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Abstract. Combined optical and photoemission experiments on the quasi-one dimensional Bechgaard salts
reveal the non-Fermi liquid character of these prototype quasi-one dimensional interacting electron systems.
We show that various aspects of the exotic normal state properties along the chains are consistent with
the predictions of the Tomonaga-Luttinger liquid theory. We also discuss the effect of interchain coupling
on the insulator-metal transition, associated with the electron confinement-deconfinement crossover.

PACS. 78.20.-e Optical properties of bulk materials and thin films — 79.60.-i Photoemission and photo-
electron spectra — 71.27.4-a Strongly correlated electron systems; heavy fermions

1 Introduction

The Fermi liquid (FL) theory is extremely general and ro-
bust, and has been one of the cornerstones of the theory
of interacting electrons in metals for the last half century.
The theory is based on the recognition that the low-lying
excitations of an interacting electron system are in a one-
to-one correspondence with those of the noninteracting
gas, only with renormalized energies. FL theory has been
thoroughly tested on a variety of materials and is usually
valid in higher than one dimension (1D). One possible no-
table exception is the normal state of the two-dimensional
(2D) copper oxide-based high-temperature superconduc-
tors (HTSC). Recently, a great deal of interest has been
devoted to the possible breakdown of the FL framework
in quasi-one dimensional materials.

In a strictly 1D interacting electron system, the FL
state is replaced by a state where interactions play a cru-
cial role, and which is generally referred to as a Tomonaga-
Luttinger liquid (TLL). The 1D state predicted by the
TLL theory [1] is characterized by features such as spin-
charge separation and the absence of a sharp edge in the
momentum distribution function n(k) at the Fermi wave
vector kg (i.e., by the fact that, in the Fermi liquid lan-
guage, the renormalization factor Z — 0 at kg). The non-
Fermi liquid nature of the TLL is also manifested by an
absence of single-electron-like quasiparticles and by the
non-universal decay of the various correlation functions.
The first immediate consequence of the absence of the dis-
continuity at kg in the momentum distribution function
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is the powerlaw behaviour of the density of states (DOS)
pw) ~ |w|* (w = Erp — E). The exponent in this expres-
sion reflects the nature and strength of the interaction.
Figure la compares the typical DOS near the chemical
potential and at T' = 0 for a FL and a TLL scenario (with
a>1).

The TLL, which describes gapless 1D fermion systems,
may be unstable towards the formation of a spin or a
charge gap [2,3]. Spin gaps are obtained in microscopic
1D models including electron-phonon coupling, and are
relevant to the description of the normal state of super-
conductors and Peierls (CDW) insulators [2]. The sec-
ond instability, which concerns the linear chain Bechgaard
salts discussed below, is a more typical consequence of
electronic correlations. At half filling, and more generally
at commensurate values of band filling n = p/q (with
p and ¢ integers), the long-range electron-electron inter-
action together with Umklapp scattering (which arises
when the lattice periodicity is also involved) [3] drive
the system to a Mott insulator with a correlation gap
in the charge excitation spectrum (i.e., in the real part
o1(w) of the optical conductivity (Fig. 1b)). Strictly
speaking, 1D systems with one gapped channel, either
charge or spin, do not belong to the universality class
of the Tomonaga-Luttinger model, but rather to that of
the related Luther-Emery (LE) model [2]. Nevertheless,
the two models exhibit several common, typically 1D fea-
tures, like spin-charge separation. Of course, real materials
are only quasi-one-dimensional, and the interchain hop-
ping integrals are finite in the two transverse directions.
The electronic ground state is therefore determined by
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Fig. 1. Comparison between the Fermi-liquid and Tomonaga-
Luttinger liquid scenarios: (a) density of states, (b) optical
conductivity (Mott-insulator, doped Mott semiconductor and
Drude behaviour), and (¢) Top: FL and TLL spectral func-
tions as obtained in the angle-integrated (PES) experiment;
Bottom: angle-resolved (ARPES) spectra illustrating the dis-
persion and the crossing of the chemical potential (“Fermi sur-
face crossing”) by a quasiparticle peak [3,17].

a competition between the Mott gap (i.e., the 1D limit)
and the interchain hopping. In a very crude way, the inter-
chain hopping can be viewed as an effective doping, lead-
ing to deviations from the commensurate filling (which is
insulating).

