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The dynamic conductivity has been measured in Ko.3MoO3 single crystals in the conducting phase
(above 180 K), for the first time over a broad frequency range 1-10° cm™*, using a combination of
different spectroscopic techniques. Together with a pseudogap, clearly pronounced excitations are
observed below 50 cm™? for E || b, the direction along which the charge density wave develops. We
associate these excitations with charge-density-wave fluctuations which exist even at room temper-
ature and give a collective contribution to the conductivity. For the transverse polarization, £ 1 &
a usual single-particle Drude behavior of the conductivity is observed.

PACS numbers: 71.45.Lr, 72.15.Nj

The question whether fluctuation effects lead to an in-
crease or decrease of the conductivity above the three-
dimensional (3D) ordering transition in pseudo-one-
dimensional systems has been discussed ever since ma-
terials with strongly anisotropic properties were discov-
ered [1,2]. The issue has recently been addressed again,
as it has been suggested that in such materials deviations
from Fermi liquid behavior may occur [3]. Clear evidence
for fluctuation effects has been observed in several inor-
ganic linear chain compounds, such as Kg3MoOjz and
(TaSes)2I which develop a charge-density-wave (CDW)
ground state at low temperatures. The magnetic suscep-
tibility strongly decreases with decreasing temperature
[4], suggestive of an opening of a pseudogap. Fluctu-
ation effects well above the 3D Peierls transition have
also been observed by scattering experiments [5]. Photo-
emission experiments [6] indicate the absence of a Fermi
edge £, and this is interpreted as evidence for non-Fermi
liquid behavior due to one-dimensional fluctuations. In
this Letter we report our experiments on K¢ 3MoQOg (blue
bronze) over a broad spectral range, utilizing several
novel optical configurations. We find clear evidence for
the progressive opening of a pseudogap below the mean
field transition temperature (Tyr ~ 600 K) but above
the 3D transition (Tcpw = 180 K). Furthermore, at low
frequencies we find a collective mode contribution to the
conductivity, with a maximum at nonzero frequency.

All the experiments were performed on Ko 3MoO3 sin-
gle crystals prepared by the standard electrochemical
method [7]. The dc conductivity measured by a four-
probe technique was 2000 + 500 (2 cm)~! at room tem-
perature and increased to 3000 (2cm)~! upon lowering
the temperature to 200 K; the anisotropy o} /oL remains
40 at both temperatures [8].

We employed various techniques to obtain the fre-
quency dependent conductivity & = o + i(ex — €)vc/2

over an extremely wide frequency range (v is in cm ™’
throughout the paper). In the millimeter wave frequency
range a resonant cavity technique [9] was employed for
surface resistance measurements. A needle shaped crys-
tal was placed in the maximum of the electric field of a
cylindrical TEgq; cavity (fo = 35.1 GHz) and the change
in width of the resonance AI' was measured. Since

the surface resistance Rg can be determined by calculat-
ing the resonator constant £ from the geometry of the
cavity and the sample [9]. We also replaced the copper
end plate of a 100 GHz rectangular TE g3 cavity by a
single crystal of Kg.3MoOg in a configuration where the
current flows along the b direction. Calibration measure-
ments were performed by employing several metals with
high dc resistivities (comparable to K¢ 3MoO3) and £ was
also calculated by numerical integration of the field dis-
tribution [9,10].

At frequencies between 8 and 36 cm™*, the bulk reflec-
tivity was measured using a quasioptical scheme of the
submillimeter spectrometer “Epsilon” [11], rearranged
for reflectivity measurements. The reflection coefficient
was obtained by comparing the signals reflected from the
sample and from a brass reference mirror, where the re-
flectivity of brass was calculated from the dc conductivity
oac by using the Hagen-Rubens relation:

R=1- <4CV\1/3 (2}

Tdc /

In this submillimeter (sub-mm) wave frequency range
we also employed a new technique developed for direct
measurements of ¢ and o of highly reflecting samples
{10.12]. The technique is based on a Fabry-Pérot res-

