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Deviations from Drude Response in Low-Dimensional Metals: Electrodynamics
of the Metallic State of (TMTSF),PFg
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The optical properties of the linear chain compound bis-(tetramethyltetraselenafulvalene)hexafluoro-
phosphate, (TMTSEPF;, were examined in an extremely wide frequency range in the metallic
state, above the spin density wave transiti@h> 12 K). Parallel to the chains the conductivity
has two distinct features, a zero frequency response and a finite energy absorption. Both
features are temperature dependent with most of the spectral weight in the finite energy mode.
Perpendicular to the chains, a Drude-like response is recovered. We discuss the implications of our
findings. [S0031-9007(96)00630-8]

PACS numbers: 78.20.—e, 75.30.Fv

There is renewed interest in the behavior of highlyexplored and the unavailability of large single crystals, a
anisotropic conductors in their metallic state. The reasouletailed analysis of the spectroscopic signatures was not
for this is twofold. First, various theories [1] based possible and a conclusive picture of the entire frequency
on the one-dimensional (1D) Hubbard model predictrange was never obtained.

a non-Fermi-liquid state with profound implications on Using a variety of spectroscopic tools [12], we measured
the spectroscopic signatures in the metallic state. Ththe optical reflectivityR(w) with the electric field polar-
general name Luttinger liquid is used to describe the nevized both parallel £ || @) and perpendicularH || b') to
quantum liquid state which follows from the different the chain direction. In the submillimeter wave spectral
solutions of 1D interacting electron systems. Second, aange §—13 cm™!), a coherent source spectrometer based
variety of experiments [2—4] conducted on linear chainon backward wave oscillators was used. In the optical
compounds with highly anisotropic electronic propertiesrange froml5 to 10° cm~! standard polarized reflectance
give indications of unusual features which might bemeasurements were performed employing four spectrome-
signatures of such novel states of solids. Of course, redérs. The data were combined with previous cavity pertur-
materials such as the linear-chain compounds investigatdzhtion measurements [10] in the microwave and millimeter
in the last two decades are not strictly one dimensional buvave spectral range. While the crystals of (TMTSK)
have finite interchain coupling or interchain single particleusually appear as thin needles, we have obtained large
transfer integrals. This raises interesting questions abowtingle crystals with face dimensions up4ox 2 mn? in

the extent to which strictly 1D models are applicable tothe a-b plane. The use of such crystals led to signifi-
experiments performed on actual materials. In additioncant enhancement of the accuracy obtained for the optical
the interplay between the periodicity of the electronicreflectivity.

correlations and the lattice periodicity may lead to unusual In  Fig. 1 we display the optical absorptivity
features such as discommensurations and nonlinear charge= 1 — R for both polarization directions at sev-
and spin excitations [5,6]. eral temperatures. In Figs. 2 and 3 real parts of the

In order to address these issues we have studied thmptical conductivity and permittivity, as obtained by
optical properties of the Bechgaard salt (TMT@H); in  a Kramers-Kronig analysis of the reflectivity data, are
a wide spectral range. The material undergoes a transshown for the parallel and perpendicular polarizations,
tion to a spin-density-wave (SDW) stateTapbw = 12 K,  respectively. For the parallel polarization direction we
suggesting that the weak coupling, highly anisotropichave chosen the low frequency extrapolation in order to
Hubbard model is applicable to describe the propertiesneet the measured dc resistivity values. However, the
above the phase transition. The dc conductivity is metaldc resistivity perpendicular to the stacks [13] is in direct
like above Tspw (with unusual magnetoresistance [3,4] conflict with optical reflectivity data. A Hagen-Rubens
which itself may be evidence for 1D correlations); the extrapolation [14] of the 97% reflectivity observed around
puzzling photoemission and nuclear magnetic relaxation0 cm™! just above the transition temperature leads
experiments [2,3] were interpreted as evidence for Lutto a dc conductivity of 1500 (2 cm)~!, significantly
tinger liquid behavior. Optical experiments performed bylarger than the valug0 (2 cm)~! reported by Jacobsen
various groups [7—11] indicated deviations from a simpleet al. [13]. We do not know the origin of this apparent
Drude picture but because of the reduced spectral rangescrepancy.
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100 T a simple Drude roll-off nor a single plasma frequency in
| (TMTSF);PFe the direction parallel to the chains. Perpendicular to the
10-1 Ela ] chains a single optical feature is seen, but because of the
g o ] discrepancy between the dc and high frequency data, its
> = 4§ — Optics form is not well determined.
7510‘2* Sy - KKinput ; For polarization parallel to the chain direction, the
= g e,,a°"/ P ?ggg optical response has two components: a zero energy (ZE)
Z0-3L ’ AA/A s 20K ] mode and a finite energy (FE) excitation, centered around
o 100; v 200 cm~!'. The combined spectral weight of the two
iﬁ: i E|b ] components
-~ (b) ] mTne’ w?
1071 //"!‘ : f O'IZE((J)) dw + ] UFE(w)dw _ > _ ?p (1)
ook 5 optics "
10-2[ . =20k -~ - KKinput leads to a total plasma frequenay,/2mc = 1.1 X

