same technique.
Doping with WO, yields crystals in which the W concen-
tration varies widely, but doping with K,WO, results in a
fairly uniform impurity distribution, as confirmed by
electron microprobe analysis.

The conductivity, measured at dc and also at various
micrometer- and millimeter-wave frequencies, is
displayed in Fig. 1. We have found that at room temper-
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FIG. 1. Temperature dependence of the conductivity of

K,.3Mo00O; at dc and at various frequencies in the microwave
and millimeter-frequency ranges.

ature the conductivity measured at different frequencies
is, within experimental error (approximately 30%), the
same as the dc value, as expected for a metal with a relax-
ation time in the optical spectral range (10?<7~ ! <103
cm~!). Consequently, we have normalized all data to the
dc conductivity of 04, =2000 Q 'cm™! for K, ;Mo00; at
300 K. In the metallic state the conductivity has the
same temperature dependence at all frequencies. Howev-
er, below T=180 K, the charge-density wave develops,
and o is strongly frequency dependent. The data
displayed in the figure suggests a strong resonance cen-
tered at 100 GHz (3.33 cm '), which becomes progres-
sively sharper as the temperature is reduced.

The data in Fig. 1 has been combined with experimen-
tal results conducted at lower frequencies,’ ° and in Fig.
2 the CDW conductivity,

’ —_— ’
ocpwl@)=0 (@) =04 »

is plotted at different temperatures. The high-frequency
peak (at 100 GHz) corresponds to the microwave and
millimeter-wave results shown in Fig. 1. In the
intermediate-frequency range, we include the data of
Hall, Sherwin, and Zettl’ and of Reagor and
Mozurkewich.® The curves overlap within a factor of 2
at T=77 K (the common temperature of their experi-
ments), and agree well with the data of Cava et al.,’
which are also shown in the figure.

The reflectivity spectrum for the pure K, ;Mo00; and
for the alloy K, ;Mo,_,W,O; with x=0.015 is shown in
Figs. 3(a) and 3(b). For both compounds we can divide
the investigated energy spectral range in three parts,
namely, the high-frequency (UV energy range) down to
the middle IR (i.e., between 10° and 10° cm™!), the far-
infrared (FIR) (i.e., between 10 and 10° cm™!), and the
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FIG. 2. Frequency dependence of the CDW conductivity at
various temperatures. In the intermediate-frequency range,
data of Ref. 7 (+), Ref. 8 (X), and Ref. 9 (O) are plotted. The
low-frequency data are obtained by Laplace transformation
from real-time experiments (Ref. 5). The solid line corresponds
to Eq. (4), with 1 —n=0.7, and with 7, following the temperture
dependence of the normal resistivity. The dashed lines are
guides to the eye.

low-frequency spectral range investigated with mi-
crowave and millimeter-wave techniques (i.e., between
1072 and 10 cm™!). In the higher part of the optical
spectrum R (w) is characterized by the interband transi-
tions (which typically involve the d states of Mo and the
p and s states of O of the octahedral MoOg units) and in
the visible energy range by the sharp absorption edge as-
cribed to the Peierls gap. The FIR part of R (@) shows
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FIG. 3. Reflectivity R(w) at 6 K of K;3;Mo00; (a) and
K, 3Mo,_, W, 05 (x=0.015) (b), for polarization parallel to the
conducting chains.

many sharp lines, which will be extensively discussed
later, and a giant absorption at around 40 cm ™!, Finally,
in the low-frequency energy range (of the order of a few
wave numbers) another resonance clearly appears as eval-
uated from the direct measurement of o, and o, (see
below).

III. DISCUSSION

In contrast with conventional semiconductors, where
only phonon lines appear in the spectral range below the
single-particle gap, in the CDW state we observe a
variety of phenomena, which lead to optical features in
an extremely wide spectral range and which we now dis-
cuss in detail. In the radio-frequency spectral range, the
strongly temperature-dependent broad tail clearly
displayed in Fig. 2 is related to the internal deformations
of the phason mode.? The resonance at wy =3.33 cm™!
(100 GHz), the so-called pinning frequency, is due to the
oscillatory response of the collective mode. The reso-
nance, which occurs at @y, =40 cm ™! in K, ;M003, has
not yet been identified, although several frequencies
above w,; and below A/# may be associated with the
various excitations of the charge-density-wave conden-
sate: amplitude mode, longitudinal-optical phason,
zone-boundary acoustic phason, and/or resonant mode
due to nonhomogeneities such as impurities or defect va-
cancies. We have argued earlier that these cannot ac-
count for this resonance in K, ;M00O; and in (TaSe,),I,>
and therefore experiments on other materials would be
required to establish the origin of this mode. The phonon
lines, which are observed in the far-infrared spectral
range, are also influenced by the observation of the
charge-density-wave mode.!® Finally, the rise of o, in
the infrared spectral range is due to single-particle excita-
tions across the gap. In this section we discuss the vari-
ous features of the optical spectrum in detail, and com-
pare them with theories of charge-density-wave dynam-
ics.

