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Abstract. Optical experiments are reported for the metallic state of the linear chain compound
(TMTSF)2ClO4. For the electric field polarized both along the highly (@) and intermediately (b") conduct-
ing directions, a zero energy (ZE) mode and a finite energy mode (FE) are observed. The large anisotropy
in the spectral weight of the FE mode is consistent with the band structure, however the spectral weight
of the ZE mode is surprisingly isotropic. In the least conducting (c¢*) direction, the low frequency optical
conductivity along with the dc conductivity indicate the presence of a (small) Drude component only at
temperatures below 10 K. These observations provide evidence for a correlation induced semimetallic state,
with a 3D to 2D crossover with increasing temperature.

PACS. 78.20.-e Optical properties of bulk materials and thin films — 71.10.Pm Fermions in reduced
dimensions (anyons, composite fermions, Luttinger liquid, etc.)

Fermi liquid (FL) theory has been the cornerstone of the
theory of metals, and has been highly successful in ac-
counting for the electronic properties of a wide range of
materials. Recently, the breakdown of FL theory has been
suggested under various circumstances. In particular, for
interacting electrons in reduced dimensions theory pre-
dicts the so-called Tomonaga-Luttinger liquid (TLL) [1]
for one dimensional (1D) electron systems. Several exper-
iments [2-6], conducted on the highly anisotropic com-
pounds, known as the Bechgaard salts [7], suggest that
strong deviations from FL behavior occur in nearly 1D
systems.

The Bechgaard salts are linear chain compounds based
on the organic molecule tetramethyltetraselanofulvalene
(TMTSF) or its sulfur analog tetramethyltetrathiafulva-
lene (TMTTF). Their composition is (TMTSF).X, where
X is a counterion such as ClOy4, PFg, or AsFg. There is
a charge transfer of one electron to each of the counte-
rions. Thus the counterions have a full electronic shell
while the TMTSF stack is quarter-filled. The bandwidth is
anisotropic and band structure calculations lead to trans-
fer integrals t, ~ 250 meV, t; ~ 25 meV, and t. ~ 1 meV
in the 3 crystallographic directions [8]. The anisotropy
of the dc resistivities, where measured, are in broad
agreement with these values, and the highest and low-
est conductivities are found along the a- and c*-directions
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respectively [9]. In the (TMTSF)2PFg salt the tempera-
ture dependence of the dc conductivity, together with the
results of NMR relaxation rate measurements, has been
interpreted as evidence for an incipient FL at low tem-
perature and a non-FL at high temperature [3]. The elec-
trodynamics along the highly conducting axis shows two
different excitations [5], with the high frequency behavior
distinct from that of an uncorrelated 1D semiconductor
and consistent with calculations based on the Tomonaga-
Luttinger model of a 1D interacting electron gas. For a
1D quarter-filled band, Umklapp scattering, together with
electron-electron interactions lead to the so-called Mott-
Luttinger state [10]. This is an insulating state. How-
ever, an insulator-to-metal transition with increasing in-
terchain coupling was recently established, from analysis
of the optical spectra, for the Bechgaard salts [4], with
(TMTSF)2ClOy4 the least anisotropic and most highly con-
ducting example of these materials.

Clearly, interchain charge excitations play an essential
role in establishing a metallic state in low dimensional
materials. To address this issue, we have measured the
full anisotropic electrodynamics of the metallic state of
(TMTSF)2ClOy. For the first time, we find two zero cross-
ings of the dielectric function along both of the two more
highly conducting directions, giving clear evidence for dif-
ferent types of excitations. The low energy excitation has
a small spectral weight which is roughly isotropic in the
a-b plane. The optical spectra also exhibit finite energy
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modes in these directions at two different energies. These
observations, along with the absence of a Drude compo-
nent in the c¢*-axis conductivity above T'= 10 K, are in
clear qualitative disagreement with predictions based on
an anisotropic FL.

Large single crystal (TMTSF),ClO4 samples were
grown by electrolytic methods [5,11]. The various ex-
perimental techniques, including Fourier transform in-
frared spectroscopy (FTIR), coherent source spectroscopy
(CSS), and resonant cavity spectroscopy (RCS), which
have been utilized to explore the large frequency range
from the ultraviolet down to microwave frequencies, were
described earlier [4,5]. The frequency dependence of the
absorptivity, A (A = 1 — R), with R the power reflection
coefficient), at several temperatures is displayed in Fig-
ure 1 for all three directions. Sufficiently thick samples for
CSS and RCS measurements along the c¢*-axis were not
available. The fine dotted lines in the figure show interpo-
lations and extrapolations of the data. The interpolations
shown were done by hand; similar results were obtained
using Drude-Lorentz data fits. The extrapolations are dis-
cussed in detail below.

