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On-chain electrodynamics of metallic„TMTSF …2X salts: Observation of Tomonaga-Luttinger
liquid response
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We have measured the electrodynamic response in the metallic state of three highly anisotropic conductors,
(TMTSF)2X, whereX5PF6, AsF6, or ClO4, and TMTSF is the organic molecule tetramethyltetraselenoful-
valene. In all three cases we find dramatic deviations from a simple Drude response. The optical conductivity
has two features: a narrow mode at zero frequency, with a small spectral weight, and a mode centered around
200 cm21, with nearly all of the spectral weight expected for the relevant number of carriers and single
particle bandmass. We argue that these features are characteristic of a nearly one-dimensional half- or quarter-
filled band with Coulomb correlations, and evaluate the finite-energy mode in terms of a one-dimensional Mott
insulator. At high frequencies (\v.t' , the transfer integral perpendicular to the chains!, the frequency
dependence of the optical conductivitys1(v) is in agreement with calculations based on an interacting
Tomonaga-Luttinger liquid, and is different from what is expected for an uncorrelated one-dimensional semi-
conductor. The zero-frequency mode shows deviations from a simple Drude response, and can be adequately
described with a frequency-dependent mass and relaxation rate.@S0163-1829~98!05927-X#
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I. INTRODUCTION

Since their first synthesis in the late 1970s,1 the
(TMTSF)2X family of linear-chain organic conductors, an
the closely related TMTTF family, has attracted continu
attention. While the various broken symmetry ground sta
including spin-density waves, charge-density waves, s
Peierls, and even superconductivity have been extensi
explored over the last two decades,2–4 much of the current
attention is now focused on the metallic state. These c
pounds have become one of the prototypical testing grou
for the study of the effects of electron-electron interactions
one-dimensional~1D! structures. In a strictly 1D interactin
electron system, the Fermi-liquid~FL! state is replaced by a
state in which interactions play a crucial role, and which
generally referred to as a Tomonaga-Luttinger liquid~TLL !.

Fortunately, well-defined techniques to treat such inter
tions exist in one dimension, and the physical properties
the TLL are well characterized and understood.5–7 It is thus
crucial to know how well the properties of the organic co
ductors are described by this TLL theory. The answer to
question is not clear from the outset because of thequasi-
one-dimensional nature of the compounds. Due to interch
hopping, or interchain electron-electron or electron-phon
interactions, such materials are never strictly one dim
sional. In particular, although one expects the 1D theory
hold at high temperature, at lower temperatures the in
chain hopping is expected to drive the system toward a m
isotropic ~2D or 3D! behavior. These compounds are th
ideal candidates for a study of the dimensionality crosso
between a non-Fermi-liquid regime~TLL in this case! and a
PRB 580163-1829/98/58~3!/1261~11!/$15.00
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more conventional Fermi-liquid state. Whether or not t
low-temperature phase is a FL, and the value of the expe
crossover temperature, are issues which have been wi
debated. Questions have also been raised about the im
tance of the interactions, due particularly to the importa
success of simple mean-field theories in explaining the pr
erties of the low-temperature condensed phases.

In the materials which we discuss in this paper, the Be
gaard salts, charge transfer of one electron from every
TMTSF molecules leads to a quarter-filled~or half-filled due
to dimerization! hole band, thus enhancing the importance
umklapp scattering. Such a state would be a Mott insulato
one dimension. As pointed out above, however, these m
rials are only quasi-one-dimensional, having two differe
finite interchain hopping integrals in the two transverse
rections. Such an interchain coupling, however, becomes
effective at high enough temperatures or frequencies,
thus we would expect the 1D physics to dominate in t
regime. While in many of these materials the high tempe
ture dc conductivity has an essentially metallic character,
finite frequency response is distinctly non-Drude.

In this paper, we report on measurements of the elec
dynamic response of three members of the (TMTSF)2X fam-
ily of charge-transfer salts (X5PF6, AsF6, and ClO4), with
the goal of studying the nature of the metallic state in th
quasi-1D conductors. In this regime, all three compoun
exhibit behavior which cannot be described as the respo
of a simple Drude metal. In particular, two distinct featur
appear in the optical conductivitys1(v), one at zero fre-
quency and one at finite frequency. In Sec. II, we discuss
sample growth techniques along with the experimental me
1261 © 1998 The American Physical Society
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1262 PRB 58A. SCHWARTZ et al.
ods and results. A theoretical analysis of both modes wh
appear in the conductivity is presented in Sec. III. Finally
Sec. IV we conclude with a discussion of the experimen
and theoretical results and the implications of our findin
with regard to an understanding of the dynamics of quasi
systems.

A number of previous studies have investigated the e
trodynamic response of various Bechgaard salts, but all c
ered only a portion of the spectral range presented in
paper, thus giving only a partial description of the compl
response of these systems.8–17 In addition, the small size o
crystals previously available precluded the use of single c
tals at all but the highest frequencies. As a result, all of
earlier work was done on composite samples, mos
formed by aligning multiple crystals next to each other
order to produce an optical face. Indeed, our own ini
work on these compounds was done in this way as well.18,19

However, as will be presented below, we have recently
veloped a method of growing single crystals of the Be
gaard salts with large transverse dimensions, yield
samples with appreciable optical faces in thea-b plane. Con-
sequently, the results presented in this paper were all
tained onsingle crystals, even at the lowest frequencies. Th
has allowed us to avoid all of the complications and spuri
results arising from the mosaic samples.