The spectral properties of both metallic and gapped
1D systems reflect the unusual nature of correlations in
1D. Therefore, optics and photoemission, especially on
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single crystal samples, are powerful tools to address the
above fundamental issues. The optical response has been
also calculated for a doped one-dimensional Mott semi-
conductor and consist of a Mott gap (as reminder of the
original 1D limit) and a zero-energy mode (represent-
ing the effective metallic contribution) for small doping
levels (Fig. 1b) [3]. Of course for the low-energy mode,
this is an oversimplified view, since the interchain hop-
ping makes the system two-dimensional, and the low-
energy feature is unlikely to be described by a simple
one-dimensional theory [3]. Such an interchain coupling
becomes ineffective at high enough temperatures or fre-
quencies, and thus we would expect the 1D physics (i.e.,
the Mott insulating state) to dominate in this regime,
where a powerlaw behaviour in o1 (w) is expected in both
limits (Fig. 1b) [3]. While the high temperature dc con-
ductivity has essentially a metallic character in most linear
chain compounds [4], the finite frequency optical response
is distinctly non-Drude [5-7].

Non-Fermi liquid features should also be visible in the
photoemission spectra. The k-integrated spectrum of the
Luttinger model vanishes at the chemical potential (Er)
as a power law. By contrast, a normal metal is charac-
terized by a finite intensity at Er, and by a temperature-
and resolution-limited edge — the metallic Fermi step —
(Fig. 1c). Distinct spectral features, the holon and the
spinon, reflecting spin-charge separation, are also expected
to replace the dispersing quasiparticle peaks in the k-
resolved (ARPES) spectra [8,9]. Correspondingly in angle-
integrated (PES) spectra the intensity near the chemical
potential is strongly renormalized (Fig. 1c) [10].

In this paper we show that the combined insights
from optics and photoemission support a TLL scenario in
the linear-chain organic Bechgaard salts. We also discuss
the dimensionality crossover which progressively drives
the systems from a 1D Mott insulator to a quasi-2D Fermi
liquid metal, under the effect of increasing transverse (i.e.,
perpendicular to the 1D chains) interactions. Parts of this
work, and several technical details have been separately
presented elsewhere [7,11,12]. After a short introduction
on the Bechgaard salts and a reminder of the experimental
techniques, we first illustrate the most relevant results. We
discuss them by exploring possible scenarios, alternative
to the FL approach. The conclusion summarizes several
open issues and gives an outlook on future research.

2 Experiment and results
2.1 Bechgaard salts

Since their first synthesis in the late 1970 [13], the
(TMTSF)oX family of linear-chain organic conductors,
and the closely related TMTTF family, have attracted
continual attention. While the various broken symme-
try ground states, including spin-density waves, charge-
density waves, spin Peierls, and even superconductiv-
ity have been extensively explored over the last two
decades [4,14,15], much of the current attention is now
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Fig. 2. Temperature dependence of the resistivity for
(TMTTF)2X and (TMTSF)2X measured along the chain axis.
The data are taken on our samples and are in agreement with
previously published results [4,13,20].

focused on the (metallic) normal state, because of the is-
sues pointed out above [16,17]. These compounds have
become one of the prototypical testing grounds for the
study of the effects of electron-electron interactions in
one-dimensional structures. In the Bechgaard salts, charge
transfer of one electron from every two TMTSF molecules
leads to a quarter-filled (or half-filled due to the dimer-
ization of the TMTSF and TMTTF molecules along the
chain axis [4]) hole band, thus making Umklapp scattering
relevant [18].

Many of the measurements presented here were made
possible by our ability to grow large single crystals of
the Bechgaard salts. The large single crystals used in this
study were grown by the standard electrochemical growth
techniques [13], but at reduced temperature (0 °C) and
at low current densities. These conditions produce a slow
growth rate and, over a period of 4—6 months, single crys-
tals up to 4 x 2.5 x 1 mm?®. These large, high-quality crys-
tal faces in the a—b' plane allowed us to perform reliable
measurements of the electrodynamic response and pho-
toemission spectra of these materials both parallel (E||a)
and perpendicular (E||b’) to the highly conducting chain
axis down to low frequencies [19].

Figure 2 displays the resistivity p(T") of the Bechgaard
salt compounds that we have measured along the linear
chain axis. There is a good agreement with the literature
data [4,13,20]. The (TMTSF),X salts have a clear metal-
lic behaviour down to Tspw of 12 and 6 K for X = PFg
and ClOy, respectively, where the SDW phase transition
takes place. The TMTTTF salts, on the other hand, have a
first metal-insulator phase transition at 7, ~ 100—200 K.
Such an insulating phase was ascribed to charge lo-
calization [4,21]. Below temperatures of about 10 K,
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Fig. 3. Left: PES spectrum of (TMTSF)2PF¢ (dashed line)
showing no intensity at Er. The solid lines are ARPES spectra
of (TMTSF)2ClO4, measured at the I' point (bottom) and
at the zone boundary (middle), in the chain direction (T' =
150 K). Right: Comparison of normal emission ARPES spectra
of three Bechgaard salts. The extrapolation of the leading edges
defines a material-dependent energy gap.

there is a spin-Peierls and a SDW phase transition for
(TMTTF)3PFg and (TMTTF)3Br, respectively [4,22].

