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The complex conductivity spectra of the quasi-one-dimensional compounds Kp.3MoOs (blue
bronze) and (TaSe4)2I in the conducting phase (above Tso = 183 K and 263 K, respectively, but
below the mean-field temperature T ") have been measured over a broad frequency range, 1—
10 cm, using a combination of different spectroscopic techniques; we have also investigated the
effects of disorder. Clearly pronounced excitations are discovered in the spectra below 50 cm for
the electric field E parallel to the chains, the direction along which the charge-density wave develops
below the Peierls transition temperature T3D. We associate these excitations with charge-density-
wave Quctuations that exist even at room temperature and result in a collective contribution to the
conductivity. For the transverse polarization, E perpendicular to the chains, no such low-frequency
excitations are evident in the conductivity spectra. These measurements give clear evidence for
important deviations from conventional metallic behavior in the Quctuating region below T but
above T3D, the temperature where three-dimensional long-range order develops.

I. INTRODUCTION

Ever since the discovery of materials with strongly
anisotropic properties, it has been recognized that
fluctuation efFects play an important role above the
three-dimensional ordering transition T3D in quasi-one-
dimensional systems. The mean-field solution of an
ideal one-dimensional system leads to a finite transition
temperature T where long-range order develops and
the system undergoes a Peierls transition to a charge-
density-wave (CDW) ground state. s' This, however, is
an artifact of the mean-field approximation, which ne-
glects the role played by fluctuations of the order pa-
rameter. On the contrary, a strictly one-dimensional
system with only short-range interactions does not de-
velop long-range order at finite temperature. Real
quasi-one-dimensional materials, however, are highly
anisotropic three-dimensional systems with interchain
electronic Coulomb interactions and tunneling leading
to coupling of the fluctuations that develop along each
chain. This coupling results in a finite transition tem-
perature T3D below which three-dimensional long-range
order occurs. For weak interchain coupling, T3D is sig-
nificantly smaller than T . The region below T is
characterized by one-dimensional fIuctuations which, at
some temperature T* ) T3D, cross over to fIuctuations
with two- or three-dimensional character. T* is the tem-

perature at which the transverse correlation length (~
becomes comparable to the interchain spacing. Figure 1
shows a schematic overview of the difFerent temperature
ranges.

The mean-field transition temperature T can be es-
timated from the value of the CDW gap in the T ~ 0
limit using the well-known relation 4 = 1.764k~T
and the gap A can be calculated from a fit to the acti-
vated behavior of the dc conductivity below, the metal-
insulator transition temperature T3D. It can also be
found by low-temperature infrared reflectivity measure-
ments, or from the extrapolation of scattering results
and susceptibility experiments. The results of these
evaluations are listed in Table I. In the accompanying
publication we discuss the spectral features below T~D,
with a focus on thermal lattice fluctuations. The present
paper focuses on fluctuation efFects that occur above T3D.

A number of experimental results, such as x-ray and
neutron scattering, magnetic susceptibility, and optical
refIectivity, give evidence that such fIuctuation efFects
play an important role for the electrodynamics of inor-
ganic linear chain compounds, such as Ko 3Mo03 and
(Tase4)2I, in the temperature range above the CDW
transition. Fluctuation efFects well above the three-
dimensional Peierls transition have been clearly observed
by scattering&5 and magnetic susceptibilitys, io measure-
ments.
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In view of these results it is interesting to ask how
CDW fluctuations inHuence electronic transport proper-
ties and the excitation spectrum in this class of materials.
Earlier reflectivity measurements ' ' on Ko 3Mo03
and (TaSe4)2I show indications of a gap at temperatures
slightly above T3D in both compounds. This gap steadily
develops upon further cooling, and the T + 0 values
are listed in Table I. Previously, however, experimen-
tal limitations of IR reflectivity measurements precluded
a detailed study of the low-frequency behavior, and the
extrapolation necessary in order to meet the dc data was
always speculative. The excitation spectra obtained by

FIG. 1. The various temperature regimes in the behavior
of a one-dimensional conductor. T indicates the mean-field
temperature as derived from the temperature dependence of
the susceptibility, the optical response, or the activation en-
ergy of the dc conductivity. Upon lowering the temperature
below T, first one-dimensional Buctuations start to occur;
below T* these change over to two- and three-dimensional
Quctuations. T3D is the actual temperature of the Peierls
transition, where three-dimensional ordering starts and the
gap as the order parameter begins to increase. We also indi-
cate the temperature range where the experiments reported
here were performed. While we span a wide range of tem-
peratures between T* and T in the case of Ko.3Mo03, due
to the high transition temperature of (TaSe4)2I, our measure-
ments on this compound always stay close to T3D.