308 0031-9007/94/73(2)/308(4)$06.00
© 1994 The American Physical Society



VOLUME 73, NUMBER 2

PHYSICAL REVIEW LETTERS

11 JULY 1994

onator formed by a plane-parallel transparent dielectric
plate (2-cut sapphire) and the bulk sample (with an op-
tically flat surface of about 100 mm?). The reflectivity
spectra of the resonator, which contain sharp interfer-
ence minima due to multiple reflections inside the plate,
have been analyzed, and this leads directly to both € and
o. Employing this technique we measured € and o of a
Ko.3MoOj3 single crystal at six frequencies between 8 and
36 cm™1, at two temperatures, 300 and 200 K, and for
two principal orientations of E relative the conducting
baxis, E || band E L b (ie., E || a). In addition, for
E 1 b, a transmission measurement was performed on a
specially prepared 10 um thick sample, and the sample
properties were determined from the transmitted wave
amplitude and phase measurements [11]. Both types of
measurements led to identical results for € and for ¢ in
the perpendicular direction.

In the optical range from 14 cm™! up to 10° cm™1,
standard polarized reflection experiments (E || b and

E 1 b) on Ko3MoOj single crystals (3 x 2 x 1 mm?3)
were performed by using four spectrometers. In the in-
frared spectral range two Fourier transform interferom-
eters were used with a gold mirror as reference. Two
grating spectrometers were employed in the visible and
ultaviolet spectral ranges [7,13)].

The experimental results are presented in Figs. 1-3 to-
gether with the results of dispersion analysis. In Fig. 1
the room temperature absorptivity A in both orienta-
tions is displayed as a function of frequency. The squares
at 1 and 3 cm~! are obtained from the measurement of
the surface resistance Rg, where we have used the follow-
ing relation between the absorptivity A and the surface
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FIG. 1. Frequency dependence of the room temperature
absorptivity of Ko.3MoOs in both orientations E || band
E 1 b. The squares were obtained by measuring the sur-
face resistance, the circles represent data of quasioptical bulk
reflectivity measurements. The solid lines show the optical
results. The dashed lines show the results of the dispersion
analysis of the data. The dot-dashed line represents the Ha-
gen-Rubens extrapolation [Eq. (2)] as would be expected for
a frequency independent conductivity.

impedance Zs = Rg +iXg:

4Rg 2Rs R+ X2\ ' 4Rg
A= 1 S S ~
Zo ( Zo 22 7 O

for Rs, Xs < Zy; Xs is the surface reactance, and the
free space impedance Zy = 377 Q. The solid lines are
the bulk reflectivity results R = 1 — A. The solid cir-
cles represent the results obtained using the Fabry-Pérot
technique. Figure 2 shows the frequency dependent con-
ductivity o parallel to the b direction (300 and 200 K)
and normal to the chains. In order to calculate o from
our cavity measurements (1 and 3 cm™!), we assumed the
Hagen-Rubens relation (2). The values of ¢ and € in the
sub-mm wave spectral range shown in Figs. 2 and 3 were
obtained directly from the analysis of the Fabry-Pérot in-
terference spectra, and independently of the reflectivity
measurements. In addition to the direct measurement
of the components of the optical conductivity, we have
also used A(v) over a broad frequency range to evaluate
the complex conductivity. Instead of a Kramers-Kronig
analysis, we used a minimum set of harmonic oscillators
and Drude terms necessary to describe A(v) as well as
the conductivity and dielectric constant,

2
“ v Vp’i
o(v) = — —_—
( ) 2C’L - llgi _ l/2 + iV’yﬁ’ (4)

where vg;, vpi, and v; are the frequency, mode strength,
and damping of the oscillators, respectively (vo; = 0 de-
scribes a Drude term). This procedure was found to be
superior to a simple Kramers-Kronig analysis of the ab-
sorptivity since the directly measured values of € and o
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FIG. 2. Frequency dependence of the conductivity of
Ko.3MoO;3 for E || b (T = 300 K, 200 K) and for E L b
(300 K). The solid circles show the result of a direct measure-
ment of the conductivity while the lines represent the fit. The
open squares are calculated from the surface impedance mea-
surements assuming Eq. (2). The open arrow indicates the
single particle gap as estimated from dc measurements below
Tcow-
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FIG. 3. The dielectric constant of Ko.3MoO3 in the parallel
direction for T = 200 and 300 K. The circles and triangle
were obtained by direct measurements. The lines show the
fit to the complete data set. In the inset the high frequency
behavior and the three zero crossings of the dielectric constant
can be seen.

could simultaneously be taken into account. The con-
ductivity obtained using this procedure is shown by the
dotted and the dashed lines in Fig. 2, with the dielec-
tric constant displayed in Fig. 3. o(v) obtained in the
IR range is essentially the same as found earlier [7,13,14]
and will not be discussed in detail.