2.2 Photoemission

For our photoemission measurements we used both polar-
ized synchrotron radiation (at the Wisconsin Synchrotron
Radiation Center), and unpolarized Hel radiation (hv =
21.2 eV, at Lausanne). The experimental energy resolution
varied between 10 meV and 30 meV, and the momentum
resolution was Ak ~ 0.04 A~! at 21.2 eV. We determined
the Fermi level position with an accuracy of £5 meV from
the spectra of evaporated Au films.

Figure 3 illustrates representative PES and ARPES
spectra of the Bechgaard salts. The angle integrated PES
spectrum of (TMTSF)PF¢ exhibits a prominent feature
at 1 eV, a binding energy which corresponds to the bot-
tom of the conduction band [23]. Remarkably, the inten-
sity is vanishingly small at the Fermi level, in apparent
contradiction with the metallic character of this material
(see Fig. 1c). The strong spectral weight renormalization
is consistent with photoemission data on other quasi-1D
materials [10,11,24-29]. The leading edge of the spectrum
could be fitted over a broad energy range by a power-law
lineshape, with an exponent of order 1.

The unusual lineshape is confirmed by the ARPES
spectra of (TMTSF)3ClOy, in the normal state. Within
our experimental accuracy, these data are also indistin-
guishable from those of (TMTSF);PFg. These spectra
exhibit a strong polarization dependence: the intensity
within 1.5 eV of EF is enhanced when the electric field vec-
tor is parallel to the chains, as in Figure 3 [11]. At normal
emission, corresponding to the I' point in the Brillouin
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zone (BZ), the spectrum exhibits a main peak at 1 eV,
followed by a linear slope between 0.6 eV and Fg. As
expected, this band feature does not disperse in a direc-
tion perpendicular to the chains. However, we did not ob-
serve any dispersion even along the chain direction but
only slight intensity variations. In particular, we could not
determine any Fermi surface crossing. These features are
common to all the Bechgaard salts we have investigated, of
both the (TMTSF) and (TMTTF) families, and indicate
the absence of dispersing quasiparticle peaks (Fig. 1c).

The only material-dependent changes are small rigid
shifts of the spectral leading edges in the (TMTTF) salts.
The high-resolution normal emission data of Figure 3b are
representative of the results obtained throughout the BZ.
A linear fit of the leading edge defines a crossing of the
baseline near Ep in (TMTSF);PFg (and ClO4). On the
other hand, the baseline crossing is at A ~ 100 meV for
(TMTTF)2PFg, and A ~ 30 meV for (TMTTF)2Br. Since
all spectra are referred to a common Fermi level, the shifts
indicate energy gaps (Egap ~ 2A4) in the (TMTTF) salts.
The smaller shift for (TMTTF),Br is consistent with its
narrower gap. This interpretation is supported by recent
data on (TMTSF)2ReO4. The spectra of that material
exhibit a transition from a “pseudogap-like” lineshape to
a real gap, in correspondence of the anion ordering metal-
insulator transition at 180 K (not shown) [4,30].

The null value for the TMTSF compounds is compat-
ible with their metallic behavior but, taking into account
the thermal and experimental broadening, we cannot defi-
nitely exclude a small (up to ~ 10 meV) gap. The spectra
of Figure 3 unambiguously establish the insulating charac-
ter of the TMTTF samples. However, ARPES only probes
the occupied states, and some care is necessary when the
measured shifts are used to estimate the gap values. For
instance, if the Fermi level was pinned by impurities at
the bottom of the conduction band, our analysis would
overestimate the gap by a factor 2. On the other hand, it
is likely that pinning defects will act in a similar way for
all the members of the (TMTTF) family, so that all gaps
will be similarly over- or underestimated.

2.3 Optics

By combining the results from different spectrometers in
the microwave, millimeter, submillimeter, infrared, visible
and ultraviolet ranges, we have obtained the electrody-
namic response of these Bechgaard salts over an extremely
broad range (107°—10 eV) [6,7]. At all frequencies up to
and including the midinfrared, we placed the samples in an
optical cryostat and measured the reflectivity as a function
of temperature between 5 and 300 K [6,7]. In the optical
range from 2 x 1072 to 10 eV, the polarized reflectance
measurements were performed, employing four spectrom-
eters with overlapping frequency ranges; while in the mi-
crowave and millimeter wave spectral range, the spectra
were obtained by the use of a resonant cavity perturbation
technique [6,7,12].

