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Pinned and bound collective-mode state in charge-density-wave condensates
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We have studied the complete electrodynamical response of the model charge-density-wave com-
pounds K03Mo& „W 03 (x =0 and 0.015), (TaSe4)2I and TaS3 by combining various optical experi-
ments conducted in a broad spectral range. Our analysis leads to two distinct resonances in the dc to
far-infrared (FIR) spectral range. We argue that the first resonance, at the so-called pinning frequency,
is due to the oscillatory response of the collective mode and suggest that the FIR optical mode is due to
a bound collective-mode resonance, analogous to bound phonon states in semiconductors. We discuss a
simple phenomenological approach, based on a Clausius-Mossotti-type model, and evaluate the parame-
ters that characterize the FIR mode.

I. INTRODUCTION

The electrodynamics of the charge-density-wave
(CDW) ground state has been by now thoroughly ex-
plored, and several important features of this broken-
symmetry ground state have been identified. ' The com-
plete excitation spectrum of the CDW condensates is
characterized by both the single-particle gap (b. ) and the
collective-mode contribution to the frequency-dependent
conductivity. The former excitation is clearly evident in
the infrared spectral range, while the collective response
of the pinned CDW mode occurs usually at micro- or
millimeter-wave frequencies. The collective-mode excita-
tion is shifted from zero to finite frequency coo because of
the interaction with the lattice imperfections, and its dy-
namics is characterized by a large effective mass m*.
Consequently, the spectral weight of the collective mode
is expected to be very small, of the order of I&/m*,
where mb is the band mass. ' Furthermore, the study of
the ac response in the MHz range is suggestive of
different relaxation effects of the pinned mode. The so-
called internal deformations are important for low-
frequency processes, but they do not play a role for the
high-frequency response. ' The CDW ground state of the
model compound Ko 3Mo03 is also characterized by
several intense phonon peaks, which are clearly associat-
ed with the dynamical response of the collective mode
and are ascribed to the so-called phase phonons.

Recently, by combining various experimental tech-
niques covering a broad spectral energy range, it was pos-
sible to identify a new resonance in the far infrared (FIR)
above mo but below the typical phonon frequencies. This
FIR mode was clearly recognized in the CDW com-
pounds (TaSe~)21 and Kp 3MOO3 ' while its appearance
in TaS3 was somewhat controversial. However, by corn-
bining our results at millimeter, microwave, and radio
frequencies with optical results on TaS3, the mode, al-
though weak, also appears to exist in this material.

Current models do not explain this resonance, which
seems to be a universal or generic feature of all CDW
condensates. We suggest that it occurs due to the bound
CDW states, analogous to bound phonon states in semi-
conductors.

The aim of the present paper is to systematically re-
view both the experimental results concerning the excita-
tion spectrum of those CDW systems from the millimeter
and microwave up to the far-infrared spectral range, as
well as the theoretical understanding of the FIR mode.
In Sec. II we will describe the various experimental tech-
niques and the results of our investigations on Ko 3MOO3
and its W alloys, on (TaSe4)2I, and on TaS3. In Sec. III
we first compare our results with previous theoretical ap-
proaches, while in the second part we discuss our phe-
nomenological model, based on an effective-medium
theory of the dielectric function. Finally, our conclusions
are summarized in Sec. IV. Some of our results have
been reported earlier. ' '

II. EXPERIMENT AND RESULTS

We have studied the complete electrodynamical
response of Kp 3Mo, „W 03 (x =0 and 0.015),
(TaSe4)2I, and TaS3 by combining various optical experi-
ments conducted over a broad spectral range. The exper-
iments were conducted at temperatures well below the
transition temperature T [180, 265, and 220 K for
Kp 3MOO3 (TaSe4)2I, and TaS3, respectively] where the
charge-density-wave state develops. In all experiments
the electric-field direction was along the chain direction
where the CDW modulation occurs. The components of
the optical conductivity [o.(co) =o