A. Low-frequency collective mode dynamics

Figure 2 indicates that the spectrum of the charge-
density-wave excitations extends over a broad spectral
range with considerable dynamics below the GHz fre-
quencies. However, a different representation of the same
experimental data reveals that the resonance around 100
GHz dominates the response. In Fig. 4 wocpw(w) is
plotted on a logarithmic frequency scale. In this plot the
spectrum contains only one narrow peak at @, and no
sign of any excitation is apparent at lower frequencies. In
this representation the area below the curves corresponds
to the oscillator strength:

=2 =2
== [ oo (@4 (no)== [0 (0)do . (1)

It is evident that most of the oscillator strength, associ-
ated with the collective response of the condensate, is due
to the high-frequency resonance. The inset of Fig. 4
demonstrates that A4 is conserved as a function of the
temperature, the relatively broad response at 130 K con-
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FIG. 4. wocpwl(w) vs frequency showing a single peak at wy.
The inset shows the resonance around 100 GHz. The dashed
lines are guides to the eye. (The symbols are the same as in Fig.
2)

tinuously transforms to a narrow, large amplitude peak.
In a simple model, which assumes that the response is
that of a harmonic oscillator, the oscillator strength is re-
lated to the effective mass of the condensate,
A =nee2/m *, and corresponds to a mass enhancement*
of m/m; ~300 (n, is the number of electrons condensed
into the CDW and m,, is the band mass), this value will
be discussed later.

The low-frequency part of the spectrum becomes evi-
dent in a different representation. Figure 5 shows the
imaginary part of the  dielectric function,
€)(w)=4mo(w)/w, on a logarithmic frequency scale,
which emphasizes the low-frequency excitations. The
characteristic frequency of €, dramatically drops with de-
creasing temperature and the peak shifts from the MHz
range to 1072 MHz in the temperature range investigat-
ed. According to the Kramers-Kronig relation, the in-
tegrated area associated with €, corresponds to the static
dielectric constant [€,(w0=0)>>1]:

&(w)

2 2

el0=0)== i do== [elw)dne) . @)

Curves shown in Fig. 5 reflect a progressively increas-
ing static dielectric constant. At T=77 K,
€(@=0)=1.1X10"; at 40 K it reaches a value of
4.3X 107, and the integrated area at 25 K would corre-
spond to €,(w=0)>10%. As the peak of ¢, shifts below
the experimentally reasonable time scale, the true static
value of €; cannot be measured.!! Figure 5 indicates that
an experimental cutoff on the order of 10 s only allows
the measurement of about 30% of the static value at
T=25 K. It was found that €,(w—0) continuously in-
creases with decreasing temperature, and it does not satu-
rate'? or drop'? at low temperatures.

The low-frequency behavior has been examined by
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FIG. 5. Imaginary part of the dielectric constant vs frequen-
cy. The integrated area gives the static dielectric constant. The’
solid lines correspond to Eq. (4) with the same parameters as in
Fig. 2. (The symbols are the same as in Fig. 2.)

different groups,”® and the strong temperature depen-

dence of the dielectric response has been recognized. The
smeared out peak in €,(w), as well as the low-frequency
tail in the spectrum, are usually analyzed in terms of phe-
nomenological expressions derived originally for random
systems. One phenomenological description of the re-
sults, which has been proposed,® uses the generalized De-
bye formula of Havriliak and Negami'*

) 1
*"N+lior,) "%’

(3)

elw)=€,t+(e—e€

and introduce a formal distribution function of the relax-
ation times around the mean value 7,,. [Here €, and €,
are the static and the w— o« dielectric constant, a and 8
are weakly temperature-dependent parameters with
(I—a)B=0.7.] The average relaxation frequency,
®,,=1/7,,, was found to be activated, closely following
the variation of the normal conductivity.® Since the con-
ductivity drops exponentially with decreasing tempera-
ture, the relaxation process associated with w,, slows
down rapidly. At low temperatures the same
phenomenon may appear as weak relaxation of metasta-
ble CDW configurations, a process taking place on the
time scale of hours. In fact, the stretched exponential po-
larization decay,
N
Tn

observed experimentally’ in the temperature range of
25-65 K, is closely related to the generalized Debye for-
mula applied in the (65-100)-K interval.® First the
characteristic time of this function, 7,, is also activated
and follows the temperature dependence of the normal
resistivity.> The exponent in the time dependence,