Figure 4 summarizes the temperature dependence of
the real part o1 (w) of the optical conductivity in different
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Fig. 4. On chain optical conductivity of (a) (TMTTF)2PFs,
(b) (TMTTF)2Br, and (c) (TMTSF)2PFs at temperatures
above the transitions to the broken symmetry states. The ar-
rows indicate the gaps observed by dielectric (g) response, dc
resistivity and photoemission (ph). A simple Drude component
is also shown in part (c). Note that photoemission measures the
quantity Fgap/2, assuming that the Fermi level is in the middle
of the gap.

Bechgaard salts for E||a, the chains direction. Part (a)
and (b) show o1(w) for the PFg and Br compounds of
the TMTTF family, while part (c) displays o1(w) for
(TMTSF)2PFg. We can immediately remark that the tem-
perature dependence of o1(w) is quite important in all
compounds, except in (TMTTF),PFg, which is basically
in an insulating state at all temperatures. The data pre-
sented here are in broad agreement with previous, less de-
tailed studies [5,31], and they include frequencies below
the conventional optical spectra.

The optical conductivity of the TMTTF salts displays
several transitions with large absorption features due to
lattice vibrations (phonon modes), mainly due to the in-
ter and intramolecular vibrations of the TMTTF (and
TMTSF) unit. These vibrations can be even enhanced by
the electron-phonon coupling [31]. The phonon modes are
particularly observed in the TMTTF salts, because the
screening by free electrons is less effective. Although it is
clear that the optical properties of the TMTTF salts are
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those of a semiconductor, with a gap for the charge excita-
tions, the evaluation of the magnitude of the gap, based on
the optical spectra, is not straightforward, because of the
large phonon activity. Thus, the results of other measure-
ments were used to evaluate the gap. The dc conductiv-
ity as well as the low-temperature dielectric constant ()
measured at 100 GHz are consistent with Eg,, = 87 and
50 meV for (TMTTF);PFg and (TMTTF).Br, respec-
tively [12,32]. These results also suggest that the absorp-
tion in o1(w) near 99 meV for (TMTTF),PFg is associ-
ated with FEg,p,; this is supported by the fact that this
feature has the correct spectral weight [12]. Moreover, for
the (TMTTF)2Br below 90 K (i.e., at T' < T},) there is the
progressive disappearance of the spectral weight, defined
as fow“' dw o1 (w) with w. a cut-off frequency, in FIR (i.e.,
w < 37 meV) with decreasing temperatures. The missing
spectral weight mainly piles up at the gap feature around
50 meV. The photoemission experiments suggest a gap of
0.2 eV for (TMTTF)2PFg and 60 meV for (TMTTF),Br
(see Fig. 3 and the discussion in Sect. 2a). The gap val-
ues obtained for (TMTTF)2X with different techniques
are displayed in Figure 4. Because the band is partially
filled, the charge gap in both of the (TMTTF )X salts is
a correlation rather than a single-particle gap.

The optical properties of the (TMTSF),X analogs,
for which the dc conductivity gives evidence for metallic
behaviour down to low temperatures (to the transition
to the spin density wave state at Tspw), are markedly
different from those of a simple metal. A well-defined
gap feature around 25 meV and a zero-frequency
mode [6,7,12,33] are observed at low tempera-
tures. The latter mode at low temperatures is nar-
rower in (TMTSF);ClO4 (not shown here) than in
(TMTSF)2PFs [12]. The combined spectral weight of
the two modes is in full agreement with the known
carrier concentration of 1.4 x 102! ¢cm™2 and a band
mass that is very close to the electron mass [4]. For
both (TMTSF),X salts, the zero-frequency mode has
small spectral weight on the order of 1% of the total.
Nevertheless, this mode is responsible for the large
metallic conductivity. Figure 4c¢ also indicates that
the two components of o;(w) clearly develop at low
temperatures. In fact, there is a progressive narrowing
of the effective metallic contribution to o71(w) with
decreasing temperatures. Moreover, the de-limit of oy (w)
is in fair agreement with o4, values from the transport
data, as also confirmed by the so-called Hagen-Rubens
extrapolation of our original absorption or reflectivity
measurements [12,34].

3 Discussion

Both photoemission and optical data indicate that the
spectral properties of the metallic Bechgaard salts are in-
compatible with those of a simple metal (Figs. 1b, c). The
photoemission spectra reveal a strong suppression of spec-
tral weight near the chemical potential and the absence
of dispersing quasiparticle features. The optical response
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is complex, and cannot be described by a simple Drude
component.