Kramers-Kronig analysis therefore contained large un-
certainties, especially at low frequencies.

It has also been suggested that in such low-dimensional
materials deviations from Fermi liquid behavior may oc-
cur, and that models such as the Luttinger liquid may
be more appropriate. ' This hypothesis is supported
by high-resolution photoemission experiments on
Ko sMoOs and (TaSe4)2I, which above TqD do not show
the sharp Fermi edge characteristic of conventional three-
dimensional metals. The absence of a metallic step in
one-dimensional systems may be an indication of a pseu-
dogap, which appears in the temperature range T3D&
T & T as a result of fluctuations and leads to a
strong reduction of the spectral intensity near the Fermi
edge. However, from this explanation a temperature de-
pendent evolution of the spectral intensity at the Fermi
energy is expected and metallic behavior should be ob-
served close to and above T . No such sharp edge can
be seen up to 300 K in either compound. Although
this is in agreement with the continuous increase of the
susceptibility ' in this range, Dardel et at. suggest
that their observations are an indication that the one-
dimensional metals are not well described by the stan-
dard Fermi liquid model but should instead be seen as
marginal Fermi liquids or Luttinger liquids, both of which
also have a reduced density of states at the Fermi level.
The calculations of the Luttinger model, however, assume
a strictly one-dimensional system, which is certainly not
the case. The Luttinger liquid may be unstable for finite
interchain coupling, but there is currently no agreement
on extension of the model to include higher-dimensional
eSects.

This paper reports on our detailed studies of the
electrodynamic response of the one-dimensional metals
Kp sMOOs and (TaSe4) 2I in the temperature range above
T3D but below T . Although our experiments do cover
a broad spectral range (1—10 cm ~), we will focus in par-
ticular on the frequency range below the single-particle
gap, which has not been previously studied at these tem-
peratures, and which besides the eÃects of the pseudo-
gap contains important collective contributions to the
conductivity. Some of our results have been published
earlier.

TABI E I. The value of the single-particle gap at T = 0 K as determined from the activation
energy of the low-temperature resistivity, from the temperature dependence of the susceptibility,
from optical measurements at low temperatures, and from neutron and Raman scattering experi-
ments. The long-range charge-density-wave ordering temperature TzD for (TaSe4)2I and Kp. 3MoOs
is determined from transport and thermodynamic measurements; the approximate mean-field tem-
perature T is obtained from the activation energy by 1.76k&T = A~. The Pauli susceptibility"' was determined from the high-temperature extrapolation of the magnetic susceptibility data.

(TaSe4) 2I
KO.3Mo03

Ap
(cm ')

1200
350

&x
(cm ')

890
400'

6 pt
(cm ')
1610
600

+scatter
(cm ')

210

T3D

(K)
263
183

TMF

(K)
720
325

Pauli

(10 cm /mole)
20.2
24.1

Johnston et al. , Ref. 8.
Berner et al. , Ref. 9.
Johnston, Ref. 10.
Travaglini et al. , Ref. 11.

'Pouget et al. , Ref. 12; and Travaglini et aL Ref.
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II. EXPERIMENTAL TECHNIQUES
AND RESULTS

Single crystals of (TaSe4)2I were grown using vapor
transport. The stoichiometric mixture of the high-purity
constituents was sealed in an evacuated quartz tube,
and the reaction performed in a gradient furnace with a
typical temperature gradient of 10 C/cm. The crystals
formed near the cold end of the tube, and over the crys-
tal growth region the temperature varied between 450 'C
and 530 'C. Large crystals of up to 10 x 4 x 1 mm
grew within a period of three days. For our optical ex-
periments, we polished the surface to a flatness of better
than 1 p,m.

The Kp 3Mo03 crystals used in this study were grown
by electrolytic reduction of a molten mixture of K2Mo04
and Mo03. The successful crystallization is dependent
upon the reduction temperature and the moderation of
K2Mo04 to Mo03. In order to prepare Kp 3Mo03, we
used a simple electrolytic cell and employed platinum
electrodes. Calcinated K2Mo04 was ground with Mo03
in a ratio of 1:3.35 to 1:3.5, and the mixture was melted
around 550 C and poured into a Pyrex glass. This mix-
ture was then ground coarsely and placed in the elec-
trolytic cell, where it was remelted around 560 C. The
electrolysis is usually performed at low currents (10—
20 mA) and crystals formed on the cathode are period-
ically harvested. We also studied tungsten(W)-alloyed
crystals grown by the same technique. Doping with
WO3 yields crystals in which the W concentration varies
widely, but doping with K2W04 results in a nearly uni-
form impurity distribution, as conflrmed by electron mi-
croprobe analysis. The crystals can reach more than
10 x 10 x 3 mm . For our optical studies, we used
a pure Kp 3Mo03 crystal with a surface of 10 x 8 mm
and a Kp 3Mop gg6Wp pp403 single crystal, which had an
8 x 5 mm surface. Both samples were carefully pol-
ished until the surface flatness was better than 1 pm. We
tested the surface quality by looking at the Newton rings
between the sample and a microscope slide, and we were,
in general, able to reduce it to one ring over the face of
the sample.