II. EXPERIMENTAL METHODS AND RESULTS

A. Sample preparation

Many of the measurements presented here were m
possible by our ability to grow large single crystals of t
Bechgaard salts. The strong anisotropy of the electro
structure tends to lead to long needlelike crystals, with ty
cal transverse dimensions of less than 0.5 mm. In orde
perform high-quality optical measurements, it is necessar
have large crystal faces. This was historically obtained
aligning multiple needlelike crystals into mosaics. Th
method introduced uncertainty into the measurements du
misalignment of the crystals, gaps between the crystals,
diffraction effects from the composite sample.

The large single crystals used in this study were grown
the standard electrochemical growth technique,1 but at re-
duced temperature(0°C) and at lowcurrent densities. Thes
conditions produce a slow growth rate and, over period
4–6 months, single crystals up to 432.531 mm3. These
large, high-quality crystal faces in thea-b8 plane allowed us
to perform reliable measurements of the electrodynamic
sponse of these materials both parallel (Eia) and perpen-
dicular (Eib8) to the highly conducting chain axis down t
low frequencies. The use of such crystals led to signific
enhancement of the accuracy obtained for the optical refl
tivity. In this paper we will focus on our results along th
chains, some of which have been published previously.20 Our
findings regarding the conductivity perpendicular to t
chains have been presented,21 and will be discussed furthe
in a future publication.22

B. Experimental techniques and analysis

By combining the results from various different spectro
eters in the microwave, millimeter, submillimeter, infrare
h
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optical, and ultraviolet frequency ranges, we have obtai
the electrodynamic response of these Bechgaard salts ov
extremely broad range (0.1–105 cm21). In the optical range
from 15 to 105 cm21, standard polarized reflectance me
surements were performed, employing four spectrome
with overlapping frequency ranges. Two grating spectro
eters were employed at the highest frequencies: a McPhe
spectrometer in the ultraviolet, and a home-made spectr
eter based on a Zeiss monochromator in the visible. In
infrared spectral range two Fourier transform interferomet
were used with a gold mirror as the reference. From
far-infrared up to the midinfrared a fast scanning Bruk
IFS48PC spectrometer was employed, while in the f
infrared we also made use of a Bruker IFS113v spectrom
with a mercury arc lamp source and a helium-cooled germ
nium bolometric detector.

In the submillimeter spectral range~8–13 cm21), we have
used a coherent source spectrometer23 based on backward
wave oscillators,24 high power, tunable, monochromatic ligh
sources with a broad bandwidth. These oscillators opera
frequencies below those accessed by a typical infrared s
trometer, and above the millimeter wave range, thus filling
an admittedly narrow, but important, gap in energy betwe
these two more widely studied regions. This spectrome
was originally designed for transmission measurements,
we have reconfigured it for reflection measurements
highly conducting bulk samples. The reflection coefficient
obtained by comparing the signals reflected from the sam
and from a polished aluminum reference mirror, where
reflectivity of aluminum was calculated from the dc condu
tivity sdc by the Hagen-Rubens relation25

R~v!512S 2v

psdc
D 1/2

. ~1!

This expression is valid fors1@us2u, and in this limit
s1(v).sdc.

At all frequencies up to and including the midinfrared, w
placed the samples in an optical cryostat and measured
reflectivity as a function of temperature between 5 and 3
K. In the case of (TMTSF)2PF6, these reflectivity data were
combined with previous measurements in the microwave
millimeter wave spectral range,18,19 which were made by the
use of a resonant cavity perturbation technique.26 In this
method, the surface impedanceẐS5RS1 iXS of the material
can be measured by placing a needle-shaped crystal i
antinode of either the electric or magnetic field of a cylind
cal cavity in the TE011 mode and measuring the change
width (DG) and center frequency (D f ) of the resonance. It is
then possible to calculate both the surface resistanceRS and
the surface reactanceXS as follows:

RS5Z0

DG

2 f 0z
and XS5Z0

D f

f 0z
, ~2!

where Z054p/c54.19310210 s/cm is the impedance o
free space (Z05377 V in SI units!. The resonator constan
z can be calculated from the geometry of the cavity and
sample.26
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The complex conductivity (ŝ5s11 is2) can be calcu-

lated from the surface impedance usingẐS5Z0Av/4p i ŝ,
and the absorptivityA is given by the relation

A512R5
4RS

Z0
S 11

2RS

Z0
1

RS
21XS

2

Z0
2 D 21

, ~3!

whereR is the reflectivity. In the limitRS ,uXSu!Z0, Eq. ~3!
reduces to

A'
4RS

Z0
. ~4!

By using Eq.~4!, it is possible to combine these microwav
and millimeter wave cavity data with all of the higher fr
quency reflectivity data. In general, the reflectivity is a co
plex function r̂ (v)5ur (v)ueif(v). The reflectivityR which
we measure is actually the square of this quantity,R5u r̂ u2.
In order to obtain the phasef, we have performed a
Kramers-Kronig analysis on the reflectivity spectra,27

f~v!5
v

pE0

` ln@R~x!#2 ln@R~v!#

v22x2
dx, ~5!

where the ln@R(v)# term has been added to the standard fo
in order to remove the singularity atx5v. It has no effect on
the integral because*0

`(v22x2)21dx50. Because this inte
gral extends from zero to infinity, it is necessary to ma
suitable high- and low-frequency extrapolations to the m
sured reflectivity data. We have chosen to use a power la
high frequencies (R(v)}1/v4) and a Hagen-Rubens ex
trapolation, as given in Eq.~1!, to zero frequency. From
R(v) and f(v) it is then possible to calculate the comp
nents of the complex optical conductivityŝ(v).