A standard interpretation of the angle-integrated spec-
trum of (TMTSF)2PFg would suggests a deep pseudogap,
with a vanishingly small DOS at the Fermi level. This,
however, is incompatible with transport data (Fig. 2), and
with optics, which shows no evidence for such a broad
(~ 0.5 eV) pseudogap (Fig. 4 and discussion below). The
1D properties of (TMTSF)2PFg suggest to interpret the
spectrum as the incoherent power-law background p(w) =
|w|® of the Luttinger model (Figs. 1a, ¢). The exponent «
reflects the strength of the interactions, and is related to
the fundamental charge correlation parameter K, of the
Luttinger model by the expression a = (K, + Kp_{)— 2)/4.
An analysis of the experimental data yields K, ~ 0.2, with
rather large error bars due to the finite temperature, and
the uncertainties over the energy range where the asymp-
totic Luttinger expression applies [24]. Anyway, K, is well
below the 1/2 limit of the standard Hubbard model. This
indicates strong and long-range electronic correlations, in
qualitative agreement with optics, and with the conclu-
sions of NMR, and transport investigations [17,20,35,36].

The ARPES data should be compared with the k-
dependent spectral function A(k,w) of the Luttinger
model [8,9]. The spectra of Figure 3 certainly do not ex-
hibit the characteristic spinon and holon peaks. However,
Voit [2] has shown that the appearance of the TLL spec-
tral function is drastically modified for large values of the
exponent «, which may be relevant here. In this parame-
ter range the holon peak is reduced to a cusp singularity,
and the spinon is replaced by a (k-dependent) low energy
tail. These aspects of a large-a TLL are qualitatively con-
sistent with the experimental lineshapes.

The Luther-Emery model provides a more appropriate
scenario for the insulating (TMTTF) salts. For moder-
ately strong interactions (small « values) the LE spectral
function exhibits separate spin and charge features, al-
though the intensity distribution is not identical to that
of the TLL spectral function [2]. We may speculate that,
with increasingly strong correlations, and larger «, the
evolution of the LE and TLL lineshape will be similar,
i.e. towards a strong suppression of intensity near Fr.

A Luttinger (or Luther-Emery)-like interpretation
faces two main objections: the unexpectedly large value
of «, and the absence of any k-dependence in the ARPES
spectra. a values of the order of 1 are incompatible with
results for the standard Hubbard model; for purely lo-
cal interactions, in fact, K, > 1/2 (o < 1/8). Smaller
K, (larger «) values are possible for longer-range inter-
actions. Lower limits are then set by Umklapp scattering,
which becomes relevant at commensurate filling. Exactly
at quarter-filling the system is insulating for K, < 1/4
(a > 9/16). This is indeed the parameter range suggested
by optics (see below). Slightly away from 1/4 filling, a
doped 1D chain can still exhibit TLL behavior with K,
as small as 1/8, and « as large as 1.53 [37], within the
correlation gap, on the energy scale of the dopant band.
However, this energy scale is more than one order of mag-
nitude smaller than the energy range (the pseudogap) over
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which the photoemission spectra exhibit non-Fermi liquid
behavior. Moreover, at such low energies, the physics of a
real system is likely to be anyway dominated by transverse
interactions.

The lack of dispersion in the ARPES spectra is equally
puzzling. Even for a large-o TLL, where the spectral peaks
are considerably smeared, theory [2,9] predicts that the
leading edge of the spectral function should exhibit a k-
dependence. In this respect, it is interesting to compare
the present results with the data on the 1D organic con-
ductor TTF-TCNQ [38]. Also in that case the ARPES
spectra suggest non-Fermi liquid behavior, and an expo-
nent close to 1, but the (anomalous) spectral features dis-
perse with the periodicity of the lattice. Dispersing fea-
tures have also been reported for the (half-filled) 1D Mott
insulators SrCuO2 and SraCuOj3 [39,40].

The absence of dispersion suggest that, within the
probing depth of photoemission, the electronic states of
the Bechgaard salts are localized. Localization could be
due to surface-specific defects like cleavage steps, or a
modified surface stoichiometry, which do not affect the
bulk of the sample. The peculiar lineshapes of the angle-
integrated and angle-resolved spectra, and the absence
of dispersion, could be considered as an indirect man-
ifestation of the TLL phenomenology (via the extreme
sensitivity to defect-induced localization) and strong 1D
correlations. Interestingly, in a TLL with impurities, the
values of K, are not modified, but the usual critical
exponents are replaced by new, renormalized “boundary
exponents” [41,42]. In a 1/4 filled system, the critical
K, = 1/4 for a Mott transition would yield & = 1.5.
Therefore, in the presence of impurities, exponents as large
as 1.5 may be compatible with a small charge gap. If
such large « values are actually realized, we can expect
them to smear any subtle differences between the vari-
ous Bechgaard salts, and thus yield the observed material-
independent lineshape. Of course, the relative rigid shift
reflecting overall variations of the chemical potential,
would still survive.