Figure 2 shows the temperature dependence of the
dc conductivities of the three materials discussed above,
measured by a standard four-wire technique. In all cases
the absolute values are an average of various batches.
At room temperature the parallel-chain conductivity of
(TaSe4)2I is (270 6 60) (Ocm); perpendicular to the
stacks we estimate o.~(300 K) = 4.0 (Qcm) from our
optical measurements. With decreasing temperature,
the conductivity decreases even above T3D ——263 K. The
anisotropy of the system remains unchanged with tem-
perature in the range of interest (270 —300 K).

The room-temperature conductivity of Kp 3Mo03
[Fig. 2(b)] is (1500 + 500) (0cm) along the chain di-
rection. Significantly di8'erent values were found even
within one batch. It increases to 2000 (0 cm) at
200 K indicating the metallic nature of Kp 3Mo03, the
anisotropy o'~~/o~ is 30 at both temperatures, in agree-
ment with earlier reported findings. Both ratios o'~~/o~
and o(200 K)/o (300 K) are sample independent even
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though the absolute value of conductivity is not. Dop-
ing the crystals with 0.4% tungsten does not change the
high-temperature dc conductivity significantly.

Various techniques have been employed to obtain the
electrodynamic response in an extremely wide frequency
range. In the microwave range, a cavity perturbation
technique was used to measure the surface impedance
Zg ——Bs + iXg at various temperatures. By placing
a needle-shaped crystal in the maximum of the electric
field of a cylindrical TEpii cavity (fp ——~/2vr = vc =
7.4 GHz and 35.1 GHz) and measuring the change in
width (AI') and central frequency (4f) of the resonance,
it is possible to calculate both the surface resistance Bg
and the surface reactance Xs.

Rs': Zp
Af

XB =Zp

where Zp ——4m/c = 4.19 x 10 s/cm is the &ee space
impedance. [Zp ——377 0 in Systeme International units. ]
The resonator constant ( can be calculated from the ge-
ometry of the cavity and the sample. Similar data
were taken at 100 GHz and 60 GHz by replacing the cop-
per endplate of a rectangular TEip3 cavity by the sample.
Again, by measuring AI' and b,f, this technique allows
us to accurately determine the absolute value of the real

FIG. 2. Temperature dependences of the dc conductivities
along the highly conducting axes of (a) (TaSe4)21 and (b) of
Kp 3Mo03 and Kp.3Mop. gg6Wp. pp403. The insets show the
derivatives, which are used to determine the transition tem-
peratures.
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and imaginary parts of the surface impedance of highly
anisotropic conductors. We were not able to determine
the electrodynamic response in the perpendicular direc-
tion because the higher surface resistance results in a
large broadening of the resonance.

The complex conductivity (cr = a'' + io2) and permit-
tivity (i = e'+ ie2) can be calculated from the surface
impedance using Zs ——Zpgvc/2io and e = 1+ 2io'/vc.
In addition, the absorptivity A can be calculated using
the relation

A=1 —R= 1+ +4Rs & 2Rs Rs+ Xs~
Zp ) (2)

where R is the reflectivity. At some frequencies (7.4,
35.1, and 60 GHz) our measurement of Rs was signif-
icantly more accurate than that of Xs, but since the
materials are well in the limit Rs, ~Xs~ && Zp, Eq. (2)
can be simplified to

4Bg
Zp

In order to evaluate 0 i in this case, it was necessary to
assume the Hagen-Rubens relation

1/2

k~') (4)

which is valid for o q && vcr'.
The relatively low conductivity of (TaSe4) 2I allowed for

the use of a submillimeter (submm) complex transmission
measurement technique. ' The sample was polished to
a thickness of about 10 pm, with the two surfaces parallel
within parts of a micrometer over the optical face. The
amplitude and phase shift of the transmitted radiation
were measured and used to determine o~(v) and e'(v),
as well as the absorptivity A. With this technique, the
complex response of (TaSe4)2I was measured at room
temperature and at 270 K, between 12 and 22 cm for
the electric field E parallel to the conducting c axis, and
between 12 and 36 cm for E J c.