At 300 K the low frequency behavior of A along the
a-axis, as evaluated using FTIR, has a frequency de-
pendence as expected for a metal in the Hagen-Rubens
(HR) limit (w7 < 1): 4 o (pacw)'/?, and is in agree-
ment with the dc resistivity of p, = 1.7 mQcm. Along
the b'-direction the low frequency response is also in
accord with the HR limit and the expression for A
leads to a value of py/p, = 17. The dc b'-axis resis-
tivity has not been studied in detail, however a value
of py/pa =~ 20 at 300 K has been reported [12],
and it is expected that the anisotropy is somewhat less
then that of the PFg salt for which py/p, ~ 100 [13].
Consequently, we argue that the HR limit is appropriate
at T'= 300 K for both directions. Therefore, we have nor-
malized all the RCS and CSS data (for which the absolute
values of the losses are somewhat uncertain) so that the
absorptivity at 7= 300 K agrees with the HR values.

We performed a Kramers-Kronig (KK) analysis of the
absorptivities in order to obtain the complex conductiv-
ities [14]. To do this it was necessary to extrapolate the
absorptivity to frequencies below the range of our mea-
surements. For the a- and b’-axis data, this was done by
assuming HR behavior for frequencies below 1 cm~!. The
measured dc resistivities were used to calculate HR limit
values for the a-axis absorptivity. Values for the b'-axis dc
resistivity were estimated by assuming that py /p, = 17 at
all temperatures (py /pq has been shown to be nearly tem-
perature independent in the case of (TMTSF);PFg [13]).
The validity of our assumptions is supported by the fact
that the HR values calculated in this manner are in close
agreement with the values measured at 1 cm™! at all tem-
peratures in both the a- and b’-directions. The c*-axis ab-
sorptivity is quite high and only weakly frequency depen-
dent, over the frequency range of the measurement. HR
behavior was not observed, even at the lowest frequencies,
making the low frequency extrapolation for the KK analy-
sis uncertain. Various methods of extrapolation, including
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Fig. 1. The frequency dependence of the absorptivity

of (TMTSF)2ClO4 for the electric field polarized along the
a-, b'-, and c*-directions. The open and solid symbols indi-
cate data points taken with resonant cavity measurements and
coherent source spectroscopy respectively, while the solid and
dashed lines indicate data taken with optical spectroscopy. The
fine dotted lines show the values used for the Kramers-Kronig
analysis.

a frequency independent absorptivity, were attempted and
there was little change in the resulting values obtained for
the conductivity above ~ 100 cm~!. The frequency de-
pendence of the optical conductivity is shown in Figure 2,
while the dielectric function is shown in Figure 3.

First, we discuss the electrodynamics along the least
conducting direction. The magnitude of the low frequency
c*-axis optical conductivity is well below the minimum
metallic conductivity [15],

L& o) 1)
Oc* min = 57 c .
’ 2h £ F

With kf = 7/2a, vo = 2taao/h, and v, = 2t.co/h (ap and
co are lattice constants), e« min is about 15 (Qcm) !, At
100 K, the dc conductivity is about 0.5 (Qcm)~t [16,17],
which is much smaller than both oc+ min and the low fre-
quency conductivity. This strongly suggests the complete
absence of a Drude-like low frequency conductivity, at high
temperatures, and indicates that the response is not that
of a narrow (metallic) band, in spite of the fact that the
temperature dependence of the dc resistivity in this direc-
tion follows that of the a-direction over a broad tempera-
ture range [16,17]. While this observation can be viewed as
evidence for FL behavior in (TMTSF)2ClOy4, our results
strongly suggest that this is not the case. The appropri-
ate picture may be similar to that developed for high T,
superconductors [18]. It has been proposed that in the ab-
sence of single-particle charge transfer between the copper
oxide planes, the c-axis conductivity should have a leading
order frequency dependence given by o(w) o< w® in quali-
tative agreement with our experimental findings. However
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Fig. 2. The frequency dependence of the real part of the
conductivity of (TMTSF)2ClOy4 for the electric field polarized
along the a-,b'-, and c*-directions.

the value of a we find is well outside the range predicted
by theory. Alternatively, the band model may break down
in the ¢*-direction due to thermal fluctuations, when kgT
exceeds t.. Whichever picture applies, it is evident that
(TMTSF)32ClOy is a two dimensional metal above ~ 10 K.
At 10 K the de conductivity is about 20 (Q2cm) !, which is
roughly equal to oc« min and significantly larger than the
low frequency optical conductivity, suggesting the emer-
gence small of a Drude-like conductivity at low tempera-
ture.