10* cm™! which, within experimental error, is indepen-
dent of temperature [inset of Fig. 2(a)]. This value is in
full agreement with the plasma frequency derived from
the known electron concentratien= 1.24 X 10*' cm™3
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Frequency (cm™!)

FIG. 1. AbsorptivityA =1 — R of a (TMTSF),PF; single
crystal as a function of frequency at several temperature ~

for both polarization directions, (a) parallel to the chainsand a band mass;, ~ m. [15].

(E || ) and (b) perpendicular to the chaing [| »'). The The zero energy mode has several unusual features.

open symbols are microwave and millimeter wave data takeifrirst, as the inset of Fig. 2(a) demonstrates, only approxi-
from Ref. [10]; the solid symbols are results obtained with themately 1% of the total spectral weight is in this mode.
submillimeter wave spectrometer. The solid lines are standarghjs yalue can be calculated in two ways. Either the con-
fhp;'fﬁéﬁfﬂigtév}g’r ?]%azlﬁgfn"é?g_t;;oﬁﬂg ;T;Sgg_‘ed lines indicatg;p iion of the finite energy mode can be subtracted from
the conductivity, and the remaining zero energy mode can
It is immediately evident that the optical properties arebe integrated, givingw3®/27c = 1.1 X 10° cm™!, or
that of a highly anisotropic and well conducting material,the zero crossing of the dielectric constant nz&aicm!
but a Drude analysis which is in accordance with the bangFig. 3(a)], when corrected for the higher frequency con-
structure parameters does not apply: we observe neithetibutions from the finite energy mode, gives a plasma
frequency of approximatelyl X 10° cm™!, at all tem-
peratures where this mode is clearly defined. It is also

20000 [ T T T (TMTSF)PF, seen from the inset of Fig. 2(a) and Fig. 3(a) that this
Ela spectral weight is independent of temperature. Second,
o the measured dc conductivity 80 000 (2 cm)~!' at7T =
g Total, Ela 20 K and the expressionrg. = ne?r/m; would lead to
E.)W 1/2wer = 60 cm™!. It is clear from Fig. 2(a) that the
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FIG. 2. Optical conductivity of a (TMTSHKPF; single crystal —20 ./ JjRok
measured at different temperatures in both polarization direc- 107 10° 108 104

tions (a) parallel and (b) perpendicular to the chains, as ob
tained by the Kramers-Kronig analysis of the reflectivity data.

Frequency (cm™?)

Inset shows the temperature dependence of the spectral weightG. 3. The dielectric constart;(w) both (a) parallel and
(b) perpendicular to the chains, as obtained from the Kramers-

w>(27c)”? of the total and zero energy components fofl a
and the zero energy feature fbr|| b'.