C. Experimental results

The dc resistivities of the Bechgaard sa
(TMTSF)2X (X5PF6, AsF6, ClO4) measured along thei
highly conducting chain axes exhibit metallic temperatu
dependence at high temperatures.4,28,29 In addition, all three
compounds exhibit a sharp phase transition near 10 K, a
thermally activated behavior of the resistivity below th
temperature. It has been established that the ground sta
each of these materials is a spin-density wave~SDW!,30 with
transition temperatures of 12 K for the PF6 and AsF6 com-
pounds, and 6 K for ClO4.2,3 The insulating behavior result
from an opening of a gap in the single-particle excitati
spectrum at the Fermi level due to electron-electron inte
tions.

Figures 1–3 show the measured absorptivities as a fu
tion of frequency at various temperatures for each of
compounds, and the conductivities calculated by use of
Kramers-Kronig relation, as described above. Unlike the
sponse of a simple metal, the frequency-dependent con
tivities of these compounds cannot be described by a si
Drude term of the form

ŝ~v!5
s0

12 ivt
5

vp
2

4p

1

G2 iv
, ~6!
-
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where s05ne2t/mb is the dc conductivity, vp
2

54pne2/mb is the plasma frequency, andG51/t is the
scattering rate of the carriers with bandmassmb and number
densityn. Instead the spectrum exhibits two distinct featur
The high dc conductivities are associated with a very narr
mode, centered at zero energy~ZE!. In addition there is a
second finite-energy~FE! excitation centered near 200 cm21.
The combined spectral weight of these two modes is gi
by

E s1
ZE~v!dv1E s1

FE~v!dv5
pne2

2mb
5

vp
2

8
, ~7!

and leads to a total plasma frequencyvp /(2pc)51.1
3104 cm21. As shown in the inset of Fig. 1~b!, this total
spectral weight is independent of temperature, as expec
In addition, the value is in full agreement with that obtain
from the known carrier concentrationn51.2431021 cm23

and a bandmassmb'me .4

Figure 1~b! also demonstrates that most of the spec
weight resides in the finite-energy mode, with only about 1

FIG. 1. The measured absorptivity~a! and conductivity~b! of
(TMTSF)2PF6 at 300, 100, and 20 K, forEia. The open symbols
were obtained by the cavity perturbation technique. The solid s
bols are from submillimeter reflectivity measurements. The so
lines are infrared through ultraviolet reflectivity data. The dash
lines show the spectra which were used as the input for the
calculations. The inset in~b! shows the total integrated spectr
weight, and the fraction in the zero-energy mode, both as funct
of temperature, demonstrating that the spectral weight is not re
tributed, and that only about 1% is in the Drude-like mode.
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1264 PRB 58A. SCHWARTZ et al.
in the zero energy mode, independent of temperature.
value can be calculated in two ways. The contribution of
finite-energy mode can be subtracted from the conductiv
and the remaining zero energy mode can be integrated.
approach givesvp

ZE/(2pc)510006100 cm21. Alternately,
the zero crossing of the dielectric constant, when correc
for the higher frequency contributions from the finite-ener
mode, gives a plasma frequency of approximately
3103cm21, at all temperatures where this mode is clea
defined.20 This rather unusual two-structure response is
focus of the work presented here. We discuss the struc
and possible origins of these two excitations separately in
following sections, although it is our belief that they res
from the same underlying interactions within these materi

III. THEORETICAL ANALYSIS

A. Overview

Before turning to the various excitations observed in
optical spectrum, we discuss the overall features: the app
ance of both a zero-energy and finite-energy excitation, w
most of the spectral weight associated with the latter. T
unusual behavior of the conductivity makes it unlikely tha
can be described by a conventional explanation in terms

FIG. 2. The measured absorptivity~a! and conductivity~b! of
(TMTSF)2AsF6 at 300, 200, and 20 K, forEia. In the absence of
any low-frequency data, we are unable to resolve the low-freque
mode. The dotted lines at the low-frequency end of the 20-
200-K spectra in~b! are drawn only to indicate the necessity of su
a mode in order to meet the dc conductivity values.
is
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weakly interacting~or Fermi-liquid-like! description.31 Such
a description would hardly be consistent with the fact th
99% of the spectral weight is contained in the finit
frequency mode around 200 cm21.

