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We have measured the electrodynamic response in the metallic state of three highly anisotropic conductors,
(TMTSF),X, whereX=PF;, Ask;, or ClO,, 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 cnmi'l, 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 frequenciesfiw>t, , the transfer integral perpendicular to the chgirhe frequency
dependence of the optical conductivity,(w) 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 relaxatior] 8@#63-18208)05927-X]

I. INTRODUCTION more conventional Fermi-liquid state. Whether or not the
low-temperature phase is a FL, and the value of the expected

Since their first synthesis in the late 1970ghe  crossover temperature, are issues which have been widely
(TMTSF),X family of linear-chain organic conductors, and debated. Questions have also been raised about the impor-
the closely related TMTTF family, has attracted continualtance of the interactions, due particularly to the important
attention. While the various broken symmetry ground statessuccess of simple mean-field theories in explaining the prop-
including spin-density waves, charge-density waves, spierties of the low-temperature condensed phases.
Peierls, and even superconductivity have been extensively In the materials which we discuss in this paper, the Bech-
explored over the last two decade§,much of the current gaard salts, charge transfer of one electron from every two
attention is now focused on the metallic state. These comIMTSF molecules leads to a quarter-fillaat half-filled due
pounds have become one of the prototypical testing groundse dimerization hole band, thus enhancing the importance of
for the study of the effects of electron-electron interactions irumklapp scattering. Such a state would be a Mott insulator in
one-dimensional1D) structures. In a strictly 1D interacting one dimension. As pointed out above, however, these mate-
electron system, the Fermi-liqui@rL) state is replaced by a rials are only quasi-one-dimensional, having two different
state in which interactions play a crucial role, and which isfinite interchain hopping integrals in the two transverse di-
generally referred to as a Tomonaga-Luttinger ligGidL ). rections. Such an interchain coupling, however, becomes in-

Fortunately, well-defined technigues to treat such interaceffective at high enough temperatures or frequencies, and
tions exist in one dimension, and the physical properties ofhus we would expect the 1D physics to dominate in this
the TLL are well characterized and understdoflt is thus ~ regime. While in many of these materials the high tempera-
crucial to know how well the properties of the organic con-ture dc conductivity has an essentially metallic character, the
ductors are described by this TLL theory. The answer to thidinite frequency response is distinctly non-Drude.
guestion is not clear from the outset because ofghast In this paper, we report on measurements of the electro-
one-dimensional nature of the compounds. Due to interchaidynamic response of three members of the (TMTSHam-
hopping, or interchain electron-electron or electron-phononly of charge-transfer salts{=PF;, Asks, and CIQ), with
interactions, such materials are never strictly one dimenthe goal of studying the nature of the metallic state in these
sional. In particular, although one expects the 1D theory tajuasi-1D conductors. In this regime, all three compounds
hold at high temperature, at lower temperatures the interexhibit behavior which cannot be described as the response
chain hopping is expected to drive the system toward a moref a simple Drude metal. In particular, two distinct features
isotropic (2D or 3D behavior. These compounds are thusappear in the optical conductivity;(w), one at zero fre-
ideal candidates for a study of the dimensionality crossovequency and one at finite frequency. In Sec. Il, we discuss the
between a non-Fermi-liquid regim{@LL in this cas¢ and a  sample growth techniques along with the experimental meth-
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ods and results. A theoretical analysis of both modes whicloptical, and ultraviolet frequency ranges, we have obtained
appear in the conductivity is presented in Sec. lll. Finally inthe electrodynamic response of these Bechgaard salts over an
Sec. IV we conclude with a discussion of the experimentakxtremely broad range (0.1-1@m™?). In the optical range
and theoretical results and the implications of our findingsfrom 15 to 1§ cm™ !, standard polarized reflectance mea-
with regard to an understanding of the dynamics of quasi-1urements were performed, employing four spectrometers
systems. with overlapping frequency ranges. Two grating spectrom-
A number of previous studies have investigated the eleceters were employed at the highest frequencies: a McPherson
trodynamic response of various Bechgaard salts, but all covspectrometer in the ultraviolet, and a home-made spectrom-
ered only a portion of the spectral range presented in thigter based on a Zeiss monochromator in the visible. In the
paper, thus giving only a partial description of the completeinfrared spectral range two Fourier transform interferometers
response of these systerfis’’ In addition, the small size of were used with a gold mirror as the reference. From the
crystals previously available precluded the use of single crysfar-infrared up to the midinfrared a fast scanning Bruker
tals at all but the highest frequencies. As a result, all of thdFS48PC spectrometer was employed, while in the far-
earlier work was done on composite samples, mosaicsfrared we also made use of a Bruker IFS113v spectrometer
formed by aligning multiple crystals next to each other inwith a mercury arc lamp source and a helium-cooled germa-
order to produce an optical face. Indeed, our own initialnium bolometric detector.
work on these compounds was done in this way as #éfl. In the submillimeter spectral rang@—13 cm 1), we have
However, as will be presented below, we have recently deused a coherent source spectronfétéased on backward
veloped a method of growing single crystals of the Bech-wave oscillator$? high power, tunable, monochromatic light
gaard salts with large transverse dimensions, yieldingources with a broad bandwidth. These oscillators operate at
samples with appreciable optical faces in #hbplane. Con-  frequencies below those accessed by a typical infrared spec-
sequently, the results presented in this paper were all olirometer, and above the millimeter wave range, thus filling in
tained onsingle crystalseven at the lowest frequencies. This an admittedly narrow, but important, gap in energy between
has allowed us to avoid all of the complications and spurioushese two more widely studied regions. This spectrometer
results arising from the mosaic samples. was originally designed for transmission measurements, and
we have reconfigured it for reflection measurements on
highly conducting bulk samples. The reflection coefficient is
obtained by comparing the signals reflected from the sample
A. Sample preparation and from a polished aluminum reference mirror, where the
Jgflectivity of aluminum was calculated from the dc conduc-
tivity o4 by the Hagen-Rubens relation