&
io 2] were—measured

directly up to frequencies 5 cm ' by using micro- and
millimeter-wave configurations. The components o. , and
cr2 were used to evaluate the reflectivity R(co) using the
expression
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1+(4m/m)(rr i+ o 2)
'~ —2 I (2m /co )[(o~i+ cruz)'~'+ o 2] ]

'~2

R(ro) =
I+(4~/co)(o, +o, )'~ +2I(2m /co)[(oui+a 22)'~2+g, ] ]'~~ '

where e (i.e., the ro~~ contribution to the dielectric
constant) has been neglected, since e is significantly
small (i.e., = 10 ) in comparison to the actual value of the
dielectric function ei(ro) (i.e., =10 ) in the GHz frequen-
cy range.

R (ro) was then combined with optical reflectivity mea-
surements over a broad spectral energy range between the
FIR and ultraviolet (UV). In order to cover the whole
energy range, different spectrometers were used with
overlapping energy intervals. In the FIR we made use of
a Michelson Fourier spectrometer with bolometric detec-
tors. For the Kp 3Mo, W O3 compounds we conduct-
ed detailed optical measurements, while for TaS3 and
(TaSe„)zl we combined our millimeter and microwave
data ' with the optical results of Refs. 6 and 10, respec-
tively. An exhaustive exposition of the various optical
techniques employed is given in the mentioned literature,
where the reader may find a detailed description of the
crystal-growth procedures as well.

In Fig. 1 we display the complete R(ro) spectrum for
the three investigated CDW condensates. As we will dis-
cuss in more detail below, the optical reQectivity mea-
sured down to the far infrared [i.e., =15 cm ' or even
lower to =10 cm ' as in the case of TaS3 (Ref. 6)] was
matched to the reflectance data gained from the direct
measurement of o. , and o-2 in the micro- and millimeter-
wave spectral energy range.

In view of the main purpose of the present work, we
concentrate our attention on the spectral energy range
between dc and 100 cm. ' An attentive inspection of
Fig. 1 shows that in all cases the reAectivity R is different
from 100%%uo as co~0, rises to a maximum in the
millimeter-wave range, followed by a local minimum at
higher frequencies. This general behavior is well
magnified in Fig. 2(a), where, as an example, the R (co) be-
tween dc and 100 cm ' for Kp 3Mo03 is reported. The
solid circles represent the R(ro) values evaluated in the
micro- and millimeter-wave spectral range using Eq. (1),
while the dashed line at frequencies below =14 cm ' has
been obtained by fitting the micro- and millimeter-wave
results with several harmonic oscillators. The behavior
of the reAectivity described above is characteristic of two
resonances. In order to demonstrate this we have calcu-
lated R (ro) by assuming that o is composed of two oscil-
lators with different parameters, i.e.,

1.0

Kp gMpOg

0.5-

0
1.0

(Ta Se, ), I

O'

0.5-
C3
CD

0
1.0

Ta 8&
(c}—

0.5-

with each resonance and e„ is the contribution from op-
tical structures at higher frequencies.

Figure 2(b) shows the calculated R(co) for Ke 3Mo03,
where the parameters ro, , ro;, 1/r; for the two resonances
are 3.33, 834, and 0.67 cm ' and 26.7, 1334, and 2.67
cm ', respectively, and e =600. All the experimental
findings are well reproduced, and as we stressed previous-
ly, the lower-frequency range of all CDW condensates
can be recovered only if both resonances simultaneously
make a contribution to the refiectivity. In Fig. 2(b) we

2
COp P le

o (ro) =
4~ co —cop+ l co/vo

0
10 '

I

io' io'

frequency (crn )

COp1 le CO
l

4~ co co]+ l 6)/v] 4~
(2)

where ro /8 represents the oscillator strength associated

FIG. 1. Complete reAectivity spectrum R(~) at 6 K of {a)
Kp 3MoO3, (b) (TaSe4)2I, and {c)TaS3, for polarization parallel
to the conducting chains.
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phonon system to central perturbations. The obtained
values for I * are also in fair agreement with the mean-
field result. '" A more detailed analysis of the value of
m * will be discussed later.