In order to analyze this structure, one has to remem
that the (TMTSF)2X family is a good realization of a quas
one-dimensional electron system with some hopping
tween chains, and to compare the behavior of two isostr
tural groups of organic conductors, the (TMTTF)2X and
(TMTSF)2X salts. The (TMTSF)2X salts have a larger in
terchain hopping than the (TMTTF)2X salts, due to the
larger overlap of the molecular orbitals in the direction p
pendicular to the chains. Various estimates of the tran
integrals in the TMTSF family lead to the following value
along the three directions:4 ta , tb , and tc5250, 25, and 1
meV. Although the chains are coupled by an interchain h
ping t' , such an interchain coupling becomes ineffective
high temperatures or frequencies, and above a certain en
scale Min(v,T).Ecr the system possesses a on
dimensional character. The naive value forEcr is Ecr;t' ,
but interactions can renormalize this value downwards, le
ing to a wider one-dimensional regime.32,33

In both cases, due to full charge transfer from the orga
molecule to the counter ions, the TMTTF or TMTSF stac
have a quarter-filled hole band. There is also a mode

cy
d

FIG. 3. The measured absorptivity~a! and conductivity~b! of
(TMTSF)2ClO4 at 300, 200, 100, and 10 K, forEia. The solid
symbols are data from submillimeter reflectivity measurements.
low these frequencies, Hagen-Rubens extrapolations were ma
meet the dc conductivity values.
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dimerization, which is somewhat more significant for t
TMTTF family. Therefore, depending on the importance
this dimerization, the band can be described as either h
filled ~for a strong dimerization effect! or quarter-filled~for
weak dimerization!. Due to the commensurate filling,
strictly one-dimensional model is expected to lead to a M
insulating behavior. Indeed, the (TMTTF)2X salts, withX
5PF6 or Br, are insulators at low temperatures4 with a sub-
stantial single-particle gap (D'2000 cm21 for the PF6 salt!.
For these compounds the gap is so high that the interc
hopping is suppressed by the insulating nature of the
phase and is not relevant.

For the TMTSF family, however, one expects a stron
competition between the Mott gap and the interchain h
ping. In a very crude way, the interchain hopping could
viewed as an effective doping, leading to deviations from
commensurate filling~which is insulating!. The optical fea-
tures we observe are close to those which have been c
lated for a doped one-dimensional Mott insulator:34–36 a
Mott gap and a zero-energy mode for small doping levels.
course for the low-energy mode, this is an oversimplifi
view, since the interchain hopping makes the system
dimensional, and the low-energy feature is unlikely to
described by a simple one-dimensional theory.

We now discuss in detail the two distinct features o
served in the optical conductivity. While it is clear from
Figs. 1–3 that these two features develop progressivel
the temperature is lowered, we will focus our attention on
lowest temperatures~10–20 K!, just above the phase trans
tions to broken-symmetry ground states.

B. Finite-energy mode

As discussed above, the naive upper limit for the cro
over from 1D to 2D or 3D nature is Ecr;t'
'(200–300) cm21, and therefore the peak structure in t
conductivity should be well described by a purely on
dimensional theory. In such a 1D regime the effects
electron-electron interactions are particularly important, a
lead to the formation of a non-Fermi-liquid state, the s
called Tomonaga-Luttinger liquid~TLL !.5–7 Such a state is
characterized by an absence of single-electron-like quas
ticles and by a nonuniversal decay of the various correla
functions. All of the excitations of the system, even t
single-particle excitations, can be described in terms
charge-density fluctuations, whose energy is given by

H05
1

2pE dx urKr~pPr!21
ur

Kr
~¹f!2, ~8!

where¹f5r(x), the charge density, andP is the conjugate
momentum tof. All of the interaction effects are hidden i
the parametersur ~the velocity of charge excitations! andKr

~the Luttinger-liquid exponent controlling the decay of a
correlation functions!. Initially derived for interactions much
weaker than the bandwidth,5,6 this description has bee
proven to be valid for an arbitrary one-dimensional intera
ing system,7 provided one uses the properur and Kr . The
TLL description can be viewed as an effective low-ener
description of the one-dimensional electron gas, which
reminiscent of FL theory as a low-energy description of
three-dimensional interacting electron gas~with quite differ-
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ent physics!. The above-Luttinger liquid parameters can
viewed as the 1D equivalents of the Landau parameters
FL. In a general way,Kr51 is the noninteracting point, with
Kr.1 corresponding to attraction andKr,1 to repulsion.

Depending on the interaction strength, the TLL may
unstable for commensurate fillings, causing the system
become a Mott insulator, with a charge gap.5,6,37The mecha-
nism leading to this insulating state is now well understo
and can be easily described within the TLL formalism. Wh
the filling is commensurate, interactions give rise to ad
tional contributions to the TLL Hamiltonian. These are t
so-called umklapp processes of the form

H1/2n5g1/2nE dx cos@nA8fr~x!#, ~9!

wheren is the order of the commensurability (n51 for half-
filling—one particle per site;5,6,34 n52 for quarter-filling—
one particle every two sites; and so on35,38,39!. The coupling
constantg1/2n is the umklapp process corresponding to t
commensurabilityn. The commensurability of ordern is rel-
evant providedn2Kr,1 ~the higher the commensurability
the more repulsive the interaction has to be!. When the um-
klapp term is relevant, it opens a gap in the charge spect
of the form

Dr;WS g1/2n

W D 1/~222n2Kr!

, ~10!

for g1/2n much less than the bandwidthW.
This is the relevant situation to describe the organic co

pounds because the band is quarter-filled. A quarter-fill
umklapp thus exists with a coefficient of orderg1/4
;W(U/W)3, for a typical interaction of orderU and a band-
width of orderW. However, because the chains are sligh
dimerized, a half-filled umklapp is also generated with
value on the order ofg1/2;U(D/EF), whereD is the dimer-
ization gap.40 Which umklapp term dominates depends,
course, on the strength of the interactions, onKr ~also con-
trolled by the interactions!, and on the magnitude of th
dimerization gap. This 1D insulator picture thus provides
good description of the gross features observed in the c
ductivity. The peak corresponds to the Mott gap and wo
also be consistent with finding most~or all, if the system was
a purely one-dimensional Mott insulator! of the spectral
weight in the finite-frequency peak.