Il. EXPERIMENTAL METHODS AND RESULTS

Many of the measurements presented here were ma
possible by our ability to grow large single crystals of the
Bechgaard salts. The strong anisotropy of the electronic
structure tends to lead to long needlelike crystals, with typi-
cal transverse dimensions of less than 0.5 mm. In order to R(‘*’)Zl_(
perform high-quality optical measurements, it is necessary to
have large crystal faces. This was historically obtained byl_
aligning multiple needlelike crystals into mosaics. This
method introduced uncertainty into the measurements due (@) =0qc.

misalignment of the crystals, gaps between the crystals, anq At gllt:]requenclles up to anc:'lnti,ludlngttfle r:(ljdlrgfrarec:, \cljv?h
diffraction effects from the composite sample. placed the samples In an optical cryostat a easured the

The large single crystals used in this study were grown beeﬂleC:'k:’ Ity as a ffu?r(lisll'?'g of Emtﬁeraturil bett.w.?eg 5t and 300
the standard electrochemical growth technigueyt at re- ) nb' edcasteho ( . FPFs, these :e'ec;r:w y data were d
duced temperatur@°C) and at lowcurrent densities. These combined with previous measurements in thé microwave an

oy 1 .
conditions produce a slow growth rate and, over period Of'mlhmeter wave spectral_ rangé, QWh'.Ch were ”ﬁade by _the
4—6 months, single crystals up tox®2.5x1 mn?. These use of a resonant cfawty peArturbatloh techniffuén th|-s
large, high-quality crystal faces in tleeb’ plane allowed us Method, the surface impedance=Rs+iXs of the material
to perform reliable measurements of the electrodynamic rec@n be measured by placing a needle-shaped crystal in an
sponse of these materials both parallEl|4) and perpen- antlnodg of either the electric or magneth field of a Cyllndrl-
dicular (E||b’) to the highly conducting chain axis down to €@l cavity in the Tfs,; mode and measuring the change in
low frequencies. The use of such crystals led to significantVidth (AI') and center frequencyA(f) of the resonance. It is
enhancement of the accuracy obtained for the optical refle¢hen possible to calculate both the surface resistécand
tivity. In this paper we will focus on our results along the the surface reactances as follows:
chains, some of which have been published previotfsur
findings regarding the conductivity perpendicular to the AT Af
chains have been presenfédnd will be discussed further Rs= ZOT and Xg= Zof—, (2
in a future publicatiorf? 4 ol

20 )1/2

TO (g

@

his expression is valid folor;>|o,|, and in this limit

where Zy=47/c=4.19<10 1% s/cm is the impedance of
free space Z,=377 Q in Sl unit9. The resonator constant

By combining the results from various different spectrom-¢ can be calculated from the geometry of the cavity and the
eters in the microwave, millimeter, submillimeter, infrared, sample?®

B. Experimental techniques and analysis
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The complex conductivity thaﬁiaz) can be calcu- 10° T T T T T
lated from the surface impedance usidg=Zq\ w/4mio, (TMTSF),PF,
and the absorptivityA is given by the relation Ella
R2+x2| ! 107 7 E
4R 2R + EN L.
A=1-R=——| 1+ —=+—"=| 3) 2 iy
Zo Zo Zg = o
2 10°} 00 4
whereR is the reflectivity. In the limitRg,|Xg| <Z,, Eq. (3) < = 7wl
reduces to 4 PEs
80 X o = 300K
4R sl ’ o e 100K||
A%Z—OS. (4) 10 §§§ A  a 20K
: L . . . 15000 I I : : :
By using Eq.(4), it is possible to combine these microwave o~ 10 PRSI
and millimeter wave cavity data with all of the higher fre- 20k! 5 | Tow
qguency reflectivity data. In general, the reflectivity is a com- E 10t
plex functionr (w)=|r(w)|e'*). The reflectivityR which ~ 10000k 2
we measure is actually the square of this quanty;|r|2. g T 10 Zeoenereymode
In order to obtain the phase, we have performed a = &
Kramers-Kronig analysis on the reflectivity specifa, ~. 105 50
©
50001 Temperature (K) )
o (=IN[R(x)]—In[R(w)]
d)(w)_; o 02— 2 dx, 5 100K
where the IfiR(w)] term has been added to the standard form o= 300K st N
in order to remove the singularity at w. It has no effect on 107 10" 10° 100 100 100 10"

the integral becausf; (w?—x?) ~'dx=0. Because this inte- )
gral extends from zero to infinity, it is necessary to make Frequency (cm )
suitable high- and low-frequency extrapolations to the mea-

sgred reflectivi_ty data. We hive chosen to use a power law ?trMTSF)ZPFG at 300, 100, and 20 K, foE|}a. The open symbols

high frequencies R(w)x1/0") and a Hagen-Rubens ex- 1o obtained by the cavity perturbation technique. The solid sym-
trapolation, as given in Eq(l), to zero frequency. From i are from submillimeter reflectivity measurements. The solid
R(w) and ¢(w) it is then possible to calculate the cOMPO- jines are infrared through ultraviolet reflectivity data. The dashed