Focusing now our attention on the optical response
(Fig. 4), we note that it is mainly characterized by
the gap-like feature in all compounds and by the nar-
row zero frequency mode in the (TMTSF) salts only. In
both cases, due to full charge transfer from the organic
molecule to the counter ions, the TMTTF or TMTSF
stacks have a quarter-filled hole band. There is also a mod-
erate dimerization, which is somewhat more significant for
the TMTTF family [4]. Therefore, depending on the im-
portance of this dimerization, the band can be described
as either half-filled (for a strong dimerization effect) or
quarter-filled (for weak dimerization). Due to the com-
mensurate filling, a strictly one-dimensional (Luttinger)
model is expected to lead to a Mott insulating behaviour
(Fig. 1b). Indeed, the (TMTTF)yX salts, with X = PFg or
Br, are insulators at low temperatures [4] with a substan-
tial (Mott) charge gap (see Figs. 3 and 4). For these com-
pounds the correlation gap is so large that the interchain
hopping (defined by ¢;) is suppressed by the insulating
nature of the 1D phase and is not relevant.
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It thus seems very natural to interpret the high fre-
quency part of the optical conductivity in terms of a Mott
insulator (Fig. 1b). Due to the apparent contradiction of
having a rather large (Mott) correlation gap (~ 12 meV)
and a good metallic dc conductivity in the (TMTSF) fam-
ily, it was proposed that the peak structure was due to the
dimerization gap Agim [31,43]. This would indeed be the
case for an extremely strong (nearly infinite) repulsion,
with the quarter-filled band being transformed into a half-
filled band of (nearly noninteracting) spinless fermions. It
was then argued that the real charge gap of the problem
was smaller, on the order of 50 K.

However, such an interpretation fails to reproduce
the observed frequency dependence above the peak in
conductivity. At frequencies greater than tp, the inter-
chain electron transfer is irrelevant and calculations based
on the 1D Hubbard model should be appropriate. Such
calculations result in a frequency-dependent conductiv-
ity o1(w) ~ w7 (where v = 4n?K, — 5) for frequen-
cies greater than t; and FEgp but less than the on-
chain bandwidth 4t, (Fig. 1b) [3]. Our results can be
described with an exponent v = 1.3 for both (TMTSF )X
compounds [7,12]. Using the same type of analysis for
the conductivity as in reference [37], and attributing the
peak to the dimerization gap, results in o (w) ~ 1/w? for
w > A, as in a simple semiconductor (corresponding to
nearly free spinless fermions). The observed power law (see
Fig. 4 in Ref. [12]) differs significantly from this prediction,
making such an interpretation of the data very unlikely.
The exponent v can in principle be used to obtain the
Luttinger liquid parameter K,, which controls the decay
of all correlation functions [3,7]. From our value for v and
the assumption that quarter-filled band Umklapp scatter-
ing (é.e., with n = 2 then v = 16K, — 5) is dominant in
the TMTSF family, we obtain K, ~ 0.23 [7], which is in
reasonable agreement with photoemission (Fig. 3) [10,11]
and transport data [17,20].

We now turn to the issue about the apparent contradic-
tion between a good metallic dc conductivity and a large
Mott gap in the (TMTSF) family. As anticipated above,
such a situation is realized when the system is doped
slightly away from commensurate filling (Fig. 1b) [3]. In-
deed, this is what seems to be observed here (Fig. 4), with
the “Drude” peak in the TMTSF family containing only
1% of the carriers (i.e., 1% of the total spectral weight ob-
tained by integrating o1 (w) up to w. ~ 1 eV). Although
no real doping exists from a chemistry point of view, one
could attribute such a deviation from commensurability to
the effects of interchain hopping. If single-particle hopping
(tp) between chains is relevant, small deviations from com-
mensurate filling due to the warping of the Fermi surface
exist, and should lead to effects equivalent to real doping
on a single 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 principle be described by a full two-dimensional
theory of interacting fermions [3].