The conductivity of Kp 3Mo03 along the chain direc-
tion is suKciently high that even a 7-pm-thick sample is
not transparent in the submm frequency range (transmis-
sion coeKcient & 10 ). Thus, at frequencies between
8 cm and 36 cm, we measured the reflectivity of
crystals using the submillimeter spectrometer discussed
above, but rearranged for reflectivity measurements.
The reflection coefBcient was obtained by comparing the
signals reflected from the sample and from a brass refer-
ence mirror, where the reflectivity of brass was calculated
from the dc conductivity op, by the Hagen-Rubens rela-
tion [Eq. (4)j since o ~

——u', in this limit. The re8ectivity
of Kp 3Mop gg6Wp pp403 was also measured in this man-
ner.

In addition to reflectivity and transmission measure-
ments, we employed a technique developed for direct
measurements of e'(v) and o ~(v) of highly reHecting ma-
terials in this submm wave frequency range. ' ' This
technique is based on a Fabry-Perot resonator formed by
a plane-parallel radio-transparent dielectric plate (z-cut

sapphire) and the bulk sample (with an optically Rat sur-
face of about 10 x 8 mm2) in optical contact with its rear
face. The reflectivity spectra of the resonator contain
sharp interference fringes (minima) due to multiple re-
flections inside the plate. The highest sensitivity of this
Fabry-Perot resonator technique is realized at these reso-
nance frequencies, where the interaction of the radiation
with the sample is most effective. By comparing the pa-
rameters of the minima (central kequency and amplitude
or Q factor) to those obtained with the sample replaced
by a metallic mirror, it is possible to directly calculate
both eq and o.

q of the sample.
Employing this technique we measured eq and o.

q of
a Kp 3Mo03 single crystal at six frequencies between 8
and 36 cm, at 300 K and 200 K, and for two principal
orientations of E relative the conducting 6 axis, E

~~
b

and E J 5 (i.e. , E
~~

a+ 2c). Also, for E J b, the lower
conductivity allowed for transmission measurements on
a specially prepared ca. 10-pm-thick sample, just as was
done for the (TaSe4)2I. Both types of measurements led
to identical results for ei and 0 ~ in the perpendicular di-
rection, confirming the validity of this new Fabry-Perot
reflectivity technique. In addition, it is possible to eval-
uate the reflectivity R from this Fabry-Perot measure-
ment, and it is found to be in perfect agreement with the
directly measured reflectivity discussed above.

In the optical range from 14 cm up to 10,
standard polarized re8ection experiments (E paral-
lel and perpendicular to the chains) on KQ3Moo3,
Kp sMop ppsWp pp4O&, and (TaSe4) 2I single crystals were

per formed by using four diferent spectrometers with
overlapping frequency ranges. In the infrared spectral
range, two Fourier transform interferometers were used
with a gold mirror as a reference. In the far-inft. ared
(FIR) we made use of a Bruker IFS113v Fourier trans-
form interferometer with a Hg arc light source and a He-
cooled Ge bolometer detector, while from the FIR up to
the mid-in&ared (MIR) a fast scanning Bruker IFS48PC
spectrometer was used. Two grating spectrometers were
employed at higher &equencies: a homemade spectrom-
eter based on a Zeiss monochromator in the visible and
a McPherson spectrometer in the ultraviolet.

In addition to the direct evaluation of o q and eq &om
the optical data as described above, a Kramers-Kronig
analysis of the reflectivity data was performed. There
is some degree of uncertainty associated with this proce-
dure, since it requires one to make some decisions about
how to join the data from diferent measurements, and
also how to extrapolate to low and high frequencies.
Therefore, we chose to follow a diferent procedure, which
allowed us to simultaneously consider A, o.i, and ~q data.
We fit the overall behavior of the data by a minimum
set of harmonic oscillators and Drude terms necessary to
describe all significant features observed in the conduc-
tivity, permit tivity, and absorptivity spectra combined
(1IlcludlIlg 0'g'):

2

e(v) = ey(v) + ze2(v) = E~ + ) 2 . ' (5)
~ ~o2' v2 —zvp,

where vp;, vz, , and p; are the frequency, mode strength
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TABLE II. Parameters of the Drude-Lorentz model
[Eq. (5)] used to fit the electrodynamic response of (TaSe4)&I
in the direction parallel to the chains. vo is the center fre-
quency of the oscillator (v11 = 0 indicates a Drude term), v„
is the plasma frequency or spectral weight, and p is the width
or damping of the oscillator; e was taken to be 4.5.
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FIG. 3. Frequency dependence of the room-temperature
absorptivity of (TaSe4)2I in both orientations E'

~~
c and

8 3 c. The open squares were obtained from the surface
resistance, and the full circles calculated from quasioptical
transmission measurements. The solid lines show the results
of optical re6ectivity experiments. The dashed lines show the
dispersion analysis of the data, as described in the text.