FIG. 1. The measured absorptivitg) and conductivity(b) of

nents of the complex optical conductivity( w). lines show the spectra which were used as the input for the KK
calculations. The inset irfb) shows the total integrated spectral
C. Experimental results weight, and the fraction in the zero-energy mode, both as functions

of temperature, demonstrating that the spectral weight is not redis-

The dc resistivities of the Bechgaard saltsyributed, and that only about 1% is in the Drude-like mode.
(TMTSF),X (X=PF;, Ask;, CIO,) measured along their

highly conducting chain axes exhibit metallic temperatureyhere o,=ne?s/m, is the dc conductivity, w
dependence at high temperatuté&2°In addition, all three —4mne?/m, is the plasma frequency, ard=1/r is the

compounds exhibit a sharp phase transition near 10 K, and & atering rate of the carriers with bandmasgsand number
thermally activated behavior of the resistivity below this yensityn “Instead the spectrum exhibits two distinct features.
temperature. It has been established that the ground state {ihe high dc conductivities are associated with a very narrow
each of these materials is a spin-density wesBW),” with 1,5 4e “centered at zero ener@@E). In addition there is a

transition temperatures gf312 K for the P&nd Asks com-  go00nd finite-energ§FE) excitation centered near 200 cfn
pounds, ad 6 K for CIO,.”” The insulating behavior results e combined spectral weight of these two modes is given
from an opening of a gap in the single-particle excitationy,

spectrum at the Fermi level due to electron-electron interac-

2

tions. &2 2
: - ZE FE mn “p
Figures 1-3 show the measured absorptivities as a func- ol (w)do+ | o] (w)do= m. -8 (7)
tion of frequency at various temperatures for each of the My

compounds, and the conductivities calculated by use of thgng |eads to a total plasma frequenay, /(27c)=1.1
Kramers-Kronig relation, as described above. Unlike the resc10* ¢m~1, As shown in the inset of Fig.(l), this total

sponse of a simple metal, the frequency-dependent condugpectral weight is independent of temperature, as expected.
tivities of these compounds cannot be described by a singlg addition, the value is in full agreement with that obtained
Drude term of the form from the known carrier concentratiom=1.24x 10°* cm™2
and a bandmass,~m,.*
©6) Figure Xb) also demonstrates that most of the spectral
weight resides in the finite-energy mode, with only about 1%

2
o wp 1

1-iwr 4nl-iw’

o(w)=
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FIG. 2. The measured absorptivitg) and conductivity(b) of FIG. 3. The measured absorptivitg) and conductivity(b) of

(TMTSF)zASFS at 300, 200, and 20 K, deHa In the absence Of (TMTSF)2CIO4 at 300’ 200, 1001 and 10 K, ch”a The SO|id

any low-frequency data, we are unable to resolve the low-frequency, 1,15 are data from submillimeter reflectivity measurements. Be-
mode. The do_tted lines at the Iow-f_requency end of the 20- an".Fow these frequencies, Hagen-Rubens extrapolations were made to
200-K spectra iffb) are drawn only to indicate the necessity of such meet the dc conductivity values.

a mode in order to meet the dc conductivity values.

in the zero energy mode, independent of temperature. Thid€akly interactingor Fermi-liquid-like descriptiorr™* Such
value can be calculated in two ways. The contribution of the? description would hardly be consistent with the fact that
finite-energy mode can be subtracted from the conductivity?9% ©Of the spectral weight is contained in the finite-
and the remaining zero energy mode can be integrated. Thig€duency mode around 200 crh

approach givesogE/(ch)=1OOOt 100 cnil. Alternately, In order to analyze t-hIS- structure, one h_as to remember
the zero crossing of the dielectric constant, when correctqu"jlt the (TMTSF3X family is a good realization of a quasi-

for the higher frequency contributions from the finite—energy,?ne'd'mf\"n.Slonal deltectron systet:rzn ‘t’)\"tﬁ spmef Popplngtbe—
mode, gives a plasma frequency of approximately ween chains, and to compare the behavior of two isostruc-

X 10°cm ™!, at all temperatures where this mode is clearlytural groups of organic_conductors, the (TMTER) and

definec? This rather unusual two-structure response is the | MTSF)2X salts. The (TMTSF)X salts have a larger in-
' ! unusual tw vetu P ! jgrchain hopping than the (TMTTEX salts, due to the

and possible origins of these two excitations separately in th@rger overlap of the molecula'r orbitals in the direction per-
pendicular to the chains. Various estimates of the transfer

following sections, although it is our belief that they result! ) _ :
g g y integrals in the TMTSF family lead to the following values

from the same underlying interactions within these materials. . .
ying along the three directiorfst,, t,, andt,=250, 25, and 1

meV. Although the chains are coupled by an interchain hop-

Ill. THEORETICAL ANALYSIS ping t, , such an interchain coupling becomes ineffective at
, high temperatures or frequencies, and above a certain energy
A. Overview scale Minw,T)>E. the system possesses a one-