1—n

P(T)=Pyexp , 4)
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1—n=0.7, has the same value as (1—a)B in Eq. (3).
More importantly, we found that the appropriate half-
Fourier transformation of Eq. (4),

e(w)=ew+fp’(t)exp(icot)dt , (5)

corresponds to a dielectric function very close to that of
Eq. (3) if

r,=7, and 1—n=(1—a)B . 6)

n

[Here p'(2) is the time derivative of the polarizability, i.e.,
the density of charging current following an electric field
step of unity]. To show the equivalence of the stretched-
exponential relaxation and the generalized Debye formu-
la, we have indicated by solid lines the dielectric response
corresponding to Eq. (4) in Figs. 2 and 5. They show
good agreement within the experimental accuracy. With
this fit our aim is not to give a somewhat different phe-
nomenological description of the low-frequency conduc-
tivity, but rather to show that the response in the MHz
range at 77 K is the same excitation of the condensate as
that which appears in glassy behavior on long-time scales
below 30 K. "°

The temperature dependence of 7,,, which follows the
variation of the normal conductivity, demonstrates that
this relaxation time is governed by screening effects pro-
vided by thermally excited electrons. The relevant low-
frequency (LF) screening time is given by 7ip=¢€goq.,
where € is the background dielectric constant and pg is
the dc resistivity. Such screening effects become impor-
tant when the response of the collective mode involves
the gradual buildup of internal deformation, which have
to be screened by the uncondensed electrons before fur-
ther polarization can develop.

Alternatively,!!7 the resonances, appearing at the
radio-frequency wave spectral range can be described by
a relaxation process, between the condensed phonons and
the lattice. This relaxation process is characterized by a

_ 1+4n/0)0i+03)?=2{(27/0)[(di+03) *—0,]}!
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relaxation time 7%, and it determines the low-frequency
ac response, which is due to the dynamics of the internal
deformations of the collective mode. A frequency-
dependent conductivity follows from the quantum-
mechanical description of the transition between the vari-
ous pinned CDW configurations, and it is given by

o(w)=exp(—w;/w) (7

with o, =7, ! and 7, defined as the phenomenological
time constant, which incorporates screening by the nor-
mal electrons. !® Equation (7) describes only qualitatively
our findings in the radio-frequency spectral range, and we
believe that the appropriate description of o(w) is in
terms of the relaxational dynamics, as in many other lo-
calized or glassy systems.

B. Resonances in the millimeter-wave
and FIR spectral range:
Pinned and bound mode resonances

At frequencies that span the spectral range well below
where conventional optical methods lead to reliable re-
sults, we have combined a variety of techniques to evalu-
ate the components of the optical conductivity.

The low-frequency dielectric constant, evaluated at au-
dio frequencies using a standard bridge configuration
measurement of the sample capacitance, leads to the out-
of-phase component o, of the optical conductivity
o=0,+io,, through the relation €, —1=47w0,/w. The
components of the optical conductivity was measured
directly up to frequencies 5 cm ™! by using microwave
and millimeter-wave bridge configurations.® o, and o,
can be extracted from the measured phase shift ¢, at-
tenuation A, and the geometrical factors characterizing
the specimen dimensions. These values for o, and o,
have been used to evaluate the reflectivity R, using the
expression

T 14 dn /oo + o) 2 2{2n /o) (03 +02) 2 —0, ]} 2

where €, (i.e., w— o dielectric constant) has been
neglected, since, as will be discussed later, €, is
significantly small (i.e., =~10?) in comparison to the actu-
al value of €,(w) (i.e., =10*) in the GHz frequency range.

The reflectivity, from the radio-frequency, microwave,
and millimeter wave to the FIR energy spectral range, of
K, 3:MoO; is displayed in Fig. 6(a) [see also Fig. 3 for the
complete R (w) spectrum]. The full dots represent the
reflectivity values evaluated in the microwave and
millimeter-wave spectral range using Eq. (8). The dashed
line, at frequencies below 14 cm ™!, has been obtained by
describing the microwave and millimeter-wave results in
terms of two harmonic oscillators (see below). The calcu-

lated R (w) within the harmonic oscillators approach
agrees perfectly with the reflectivity data as directly eval-
uated [Eq. (8)] from the microwave and millimeter-wave
experiments [see dots in Fig. 6(a)]. Our reflectivity re-
sults for K, ;M00; are in good agreement with the ear-
lier results by Travaglini and Wachter!® and by Ng, Tho-
mas, and Schneemeyer.?’ For example, the shape of the
giant absorption below 60 cm ™! in our R (w) is qualita-
tively similar to the experimental results of Refs. 19 and
20. However, Ng, Thomas, and Schneemeyer?° reported
reflectance data in the FIR, which are about 3% lower
than those of Travaglini et al.!® This may come from
different surface conditions on the samples measured.
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FIG. 6. (a) Reflectivity R vs frequency in the radio-to-

infrared spectral range for K, 3M00;. Dots are the microwave
and millimeter-wave data using Eq. (8). The dashed line
represents the reconstructed reflectivity within the harmonic os-
cillator approach (see text). (b) Calculated reflectivity for four
harmonic oscillators. The parameters used to calulate R (w) are
given in the text.

