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Dispersing 1D bands have been observed for the first time in an organic conductor by
resolution photoemission experiments on TTF-TCNQ (tetrathiafulvalene-tetracyanoquinodimeth
Their properties are extremely unusual: the bandwidth is much larger than traditional estimates
the quasiparticle states are strongly renormalized, with no weight at the chemical potential. A
pseudogap around the Fermi energy persists, and even increases, up to room temperature. W
report a direct determination ofkF in this material, and the observation of the opening of a Peierls g
in the low-temperature charge density wave phase. [S0031-9007(98)07275-5]

PACS numbers: 71.45.Lr, 71.10.Pm, 79.60.– i
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Strongly correlated low-dimensional organic materia
are of enduring interest for their rich phase diagram an
peculiar properties. Early studies of these materials ha
focused on the various broken symmetry states. Recen
the metallic phase is attracting more attention, due to the
retical suggestions that thenormal state of these systems
may be unusual. Exact solutions of theoretical mode
show that 1D conductors are not Fermi liquids like nor
mal metals, but Luttinger [1] or Luther-Emery liquids [2],
with distinct physical properties. But is this conjecture
valid for real quasi-1D or even 2D materials? Some re
cent results suggest that this may be the case [3,4]. Ho
ever, crucial questions about the single particle excitatio
remain open.

Angle-resolved photoelectron spectroscopy (ARPES
can address this issue, and there is growing evidence t
the spectral properties of quasi-1D materials are qualit
tively different from those of 3D systems. Ever since th
early work of Grobmanet al. [5], photoemission has sys-
tematically revealed a strong suppression of quasipartic
states near the chemical potential [6–12]. High-resolutio
ARPES studies of the strongly correlated organic Bec
gaard salts revealed no dispersion [13]. Peculiar 1D co
relations, intrinsic effects of the photoemission proces
disorder, and surface-related effects are possible cause
this unusual behavior. Extensions of these mechanis
have been proposed to explain similar observations
some 2D organic conductors [14].

In this Letter we present high-resolution ARPES resul
on a prototypical organic conductor. TTF-TCNQ wa
chosen for the abundance of experimental data on t
normal state [15]. The choice is also justifieda posteriori
by the fact that all but one of the proposed mechanism
among them spurious surface effects, can be ruled o
in this particularly favorable case. We observe, for th
first time in an organic conductor, one-dimensional band
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dispersing with the periodicity of the lattice, and th
opening of a Peierls gap in the low-temperature pha
Having thus established that ARPES does probe intrin
bulk properties of this material, we proceed to discu
the unconventional spectral features of the metallic sta
in the framework of theoretical models of correlate
fermions in low dimensions.

TTF-TCNQ contains planar TTF and TCNQ molecule
stacked to form segregated chains parallel to the cr
tallographic b direction of the monoclinic structure,
with almost ideally 1D bands. Charge transfer—
0.55 elymolecule from TTF to TCNQ at room tempera
ture—leads to a large metallic conductivity along th
chains, and to a large resistive anisotropy. A char
density wave (CDW) with wave vector2kF develops
below TP  54 K on the TCNQ chains and eventually
brings the system into an insulating ordered state bel
38 K [15].

The properties of TTF-TCNQ have been thorough
explored. Different experiments have led to differen
suggestions on the nature of the metallic state.
transport data have been interpreted in terms of a sim
anisotropic metal [16]. Optics indicates that 1D Peier
precursor fluctuations [17] must be important, at lea
near the CDW transition [18]. The enhanced magne
susceptibility, and especially the observation of4kF

fluctuations up to room temperature [19], indicates th
electronic correlations must play an important role [20].

In our experiments, we mounted high quality sing
crystals of TTF-TCNQ, of typical dimensions4 3 0.8 3

0.2 mm3, on a He cryostat, and cleaved them at a ba
pressure of1 3 10210 torr to expose the (001) surface
We performed ARPES measurements at the Wiscon
Synchrotron Radiation Center and, with high resolutio
(DE , 15 meV), at Lausanne. In both cases the angu
resolution was61±, and the Fermi energy was determine
© 1998 The American Physical Society
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to 1 meV accuracy by measuring the Fermi cutoff of a
evaporated, polycrystalline Ag film.