Before turning to the various excitations observed in thedimensional character. The naive value &y, is E,~t, ,
optical spectrum, we discuss the overall features: the appedput interactions can renormalize this value downwards, lead-
ance of both a zero-energy and finite-energy excitation, withing to a wider one-dimensional regirie>
most of the spectral weight associated with the latter. This In both cases, due to full charge transfer from the organic
unusual behavior of the conductivity makes it unlikely that it molecule to the counter ions, the TMTTF or TMTSF stacks
can be described by a conventional explanation in terms of have a quarter-filled hole band. There is also a moderate
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dimerization, which is somewhat more significant for theent physics The above-Luttinger liquid parameters can be
TMTTF family. Therefore, depending on the importance ofviewed as the 1D equivalents of the Landau parameters of a
this dimerization, the band can be described as either halfL. In a general wayK ,=1 is the noninteracting point, with
filled (for a strong dimerization effecor quarter-filled(for K,>1 corresponding to attraction ahd,<1 to repulsion.
weak dimerization Due to the commensurate filling, a  Depending on the interaction strength, the TLL may be
strictly one-dimensional model is expected to lead to a Motunstable for commensurate fillings, causing the system to
insulating behavior. Indeed, the (TMTT/ salts, withX  become a Mott insulator, with a charge g’ The mecha-
=PF; or Br, are insulators at low temperatutesith a sub-  nism leading to this insulating state is now well understood,
stantial single-particle gap\(=2000 cm ! for the PF; salb. and can be easily described within the TLL formalism. When
For these compounds the gap is so high that the interchaitme filling is commensurate, interactions give rise to addi-
hopping is suppressed by the insulating nature of the 1Dional contributions to the TLL Hamiltonian. These are the
phase and is not relevant. so-called umklapp processes of the form

For the TMTSF family, however, one expects a stronger
competition between the Mott gap and the interchain hop-
ping. In a very crude way, the interchain hopping could be
viewed as an effective doping, leading to deviations from the . .
commensurate fillingwhich is insulating. The optical fea- Wheren is the order of the commensurabilita £ 1 for half-
tures we observe are close to those which have been calc{{li"d—0ne particle per _S'téf ' n=%6f?g3quarter-fllllng—
lated for a doped one-dimensional Mott insulatdf36 a ~ ON€ particle every two sites; and so"ort J. The coupling

Mott gap and a zero-energy mode for small doping levels. ofonstantgy i_s_the umklapp process _c_orrespondi_ng to the
course for the low-energy mode, this is an oversimplifiedcommensurab'“m' The commensurability of order is rel-

. 2 . ye
view, since the interchain hopping makes the system tw§vant providech”K <1 (the higher the commensurability,
the more repulsive the interaction has tg.b&'hen the um-

dimensional, and the low-energy feature is unlikely to bekI < rel ) " the ch
described by a simple one-dimensional theory. app term is relevant, it opens a gap in the charge spectrum

We now discuss in detail the two distinct features ob-Of the form
served in the optical conductivity. While it is clear from
Figs. 1-3 that these two features develop progressively as A ~W<91ﬁ
the temperature is lowered, we will focus our attention on the W
lowest temperature€l0—20 K), just above the phase transi-
tions to broken-symmetry ground states.

H /o= 91/ f dx cog§ny8e,(x)], (9)

1/(2-2n%K )
) ; (10
for g4/5, much less than the bandwid.

This is the relevant situation to describe the organic com-
pounds because the band is quarter-filled. A quarter-filling
umklapp thus exists with a coefficient of ordegy,

As discussed above, the naive upper limit for the cross~W(U/W)?3, for a typical interaction of orddd and a band-
over from 1D to 2D or 3D nature isEg~t; width of orderW. However, because the chains are slightly
~(200-300) cm?, and therefore the peak structure in the dimerized, a half-filled umklapp is also generated with a
conductivity should be well described by a purely one-value on the order af,,~U(D/Eg), whereD is the dimer-
dimensional theory. In such a 1D regime the effects ofization gap'® Which umklapp term dominates depends, of
electron-electron interactions are particularly important, ancourse, on the strength of the interactions,kon(also con-
lead to the formation of a non-Fermi-liquid state, the so-trolled by the interactions and on the magnitude of the
called Tomonaga-Luttinger liquidTLL).>~" Such a state is dimerization gap. This 1D insulator picture thus provides a
characterized by an absence of single-electron-like quasipagood description of the gross features observed in the con-
ticles and by a nonuniversal decay of the various correlatiomluctivity. The peak corresponds to the Mott gap and would
functions. All of the excitations of the system, even thealso be consistent with finding magtr all, if the system was
single-particle excitations, can be described in terms o& purely one-dimensional Mott insulajoof the spectral
charge-density fluctuations, whose energy is given by weight in the finite-frequency peak.

Because a complete description of the dynamic conduc-
tivity in such a one-dimensional Mott insulator exists$>38
one can makeguantitative comparisons of the data to the

] ) ) theoretical predictions. The salient feature is a nonuniversal
whereV ¢=p(x), the charge density, arld is the conjugate  ower-law behavior controlled by the interactions fer
momentum tog. All of the interaction effects are hidden in 5 A

the parameters, (the velocity of charge excitationandK,,
(the Luttinger-liquid exponent controlling the decay of all
correlation functions Initially derived for interactions much
weaker than the bandwidff, this description has been Besides providing a good test of the one-dimensional theory,
proven to be valid for an arbitrary one-dimensional interact-a fit of the data to the form of Eq11) gives direct access to
ing systen, provided one uses the propey andK,. The  the Luttinger-liquid exponeri ,. We will come back to the
TLL description can be viewed as an effective low-energydetermination ofK , and the physical consequences in Sec.
description of the one-dimensional electron gas, which idV, and confine the current discussion to a direct analysis of
reminiscent of FL theory as a low-energy description of thethe data. Indeed, when rescaled by the Mott gap, the three
three-dimensional interacting electron gasth quite differ-  systems X=CIlO,, PFK;, and Ask) exhibit remarkably simi-

B. Finite-energy mode

1 u
HOZEJ dx upr(q-er)2+K—’;(V¢)2, (8)

p*

O'(w)~w4n2KP75. (11
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' ' ' ' with no undetermined adjustable parameter. Although a pre-
—e—X=PF, (T=20K) |] cise determination of the temperature exponent is difficult
—o—X=AsF, (T=20K) because of thermal expansion and the possibility of other
——X=CIO, (T=10K) sources of scattering, E413) is again consistent with the
data.