Nevertheless, the absolute value of our R (w) was in both
cases (i.e., pure and doped compounds) within the range
of the experimental data of Refs. 19 and 20. The experi-
mental R (@) spectrum was then normalized to the mi-
crowave and millimeter-wave data by multiplying the ob-
served reflectance with a factor of 1.01. The dielectric
constant and optical experiments were conducted at 6 K;
the millimeter-wave data were taken at 7=20 K. No
temperature dependence was observed at these tempera-
tures, and consequently the spectrum can be regarded as
the T—0 limit of the optical response. The resonances
that appear in the 60—100 cm ™! spectral range are pho-
non lines, !° which can be modeled by a harmonic oscilla-
tor description. Below 60 cm ™! the features observed are
associated with the dynamics of the pinned mode. The
reflectivity R is different from 100% as w—0, rises to a
maximum in the millimeter-wave spectral range, followed
by a local minimum at higher frequencies. This behavior
is characteristic of two resonances in the covered spectral
range (i.e., between dc and 60 cm ™ !). In order to demon-
strate this, we have calculated R by assuming that o is
composed of two oscillators with different parameters,
ie.,

O =051 T 052 1 €

o
4
:‘0_,271 iw
a7 ?—wd tio/T
f’é io .

—2 . )
AT ' —wdtio/r, 4T 77
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where cof,i/ 8 represents the oscillator strength associated
with each resonance and €, is the contribution from op-
tical structures at higher frequencies. Figure 6(b) shows
the calculated reflectivity where the parameters
Wo;> @y 1/7; for the first two resonances are 3.3, 834, 0.67
cm~! and 26.7, 1334, 2.67 cm™!, respectively, and
€, =600. All the characteristic features of Fig. 6(a) are
well reproduced with these parameters. We also note
that the shape of R (w) between dc and 60 cm ™!, can be
recovered only if both resonances simultaneously make a
contribution to the reflectivity.? In Fig. 6(b) we have also
described the two phonon modes above wg, in terms of
harmonic oscillator (with 71.7 and 83.4 cm™! for the fre-
quencies, 333.6 and 500 cm™! for the mode strengths,
and 1.33 and 1.67 cm ™! for the dampings, respectively).
Moreover, it is interesting to note that with only the pa-
rameters of the first harmonic oscillator, describing the
collective mode of the CDW, we can also fit the static
dielectric constant fairly well [i.e.,
€l0—0)=¢, +(w, /0y )*=7X10%].

For the alloy K, 3Mo0g 935W( 01503 we applied the same
procedure and the same set of parameters, except for the
frequency of the pinned mode, which was shifted to 10
cm !, to reconstruct the R (») spectrum. The smaller
value of €,(w—0)=7X10% observed directly at low fre-
quencies and due to the shift of the pinned mode to
higher frequency, is also recovered within our phenome-
nological approach.

The reflectivity evaluated over a brand energy spectral
range [Figs. 3 and 6(a)] has also been used for the
Kramers-Kronig transformation, from which we obtain
the optical functions [eé(w) and o(w)]. Figure 7 displays
the real part of the dielectric function [€,(w)], where the
millimeter and microwave data are also included. €,(w)
is clearly dominated by the huge resonance at wg,. Fig-
ures 8 and 9(a) show the optical conductivity [o(w)].
For the sake of clarity, in Fig. 8, we only present o (®)
close to the single-particle gap excitation marked by the

T T TTTTT] T T T T T T T TTTTTTTT
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Ko.3M004

10-* dielectric constant
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FIG. 7. Dielectric constant for K, ;M00; as obtained from
the Kramers-Kronig analysis. The full points are €, values eval-
uated directly from the microwave and millimeter-wave experi-
ments for the pure compound.
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are the o, values obtained directly from the microwave and
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FIG. 9. (a) Complete experimental optical conductivity for
Ko.3Mo0O; as evaluated from the Kramers-Kronig analysis. w,
represents the single-particle gap obtained from the dc resistivi-
ty in the CDW state. (b) Optical conductivity calculated using
the model of Ref. 34. The dashed line represents the Gaussian
convolution of the single-particle gap.

arrow at @, and in the low-frequency range. The spectral
range between 100 and 1000 cm ™! will be discussed later.
The two low-frequency modes are also clearly recovered
both for the nominally pure compound and for the alloys.
While the low-frequency mode [at 3.33 cm ™! (100 GHz)
for the pure compound] moves to higher frequencies
upon doping, the position of the higher-frequency mode
is only slightly modified.

In Fig. 9(a) we present the complete-frequency-
dependent response o (w) for pure K,3;M00;. Besides
the features discussed before, o (@) is also characterized
by numerous sharp structures in the far-infrared spectral
range.