Because a complete description of the dynamic cond
tivity in such a one-dimensional Mott insulator exists,34,35,38

one can makequantitativecomparisons of the data to th
theoretical predictions. The salient feature is a nonunive
power-law behavior controlled by the interactions forv
@Dr :

s~v!;v4n2Kr25. ~11!

Besides providing a good test of the one-dimensional the
a fit of the data to the form of Eq.~11! gives direct access to
the Luttinger-liquid exponentKr . We will come back to the
determination ofKr and the physical consequences in S
IV, and confine the current discussion to a direct analysis
the data. Indeed, when rescaled by the Mott gap, the th
systems (X5ClO4, PF6, and AsF6) exhibit remarkably simi-
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lar behaviors, as demonstrated in Fig. 4. A log-log plot of
data for the three different systems is shown in Fig. 5. T
agreement with the prediction of the one-dimensional the
is quite good over more than one decade in frequency, le
ing to an exponent 4n2Kr25'21.3. The observed powe
law in the frequency dependence is also in very reason
agreement with the observed temperature dependence o
resistivity, which is found to be roughly linear above 100
once thermal expansion has been taken into account.28 In-
deed in a purely 1D model, the temperature dependenc
the resistivity is given by34,35,38

r~T!;T4n2Kr23, ~12!

and thus the frequency and temperature dependence sh
be related by

s~v!;v2n, r~T!;T22n ~13!

FIG. 4. The frequency-dependent conductivities
(TMTSF)2X (X5PF6, AsF6, and ClO4). Both axes have been nor
malized to the peak of the finite energy mode near 200 cm21. The
universal behavior ofs1(v) is evident.

FIG. 5. The normalized conductivities from Fig. 4 shown on
log-log scale to demonstrate the power law frequency depend
of the conductivities above the finite energy peak. The solid l
shows a fit of the forms(v);v2n, as discussed in the text. W
find that for all three compounds,n51.360.1.
e
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with no undetermined adjustable parameter. Although a p
cise determination of the temperature exponent is diffic
because of thermal expansion and the possibility of ot
sources of scattering, Eq.~13! is again consistent with the
data.

It thus seems very natural to interpret the high frequen
part of the optical conductivity in terms of a Mott insulato
The observed Mott gap would be rather large
(;100 cm21, because the optical gap is twice the therm
dynamic one!. Due to the apparent contradiction of having
rather large Mott gap and a good metallic dc conductivity
was proposed that the peak structure was due to the dim
ization gapD itself.41,42This would indeed be the case for a
extremely strong~nearly infinite! repulsion, with the quarter-
filled band being transformed into a half-filled band
~nearly noninteracting! spinless fermions. It was then argue
that the real charge gap of the problem was smaller, on
order of 50 K. However, such an interpretation fails to r
produce the observed frequency dependence above the
in conductivity. Using the same type of analysis for the co
ductivity as in Ref. 34, and attributing the peak to the dim
ization gap, results ins(v);1/v3 for v@D, as in a simple
semiconductor~corresponding to nearly free spinless ferm
ons!. The observed power law~see Fig. 5! differs signifi-
cantly from this prediction, making such an interpretation
the data very unlikely.

As mentioned in Sec. III A, there is in fact no contradi
tion between a good metallic dc conductivity and a lar
Mott gap, provided that the system is doped slightly aw
from commensurate filling.35 Indeed, in a very crude way
this is what seems to be observed here, with the ‘‘Drud
peak containing only 1% of the carriers. Although no re
doping exists from a chemistry point of view, one cou
attribute such a deviation from commensurability to the
fects of interchain hopping. If single-particle hopping b
tween chains is relevant, small deviations from commen
rate filling due to the warping of the Fermi surface exist, a
should lead to effects equivalent to real doping on a sin
chain. Of course, such a picture is only a poor man’s way
viewing the low-frequency structure. Since the intercha
hopping is relevant, the low-frequency peak should in pr
ciple be described by a full two-dimensional theory~of in-
teracting fermions!. Due to the complexity of such a prob
lem, it is thus interesting to compare, from a pure
phenomenological point of view, the shape of the obser
Drude peak with FL predictions as well as with the pred
tions of the naive one-dimensional theory of a doped M
insulator. Such a comparison is performed in Sec. III C.

C. Zero-energy mode

The model presented in this section predicts the app
ance of ad-function dc conductivity in a 1D Hubbard syste
which is doped away from half-filling. As we have demo
strated, the finite-frequency mode which develops in th
materials is in agreement with such a model, and we
indeed see a corresponding peak in the conductivity at z
frequency. This extremely narrow resonance leads to
high dc conductivities seen in these materials, yet it accou
for only 1% of the total spectral weight, as demonstrated
the inset of Fig. 1~b!. A similar peak, with an even smalle
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fraction of the spectral weight, has recently been reporte
(TMTSF)2ClO4.17 Qualitatively, this mode looks like a nar
row Drude response, of the form given in Eq.~6!, but our
data on the (TMTSF)2PF6 compound indicate that this is no
the case. The two dashed lines in Figs. 6 and 7 show fit
the low-frequency data with a simple Drude form. In the
two fits, either the spectral weight (np51000 cm21) or
width (1/t50.14 cm21) of the mode was matched, and th
other was chosen in order to make the fit meet the meas

FIG. 6. The low-frequency absorptivity of (TMTSF)2PF6 at T
520 K. The triangles are the same data shown in Fig. 1~a!, and the
solid line is the interpolation used as input into the Kramers-Kro
calculation to arrive at the conductivity in Fig. 1~b!. The dashed
lines show two attempts to fit this part of the spectrum with
simple Drude of the form given in Eq.~6!, and the line with open
circles is a fit with a frequency-dependent scattering rate and e
tive mass, as described in the text.