It thus seems very natural to interpret the high frequency
part of the optical conductivity in terms of a Mott insulator.
The observed Mott gap would be rather large
(~100 cni'l, because the optical gap is twice the thermo-
dynamic ong Due to the apparent contradiction of having a
rather large Mott gap and a good metallic dc conductivity, it
was proposed that the peak structure was due to the dimer-
I (TMTSE),X ization gapD itself***>This would indeed be the case for an

0.0 s . . Ella | extremely strongnearly infinite repulsion, with the quarter-
0 1 2 3 4 5 filed band being transformed into a half-filled band of
co/oapeak (nearly noninteractingspinless fermions. It was then argued
that the real charge gap of the problem was smaller, on the

FIG. 4. The frequency-dependent conductivities of order of 50 K. However, such an interpretation fails to re-
(TMTSF),X (X=PF;, AsF;, and CIQ). Both axes have been nor- produce the observed frequency dependence above the peak
malized to the peak of the finite energy mode near 200°crithe  in conductivity. Using the same type of analysis for the con-
universal behavior ofr;(w) is evident. ductivity as in Ref. 34, and attributing the peak to the dimer-

i - ization gap, results iwr(w)~ 1/w® for o> A, as in a simple
lar behaviors, as demonstrated in Fig. 4. A log-log plot of thesemiconductorcorresponding to nearly free spinless fermi-
data for the three different systems is shown in Fig. 5. Th%ns). The observed power lasee Fig. 5 differs signifi-
agreement with the prediction of the one-dimensional theoryany from this prediction, making such an interpretation of
is quite good over more than one decade in frequency, leaqpe gata very unlikely.
Ing to an exponent ’42Kp_5”_1-3; The observed power  As mentioned in Sec. Il A, there is in fact no contradic-
law in the frequency dependence is also in very reasonablgyy petween a good metallic dc conductivity and a large
agreement with the observed temperature dependence of thgt gap, provided that the system is doped slightly away
resistivity, which is found to be roughly linear above 100 K t,om commensurate filling® Indeed, in a very crude way
once thermal expansion has been taken into acdBunt.  this is what seems to be observed here, with the “Drude”
deed in a purely 1D mod3e5I,3§he temperature dependence Qfaak containing only 1% of the carriers. Although no real
the resistivity is given by doping exists from a chemistry point of view, one could
an2K —3 attribute such a deviation from commensurability to the ef-
p(T)~TH 2, (12 fects of interchain hopping. If single-particle hopping be-
and thus the frequency and temperature dependence Shoﬁwen chains is relevant, small deviations from commensu-
be related by rate filling due to the warping of the Fermi surface exist, and
should lead to effects equivalent to real doping on a single
g(w)~o ", p(T)~T?" (13 chain. Of course, such a picture is only a poor man’s way of
viewing the low-frequency structure. Since the interchain
hopping is relevant, the low-frequency peak should in prin-
ciple be described by a full two-dimensional thedof in-
teracting fermions Due to the complexity of such a prob-
lem, it is thus interesting to compare, from a purely
phenomenological point of view, the shape of the observed
Drude peak with FL predictions as well as with the predic-

1.0F

0.5

Gl/ cTpeak

(TMTSF),X 4
Ella ]

i 0.1 tions of the naive one-dimensional theory of a doped Mott
%_ ’ insulator. Such a comparison is performed in Sec. Il C.
—e—X=PF, (T=20K)
—o— X=AsE (T=20K) C. Zero-energy mode
—o— X=ClO, (T=10K) o ) _
(o)~ ™ The model presented in this section predicts the appear-
0.01F ] ance of as-function dc conductivity in a 1D Hubbard system
i 1'0 which is doped away from half-filling. As we have demon-
/o strated, the finite-frequency mode which develops in these