The second resonance which occurs at co, =10 cm ' in
TaS3, at 40 cm ' in KQ3Mo03, and at 38 cm ' in
(TaSe~)21 has not been yet identified, although several
modes above coo and below b, /iri may be associated with
the various excitations of the charge-density-wave con-
densate, and a large amount of both theoretical and ex-
perimental work was performed in an attempt to under-
stand this resonance. One might be tempted to ascribe
this resonance to the FIR component of the amplitude
mode. The amplitude mode is Raman, but not infrared
active in specimens without lattice imperfections. "
However, impurities, which pin the collective mode,
could, by breaking the translational symmetry, lead to a
finite polarization accompanying the amplitude Auctua-
tions. Such a mechanism would then lead to an optical
resonance at the amplitude-mode frequency co~. This
frequency has been measured in KQ3MoO3 at co& =57
cm ' (Ref. 12) and in (TaSe~)zl at co„=90cm ', ' while
for TaS3 we estimate co„=77 cm ' within a mean-field
approach where 2b, =2420 cm ' (0.3 eV) and I'/m of
the order of 10 were assumed (see below). ' As far as
the single-particle gap of TaS3 is concerned, there is not
any unanimity about its value. Following the estimation
of Tsang, Hermann, and Shafer [i.e., 2b, =536 cm
(0.067 eV)], we would obtain a value of co~ =20 cm
which might be considered as lower limit for the
amplitude-mode frequency. ' In all cases ~~ is
significantly higher than the frequency of the FIR reso-
nances shown in Fig. 3. Therefore, we consider this
mechanism unlikely. Moreover, the frequency of the am-
plitude mode is a lower-bound frequency for any other
possible phonon mode. For instance, a look at the
phonon-dispersion relation of Ko 3Mo03 ( Ref. 15 ) is
enough to convince oneself that it is very unrealistic to
expect ordinary FIR active phonon excitations below co&.
Furthermore, bare Raman-active phonons, which may be
FIR activated by the electron-phonon coupling to the
CDW condensate as suggested by the phase-phonon mod-
el, ' are also not expected in this range.

It has been also suggested, ' that the resonance in
(TaSe4)2I is due to an optical phason, which arises due to
a periodicity X=+/k~, leading to a q =2kF optically ac-
tive mode. The relevant frequency is
=(1/mbm*)' (4iriri/k ), where A, is the period of the
CDW, A, =14 A for KQ 3Mo03 and TaS3, and 16 A for
(TaSe&)21. ' As the efFective masses are widely different,
co,z is expected to differ by approximately a factor of 6
between Ko 3MoO3, and TaS3 and (TaSe4)zl, ' in clear
disagreement with the experimental observations.

Another possibility arises if one takes into account the
Coulomb effects. The latter ones are important at low
temperature, where screening by normal electrons is ab-
sent, and consequently the phason dispersion relation de-
velops a gap at q =0. In other words, inclusion of
Coulomb interactions leads to a long-wavelength phase-
mode spectrum consisting of an acoustical and optical

branch. ' However, the optical-mode frequency (co) is
expected to be even higher than the amplitude-mode one
[i.e., co=( —,')' co„]. Thus we consider this possibility ex-
tremely unlikely.

Finally, for charge-density waves near to commensura-
bility, a midgap band inside the main Peierls gap appears
because of the so-called soliton lattice. ' Such effects
could be important in KQ 3Mo03, which is a nearly com-
mensurate CDW system. However, the resonance fre-
quency associated with these midgap states is approxi-
mately one order of magnitude larger than the observed
frequencies. Thus we argue that none of these interpreta-
tions can be clearly identified as the FIR resonance we
have observed.

In the following subsections, we will discuss our phe-
nomenological approach, which takes into account both
the pinned CDW and FIR resonance. In Sec. III A we
will present the model, while its systematic application to
the investigated CDW compounds will be discussed in
Sec. III B.