Kronig analysis

at different temperatures.
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renormalized scattering rate, defined as the half-width of18]. As mentioned above, the discrepancy between these
the Drude-like peak observed in the conductivity spec-optical data and the dc data remains an open question.
trum, is much smaller than this value. Third, the zero Next we discuss the implications of our findings. There
energy feature is well described not by a simple Drudeis substantial evidence that magnetic correlations are im-
but by a Drude term with a frequency dependent masportant in the TMTSF salts [15]. At the same time,

and relaxation raten™(w) andI"™(w): electron counting arguments together with the observed
. ne’ r* dimerization [11,15] give an electron concentration of

o = — . 2 - : L )
(@) m, (T*2 + (wm*/m,)? (2)  one electron per unit cell. For a strictly one-dimensional

band, the material & = 0 should be an insulator in the
The feature around00 cm™! is also unusual. The op- presence of Coulomb interactions for which the Hubbard
tical conductivity measured along the chain direction ismodel provides an appropriate description. The metal-
displayed on a linear frequency scale in Fig. 4. In thisiic state observed by experiment is then due to devia-
representation the FE structure dominates the electromagons from the strictly one-dimensional half-filled band
netic response. The overall shape—the peaked strugase with finite temperature effects conceivably also play-
ture with a pronounced asymmetry—closely resembleshg an important role. Calculations [5,6] based on the 1D
the spectrum of a one-dimensional semiconductor with &jubbard model with electron concentration close to half
significant broadening, added to a flat background. Simfilling do not lead to a simple incommensurate SDW with

ple arguments advanced for a semiconductor with a 11 well defined gap & = 0 and semiconducting behavior,
density of states (and frequency independent transitioput to a situation in which commensurate regions where
probability) lead to a square root singularity at the gapthe electron concentration corresponds to half filling are

E,, and separated by discommensurations, leading to the appro-
0, fiw <E,, p_riate overall electron concentration. The spectroscopic
o(w) [hw — E, 172, ho > E,. (3)  signatures of such a state have been calculated [5,6] and

. include a finite energy absorption together with a trans-
Essentially the same structure follows from the meanyiqnayy invariant zero energy mode. The finite energy
field solution of the density wave ground state with opqqhtion is due to single-particle-like excitations of the
zero.collectlve mode spectral weight [16], a’.“?' from thehalf—filled regions (with features similar to those obtained
solution of th_e 1'.3 Hubb_ard model for half_ filing [17]. for the half-filled Hubbard model) and near to half fill-
The d():ttled line is obtained by Eq. (3) with,/hc = ing the zero frequency mode is due to the translation-
200 cm . o . . ally invariant response of discommensurations. Near to
For the polarization perpendicular to the chains onlyp 4t fijing, the spectral weight of the finite energy excita-
one component, a low frequency mode, is observe(ﬁons gives the dominant contribution to the total spectral
at T > Tspw, W'th. a temperature |ndependeqt S'pectr"’“vveight with the discommensurations (with their number
weight as shown in the inset of Fig. 2(a). This SQ?Ctralapproaching zero as the material approaches half filling)
weight .ylelds a plasma frequenay,?/zw; = 1800 cm aving a small spectral weight, a feature also found here
and, with the electron_ concentration given above, a_banaxperimentally.
massm;, = 35m,. This value is in full agreement with e ahove features are qualitatively similar to those
the band mass derived from band structure calculatlon\ﬁle observe, and this would argue for an interpretation
where the ZE mode is due to nonlinear, translationally
invariant excitations, and the feature &t is single

20K |

3000 (TMTSF)2PFe | particle excitations across the gap in the half-filled,
PR Ella commensurate regions. We note, however, one important
n difference between the models discussed above and the
§2000 situation encountered in the (TMTSK) salts. In these
- materials, deviations from half filing—and hence the
o metalliclike low frequency conductivity—do not arise
EIOOO fro_m a carrier number _differgnt from one el_ectron per

unit cell, but from two-dimensional effects which lead to

significant warping of the Fermi surface. While features

0 . L Tt similar to those we have found may be explained by
0 500 1000 calculations based on a higher dimensional (as opposed

Frequency (cm™1) to strictly 1D) half-filled correlated band, this possibility
FIG. 4. The optical conductivity of (TMTSEPFs parallel haIS nlott.yet bfeen ei(gl(ired theloritg:a}lly. Thet.e)l(t.ensm; of
to the chains shown on a linear frequency scale at variou§a/cuiations from 0 nearly IS essential in order

temperatures (solid lines). The dashed line is calculated bjo Solve this aspect of the metallic behavior of low-
Eq. (3) withE,/hc = 200 cm™!. dimensional metals.
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