peak materials is in agreement with such a model, and we do

FIG. 5. The normalized conductivities from Fig. 4 shown on aindeed see a corresponding peak in the conductivity at zero
log-log scale to demonstrate the power law frequency dependendéequency. This extremely narrow resonance leads to the
of the conductivities above the finite energy peak. The solid linehigh dc conductivities seen in these materials, yet it accounts
shows a fit of the formo(w)~w*, as discussed in the text. We for only 1% of the total spectral weight, as demonstrated in
find that for all three compounds,=1.3+0.1. the inset of Fig. b). A similar peak, with an even smaller
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] dc conductivity value of X10* (Q cm) . It is clear that
4| T KKlnput neither gives a satisfactory fit to either the conductivity or
10F - Drude (o, match) absorptivity.
S Drude 1/t match) Although this analysis depends strongly on the micro-
wave cavity perturbation data between 0.1 and 5 tnthis
technique is well developed and produces reliable data even
for such highly conducting materiat®In addition, at 9 GHz
a number of other measuremefité® of the surface resis-
tance have been made, and all agree with our results within
the experimental uncertainty shown on Fig. 6. Musfeldt
] et al*” also measured this compound in a 16.5-GHz cavity.
(TMTSF),PF, ] From their data we have calculated an absorptivity of ap-
T=20K 1 proximately 4< 10~ 3, which is significantly higher than we
10" - - - have found, in even greater disagreement with the two
10" 10 simple Drude fits. Finally, at 60 GHz we were able to mea-
Frequency (cm-1) sure bothRg and Xg in the maxima of both the electric and
magnetic field$® and have found that within experimental
FIG. 6. The low-frequency absorptivity of (TMTSIF; atT  error they are equal to each other and to the dc resistivity at
=20 K. The triangles are the same data shown in Fig), Bnd the 20 K.»® We are certain that the discrepancies between the
solid line is the interpolation used as input into the Kramers-Kronigmeasured data and the simple Drude fits, especially at the
calculation to arrive at the conductivity in Fig(k). The dashed higher frequencies, are outside of the experimental uncer-
lines show two attempts to fit this part of the spectrum with atainty.
simple Drude of the form given in Ed6), and the line with open Similarly, it is clear that neither the low-energy mode nor
glrcles is a fit with alfreqlljency-dependent scattering rate and effecthe conductivity below the Mott gap can be descrilgen-
tive mass, as described in the text. titatively by a simple one-dimensional theory, even taking
into account a phenomenological doping. Indeed, in a purely
fraction of the spectral weight, has recently been reported idD theory the conductivityo(w) should grow aso(w)
(TMTSF),CIO,.*” Qualitatively, this mode looks like a nar- ~® between the Drude peak and the Mott péaf but
row Drude response, of the form given in E®), but our  such a power is not observed experimentally. In addition, in
data on the (TMTSR)PF; compound indicate that this is not @ doped one-dimensional system the width of éhe0 peak
the case. The two dashed lines in Figs. 6 and 7 show fits teemains extremely narrow since all electron-electron scatter-
the low-frequency data with a simple Drude form. In theseing that can lead to dissipation has been shifted to higher
two fits, either the spectral weightr¢=1000 cm') or ~ €nergy. _ . o
width (1/7=0.14 cm%) of the mode was matched, and the In order to obtain a satisfactory description of these low-

other was chosen in order to make the fit meet the measuragf44enNcy data, |t4§hus Seems necessary to turn to a Fermi-
iquid (FL) picture’ Let us introduce a complex frequency-

——Drude (1/7 ~ )

—
]

Absorptivity

dependent scattering raﬁé(w)=F1(w)+iF2(w) into the

30000 foooorgrs - KK Oou 1 standard Drude form of Ed6). If we define the dimension-
- SN — utput .
N— Drude (@, match) Igss quantlty)\((f))z —I'y(w)/w, then the complex conduc-
S Drude (1/t match) tivity can be written as
\  —— Drude (1/t ~ o) ) 1
20000+ - - w
o 10 o(w)= 4_p : " ; (14)
E - T I'j(w)—iw(m*(w)/mp)
: ‘\‘ == L ]
9/_ % 10 where m*/m,=1+A(w) is the frequency-dependent en-
© 10000k 1 hanced mass. By rearranging Efj4), we can write expres-
R 00 sions forl';(w) andm* (w) in terms ofo;(w) ando,(w) as
follows:
- (TMTSF),PF,
T=20K . 2
S ey wy ()
o e e Fl(w) __P _ 1 >, (15)
10° 10" 10° 10' 10° AT |o(w)|
Frequency (em™
m* 2 /
FIG. 7. The low-frequency conductivity of (TMTSFR; at T (@) _% sa(@)/ (16)

=20 K. The solid line is the output of the Kramers-Kronig calcu- My AT |5(w)|?
lation. The two dashed lines show the two simple Drude fits, cor-