or plasma frequency, and damping of the oscillators, re-
spectively (i/p' = 0 describes a Drude term). Since we
want to focus on the low-&equency behavior, excitations
above ca. 10 cm were summarized by an appropriate
value of e

Figures 3 and 4 present the absorptivity and conduc-
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FIG. 4. Frequency dependence of the conductivity of

(TaSe4)2I for E
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c (T = 300 K, 270 K) and for R J c
(300 K). The solid circles show the results of a direct mea-
surement of the conductivity by submm wave transmission
experiments at 300 K. The open squares and the crosses
are calculated from the surface impedance measurements at
T = 300 K and 270 K, respectively. The open arrow indicates
the single-particle gap 2A~ as calculated from a 6t of the acti-
vated behavior of the low-temperature dc conductivity using
Eq. (6). The short-dashed lines are the results of our disper-
sion analysis of the 300 K data in both orientations, while
the long-dashed line is the 6t to the data at 270 K. The dc
conductivities are indicated by the solid arrows.

tivity data obtained on (TaSe4)2I, along with the results
of the dispersion analysis, and the Gt parameters are in
Table II; Figures 5 and 6 show the analogous data for
Ko 3Mo03, with the parameters given in Table III. For
both compounds, our results in the IR range are essen-
tially the same as those obtained previously '

and we will therefore focus the subsequent discussion
on the lower frequency data and the new features that
appear in the spectra below ca. 100 cm . It is seen
that in both compounds the conductivity increases at
low frequency, and there is a maximum near 2—3 cm
the strongest evidence for this peak coming from the ab-
sorptivity data, which show a clear change of slope in
the region from 1—10 cm . Since the microwave cavity
technique is able to measure Rp more accurately than
Xp, we weighted our analysis to the A data, which are
basically independent of As [Eq. (3)j. This inHection in
A leads to the maximum in 0~. In all cases, the first two
terms presented in Tables II and III are associated with
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FIG. 5. Frequency dependence of the room-temperature
absorptivity of KQ 3MoOs in both orientations E

~~
b and

E J b. The open squares were obtained by measuring the
surface resistance, the solid circles represent data of quasiop-
tical re8ectivity measurements. The solid lines show the opti-
cal reQectivity data. The dashed lines show the results of the
dispersion analysis of the data. We did not try to describe
the large number of phonon features which can be seen in the
perpendicular direction.
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this new feature, and the second two terms account for
single-particle contributions to the conductivity. Later
we will show that the low-frequency behavior can be de-
scribed by a single term, and that it is a result of the
collective behavior of the CDW Huctuations.

Figures 7 and 8 compare the absorptivity and conduc-
tivity spectra of Kp 3Mop gg6Wp pp403 to those of the un-
doped material; the parameters of the dispersion analy-
sis are compared in Table III. The introduction of de-
fects to Kp 3Mo03 changes the transition temperature
to T3D = 150 K as determined by dc conductivity and
susceptibility measurements. As shown in the inset of
Fig. 2(b), the transition is broadened significantly. In ad-
dition, the activation energy at low temperatures seems
to decrease slightly with higher doping concentration.
However, at room temperature we do not see a signif-
icant change in the optical properties above 200 cm
At 300 K, the absolute value of the dc conductivity of

10 I I I I IIIII f I I I IIIII I I I I IIIII I I I IIIIII I I I I IIII

10 10 10 10 10 10
Frequency (cm ')

FIG. 6. Frequency dependence of the conductivity of
KII,3Mo03 for E II b (T = 300 K, 200 K) and for E J b

(300 K). The solid points show the result of a direct mea-
surement of the conductivity by the Fabry-Perot reBectivity
technique, and the open squares are calculated from the sur-
face impedance measurements. The dashed lines represent
the dispersion analysis of the entire data set. The open arrow
indicates the single-particle gap 2A~ as determined by fitting
Eq. (6) to the low-temperature dc conductivity. The solid
arrows show the dc conductivities.

the alloyed sample is slightly lower than that of the pure
Ko sMoOs as seen in Fig. 2(b). The low-lying excitation
is reduced in height (lower d.c conductivity), resulting in
a lower spectral weight of the narrow Drude-like feature.