We now turn to the electrodynamics observed with
the electric field polarized along the highly conducting a-
and b'-directions. The results at high frequencies are in
broad agreement with earlier optical studies conducted
over smaller spectral ranges [19]. An important feature is
the observation of two zero crossings of the dielectric func-
tion along both the a- and b'-directions (w%’ and w®®;
the values at T' = 10 K are indicated by arrows in Fig. 3).
This indicates the existence of two plasma frequencies,
which we refer to as the upper (wZibl) and lower (w;éb/)
plasma frequencies, and therefore two types of excitations
in both directions. These excitations correspond to a nar-
row mode centered at zero energy (ZE) and a finite energy
(FE) mode peaked at 250 cm~! and 50 cm ™! for the a-
and b’-directions respectively. The values of the plasma
frequency of a given mode can be determined using the

. 1/2 . .
expression wp; = wei€yp; (¢ = 1,2), where we; is the fre-
quency of the zero crossing of the dielectric function and
ent; the “background” dielectric constant associated with
higher energy modes. eng; is simply given by the value of
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the dielectric function at the high end of our frequency
range, where it is equal to about 2.5 in both the a- and
b'-directions (Fig. 3 insets). enss is determined by the di-
electric constant associated with the FE mode, which is
given approximately by [20],

2
enie = 1+ (ﬂ)
WFE
where wpg is the position of the finite energy excitation.
This leads to a temperature independent value of
wp = L1 X 10* cm™! The lower plasma frequency is
700 cm~! at 10 K, and decreases somewhat with in-
creasing temperature. For the b’-direction, two zero cross-
ings are only observed at low temperature (Fig. 3), The
plasma frequencies at 10 K in this direction are given by
wl) = 1600 cm™! and wh, = 300 cm ™.
The spectral weight of the FE modes is related to their
upper plasma frequencies by,

(ab' 2
w®

’ pl)
/o?’bdwzi
FE

8

(2)

3)

where the integrand is the contribution to the conductiv-
ity due to the FE mode. The spectral weight of the zero

a,b’\2
energy mode alone is given by %. For both the a-
and b'-directions wps < wp1, indicating that the ZE mode
has a vanishing spectral weight when compared with the
weight associated with the FE mode [21].

Within the tight binding approximation, for the case
of an open Fermi surface, the upper plasma frequencies

are related to the transfer integrals by [22],

2 16e%a3t, .
(wpn)” = TH%QSIH(WP/Q) (4)
8e2b2 t

2
(ng) - Vinhi%sin(mp/2) tq (5)

where V,,, is the volume per molecule and p is the band
filling factor. With p = 1/4, equations (4) and (5) lead to
t, = 300 meV and ¢, = 40 meV, in close agreement with
the results of band structure calculations [8].

The lower plasma frequencies, of the ZE modes dif-
fer by only about a factor of two in the a- and b'-
directions [23]. This is in contrast with that expected for a
simple anisotropic FL, in which they should scale with the
anisotropy of the band mass: wZQ/ng = (my /ma)'/? =~
10. This indicates that the spectral weight of the ZE mode
is much less anisotropic than expected in the FL picture.
Furthermore, it is important to note that although the
value of 04, dc/0p dc IS consistent with an anisotropic FL
with isotropic scattering time, 7 [24], our results suggest
there is a significant anisotropy in 7 since the width we find
for the ZE mode is about an order of magnitude greater
along the b'-direction.

Along the a-direction, the FE mode at 250 cm™! re-
sembles a somewhat smeared singularity, characteristic
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Fig. 3. The frequency dependence of the dielectric function for
the electric field polarized along the a-,b’-, and c*-directions.

of that expected for an interband transition in 1D. The
density of states in one dimension leads to a conductivity
near the gap given by, o;(w) ~ (fw — A)Y/2. At higher
frequencies within a Tomonaga-Luttinger liquid scenario,
a power law with a negative exponent is expected [10].
Such a description was used to account for the on-chain
electrodynamics of the (TMTSF)2PFg salt [5]. This model
describes our findings for the on-chain FE mode, suggest-
ing that this mode is due to excitations across a Mott
correlation gap.

Along the b'-direction, a similar picture could also ap-
ply with the much smaller width of the absorption feature
resulting from the narrower single-particle bandwidth in
this direction. An alternative explanation could be that
the feature is a resonance at wg = 50 cm ™! with a lifetime
of 1/7 = 35 em™!. It remains to be seen whether this
FE mode originates from an excitation across a gap or a
midgap or bound state.

In conclusion, the presence of a small Drude compo-
nent to the c*-axis response at low T, along with the ZE
modes in the a- and b'-directions suggests a low tempera-
ture anisotropic 3D FL state, with a small spectral weight
reflecting a small number of electrons in this state. The
existence of such a state would be consistent with the ob-
servation of Korringa law behavior in the NMR relaxation
rate at low T [3], and with the results of early magne-
toresistance studies [17]. Our observations are similar to
what one would expect for a semi-metal: optical excita-
tions at finite energies and a small pocket of electrons
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responsible for the dc conduction. Here however, the gap
or gaps are a consequence of electron-electron interactions
and Umklapp scattering. Thus we term this state a corre-
lation induced semi-metal. How such a state emerges from
a correlation induced insulator remains to be determined.
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