A. Phenomenological model

We propose a Clausius-Mossotti-type description of
the dielectric function characterizing the electrodynami-
cal response of a CDW condensate. ' ' We consider a
bulk medium, with dielectric function e (co), which con-
tains spherical regions of radius r„due to impurities or
defects, with a different dielectric function e, (co). The
following derivation of the effective-medium dielectric
function is perfectly general and does not depend on the
exact form of e, . First, we consider the relative situation
where the spheres of dielectric function e=e, /e reside
in a medium with dielectric function 1. The standard ap-
proach for a random distribution of such (nonoverlap-
ping) polarizable spheres leads to the dielectric function

4m%, a
e „=1+-

1 (4'/3 )X,a— (3)

where a is the polarizability of each sphere and 1V, their
density. ' One can also evaluate the polarization of the
spheres from their dipole moment induced by the local
field. It is then straightforward to recover the polariza-
bility cx:

r, (e—1)

(a+2) (4)

Finally, substitution of Eq. (4) in Eq. (3) gives the
effective-medium dielectric function of the system as

(5)

where we have removed the relative dielectric function e
by multiplying with e and we have made use of the rela-
tion f=X,(4'/3)r, for the dimensionless filling factor.

Examination of Eq. (5) shows that, if the spheres are
absent (f=0), the dielectric function reverts to e as ex-
pected, while, for finite f, e,s. has a transverse mode at
the pole of e (co) (as it has for f =0) and also near the
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frequency where e, = —2e . This latter mode defines a
localized resonance centered on the spheres.

In the frequency range of interest for the present dis-
cussion, the frequency-dependent dielectric function of
the bulk medium [e (ro)] is dominated by the resonance
of the pinned CDW mode. A harmonic oscillator has
been used extensively to describe the dielectric function
of the CDW collective mode:

2
COpp

E~ (CO) =E~ +
COp CO l CO/

where, as usual, cop is the resonance frequency, y the
damping, and co p the plasma frequency. The frequency-
independent constant e takes into account the high-
frequency contribution to e (ro). Furthermore, we as-
sume that around each impurity the dielectric function is
given by

E~(CO) Em(Cil')+ED ~

Cf
CO
C

CO

CD

CD
~ ~

C)

0Z4- (b}

Ko sMoOs

The origin of the frequency-independent term E'p will be
discussed later.

As an example, we show in Fig. 4(a) the real part of
e,tr(co) after Eqs. (5)—(7), while Fig. 4(b) displays the so-
called energy-loss spectrum [Im( —1/e, s)] with parame-
ters for Ko 3Mo03 (see Table I). The extra polarizability
around the impurities (i.e., within the spheres) locally
perturbs the dielectric function, and e,fr(ro) has then two
zero crossings: one at ro„o [ i.e., where e (co)=0 and
de /dr@) 0] and one at co(roLo (Fig. 4). This situation
leads to a new absorption in the excitation spectrum and
closely parallels what happens in the case of lightly doped
semiconductors; coLO would correspond to the
longitudinal-optical-phonon mode, while the mode ap-
pearing below coL& would be ascribed to the additional
zero crossing which follows from Eq. (5). This latter res-
onance is generally called the bound-phonon mode, and
consequently we call the FIR resonance (co&) which ap-
pears above the pinned CDW mode (coo) the bound
collective-mode resonance.

B. Application to CDW condensates

Using the former phenomenological approach, we have
calculated the optical conductivity rr &(ro) =(ro/
4~) lm[e, s(co)] for the three investigated CDW com-
pounds. Figure 5 systematically shows the result of our
calculations using the parameters which are summarized
in Table I. With this set of parameters we obtain fair

10-1 10

frequency

10'

(cm '}

A
10'

FIG. 4. (a) Effective dielectric function calculated for
Kp 3MoO3 using Eq. (5) and (b) the corresponding energy-loss
spectrum.

agreement with the experimental results of Fig. 3. For
Kp 3MOO3 we also remark that the parameters defining
the pinned CDW mode are very close to those used previ-
ously for the phenomenological description of the R(co)
spectrum in terms of harmonic oscillators. Next, we dis-
cuss the values in Table I, comparing them with various
experimental data.