III. DISCUSSION

The electrodynamic responses of Kp 3Mo03 and
(TaSe4) 2I clearly exhibit similar overall behavior, in-

dicating that these features are related to the general
properties of quasi-one-dimensional conductors with a
CDW ground state. They show an extremely aniso-
tropic response connected with the one-dimensional na-
ture of the charge transport. While (TaSe4)2I (Fig. 3)
has a plasma edge at around 9000 cm in the par-
allel direction (E ~~ c), the absorptivity perpendicular
to the chains is essentially frequency independent above
50 cm, except for various phonon lines, and the reflec-
tivity remains high, indicative of a large dielectric con-
stant. Below 20 cm, the conductivity perpendicular
to the chains, o~, shows no dispersion, except for the
wings of the phonon related features around 100 cm
and can be well described by the Drude model, in spite
of the low absolute value of o~(300 K). Although we

are not aware of any dc measurement of the absolute
value of o~, we estimate that cr~ —4.0 (Acm), giv-

ing an anisotropy of 60. The behavior of Kp 3Mo03 is
similar. Apart from phonon peaks, which we have not
Gt in detail, the conductivity perpendicular to the b di-
rection, o.~, is frequency independent below the submm
frequency range, and cr~(T = 300 K) = 50 (0cm) at
these frequencies, approximately equal to the dc value,
corresponding to the Hagen-Rubens behavior [Eq. (4)].
In Ko sMoOs, we find an anisotroPy a'II/o~ of aPProxi-
mately 30, half that of the (TaSe4)2I, in agreement with
the more one-dimensional nature of the latter compound.

Parallel to the chain direction, the conductivity spec-
tra of both compounds display a gap related feature, as
evidenced by the maximum of oq above 1000 cm . Be-
low these maxima, the excitation spectra show two over-
all features: decreasing conductivity with decreasing fre-
quency in the FIR range, and an enhanced conductivity
at very low frequencies. These are clear deviations from
a free carrier behavior, which would lead to a frequency
independent conductivity up to the scattering rate I/r.

TABLE III. Parameters of the Drude-Lorentz model [Eq. (5)] used to fit the electrodynamic
response of K0.3Mo03 and Kp. 3Moo gg6WQ pp403 in the direction parallel to the chains. The center
frequency of the harmonic oscillators is given by vtI (vtI = 0 indicates a Drude term), the plasma
frequency or spectral weight is v„, and p is the damping; e was taken to be 5.0.
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If we naively assume that all of the conduction electrons
contribute individually to the dc conduction along the
chain direction, then we obtain all = (noe 7 jm'), with
no ——5.4 x 10 cm the total electron density, e the
electronic charge, and mg ——0.9m the band mass of
KosMoOs. This yields p = (2mcr) = 6000 cm
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FIG. 8. Frequency dependence of the conductivity of
K0.3Mop. g96Wp. pp403 and pure Kp.3Mo03 at room temper-
ature. The solid points show the result of a direct measure-
ment of the conductivity by a Fabry-Perot technique. The
open boxes and triangles are obtained from microwave surface
impedance studies, while the solid arrows show the values of
the dc conductivities. The single-particle gap 2A)0 obtained
from the activated behavior of dc conductivity measurements
on pure K0.3Mo03 crystals is indicated by the open arrow.
The solid line represent the fit of the pure compound while
the dashed line fits the doped K0.3MO0. 996W0 p0403.

10
Kp 3Moj „W„03

T = 300 K
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FIG. 7. The effect of doping is shown by the fre-
quency dependence of the room-temperature absorptivities of
K0.3Mo0.996W0.00403 and K0.3Mo03. The open squares and
triangles were obtained by measuring the surface resistance,
the solid circles and diamonds represent data of quasioptical
bulk re8ectivity measurements. The solid line shows the opti-
cal results, which are essentially identical for this low-doping
concentration. The dashed lines show the results of the dis-
persion analysis of the data for both compounds.

and the conductivity would be expected to be fre-
quency independent well below this frequency. In-
stead, oi(v) decreases with decreasing frequency for
v ( 1000 cm . Due to the smaller dc con-
ductivity, band mass (mb —— 0.4m, ,), and carrier
concentrationi (no —— 3.2 x 10 cm ), the scat-
tering rate of (TaSe4)2I in this oversimplified picture
is expected to be even higher: p = (2vrcr)
45 000 cm . The single-particle contribution at low
frequencies is therefore small, with an upper limit in
Ko sMOOs for example, given by all

—500 (Ocm)
measured around 100 cm . Below T3D the temperature
dependent dc conductivities of both compounds show an
activated behavior:

otic oo exp
kgT (6)

with 2Ajhc (700+ 100) cm for KosMoOs and
(2400 6 250) cm for (TaSe4)2I. A comparison of these
values to those obtained from other measurements is
given in Table I.

Both compounds also show a pronounced low-
frequency enhancement of o

~~

at temperatures above T3D.
This implies an additional contribution to the conductiv-
ity in the KQ 3MoOs spectra for E

~~
5 with a character-

istic frequency v, ~ 10 cm; in the case of (TaSe4)21
v, & 20 cm i (see Figs. 4 and 6). Another clear indica-
tion of this mechanism comes from the frequency depen-
dence of ei in the submm wave range (Fig. 3 of Ref. 25).
This is the result of the fluctuating CDW's, which give
an additional contribution o.* to the overall conductivity
oi ——o* + a'~, where o'~ is the single particle conduc-
tivity. The collective contribution o* has two important
features: finite dc conductivity and a small peak at 2
and 3 cm for (TaSe4)2I and Ko sMoOs, respectively.
For both, this peak appears at about the same frequency
where the pinned CDW resonance occurs well below
T3D and it arises in the fluctuation region as well due
to the interaction of the fluctuating CDW segments with
impurities.