The dimensionality crossover, induced by the increas-
ing t; upon pressure or by changing the chemistry from
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Fig. 5. The pressure dependence of the (Mott) correlation
gap, as established by different experimental methods, and of
the transfer integral, perpendicular to the chains, ¢, for the
Bechgaard salts. The horizontal scale was derived with the re-
sults of pressure studies [4,20].

the TMTTF to the TMTSF family, is one of the central
issues. There is a well-established order for ¢, among the
four salts investigated. The (TMTTF),X analogs are more
anisotropic, and the transfer integrals are approximately
given by tq:tp:t. = 250:10:1 meV [4]. For the (TMTSF);X
analogs, the transfer integrals are about 250:25:1 meV.
The values for both groups of salts are in broad agreement
with tight-binding model calculations and with the trend
indicated by the plasma frequency [7,12,44]. To arrive at
a scale for t;,, we took the calculated values as averages
for the (TMTSF)2X and (TMTTF).X salts, respectively,
and assumed that pressure changes ¢; in a linear fashion.
The positions of the various salts along the horizontal axis
of Figure 5 reflect this choice [12], with pressure values
taken from the literature; such a scale has been widely
used when discussing the broken symmetry ground states
of these materials [4].

The solid line in Figure 5 represents the overall be-
haviour of the correlation gap (see also Figs. 3 and 4).
Various experiments give slightly different values of the
gap. This is probably due to the differences in the cur-
vature of the band which is scanned differently by dif-
ferent experiments, or due to the different spectral re-
sponse functions involved. The decrease going from the
(TMTTF)2X to the (TMTSF)2X analogs may represent
various factors [45], such as the decreasing degree of dimer-
ization and the slight increase in the bandwidth along the
chain direction, as evidenced by the greater value of the
plasma frequency measured along the chain direction in
the (TMTSF)2X salts [12,31]. The dotted line represent-
ing 2t, (this is half the bandwidth perpendicular to the
chains in the tight-binding approximation) crosses the full

509

line displaying the behaviour of Eg,, between the salts
exhibiting insulating and metallic behaviour, whereas the
dotted line representing t; crosses the solid line between
the two metallic salts. Therefore, our experiments strongly
suggest that a crossover from a non-conducting to a con-
ducting state occurs when the unrenormalized single par-
ticle transfer integral between the chains exceeds the cor-
relation gap by a factor A, which is on the order of but
somewhat greater than 1.

Additional evidence for a pronounced qualitative dif-
ference between states with At,, < Egap and Aty > Egap
is given by plasma frequency studies along the b’ direc-
tion (i.e., perpendicular to the chain). As shown in ref-
erence [12], there is no well-defined plasma frequency for
the insulating state, and we regard this as evidence for
the confinement [46] of electrons on individual chains. In
fact, the reflectivity has a temperature independent over-
damped like behaviour. Conversely, the electrons become
deconfined as soon as Aty ~ Egap (Fig. 5). Such a decon-
finement is manifested by the onset of a sharp plasma
edge in the low-temperature reflectivity spectra of the
(TMTSF) salts along the &’ axis [12]. This conclusion is
not entirely unexpected: a simple argument (the same as
one would advance for a band-crossing transition for an
uncorrelated band semiconductor) would suggest that to
create an electron hole pair with the electron and hole re-
siding on neighbouring chains, an energy comparable to
the gap would be required.

Various theories [46-50] suggest a strong renor-
malization of the relevant interchain transfer inte-
gral 5% = #,(ty/t,) /17 [48], substantially smaller
than ¢, for coupled Luttinger liquids. Some of these
studies [46-49], however, do not take into account the pe-
riodicity of the underlying lattice and the resulting Umk-
lapp scattering. Such a scattering has a marked influ-
ence on the effect of interchain transfer. A renormalization
group treatment [49] of two coupled Hubbard chains pre-
dicts a crossover between confinement (that is, no inter-
chain single-electron charge transfer) and deconfinement,
at At$! = F,,,, with the value of A estimated to be be-
tween 1.8 and 2.3. A transition or crossover from an in-
sulator to a metal has also been conjectured by Bourbon-
nais [50], on the basis of studies of arrays of coupled chains,
where also Umklapp scattering has been taken into ac-
count. We notice that, for the large a exponents discussed
previously, the above formula would yield unreasonably
low values of tﬁﬂ. Such small values are both incompatible
with % = Fup/A ~ 10—20 meV estimated from exper-
iment, and with the observed metallic behaviour in the
TMTSF salts at low frequency [7].

Discrepancies between theoretical predictions and ex-
perimental estimates are not totally surprising, if one con-
siders that the experiment probes the transverse optical
response over an energy scale of about 0.1 eV. At these
energies, self-energy effects at the origin of the renormal-
ization of t;, may be irrelevant. It follows that from optics,
tiﬁ can be closer to the bare t;. In that sense, the onset
of the transverse plasma edge as a function of (chemical)
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pressure may not coincide with the one found from low-
energy probes like dc transport [20] and NMR [35].