The resonance at w;, the so-called pinning frequency,
occurs at 3.33 cm ™! for K, ;MoOj; and is due to the oscil-
latory response of the collective mode.3 Several observa-
tions support this assumption. First, our experiments on
doped specimens clearly demonstrate the shift of the res-
onance frequency with increased doping, as expected for
a charge-density wave, which is pinned by impurities.
Secondly, the effective mass m * associated with this reso-
nance can be evaluated from the measured oscillator
strength
ne? w

2 (10)

fol(co)da)=

of the resonance. One obtains an effective mass
m*/m, =400 for K,;;Mo00;, in agreement with the
analysis based on Eq. (1) and given earlier. This value is
in excellent agreement with the mean-field result.?!
Within the same framework, Pouget also suggests a range
for m* /m, between 200 and 450, obtained from the mea-
surements of the amplitude mode with neutron-scattering
experiments.??> Using equation (10) on the alloyed ma-
terials we found a value of m* /m, =400, which is essen-
tially unchanged.

The characteristic relaxation time 1/7yg of this high-
frequency mode (wq,;) is 50 GHz around T=77 K and
Tyr Progressively increases as the temperature is lowered.
The relaxation process is probably mainly due to the in-
teraction of the collective mode with phonon or phason
excitations, and some of the relevant processes have been
examined theoretically.?? Introducing random pinning
leads to a broadened resonance, but not to the complex
response given in Fig. 2.

The resonance that occurs at wyp=40 cm™! in
K, ;Mo0O; has not yet been explained.’ Below we list
some possibilities, but we argue that none of these can be
clearly ascribed to the resonance we have observed.

(i) The amplitude mode is Raman active,?! but not in-
frared active in specimens without lattice imperfections
which break the translational symmetry. Impurities,
which pin the collective mode, could, however, lead to a
finite polarization accompanying the amplitude fluctua-
tions. Such a mechanism would then lead to an optical
resonance at the amplitude mode frequency o ,. This
frequency has been measured at w,=60 cm~! in
K, 3M00,.2* The frequency w , is significantly higher
than the frequency of the optical resonances. Therefore,
we consider this mechanism unlikely.
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(ii) It has also been suggested® that the resonance at
@y in the related compound (TaSe;),I (for which
0 =15 ecm™ !, ©;,=38 ecm™!, ©,=90 cm~!, and
m*/m,= 10*) is due to an optical phason, which arises
due to a periodicity A= /k; leading to a ¢ =2k opti-
cally active mode. The relevant frequency is

172 172
47

1
(qu)= 72

mym*

® , (11)

o~
op *

where X is the period of the CDW [X=14 A for
Ky 3Mo00; and 16 A for (TaSe,),I (Ref. 1)]. As the
effective mass of K, ;Mo00; is widely different from that
of (TaSe,),I, w,, is expected to differ by approximately a
factor of (10*/300)!/2~6 in the two compounds, in clear
disagreement with the experimental observations. A
similar ratio is expected for the second harmonic phason
picture advanced by Walker. 2°

(iii) At low temperatures, where screening by normal
electrons is absent and Coulomb effects are important,
the phason dispersion relation develops a gap,?’ and at
q=0

_ Op 47ne? 12
“ro— €2 | m*e,
— 172
Vv m
=YOA T —32) %, . (12)
i |m

In other words, inclusion of Coulomb interaction leads
to a long-wavelength phase mode spectrum consisting of
an acoustical and an optical branch. It is not clear if the
mode from the optical branch should be FIR and/or Ra-
man active. However, the optical-mode frequency is ex-
pected to be even higher than the amplitude mode one
(w 4), and, like point (i), we consider this possibility ex-
tremely unlikely.

(iv) For charge-density waves near to commensurabili-
ty, i.e., A close to na with a the lattice parameter, a
midgap band inside the main Peierls gap appears due to
the so-called soliton lattice.?® Such effects could be im-
portant in K, ;MoO;, where X is close to 4a and com-
mensurability locking has been observed? in some speci-
mens. However, the resonance frequency associated to
these midgap states is nearly one order of magnitude
larger than the observed frequencies.

Recently, we proposed an alternative explanation
based on a phenomenological Clausius-Mossotti-type
model. We suggest that the FIR mode is due to bound
collective-mode states, analogous to bound phonon states
in semiconductors.®® This approach accounts for both
resonances (wg; and wg,) in terms of an effective-medium
theory. First of all, the model takes into account an un-
perturbed dielectricum [€,,(w)], which is dominated by
the ac response of the pinned collective mode, usually de-
scribed by a harmonic oscillator. Within the spherical
volume around the impurities the dielectric function is
then assumed to be the sum of the above harmonic oscil-
lator and a frequency-independent contribution (€;) due
to the impurity itself.3*3! The standard approach for a
random distribution of such (nonoverlapping) spheres of
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dielectric function €,(w) (=¢,,(w)+¢€;), immersed in a

medium with dielectric function €,,(®), leads to the

effective dielectric function of the medium:3°
3€,,(€,—€,)f

€, +2€,, —(e,—€,)f ’

€g=€E,, + (13)

where f is the dimensionless filling factor.