We suggest that the features observed at low frequen-
cies are due to the phase fluctuations of the electrons
condensed into correlated CDW segments, with finite cor-
relation length ( along the chain direction. We assume
that the CDW segments are locally pinned by impurity
potentials but can, due to thermal fluctuations, be de-
pinned and move diffusively. This admittedly crude pic-
ture explains two important features: the resonance at a
finite frequency (the same as the pinned mode frequency
in the ordered region) and the observation of finite dc
conductivity.

The fluctuating CDW segments can be described us-
ing a model which was first developed in the context
of the theory of Brownian motion ' and has since
been employed to describe the conductivity of superionic
conductors. We consider a system of particles, the
CDW segments, moving in the presence of a weak peri-
odic potential provided by impurities such that they ex-
hibit both difFusive and oscillatory motion. The equation
of motion can be written in the form of the generalized
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Langevin equation based on a memory function formal-

mx(t) + ml'px(t)

+mWp2 M(t —t')z(t')dt' = —eE(t), (7)

where M(t) is a memory function. We assume that
x(t), E(t) exp( —icut), and choose the form of M such
that for large w we obtain oscillatory motion

mx + mI'px + mupx = —eE,

and for u ~ 0 the system is diffusive

mx + mpx = —eE.

The simplest form of M(t) that satisfies these conditions
is M(t) = exp( —t/7;), where v; = (p —I'o)/wo is the
characteristic time for the CDW segments to make a tran-
sition from oscillatory to diffusive motion.

Assuming that a certain number n* of the conduction
electrons are condensed into the fluctuating segments,
and that these electrons have an effective mass m*, we
can use M(t) and Eq. (7) to write a generalized complex
conductivity

n*e2 u)2I' —i~(uo2 —(u2)
Ir*((u) =

m, * (u' —~')'+ (~I')'' (8)

where we have defined the frequency dependent reso-
nance frequency and damping

2 &Wc

r(~) = r, +
1 + (dr~

n* ~'&'"(T = 300 K)—=1- = 0.13,
Ap ~Pa.uli

where np is the total carrier concentration. In addi-

For ww, « 1, wo -+ 0 and I' -+ p, and Eq. (8) reduces
to the Drude result. In the opposite limit, ~v )& 1,
&p M Mp and I' M I'p, and 0* takes the form of a Lorentz
oscillator.

The low-frequency feature, which is evident for both
Kp sMOOs and (TaSe4) 2I can be Bt with the real part
of Eq. (8). We then compare the spectral weight of
this contribution to that of the free electrons (given
by the third and fourth terms of each fit in Tables II
and III) in order to obtain the effective mass m*. In
this analysis we have estimated n* from the reduc-
tion of the magnetic susceptibility, ' which probes the
electronic density of states at the Fermi level [y
p&D(Ey)]. In the case of Ko sMoOs, ascribing the de-
viation of g' '"(300 K) = 21.1 x 10 cm /mole from
its unperturbed value y'i""(720 K) = y "i' = 24.1 x
10 s cms/mole to condensation of a portion of charge
carriers into the fluctuating CDW gives

I I I I I I I

3ooo —Ko 3MoO&
E lib

I

~ e000
I

1000

i

) x, '

I

)(
U

'I

0
1 P-i

Fit (300 K)
Fit (200 K)

I I & I I ! I II I I I I I I 1 I I

1OP 10
Frequency (cm ')

I I I I I

10

FIG. 9. Real part of the conductivity (dashed lines) cal-
culated from Eq. (8), ai, plus a Drude term, a'~, describ-
ing the response of the uncondensed electrons. Also shown
are the measured conductivities of K0.3Mo03 at 300 K (open
squares) and 200 K (crosses) by cavity perturbation, and at
300 K (solid circles) by Fabry-Perot reflectivity, as described
in the text.

tion, we have added a Drude term to Eq. (8) in order
to describe the contribution of the uncondensed elec-
trons, and have used the same parameters as were used
in the third term of the Drude-I orentz fits (Tables II
and III). Figure 9 shows such a fit to the low-frequency
conductivity of Kp 3Mo03 with the parameters given in
Table IV. For Kp pMOO3 at 300 K, we find that the
effective mass of the fluctuating electrons is m*/ms
95 + 15, and at 200 K this increases to 240 + 40, be-
cause y'&'"(200 K) = 17.5 x 10 cm /mole. This in-
crease of the effective mass with decreasing temperature
is in agreement with previous analysis of only the FIR
optical reflectivity at 200 K (m*/ms = 170), and with
evaluations ' of the low-temperature microwave con-
ductivity (m /mb = 300—350). In addition, this feature
also contributes to o z only along the chain direction, with
no evidence of such behavior perpendicular to the chains,
i.e., it is a strictly one-dimensional effect.