FIG. 7. The low-frequency conductivity of (TMTSF)2PF6 at T
520 K. The solid line is the output of the Kramers-Kronig calc
lation. The two dashed lines show the two simple Drude fits, c
responding to the dashed lines in Fig. 6. The line with the o
circles is a fit using a generalized Drude form with a frequen
dependent scattering rate and mass. The inset shows the same
tra on a linear frequency scale.
in

to
e

ed

dc conductivity value of 33104 (V cm)21. It is clear that
neither gives a satisfactory fit to either the conductivity
absorptivity.

Although this analysis depends strongly on the mic
wave cavity perturbation data between 0.1 and 5 cm21, this
technique is well developed and produces reliable data e
for such highly conducting materials.26 In addition, at 9 GHz
a number of other measurements43–46 of the surface resis-
tance have been made, and all agree with our results wi
the experimental uncertainty shown on Fig. 6. Musfe
et al.47 also measured this compound in a 16.5-GHz cav
From their data we have calculated an absorptivity of
proximately 431023, which is significantly higher than we
have found, in even greater disagreement with the t
simple Drude fits. Finally, at 60 GHz we were able to me
sure bothRS andXS in the maxima of both the electric an
magnetic fields,26 and have found that within experiment
error they are equal to each other and to the dc resistivit
20 K.19 We are certain that the discrepancies between
measured data and the simple Drude fits, especially at
higher frequencies, are outside of the experimental un
tainty.

Similarly, it is clear that neither the low-energy mode n
the conductivity below the Mott gap can be describedquan-
titatively by a simple one-dimensional theory, even taki
into account a phenomenological doping. Indeed, in a pu
1D theory the conductivitys(v) should grow ass(v)
;v3 between the Drude peak and the Mott peak,35,38 but
such a power is not observed experimentally. In addition
a doped one-dimensional system the width of thev50 peak
remains extremely narrow since all electron-electron scat
ing that can lead to dissipation has been shifted to hig
energy.

In order to obtain a satisfactory description of these lo
frequency data, it thus seems necessary to turn to a Fe
liquid ~FL! picture.48 Let us introduce a complex frequency

dependent scattering rateĜ(v)5G1(v)1 iG2(v) into the
standard Drude form of Eq.~6!. If we define the dimension-
less quantityl(v)52G2(v)/v, then the complex conduc
tivity can be written as

ŝ~v!5
vp

2

4p

1

G1~v!2 iv„m* ~v!/mb…
, ~14!

where m* /mb511l(v) is the frequency-dependent en
hanced mass. By rearranging Eq.~14!, we can write expres-
sions forG1(v) andm* (v) in terms ofs1(v) ands2(v) as
follows:

G1~v!5
vp

2

4p

s1~v!

uŝ~v!u2
, ~15!

m* ~v!

mb
5

vp
2

4p

s2~v!/v

uŝ~v!u2
. ~16!

Due to causality,49 G1(v) andm* (v) are related through the
Kramers-Kronig relation.27 Such analysis, which allows us t
look for interactions which would lead to frequenc
dependent scattering rates, has been used before in stud
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the response of heavy fermion compounds50 and high-
temperature superconductors.51

The Landau FL theory48 predicts that the scattering ra
due to electron-electron interactions in three dimensi
should be quadratic in both temperature and frequency.51,52

In order to examine the shape of the Drude-like peak
served in the data, we have adopted the following phen
enological forms ofG(v) and m* (v), used by Sulewski
et al. in their study of the FL behavior of the heavy fermio
compound UPt3:50

G1~v!5G01
l0av2

11a2v2
~17!

and

m* ~v!

mb
511

l0

11a2v2
, ~18!

whereG0 andl0 are the zero-frequency scattering rate a
mass enhancement, respectively. These expressions obe
Kramers-Kronig relation and have the proper FL frequen
dependence. We have performed a fit to our 20-K data
(TMTSF)2PF6 using these forms ofG1 andm* and Eq.~14!.
This result is shown by the lines with open circles in Figs
and 7, with vp/2pc51000 cm21, G0/2pc50.56 cm21,
(2pca)2151 cm21, and l051. It is clear from the ab-
sorptivity that this is a significantly better representation
the measured data than either of the two simple Drude
shown by the dashed lines. In addition, above 0.5 cm21 this
fit is in excellent agreement with the conductivity obtain
from the Kramers-Kronig calculation. The differences
lower frequencies are a result of the perfectly straight in
polation between the microwave absorptivity points, sho
by the solid line. It is clear that within the error bars, the F
fit is an equally good interpolation. It should also be point
out that the results are shown on a logarithmic freque
scale, which tends to enhance the low-frequency range.
inset of Fig. 7 displays the Kramers-Kronig calculation a
the fits on a linear frequency scale, showing the obvio
improvement obtained with the generalized Drude fit.