The excess polarizability around the defects (essentially
described by €;) leads to a locally modified effective
dielectric function which has then two zero crossings:
one at w; g (i.e., the longitudinal frequency of the collec-
tive mode) and one at w <w; . This situation leads to a
new absorption in the excitation spectrum besides the ab-
sorption due to the pinned CDW mode. The application
of this phenomenological approach to K, ;Mo00; repro-
duces our experimental findings in the energy range from
the microwave and millimeter wave up to the FIR fre-
quencies. Indeed, €. has two resonances at 3.33 and at
40 cm ™!, which mimic the two experimental absorptions
as clearly found in the reflectivity spectrum [e.g., see Fig.
6(a)].3! We made use of a filling factor f=0.2. This im-
plies, by a residual impurity concentration N; of approxi-
mately 10'® cm ™3 and using the expression f =37N; rla
characteristic radius r; around the impurities of about 40
A. Within a recent strong pinning theory of CDW dy-
namics, our r is in good agreement with the length scale
[=§(A45/ 264172, &, represents the CDW amplitude
coherence length along the chain direction and £, in the
transverse direction, and A, is the cross sectional area]
corresponding to a volume surrounding the individual
impurities sites, where the adjustment between the aver-
age CDW phase and the pinned value takes place.?? The
parameters defining the collective-mode resonance [i.e.,
the harmonic oscillator, which describes €,,(®)] have
values very close to those used previously for the analysis
of the reflectivity spectrum [Fig. 6(b)]. For €;, however,
we estimated a value of 1000. We can justify the €; value
within the usual treatment of impurity states in semicon-
ductors [a=V (€; —1)/4m, where V is the volume of the
spheres], which uses the vacuum polarizability (a) of the
H atom (0.67X107%* c¢cm?), and the dielectric-constant
enhancement %~¢€! ~as input parameters (i.e.,
€,~=100).3! Such a large impurity-induced dielectric
constant is due to impurity-induced resonances below the
Peierls gap. Nevertheless, optical experiments in the
spectral range somewhat below A, while highly sugges-
tive of such resonances, are somehow controversial.>> A
full account of our analysis of this mode will be published
elsewhere. 3!

C. Conductivity in the optical spectral range:
Single-particle transition and phase phonons

In the infrared-to-visible spectral range a broad reso-
nance, appearing at the frequency where the dc conduc-
tivity indicates the appearance of the single-particle gap,
and several intense phonon peaks dominate the optical
conductivity. Both are clearly associated with the
dynamical response of the collective mode, and first we
give a short theoretical overview of the effects that are ex-
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pected, and then compare these with our experimental
findings.

The electrical conductivity and dielectric response of
CDW’s was earlier investigated by Lee, Rice, and Ander-
son (LRA).2! The starting point of the model is the one-
dimensional Frohlich’s Hamiltonian, where the coupling
of noninteracting electrons to phonons in a jellium model
or in an incommensurate situation is taken into account
and where a particular emphasis is given to the role
played by the collective mode. The total optical conduc-
tivity is given by?!

CL)Z
= % flw)
= —fO |, a4
O i | T+ a8y @ 7O 1%
where
_2A% | . 1—y _
flar=2 [m-l—lnl+y , fO)=1 (14b)
and
4A2 172
y= [1— ; (14c)
@

A is the dimensionless electron-phonon coupling con-
stant, @y is the phonon frequency at 2k (of the order of
50 K), and 2A denotes the energy gap. Within a mean-
field approach the dimensionless coupling constant A is
related to the mass enhancement m * /m, by the relation:

m*/m,=1+4A%/ o} . (15)

In the case m*/m,— «, o(®) has the form appropri-
ate to an insulator, with band-to-band transition and zero
dc current. However, with a finite m * /m, in the absence
of pinning and damping o(w=0)=ne%/iwm*. This im-
plies, by the Kramers-Kronig relation, a 8 function at
=0 for o,(w), with relative spectral weight m,/m?*.
This weight is removed from the ac conductivity, and the
square-root singularity at w=2A given by Eq. (14a) for
m /m*—0 becomes a square-root edge (see, e.g., Fig. 2 of
Ref. 21).