ARPES spectra, measured along theb axis at 150 K, in
the metallic phase [Fig. 1(a)] show a prominent featu
which disperses symmetrically aboutG, the center of
the Brillouin zone. This feature approaches, but nev
reaches, the chemical potential,EF . At larger wave
vectors, it disperses away fromEF , to a maximum binding
energy of 0.75 eV at the zone boundarysY d. Spectra
measured perpendicular to the chains [Fig. 1(b)] do n
exhibit any dispersion, indicating that these states ha
a strong 1D character. Figure 1(c) reproduces spec
from Fig. 1(a), at the high symmetry pointsG and Y .
To enhance the dispersing feature an identical parabo
inelastic background was subtracted from the raw spec
the exact background subtraction used did not affect a
of our conclusions. Both atG and atY the spectral line
shapes are anomalous, with additional emission (mark
by arrows) between the main peak and the chemic
potential. A careful inspection of the spectra of Fig. 1(a
reveals a weak, shallow component at all angles. T
spectrum atY exhibits a linear tail extending toEF ,
similar to that of the Bechgaard saltsTMTSFd2ClO4 [13].

P
ho

to
em

is
si

on
 In

te
ns

ity

1 0

Binding Energy  (eV)

Y

Γ

a)

0=EF 1 0

X

Γ
b)

0=EF

c) Γ

Y

*

*

 

 

FIG. 1. (a) ARPES spectra (T  150 K, hn  20 eV) of
TTF-TCNQ along the chain direction.G and Y are the
center and boundary of the Brillouin zone, respectively. Th
dashed line outlines the dispersion of the main spect
feature. (b) ARPES spectra along the perpendiculara direction.
(c) Selected spectra from (a), after background subtraction. T
asterisks mark the main dispersive peak, and the arrows m
emission not accounted for by band theory. The dashed line
a spectrum ofsTMTSFd2ClO4 from Ref. [13].
n

re

er

ot
ve
tra

lic
tra;
ny

ed
al
)

he

e
ral

he
ark

is

Figure 2 shows an intensity plot of the data of Fig. 1(a
We observe two bands, which form electron pocke
around bothG and Y , in agreement with the schemati
band structure shown in the inset [15]. Overall char
neutrality requires that the acceptor (TCNQ) and don
(TTF) bands cross exactly at the Fermi surface, th
defining the Fermi wave vectorkF . The band crossing
and the minimum binding energy occur atk  6s0.25 6

0.02d Å21, in agreement with previous indirect determ
nations ofkF from x-ray diffraction studies of the CDW
superstructure [19].

Surface effects are a common concern with photoem
sion. Scanning tunneling microscopy of TTF-TCNQ ha
shown that the cleaved surfaces are highly ordered a
retain the periodicity of the bulk [21]. We took specia
care to minimize surface exposure and found TTF-TCN
to be less sensitive to radiation damage than other orga
materials [13,14]. Aging of the cleaved surfaces was ne
ligible on the time scale of the measurements (2–4
The results of Figs. 1 and 2 prove that the lattice perio
icity and the charge balance between the TTF and TCN
chains are not perturbed by the surface. Even the cr
tion of impurities, acting as simple perturbations of th
low energyelectronic states can be dismissed: any fin
quantity would strongly suppress the Peierls transition
the surface [15], an effect which we do not observe he
(see below). The possibility of an insulating surface
also ruled out [14]. Therefore, concerns about possi
spurious surface effects in the spectral function, whi
have been raised for other materials [22], can be dismis
in this particularly favorable case. We can conclude th
ARPES probes intrinsic bulk properties of TTF-TCNQ.

We also collected high-resolution spectra atk  kF ,
above (70 K) and below (30 K) the CDW transitio
(Fig. 3). At 70 K the peak’s binding energy is 0.18 eV
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FIG. 2. Intensity plot of the spectra of Fig. 1. The dashe
lines represent tight-binding cosine bands. Inset: schem
band structure of TTF-TCNQ. The donor (TTF, solid line) an
acceptor (TCNQ, dashed line) bands cross at the Fermi le
thus defining the Fermi wave vectorkF .
2975



VOLUME 81, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 5 OCTOBER 1998

,
ate
)
,
n
he
er
he
e-
re

tral
n
at-

lex
re
a

7].
an-

nt
In

ith

d.

ch

r
he
es-
is
he
as

in-
n-
d

ive
ion
es

e-
ot
of
in

g-

the
d
g
es
In
te

ns
ity

0.4 0.0

Binding Energy  (eV)

0=EF

 30 K
 70 K

 

k = kF

FIG. 3. High-resolution ARPES spectra measured atk  kF
(hn  21.2 eV) above (70 K) and below (30 K) the Peierl
transition. The solid line spectrum is the Fermi-Dirac cutoff o
an Ag film, determining the Fermi level position.

rather than zero as in a normal metal, and the intens
at the chemical potential is vanishingly small. Simila
ARPES line shapes, characteristic of a pseudogap, h
been observed in inorganic 1D systems [11,12], and in
normal state of underdoped cuprate samples [23]. Tak
the midpoint of the leading edge as an indicator [23
we derive a pseudogap energy of,120 meV. Between
70 and 30 K the leading edge of the spectrum shi
by 20 meV, indicating the opening of a Peierls gap
2D , 40 meV, in agreement with other techniques [15]

Figure 4 illustrates the temperature dependence of
spectra atkF in the normal state from 70 K to room
temperature (RT). The quasiparticle peak progressiv
loses intensity, and the pseudogap effectively increa
with temperature. The original spectrum is recover
upon cooling back to 70 K. These data indicate that
coherent excitation grows at low temperature inside t
high-temperature pseudogap.