First, the plasma frequency co p leads to a dynamical
mass enhancement m */I =720, 3000, and SOO for
Kc 3Mo03, (TaSe4)2I, and TaS3, respectively, in fair

TABLE I. Parameters used for the model calculation: the frequency of the pinned mode (cop), the
damping constant {y), the plasma frequency (co~0), the high-frequency contribution (e„), the impurity
contribution (Eo) to the dielectric function, and the filling factor (f), all in cm, and the restoring force
(k =m *cop) of the pinned mode, in ( cm ') .

Kp 3MOO3

Kp. 3Mop. 985~0.015O3
(TaSe4)2I
TaS3

CO0

3.33
10.0
2.0
2.0

1.34
1.34
2.0
0.66

COpp

600
600
300
189

100
300
50

100

Ep

1000
1000

190
1000

0.2
0.8
0.2
0.05

I CO0

7 984
72 000
12000
2 000
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O

CO

0.25-

agreement with the values obtained earlier using cr&(co)

data in the micro- and millimeter-wave spectral range
alone. ' The former values are calculated from the ratio
(co /co 0) =m '/m, where co„ is the plasma frequency of

p po
the normal or uncondensed electrons, which actually de-
scribes the total spectral weight. Furthermore, we can
compare our m ' /m with the mean-field estimated
values. '" In fact, at least for Ko 3Mo03 and (TaSe4)2I it
is possible to recover m '/m from the expression

= 1+(26/coq )

where 2A is the single-particle gap and co z the
amplitude-mode frequency. With 2b. =1613 cm ' (0.2
eV) and 4000 cm ' (0.5 eV)and co„=57 and 90 cm ', we
obtain m /m =800 and 2000 for Ko 3Mo03 and
(TaSe4)21, respectively. Since the estimation of co~ for
TaS3 was precisely obtained from Eq. (8), the same com-
parison here would be redundant.

Our earlier experiments with alloys of Ko 3Mo03,
(TaSe4)2I, and TaS3 suggest an overall residual impurity
concentration X, of approximately 10' cm . ' ' Thef values given in Table I imply a characteristic radius r,0
of about 40 A, a value fairly comparable with typical r,0
values in the semiconductors (i.e., around 30 A). ' More-
over, within a recent strong-pinning theory of CD%' dy-
namics, our r, is in a good agreement with the length
s a [=g~~ Ao 2$~ ';

g~~
represents the CDW-

amplitude coherence length along the chain direction and
in the transverse direction, and Ao is the cross-

sectional area] corresponding to a volume surrounding
the individual impurity sites, where the adjustment be-
tween the average COW phase and the pinned value
takes place. The factor of 4 between the filling factor of
TaS3 and those of the other materials is explained by
slightly different actual values of N, and r„which indeed
should easily accommodate that difference. We note that
the above considerations are also strongly supported by
our experiments and our model approach on
Ko 3MO ] W O3 with x =0.015. The analysis of the op-
tical data leaves the effective mass unchanged, but in-
creases coo and the filling factor f, as expected for increas-
ing impurity concentration.

We have also calculated the normalized spectral inten-
sity of the bound CDW mode, defined by the expression'

Jb,„d ~Dw d Im( —1/e, s)des
(9)

Ta S~ (c)

0.50-

10 ' 10O 10'

{cm '}

FIG. 5. Calculated optical conductivity o.&(co) after Eqs.
(5)—(7) between 10 ' and 10 cm ' for (a) KO 3Mo03, (b)
{TaSe4)2I, and (c) TaS3. The parameters used for this phenome-
nological approach are summarized in Table I.

where Im( —1/e, s.) is the so-called energy-loss spectrum
[e.g. , Fig. 4(b)]. Both A and f are expected to be propor-
tional to the impurity concentration c to first order. We
have shown earlier' that the restoring force k acting on
the collective mode is proportional to the impurity con-
centration, k =ac. As k =m *coo, we expect c and con-
sequently both 2 and f to be proportional to I'coo. In
Fig. 6 we have plotted these two parameters versus k
evaluated using the values for m*mo given in Table I.
The solid line indicates the linear relation between A, f
and the parameter k (or, equivalently c), and consequent-
ly the figure clearly demonstrates that the FIR mode is
associated with impurity states.