A slightly different approach was proposed by Rice.*
Again a linear-chain system is considered, where the con-
duction electrons move in a periodic potential ¥ of wave
vector q,=2kp and are coupled to a set of G distinct
phonon bands. (The model does not specify the precise
nature of these bands; in general many of them will be as-
sociated with those intramolecular vibrations that induce
modulation of the local conduction-electron density.)
The key point of this model is that in addition to the
single-electron contribution, collective contributions as-
sociated with oscillations in the phases of the combined
lattice and charge distributions about their zero equilibri-
um values will also be observed. Such oscillations involve
a bodily displacement of an appropriate component of
the condensed charge and are therefore optically active
along the chain direction. The situation closely parallels
that found by Lee, Rice, and Anderson for the collective
mode of an acoustic-phonon-stabilized Frohlich CDW
state.?! The frequency-dependent conductivity o(w)
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along the chain direction is given by
2
o= trio | |28 |7/
2 2
) ) ,
oA f oA A'Dy(w) |, (16a)
where
- - V | Na? )
D 1= 1 ______+ —
¢(@) Dylw)” +1 A 4A2f A (16b)
and
G A, w%(qq)
Dylw)=—3 0 (16¢)

= N oellgy)—w*—iol,

f () is given by Eq. (14b), , is the (unscreened) plasma
frequency of the noninteracting electrons, A'= 3, A, and
A, are the dimensionless electron-phonon coupling con-
stant conventionally defined to characterize the strength
of the conduction-electron coupling to the nth phonon
band [i.e., A, =N (0)g2/w,(g,), where N(0) is the density
of states at the Fermi level and g, the linear coupling
constant specifying the interaction of the conduction
electron with the nth phonon band]. w, and ', are the
frequencies and the dampings of the bare phonons, which
are coupled to the electronic density fluctuation of wave
vector q. A, @p, 2A, and V are related to the static
dielectric constant €, through the formula

2
Dp

@ |2, A
2A

=1+ 3 v

(17)

The first two terms in Eq. (16a) describe the usual elec-
tron transitions across the semiconducting energy gap
2A. The third term, which contains the so-called pho-
nonlike propagator D (w), describes the additional opti-
cal activity arising from the phase phonons. These
phasons are indeed the zeros of D,(w) [Eq. (16b)], and
each of them takes out spectral weight from the single-
particle gap. This is true only for ® <2A, while for
©>2A the phasons correspond to the zeros of
Dy Y(w)+1—V /A and appear as “indentations” in the
single-particle absorption envelope (Fano-like reso-
nances).

We applied both theoretical approaches, to account for
the measured optical conductivity,'® and Fig. 9(b) shows
the result of our calculation using the model of Rice. The
calculation was performed by taking into account both
the pinned mode at w,; and the FIR resonance at wg,, in
addition to the ‘“phonon modes” between 40 and 700
cm ™! (see below). The parameters used for the calcula-
tion are summarized in Table I. There is a fair agreement
with Fig. 9(a) and the essential features of the experimen-
tal optical conductivity are well reproduced.

We also point out that 24, @,, €, and the frequencies
o, were directly extracted from the experimental results,
and the parameters I', of the FIR absorptions were
slightly adjusted in order to obtain the best simulation of
the experimentally found o,(w). The frequencies o,
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TABLE 1. Parameters used for the calculation of o () using the model of Ref. 34; unscreened plas-
ma frequency w,, gap A, dielectric constant €y, and the bare mode’s frequencies (w,) dampings (T,),
and electron-phonon coupling constants (g,): w,=2.7 eV (21777 cm™'), A=0.1 eV (807 cm™'),

€="7X10%
», (cm™!) I, cm™) g, (cm™!) W, r, g
10 0.5 201 285 20 479
30 2 348 310 20 500
70 6 238 330 20 516
80 2 254 355 20 536
112 10 301 370 20 546
130 10 323 380 20 553
150 10 348 395 20 564
175 10 376 430 20 589
190 10 391 445 20 599
220 10 422 475 30 619
245 20 444 515 30 644
255 20 454 570 40 678
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were fixed in general by the resonances in the absorption
spectrum (€,) obtained by the Kramers-Kronig (KK)
analysis. However, in order to reproduce the pinned-
mode resonance experimentally observed at 3 cm™ !, we
were forced to set the corresponding-mode frequency
equal to 10 cm™! in our application of the Rice model.
For the sake of simplicity, we set the mode strengths A,
for the first two resonances equal, and this applies also to
the case of the bare phonons. Furthermore, transforming
our A, in the linear coupling constant g, [where N(0)=2
(eV spin) ! (Ref. 19)] we obtain values between 25 and 84
meV (Table I), which are consistent with previous calcu-
lations.®> With this choice of the input parameters we
obtain, using Eq. (17), the ratio ¥/A=0.01. We note
that V' /A is strongly influenced by €, which we chose to
be consistent with our KK transformation. However,
from the experimental point of view €, can vary between
10* and 10°, and this translates to a value of ¥V /A be-
tween 0.01 and 0.1. The smallness of this parameter indi-
cates that the semiconducting state arises predominantly
from the periodic distortion. Values between 0.01 and
0.1 are also found in similar calculation on organic CDW
compounds. 3433

Next we discuss the sharp structure, which appears
close to 2A in Fig. 9(b), and which arises due to the
single-particle excitations across the Peierls gap. A simi-
lar feature, with a square-root singularity for
m*/m,— o, is also obtained by the application of the
LRA model. Our experiment, in contrast, shows a broad
structure, in spite of the large effective mass
m*/m,=300. We believe this is a signature of a gap dis-
tribution reflecting anisotropy effects. We modeled this
distribution by convoluting the theoretical curve ob-
tained for the LRA and Rice models, with a Gaussian
distribution of 0.04 eV (323 cm™!) width. The resulting
dashed line qualitatively reproduces the rounded shape of
the experimentally found single-particle excitation.