For (TaSe4)2I, the Pauli susceptibility yP "i' was
found to be 20.2 x 10 s cms/mole, while y' '"(300 K) =
9.5 x 10 cm /mole and y'i""(270 K) = 7.5

cm /mole. Inserting these values into Eq. (9)
yields n* = 0.53np at 300 K, consistent with the fact
that the Peierls transition is significantly closer to room
temperature in this material (Fig. 1). Again, using this
and a fit to Eq. (8), the room-temperature mass en-
hancement of the condensed electrons is found to be
m*/mb = 2000 + 250, increasing to 2800 + 400 at 270 K
because of the decrease of y'I"" and the shifting of spec-
tal weight. Again, this increase of the effective mass of
the condensed electrons is in agreement with the result
obtained from low-temperature microwave conduc-
tivity measurements (m*/mI, —10 ).

This tendency of mass enhancement with decreas-
ing temperature is also in accord with the mean-field
expression ' m*/m, = 1 + A (2K/~2y ) relating
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TABLE IV. Parameters used to fit the low-frequency elec-
trodynamic response of Ko &MoOs and (TaSe4)&I in the di-
rection parallel to the chains using Eq. (8).

Material

(TaSe4)zl

Kp.3Mo03

Temp.
(K)
270
300
200
300

Pp

(cm ')
2
3
3
3

(cm ')
475
450
1000
1030

y

(cm ')
35
30
9.5
20

r.
(cm ')

12
12
4.5
8

IV. CONCLUSION

We have presented a detailed study of the electro-
dynamic response of the one-dimensional conductors

m* to the CDW energy gap 4, where A is the dimension-
less electron-phonon coupling constant (somewhat less
than one) and io2& is the phonon frequency of wave
vector 2k~. Evaluation of this expression depends on
the values chosen for L, ~2I, , and A, but the results
are in good agreement with the measured values of m*
for both Ko sMoOs and (TaSe4)zl. This mean-field re-
lation between m* and L also explains the significantly
larger efFective mass found in (TaSe4)2I as compared to
Kp sMoOs given the larger CDW gap of the former (Ta-
ble I).

Alloying of Kp 3MOO3 smooths the Peierls transition,
as seen in the dc conductivity [Fig. 2(b)] and causes
a slight reduction in the absolute value of the room-
temperature conductivity. From the comparison of the
spectra in Fig. 8 we And that this is not due to an increase
of the scattering rate since the narrow Drude-like fea-
ture has about the same width of 12 cm in both com-
pounds (cf. Table III). From the reduced spectral weight
of this excitation (830 cm compared to 1030 cm for
the pure sample, since v„= [(v„'" ')z + (v„" ) )i~ )
it seems likely that the density of mobile condensed
charge carriers is reduced compared to the pure mate-
rial (n* = 0.10no), bees, use an extra mass enhancement
would not be expected for this small amount of dopant.
This argument is supported by susceptibility measure-
ments performed on pure and doped samples from the
same batches used for our optical experiments.

Ko 3MoOs and (TaSe4)zl in an extremely wide spectral
range. The experiments give clear evidence for impor-
tant deviations from conventional metallic behavior in
the Huctuating region, below T but above T3D, the
temperature where long-range order develops. The fre-
quency dependence of the conductivity in the direction
parallel to the chains is characterized by a pseudogap,
which develops below T, and also by a narrow ex-
citation at low frequencies. Although the Quctuation
regime exhibits a reduced electronic density of states at
the Fermi energy (as seen in the spin susceptibility), col-
lective contributions to the charge transport lead to an
enhanced conductivity at low frequencies. Our results on
the anisotropy clearly establish the collective mode as-
pect of the low-frequency conductivity and are evidence
of interesting features such as a finite collective dc con-
ductivity and a "quasipinned" response. These, together
with the absence of a sharp Fermi edge as seen in photoe-
mission experiments reported earlier, are essential fea-
tures of one-dimensional systems when correlations are
important. It remains to be seen whether these experi-
ments reQect simply the opening of a pseudogap, as sug-
gested by the model of Lee, Rice, and Anderson, or give
evidence for non-Fermi liquid behavior, as predicted by
the Luttinger model, ' since both lead to a reduced
density of states at the Fermi energy.
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