responding to the dashed lines in Fig. 6. The line with the operPue to causality? I'y(w) andm* (w) are related through the
circles is a fit using a generalized Drude form with a frequency-Kramers-Kronig relatiod! Such analysis, which allows us to
dependent scattering rate and mass. The inset shows the same sgeek for interactions which would lead to frequency-
tra on a linear frequency scale. dependent scattering rates, has been used before in studying
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the response of heavy fermion compoutldand high- terms of one-dimensional systems close to a Mott transition
temperature superconductdts. were confined to a qualitative description of the differences
The Landau FL theof{ predicts that the scattering rate between these two familiéS.It was generally argued that
due to electron-electron interactions in three dimensionsnly the half-filling umklapp is important, and that the dif-
should be quadratic in both temperature and frequéhty. ferences between the TMTTF and TMTSF families are due
In order to examine the shape of the Drude-like peak obto the much smaller dimerization in the latter case, leading to
served in the data, we have adopted the following phenoma smallerg,,,, and to the observed metallic dc behavior. The
enological forms ofl'(w) and m* (w), used by Sulewski quarter-filling umklapp was not considered because it was
et al.in their study of the FL behavior of the heavy fermion beyond the reach of the perturbative techniques used at that
compound URt>° time. Now, nonperturbative calculations of the frequency de-
pendence of the conductivit}®® enable us to investigate the
Noaw? consequences of attributing the Mott gap to either of these
1+ aw? 17 two umklapps.
If one interprets the high-frequency behavior in terms of a
and one-dimensional Mott insulator, two possibilities arise de-
pending on whether the half- or quarter-filled umklapp is
m* () No dominant. In the former case, one would have (¥
m, =1+ 1+ a?w?’ (18) ~1.3 leading to a rather weak repulsive system wh
~0.925. The standard perturbative formula,=1
wherel'y and A, are the zero-frequency scattering rate and—U/(mv¢), leads to relatively small interactions of strength
mass enhancement, respectively. These expressions obey ¢ -~0.23. Such a small value of the interaction would
Kramers-Kronig relation and have the proper FL frequencypose several problems. It is in disagreement with simple es-
dependence. We have performed a fit to our 20-K data otimates based on quantum-chemistry calculaffows esti-
(TMTSF),PF; using these forms df; andm* and Eq.(14).  mations of the interactions in the spin sectdk¢here is nca
This result is shown by the lines with open circles in Figs. 6priori reason to assume that interactions would cancel in the
and 7, with wy/27c=1000 cml, Ty/2mc=0.56 cm’,  charge sectdrIn addition, since the gap opened by the half-
(2mca) t=1 cm!, and\y=1. It is clear from the ab- filled umklapp would be given by
sorptivity that this is a significantly better representation of
the measured data than either of the two simple Drude fits
shown by the dashed lines. In addition, above 0.5 tithis A,~W
fit is in excellent agreement with the conductivity obtained
from the Kramers-Kronig calculation. The differences atthe rather small half-filled umklapp constang,,
lower frequencies are a result of the perfectly straight inter—~\W(D/W), whereD is the dimerization gap, and the rather
polation between the microwave absorptivity points, shownarge exponent 1/(2 2K,)~6.6 would lead to an exceed-
by the solid line. It is clear that within the error bars, the FLingly small value for the Mott gap, incompatible with the
fit is an equally good interpolation. It should also be pointedobserved peak in the optical conductivity of Figs. 1-3.
out that the results are shown on a logarithmic frequency Thus the Mott gap seen in the optical conductivity is un-
scale, which tends to enhance the low-frequency range. Thiely to be due to the half-filling umklapp. As suggested in
inset of Fig. 7 displays the Kramers-Kronig calculation andthe context of the temperature dependence of the
the fits on a linear frequency scale, showing the obviougonductivity®® a way out of this problem is to assume that
improvement obtained with the generalized Drude fit. the conductivity is dominated by the quarter-filled umklapp.
This analysis, however, leads to an anomalously smalin that case the exponent of the frequency dependence is
value for 1f, as frequency-dependent scattering is not ex{5— 16&K,)~1.3, leading to a much smaller value &f,
pected at frequencies significantly less than the temperatute 0.23. Such a small value &€, corresponds to a relatively
(kgT/hc~14 cm ' at 20 K). In addition, Ruvalds and Vi- |arge repulsion. The existence of such large repulsion is con-
rosztek showed that nesting of the Fermi surface modifies theistent with the initial hypothesis of predominance of the
electron-electron scattering and leads to a scattering ratguarter-filling umklapp. In that casg,/W can be of order 1
which is instead linear in both frequency and temperattire. sincegy,~W(U/W)3, whereasy,/,, being due to dimeriza-
Because of the nesting of the Fermi surface in thejon, would still be much smaller than the typical interaction
(TMTSF),X compound$, we might expect such a form to U (by a factorD/W~ 10"2). Such a small value ok, also
apply in this case; however, our attempts to fit thegives a density of states exponemt=(K,+K ')/4—1/2
(TMTSF),PFs data with their form have proven to be unsat- < 64, in reasonable agreement with photoemission
isfactory, giving only a small improvement over the simple gpservations>® However the photoemission results should
Drude fits. Further experiments at low frequencies coulthe taken with some degree of care, due to the large range of
clarify these issues. energy over which the TLL behavior was observed. The
Mott gap due to the quarter-filled umklapp would be given
IV. DISCUSSION by an analogous formula to E¢L9) with g4,— 044 and (2
—2K,)—(2—8K,). The numerical value of the exponent
The behavior of the optical conductivity described abovewould remain unchanged, but because the interactions are
raises several interesting questions. Previous attempts to inow allowed to be largelg,,, can be closer t&V, allowing
terpret some features of the TMTSF and TMTTF materials irfor reasonably large values of the Mott gap. It is of course

IN'(w)=Ty+

w

1(2-2K,)
91/2) , (19
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not obvious that one can obtain such a small valui pfor  interpret such a change of behavior in terms of a crossover to
the TMTSF family from reasonable microscopic interactions.a more two-dimensional regime, where the interchain hop-
This is probably not a serious problem, however, since theing is relevant, leading t6"~ (150-200) K. Such a value
range of the interaction is more important than the strengtlis in good agreement with measurements of the transverse
in getting a smallK, (a purely local repulsion cannot get conductivity that provide a very sensitive way of probing this
belowK ,~0.5). Although a direct calculation d¢€, from a  dimensional crossovef;>® and with direct low-temperature
microscopic model is too strongly dependent on the preciseneasurements af".®° Second, although it is quite difficult
details of the model to be really quantitative, the order ofto extract the crossover scale from the optical or dc conduc-
magnitude of an interaction needed to obti~0.25 is not tivity along the chains alone, the behavior of the optical con-
incompatible with what is expected microscopicafyor es-  ductivity below the Mott peak does not follow the prediction
timated from the uniform susceptibiliff. [o(w)~w®] of a purely one-dimensional model very
The interpretation of the optical conductivity in terms of well.*#3® This again suggests a crossover toward two-
quarter-filing umklapp, although quite different from the dimensional behavior at an energy scale on the ordét pf
standard viev?® thus seems more reasonable. However, it~ (100—200) K. Third, on a more theoretical level, if the
has also its share of problems and raises interesting issuagott gap was much higher than the effective interchain hop-
First, if the quarter-filling umklapp plays an important role in ping, the system would remain one-dimensiéhafand thus
the TMTSF family, it is likely to also play a role in the jnsylating® A small value oft®" is thus again incompatible
parent TMTTF family. The dimerization gap differs by a with the observed metallic behavior at low frequency. Para-
mere factor of 2 between the two families, and it would begoxically, the observed crossover scile~200 K would be
surprising if this simple enhancement of thg, constant  compatible with Eq(20), if the value ofK , corresponding to
would make it dominate ovegy, (Which is not expected to  the half-filling umklapp was used, namely, very weak inter-

change much _ _ _actions, but as we saw above such a valueKgfseems
The question is of importance because, until now, the difjncompatible with other observations.