As discussed earlier, the sharp lines below 2A are as-
cribed to the FIR optical activity enhanced by the
electron-phonon coupling (i.e., the so-called phase pho-

nons). The latter interaction, in effect, causes those pho-
nons (which would be inactive without electron-phonon
coupling, and which are essentially due to Raman active
intramolecular modes), renormalized as collective modes,
to become FIR active in the chain direction. We remark
also that the phase phonon spectrum is not altered by our
Gaussian convolution of the single-particle gap. Con-
trary to what has been done for the TEA(TCNQ), com-
pound,® it is difficult to perform a realistic phonon
analysis here because of the low symmetry [i.e., mono-
clinic (C2/m)] and of the large number of atoms (20 for-
mula unit) in the primitive cell. Indeed, for
TEA(TCNQ), the phase phonons can be mapped onto
the corresponding bare Raman active intramolecular
modes, an identification that is not possible to perform
here. In this regard, our application of the phason model
is comparable to that of Challener and Richards for the
NbSe, compound®® and to the phenomenological ap-
proach, in terms of a factorized dielectric function, on
Rb, ;M00, by Jandl ez al.*’

Within the framework of the description discussed
above, the lowest-frequency phase mode of this multipho-
non stabilized Frohlich CDW state should correspond to
bulk oscillation in the phase of the order parameter A,
and then it would be identical to the Frohlich mode of
the single-phonon coupling model.?3* Nevertheless, the
oscillator strength of the pinned collective mode was in-
cluded in our application of the Rice model by treating it
as a low-frequency phonon mode.3® The spectral weight
associated to the latter resonance evaluated from the fit
to the experimental found o(w) corresponds to value of
m*/m, of about 400, which is in good agreement with
our experimental result and with the previous estimation.
We also note, that the FIR model (wg,) was included in
our calculation by describing it as a resonance at 30 cm !
in the phononlike propagator D,(w). However, an
identification of this latter resonance is beyond the pur-
pose of the phase-phonon model, and other approaches,
discussed earlier, have to be invoked in order to clarify its
origin. 33!
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D. Relation to the dielectric-field-dependent conductivity

The two lower-frequency resonances (appearing at the
radio frequency and millimeter-wave-frequency range)
are also clearly related to the electric-field-dependent
response. In general the dielectric constant €,(w—0) is
related to the threshold field for the onset of nonlinear
conduction through the relation®%3°

él(w—>0)ET:Ae (18)

with 4 a numerical constant of the order of 1. The low-
frequency response, due to the dynamics of internal de-
formations leads to a large €,(w—0) and consequently to
a small threshold field E} as observed. At T=77 K for
example [see the corresponding o,(w) in Fig. 2]
€(0—0)=1.1X10" and the threshold field Ej}=200
mV/cm. These two values lead to 4=0.44 in good
agreement with the values observed on other materials
with a CDW ground state.? The dielectric constant ¢,
due to the pinned mode is given by

€(w=0)=1+4mne?/m*w? (19)

giving with @,=100 GHz and n =5.4X10*! cm™3 to
€,(@=0)=10’ in agreement with the direct measurement
of the low-frequency dielectric constant.? The experi-
mentally found threshold field E;=10 V/cm then leads
to A=0.2, a value again close to unity.

IV. CONCLUSION

We have examined the various excitations of the
charge-density-wave state of the model compound
K, ;Mo00;. In the radio-frequency spectral range, o(w) is
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determined by the dynamics of internal deformations of
the collective mode, which are also strongly influenced by
normal electron screening. Consequently, this response is
strongly temperature dependent. At millimeter-wave fre-
quencies, the response of the pinned mode, which exe-
cutes an oscillating motion in response to the applied ac
fields, is observed. A far-infrared resonance is identified
as due to bound charge-density-wave states, which devel-
op around impurities. The large oscillator strength asso-
ciated with phonon modes in the CDW state is ascribed
to the phase-phonon coupling. We also observe the
single-particle gap and discuss the spectral features of the
single-particle excitations.

All the above features can be described by various pa-
rameters such as effective mass, pinning frequency,
electron-phonon coupling constants and relaxation times.
These have been compared with values arrived at by vari-
ous models of charge density wave dynamics.

Finally, we do not find any conclusive evidence for a
midgap state at 600 cm ™!, and the reflectivity spectrum
does not change upon doping.
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