This analysis, however, leads to an anomalously sm
value for 1/a, as frequency-dependent scattering is not
pected at frequencies significantly less than the tempera
(kBT/hc'14 cm21 at 20 K!. In addition, Ruvalds and Vi-
rosztek showed that nesting of the Fermi surface modifies
electron-electron scattering and leads to a scattering
which is instead linear in both frequency and temperatur51

Because of the nesting of the Fermi surface in
(TMTSF)2X compounds,4 we might expect such a form t
apply in this case; however, our attempts to fit t
(TMTSF)2PF6 data with their form have proven to be unsa
isfactory, giving only a small improvement over the simp
Drude fits. Further experiments at low frequencies co
clarify these issues.

IV. DISCUSSION

The behavior of the optical conductivity described abo
raises several interesting questions. Previous attempts t
terpret some features of the TMTSF and TMTTF materials
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terms of one-dimensional systems close to a Mott transi
were confined to a qualitative description of the differenc
between these two families.40 It was generally argued tha
only the half-filling umklapp is important, and that the di
ferences between the TMTTF and TMTSF families are d
to the much smaller dimerization in the latter case, leading
a smallerg1/2, and to the observed metallic dc behavior. T
quarter-filling umklapp was not considered because it w
beyond the reach of the perturbative techniques used at
time. Now, nonperturbative calculations of the frequency
pendence of the conductivity34,35 enable us to investigate th
consequences of attributing the Mott gap to either of th
two umklapps.

If one interprets the high-frequency behavior in terms o
one-dimensional Mott insulator, two possibilities arise d
pending on whether the half- or quarter-filled umklapp
dominant. In the former case, one would have (5 –4Kr)
;1.3 leading to a rather weak repulsive system withKr

;0.925. The standard perturbative formula,Kr.1
2U/(pvF), leads to relatively small interactions of streng
U/vF;0.23. Such a small value of the interaction wou
pose several problems. It is in disagreement with simple
timates based on quantum-chemistry calculations53 or esti-
mations of the interactions in the spin sectors54 ~there is noa
priori reason to assume that interactions would cancel in
charge sector!. In addition, since the gap opened by the ha
filled umklapp would be given by

Dr;WS g1/2

W D 1/~222Kr!

, ~19!

the rather small half-filled umklapp constantg1/2
;W(D/W), whereD is the dimerization gap, and the rath
large exponent 1/(222Kr)'6.6 would lead to an exceed
ingly small value for the Mott gap, incompatible with th
observed peak in the optical conductivity of Figs. 1–3.

Thus the Mott gap seen in the optical conductivity is u
likely to be due to the half-filling umklapp. As suggested
the context of the temperature dependence of
conductivity,35 a way out of this problem is to assume th
the conductivity is dominated by the quarter-filled umklap
In that case the exponent of the frequency dependenc
(5 – 16Kr)'1.3, leading to a much smaller value ofKr

'0.23. Such a small value ofKr corresponds to a relatively
large repulsion. The existence of such large repulsion is c
sistent with the initial hypothesis of predominance of t
quarter-filling umklapp. In that caseg1/4/W can be of order 1
sinceg1/4;W(U/W)3, whereasg1/2, being due to dimeriza-
tion, would still be much smaller than the typical interactio
U ~by a factorD/W;1022). Such a small value ofKr also
gives a density of states exponenta5(Kr1Kr

21)/421/2
'0.64, in reasonable agreement with photoemiss
observations.55,56 However the photoemission results shou
be taken with some degree of care, due to the large rang
energy over which the TLL behavior was observed. T
Mott gap due to the quarter-filled umklapp would be giv
by an analogous formula to Eq.~19! with g1/2→g1/4 and (2
22Kr)→(228Kr). The numerical value of the exponen
would remain unchanged, but because the interactions
now allowed to be larger,g1/4 can be closer toW, allowing
for reasonably large values of the Mott gap. It is of cour
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not obvious that one can obtain such a small value ofKr for
the TMTSF family from reasonable microscopic interactio
This is probably not a serious problem, however, since
range of the interaction is more important than the stren
in getting a smallKr ~a purely local repulsion cannot ge
below Kr;0.5). Although a direct calculation ofKr from a
microscopic model is too strongly dependent on the pre
details of the model to be really quantitative, the order
magnitude of an interaction needed to obtainKr'0.25 is not
incompatible with what is expected microscopically,53 or es-
timated from the uniform susceptibility.54

The interpretation of the optical conductivity in terms
quarter-filling umklapp, although quite different from th
standard view,40 thus seems more reasonable. However
has also its share of problems and raises interesting iss
First, if the quarter-filling umklapp plays an important role
the TMTSF family, it is likely to also play a role in the
parent TMTTF family. The dimerization gap differs by
mere factor of 2 between the two families, and it would
surprising if this simple enhancement of theg1/2 constant
would make it dominate overg1/4 ~which is not expected to
change much!.

The question is of importance because, until now, the
ferent behavior of the dc conductivity between the two fam
lies has been attributed to the change in the dimerizatio40

The reduction of dimerization with pressure was suppose
reduceg1/2 and hence the Mott gap. If the dominant umkla
process is the quarter-filling one, this explanation can
continue to hold becauseg1/4 is expected to be only weakl
pressure dependent. However, experimentally one still
serves a large difference in the Mott gap between the
families. One possible explanation for the large change
gap under pressure~or by changing the family! could be the
change in the exponent of Eq.~19!, i.e., a change ofKr and
not so much a change of the umklapp coupling constant, a
usually advocated. Indeed, sinceKr is close to the value
where the umklapp term is irrelevant, even a small chang
Kr can produce a relatively large variation in the gap~the
gap would go to zero forKr50.25).