The dielectric constant eo, characteristic of the volume
V=4~r, /3 around the impurities, is significantly larger
than e&-10, which results from the single-particle tran-
sitions across the Peierls gap A. The large radius r, and
also the large dielectric constant eo may arise as the
consequence of several contributions. Assuming that a
treatment appropriate for simple semiconductors applies,
the polarizability a associated with the defects is given by
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arise from midgap bands, which will appear in CDW sys-
tems near commensurability. '

Finally, we remark that the experimental results show
a broader FIR resonance than in the calculated spectrum
(i.e., in analogy to the semiconductor problem, the bound
mode should have localized character). We may ascribe
the experimentally found broadening of the FIR mode to
nonhomogeneities of the impurities distribution and of
their pinning potential. Furthermore, we note that the
present model approach does not contain any explicit
temperature dependence. The thermal screening at
higher temperature certainly broadens the low-frequency
resonances and might be important in TaS3 because of
the weakness of the FIR resonance. One way to take into
account such effects would be, e.g., to perform a Gauss-
ian convolution. This, however, would not lead to impor-
tant changes in the optical spectrum.

IV. CONCLUSION

(m /me)~oz (cm )

FIG. 6. Normalized spectral intensity A () and filling fac-
tor f (o) plotted vs the restoring force k=m coo, using the
values of Table I.

a= V(eo —1)/4m. The usual treatment of impurity states
in semiconductors uses the vacuum polarizability of the
H atom (0.67 X 10 cm ) and the dielectric constant
enhancement g-e„as input parameters. We evalu-
ated e from our previous KK analysis, ' and obtain an
estimation for E'p of about 3000 for Kp 3Mo03 and TaS3
and 200 for (TaSe4)2I. This is in agreement with our cal-
culated values (Table I). Here it has to be remarked that
our e for TaS3 is larger than the value proposed in Ref.
6. Nevertheless, we should point out the fairly important
dependence of e„(which considers the high-frequency
contributions from the FIR up to the Peierls gap) to the
absolute value of the reAectivity. Since the optical mea-
surements of TaS3 and (TaSe4)21 were performed on mo-
saic sample arrangements, we have to consider the non-
negligible surface scattering. Such effects are of course
important at higher frequencies, affecting then the evalu-
ation of E'& and E'2. However, a fairly good simulation of
the experimental o I(co) for TaS3 was also obtained with
e =50.

Furthermore, it is also envisaged that bound states, at
frequencies below the gap frequency b, /fi but well above
the resonances discussed here, arise as the consequence of
impurity-charge density-wave interactions. Resonances
associated with such defect bound states will contribute
to the dielectric constant e, (co). Even though the oscilla-
tor strength of these resonances has not been calculated,
it is expected that for low frequencies a significant contri-
bution to eo (exceeding ez) is recovered. In a similar way
and as discussed before, a contribution to e, may also

We have examined the low-energy electrodynamical
response of various charge-density-wave condensates and
have found two resonances in the dc to FIR spectral
range. We account for both resonances in terms of an
effective-medium theory, which assumes that impurities
lead to an excess dielectric constant within a region of ra-
dius r, around the impurity sites. The large impurity-
induced dielectric constant (exceeding ez originating
from excitation across the single-particle gap) is due to
impurity-induced resonances below the gap. Optical ex-
periments in the spectral range somewhat below 5, while
highly suggestive of such resonances, are somehow con-
troversial. ' Optical experiments which examine both
the FIR region and spectral range near 6 would establish
the relation between the bound resonances and FIR
bound state we have explored. We also believe that the
bound state discussed here is only one example of the in-
teraction between a collective mode and impurities and
that similar effects should occur in other incommensurate
structures where the translational mode is optically ac-
tive.

Finally, this work demonstrates once again how essen-
tial the combination of many experimental techniques,
covering different frequency ranges, is for a reliable eval-
uation of the parameters characterizing the CDW ground
state.
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