ferent behavior of the dc conductivity between the two fami-  gglow an energy scale on the order of 200 K, the system
lies has been attributed to the change in the dimeriz4fion. would therefore be in a two-dimensional regime. The analy-
The reduction of dimerization with pressure was supposed tgjs of Sec. Ill C suggests the possibility that at low frequen-
reducegy;; and hence the Mott gap. If the dominant umklapp cies and temperatures the behavior in this regime is that of a
process is the quarter-filling one, this explanation cannokimple FL. Such behavior is reasonable, and in agreement
continue to hold becausg, is expected to be only weakly with the results of NMR measurements at low
pressure dependent. However, experimentally one still obemperature$! However, the precise nature of the phase be-
serves a large difference in the Mott gap between the tWeyy the 1D—2D crossover temperature still remains to be
families. One possible explanation for the large change ojarified, in particular at intermediate temperatures and fre-
gap under pressur@r by changing the familycould be the  guencies. Proposals have been made about the existence of a
change in the exponent of E(L9), i.e., a change oK, and  two-dimensional Luttinger liquid with power-law correlation
not so much a change of the umklapp coupling constant, as iginctions®* Whether the experimentally observed phase is of
usually advocated. Indeed, sinég, is close to the value sych nature remains to be checked. Some quantities, how-
where the umklapp term is irrelevant, even a small change igyer, show a simple exponefe.g., o(T)~T 2], which is

K, can produce a relatively large variation in the dépe  quite incompatible with the suspected power-law depen-

gap would go to zero foK,=0.25). dence of the hypothetical two-dimensional Luttinger liquid.
The main problem of such a small value Kf would be

its effect on the interchain hopping. Using the standard for-
mula for the renormalization of the transverse hopping due to
interactions>**would give an effective hopping between the  |n this paper we have presented the results of our mea-
chains surements of the on-chain, metallic state electrodynamics of
Y- three Bechgaard ;a!ts, (TMTSR. In_ all three cases, we
=W<ti) find dramatic deviations from the simple Drude response,
W with the frequency-dependent conductivity instead consisting
of two distinct features: a narrow mode at low energy con-
where a= (K ,+ K;l)/4— 1/2 is the density of states expo- taining a very small part of the spectral weight {%), and
nent. A value oK ,=0.23 givest®™~W(t, /W)?8 leadingto  a high-energy mode centered around 200 ¢mWe have
a small crossover value, on the order of 30 K, between thargued that these are the characteristics of a highly aniso-
one-dimensional regime and a regime where the hopping bdropic interacting electron system, with either a half- or
tween the chains is relevant. Such a low crossover scale waglarter-filled band. This leads to a Mott gap and, at frequen-
indeed the one advocated based on both N(RBf. 54 and  cies above the effective interchain transfer integral, to a
magnetoresistance experimeftsHowever, such a small Luttinger-liquid state—consequently we call this a Mott-
value of the effective interchain hopping is incompatible Tomonaga-Luttinger liquid.
with several observations. The finite-energy feature can be successfully described as
First the temperature dependence of the dc conductivitghe absorption above the Mott gap in such a one-dimensional
shows a crossover between a roughly lin€adyehavior, that  Luttinger liquid. In particular, above the gap the optical con-
can be interpreted in terms of a one-dimensional regime, to ductivity behaves as a power law of the frequencfw)
T2 regime at a scale of 150—200% It is very natural to ~(1/w)”, in a way characteristic of a TLL. The exponent

V. CONCLUSIONS

t al(1—a)
) : (20)

tﬁﬁ’v t ( V_t/
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is determined experimentally to be~1.3. The low-energy effective transfer integraf™ where it occurs. It also remains

feature in the conductivity can be successfully described byy pe seen whether our experiments are compatible with
using a frequency-dependent relaxation rate and effectivetudies which directly probe the Fermi surface of these com-
mass with quadratic frequency dependence, suggestive ofgbunds. Experiments along directions perpendicular to the
Fermi liquid. However, further studies are needed at thesghains, together with optical studies on the more anisotropic

low energies in order to rule out other mechanisms.  TMTTF compounds, should help to clarify these unresolved
Compal’lson of the data with the TLL theory, along with questionS, and are Current'y underway_

the value of the exponent, suggest that the dominant
mechanism responsible for the opening of the Mott gap is the
quarter-filling of the band. This conclusion leads to a
Luttinger-liquid parameteK ,~0.23, corresponding to very
strong repulsion. The fact that the 1D theory is unable to We would like to thank S. Donovan for all of his work on
account quantitatively for the data below the high-energythis topic, B. Alavi for preparation of the large single crystals
peak seems to suggest that the crossover to a twassed in this work, B. Gorshunov and Y. Goncharov for their
dimensional regime occurs at relatively high energies. assistance with the submillimeter measurements, and F.

Although the conductivity at low frequencies is in agree-Mila, P. Chaikin, D. Jeome, M. Gabay, and C. Berthier for
ment with that arising from electron-electron scattering, anchelpful discussions. L. D. and V. V. would like to thank the
at high frequencies with predictions based on the TLLSwiss National Foundation for Scientific Research for impor-
model, a host of unresolved questions remain. These includant financial support. The work at UCLA was supported by
the precise nature of this crossover, and the magnitude of tH§SF Grant No. DMR-9503009.
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