The main problem of such a small value ofKr would be
its effect on the interchain hopping. Using the standard f
mula for the renormalization of the transverse hopping du
interactions32,33would give an effective hopping between th
chains

t'
eff;t'S t'

WD a/~12a!

5WS t'
WD 1/~12a!

, ~20!

wherea5(Kr1Kr
21)/421/2 is the density of states expo

nent. A value ofKr50.23 givest'
eff;W(t' /W)2.8, leading to

a small crossover value, on the order of 30 K, between
one-dimensional regime and a regime where the hopping
tween the chains is relevant. Such a low crossover scale
indeed the one advocated based on both NMR~Ref. 54! and
magnetoresistance experiments.57 However, such a smal
value of the effective interchain hopping is incompatib
with several observations.

First the temperature dependence of the dc conducti
shows a crossover between a roughly linearT behavior, that
can be interpreted in terms of a one-dimensional regime,
T2 regime at a scale of 150–200 K.28 It is very natural to
.
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interpret such a change of behavior in terms of a crossove
a more two-dimensional regime, where the interchain h
ping is relevant, leading tot'

eff;(150–200) K. Such a value
is in good agreement with measurements of the transv
conductivity that provide a very sensitive way of probing th
dimensional crossover,58,59 and with direct low-temperature
measurements oft'

eff .60 Second, although it is quite difficul
to extract the crossover scale from the optical or dc cond
tivity along the chains alone, the behavior of the optical co
ductivity below the Mott peak does not follow the predictio
@s(v);v3# of a purely one-dimensional model ver
well.34,35 This again suggests a crossover toward tw
dimensional behavior at an energy scale on the order ofEcr
;(100–200) K. Third, on a more theoretical level, if th
Mott gap was much higher than the effective interchain h
ping, the system would remain one-dimensional40,57and thus
insulating.35 A small value oft'

eff is thus again incompatible
with the observed metallic behavior at low frequency. Pa
doxically, the observed crossover scaleEcr;200 K would be
compatible with Eq.~20!, if the value ofKr corresponding to
the half-filling umklapp was used, namely, very weak inte
actions, but as we saw above such a value ofKr seems
incompatible with other observations.

Below an energy scale on the order of 200 K, the syst
would therefore be in a two-dimensional regime. The ana
sis of Sec. III C suggests the possibility that at low freque
cies and temperatures the behavior in this regime is that
simple FL. Such behavior is reasonable, and in agreem
with the results of NMR measurements at lo
temperatures.54 However, the precise nature of the phase b
low the 1D–2D crossover temperature still remains to
clarified, in particular at intermediate temperatures and
quencies. Proposals have been made about the existenc
two-dimensional Luttinger liquid with power-law correlatio
functions.61 Whether the experimentally observed phase is
such nature remains to be checked. Some quantities, h
ever, show a simple exponent@e.g., s(T);T22], which is
quite incompatible with the suspected power-law dep
dence of the hypothetical two-dimensional Luttinger liqui

V. CONCLUSIONS

In this paper we have presented the results of our m
surements of the on-chain, metallic state electrodynamic
three Bechgaard salts, (TMTSF)2X. In all three cases, we
find dramatic deviations from the simple Drude respon
with the frequency-dependent conductivity instead consis
of two distinct features: a narrow mode at low energy co
taining a very small part of the spectral weight (;1%), and
a high-energy mode centered around 200 cm21. We have
argued that these are the characteristics of a highly an
tropic interacting electron system, with either a half-
quarter-filled band. This leads to a Mott gap and, at frequ
cies above the effective interchain transfer integral, to
Luttinger-liquid state—consequently we call this a Mo
Tomonaga-Luttinger liquid.

The finite-energy feature can be successfully describe
the absorption above the Mott gap in such a one-dimensio
Luttinger liquid. In particular, above the gap the optical co
ductivity behaves as a power law of the frequencys(v)
;(1/v)n, in a way characteristic of a TLL. The exponentn
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is determined experimentally to ben'1.3. The low-energy
feature in the conductivity can be successfully described
using a frequency-dependent relaxation rate and effec
mass with quadratic frequency dependence, suggestive
Fermi liquid. However, further studies are needed at the
low energies in order to rule out other mechanisms.

Comparison of the data with the TLL theory, along wit
the value of the exponentn, suggest that the dominan
mechanism responsible for the opening of the Mott gap is
quarter-filling of the band. This conclusion leads to
Luttinger-liquid parameterKr'0.23, corresponding to very
strong repulsion. The fact that the 1D theory is unable
account quantitatively for the data below the high-ener
peak seems to suggest that the crossover to a tw
dimensional regime occurs at relatively high energies.

Although the conductivity at low frequencies is in agree
ment with that arising from electron-electron scattering, a
at high frequencies with predictions based on the TL
model, a host of unresolved questions remain. These incl
the precise nature of this crossover, and the magnitude of
p
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effective transfer integralt'
eff where it occurs. It also remain

to be seen whether our experiments are compatible w
studies which directly probe the Fermi surface of these co
pounds. Experiments along directions perpendicular to
chains, together with optical studies on the more anisotro
TMTTF compounds, should help to clarify these unresolv
questions, and are currently underway.
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