Next we discuss our findings. We first note that
the electrodynamic response of Kg3MoOj3 is dominated
by a substantial anisotropy connected with the one-
dimensional nature of the charge transport. The con-
ductivity perpendicular to the b direction, o, is fre-
quency independent below 2000 cm™! at room temper-
ature. We find no dispersion in the sub-mm frequency
spectra of € and o, and o (T = 300 K) ~ 50 (Qcm)™?,
approximately equal to its dc value [8], corresponding
to the Hagen-Rubens behavior [Eq. (2)] seen in Fig. 1.
The E || b excitation spectra, however, show two over-
all features: decreasing conductivity with decreasing fre-
quency in the far infrared range, and an enhanced con-
ductivity at low frequencies. Assuming single particle
transport for the parallel direction, o = ne?r/ms, with
n = 5.4x 102! cm™3 the electron density and mp = 0.9mg
the band mass [14], leads to vy = (2mcr) ™! = 4500 cm ™!,
implying a frequency independent conductivity well be-
low v. In contrast, we see o decreasing with decreasing
frequency for v < 1000 cm~!. Lowering the temperature
enhances this feature, clearly indicating the development
of a pseudogap of the same order of magnitude as the
gap below the transition. The temperature dependent
conductivity shows an activated behavior below Tcpw:
od4c = goexp (—A/kpT), with 2A/hc ~ 1500 cm™!, in
agreement with low-temperature optical data [7]; this
value is indicated in Fig. 2 by the open arrow.

At low frequencies we find a pronounced enhancement
of o below 50 cm™! (Fig. 2). This implies an additional
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contribution to the conductivity in the K 3MoO3 spec-
tra for E || b with characteristic frequency v < 10 cm™?.
Another clear indication of this mechanism comes from
the frequency dependence of € in the sub-mm wave range,
displayed in Fig. 3. We ascribe this contribution to the
fluctuating CDW’s, which gives an additional contribu-
tion o* to the conductivity.

The low frequency response is shown in detail in Fig. 4.
This we believe is due to the fluctuating CDW response
which has two important features: finite dc conductiv-
ity and a peak at 3 cm™!. The latter appears at the
same frequency where the pinned CDW occurs well be-
low Tecpw, and we argue that it arises in the fluctuation
region as well due to the interaction of the fluctuating
CDW segments with impurities. In contrast to what hap-
pens in the ordered state, the fluctuating CDW segments
can contribute to the dc response due to thermal fluctu-
ations over the impurity induced barriers. The feature
shown in Fig. 4 has been modeled by a harmonic oscil-
lator and a Drude response. In the absence of final the-
oretical predictions it is not possible to decide whether
the low frequency contribution to the conductivity is due
to a single response of the collective mode, or arises due
to two separate processes. Therefore we are hesitant at
this moment to assign spectral weights to the composite
features observed, and experiments, currently under way,
on alloys should clarify this aspect of the collective mode
response.

By using the spectral weight of the combined contri-
bution

2
/U*(V)dz/ = 57;—-1/;2 =

* 2

i ne
4c m*

Ut

with n* = 0.13n estimated from the reduction of the
magnetic susceptibility [4], we can calculate the effective
mass of the collective contribution m*/m; = 40 % 10.
This value is in good agreement with the effective mass
evaluated just below Tcpw [15], further supporting our
conclusion that the feature in Fig. 4 is due to the col-
lective mode response. This feature also contributes to
o only along the chain direction, with no such feature
perpendicular to the chains.

In conclusion, the experiments reported here give
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clear evidence for important deviations from conventional
metallic behavior in the fluctuating region, below Tyur
but above Tcpw, the temperature where long range or-
der develops. Our results on the anisotropy clearly estab-
lish the collective mode aspect of the conductivity, while
the frequency dependence in the direction parallel to the
chains give evidence for novel features such as a finite con-
ductivity and a “quasipinned” response. These together
with photoemission experiments reported earlier [6] are
essential features of the one-dimensional systems when
correlations are important. Whether these experiments
reflect simply the opening of a pseudogap, or give evi-
dence for non-Fermi liquid behavior remains to be seen.
Experiments on alloys, and on (TaSe4)2I, could further
clarify the roles played by fluctuations and impurities in
these highly anisotropic materials.
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