We also note that, in the absence of pressure-
dependent optical studies, it remains to be determined
whether the onset of the transverse plasma edge [12] which
we observe going from the (TMTTF)2X to (TMTSF)X
salts, coincides with the insulator-to-metal transition
found in transport [20] and nuclear magnetic resonance
(NMR) measurements [35]. Although optical experiments
under pressure are difficult to conduct, studies of the pres-
sure dependence of the dielectric constant, combined with
dc transport data, could clarify this issue.

The existence of a gap feature in the metallic state,
containing nearly all of the spectral weight, is at first
sight similar to what is expected for a band-crossing tran-
sition for simple semiconductors, which would result in
a semimetallic state. However, the nearly temperature-
independent magnetic susceptibility [4], which gives
strong evidence for a gapless spin excitation spectrum
(this has often been interpreted as a Pauli susceptibility or
as the susceptibility due to a large exchange interaction),
demonstrates that the state is not a simple semimetal.
The existence of a gap, or pseudogap in the charge exci-
tations (Figs. 3 and 4) with the absence of a gap for spin
excitations, indicates charge-spin separation in the metal-
lic state. This charge-spin separation is, however, distinct
from that of a 1D TLL, in which both excitations are gap-
less but have different velocities. Here, it is the Umklapp
scattering which leads to gapped charge excitations. The
nature of the metallic state may be close to that of a doped
1D Mott-Hubbard semiconductor [3,51], where the inter-
chain transfer results in deviations from half- (or quarter-)
filling on each chain and therefore has an effect similar to
(self-) doping [3,7,17,52].

4 Conclusion

Both photoemission and optical data reveal the pecu-
liarity of the one-dimensional interacting electron gas re-
sponse. The unusual spectral features of the Bechgaard
salts prove that these materials are certainly not simple
anisotropic band metals. Clear deviations from the Fermi
liquid behaviour have been identified and several aspects
hint to a possible manifestation of a Tomonaga-Luttinger
or Luther-Emery liquid in the normal phases [16,17].
Interestingly, optics and photoemission reveal such devi-
ations on different energy scales. The characteristic en-
ergy scale in the optical conductivity data is the Mott-
Hubbard gap, of about ~ 12 meV in (TMTSF);PFg. The
salient feature of the photoemission spectra is the much
larger (~ 10% meV) pseudogap. Both techniques, on the
other hand, point to a characteristic Luttinger parameter
K, ~ 0.2, and therefore to strong, long-range 1D cor-
relations. Also, both the photoemission and optics data
discriminate between the conducting (TMTSF) and the
insulating (TMTTF) salts, with a reasonable agreement
on the gap size of the latter.

Several issues concerning the electronic structure of
these materials are still open, and it is not yet clear
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whether a comprehensive description is possible within
the existing theoretical scenarios. The optical response in
the TMTSF salts has been interpreted in terms of a di-
mensionality crossover induced by the interchain coupling.
Nevertheless, an incipient 2D Fermi liquid behaviour at
low temperature and frequency [17,20] is de facto de-
scribed starting from the 1D TLL theory, instead of a
two-dimensional approach. Even in a 1D framework, there
is no clear justification for using the results of the Lut-
tinger model in the presence of a charge gap. It may be
argued that, for small gaps, the typical correlations of the
TLL liquid will still manifest themselves at frequencies
(energies) larger than the gap. However, theoretical work
is certainly necessary to put these speculations on firmer
ground. Also, it remains to be explained why theory pre-
dicts the confinement-deconfinement crossover when Eg.p
is of the order of the renormalized transfer integral ¢,
while experimentally the bare t, seems to be relevant. It
seems that a theory of the dimensionality crossover in
coupled Luttinger liquid that would be completely con-
sistent with the present data is still lacking. In fact, it
is a common theoretical opinion that a large o exponent
should prevent any coherent transport, even though the
Mott gap can be overcome by a large t;. As far as pho-
toemission is concerned, the absence of dispersion, which
is not a general feature of quasi-1D systems, is puzzling.
The ARPES experimental results point towards localized
states and renormalized exponents near the surface. There
are indications that these surface effects are related to the
1D nature of the materials, but no clear theoretical pic-
ture is yet available. Such specific details may eventually
prevent the development of a comprehensive framework
for the spectral properties of the Bechgaard salts. Further
investigations of the effects of disorder, and of possible
anomalous effects in the photoexcitation process in 1D,
not considered in a standard approach, could contribute
to clarify these discrepancies.
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