The periodicity of valence band states, thekF value
determined from Fig. 2, and the observation of a low
temperature gap of the right magnitude are all consist
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FIG. 4. ARPES spectra of TTF-TCNQ measured atk  kF
between 70 K and RT.
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with the known properties of TTF-TCNQ. However
other aspects of the spectral properties of the normal st
are unexpected. First, a fit with tight-binding (cosine
bands, yields total widths of 2.5 eV for the TCNQ band
and 0.95 eV for the TTF band—2–4 times larger tha
theoretical or experimental estimates [15]. Second, t
pseudogap width is at least 1 order of magnitude wid
than the covalency gap expected from the coupling of t
TTF and TCNQ bands [24], and this rules out any singl
particle origin of the pseudogap. Third, the temperatu
dependence of the spectra is peculiar (see below).

Our observations, namely, the suppression of spec
weight atEF , are in clear contrast with the picture of a
uncorrelated anisotropic metal. They are also not comp
ible with a model based on 1D fluctuations. In a 1D CDW
system, phase and amplitude fluctuations of the comp
order parameter below the mean field (MF) temperatu
TMF generate the fluctuating Fröhlich conduction and
pseudogap in the density of states at the Fermi level [1
A real gap develops from the pseudogap at the Peierls tr
sition temperatureTP , TMF . Within the standard weak
coupling BCS model, the observed gap2D , 40 meV
yields TMF , 125 K which is consistent with other es-
timates [15]. Therefore, the,120 meV ARPES pseu-
dogap—3 times the Peierls gap—must have a differe
origin, as also proven by the temperature dependence.
a Peierls scenario the pseudogap progressively fills in w
increasing temperature and disappears aboveTMF . The
data in Fig. 4 show exactly the opposite qualitative tren
At RT, where2kF CDW fluctuations are negligible [19],
the spectrum exhibits only an incoherent line shape, mu
broader than the temperature energy scale.

Models of (moderately strong) electron-electron o
electron-phonon interactions are inconsistent with both t
large increase in bandwidth and the complete suppr
sion of spectral intensity at the chemical potential. Th
combination excludes a Fermi liquid scenario, where t
quasiparticle weight and bandwidth are both reduced
correlations increase. The data are also qualitatively
consistent with an interpretation based on strong electro
phonon interactions. Polaron formation, which is favore
in 1D, would shift spectral weight fromEF to higher bind-
ing energies, but at the same time lead to larger effect
masses and reduced dispersion. The idea of localizat
of the photohole by a strong intramolecular response fac
an analogous difficulty [6].

An approach based on specific 1D models of corr
lated fermions, appears more promising. Our data do n
show any transverse dispersion, and we are not aware
other evidence suggesting transverse band formation
the metallic state. NMR experiments [15] indeed su
gest a very smallt' , 5 meV , kBTP , implying that a
dimensional crossover is quenched by the occurrence of
Peierls transition. TTF-TCNQ therefore is ideally suite
to confront 1D theory to experiment. In 1D interactin
electron systems, the strong coupling to collective mod
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underlying the Luttinger liquid picture completely sup
presses the quasiparticles. The spectral function is
coherent and exhibits interaction-dependent singularit
which follow the dispersions of the collective charg
(holon) and spin (spinon) excitations [25,26]. A simpl
1D Hubbard model (renormalized coupling constantKr .

1y2) would predict two peaks of roughly equal strength
dispersing with the charge and spin velocities and cro
ing the Fermi surface [27]. This is not observed. Th
Luttinger liquid picture, however, allows one to study th
influence of extensions of the Hubbard model, on the lo
energy physics of 1D electrons, and therefore to inclu
the different physics of the TTF and TCNQ chains.

In this perspective, the4kF fluctuations observed up
to RT on the TTF chains indicate strong, long-range i
teractions. Therefore, these chains may be described
a Luttinger liquid with a renormalized coupling constan
Kr , 1y2 [2]. For such strong interactions, all the spec
tral weight is concentrated around the charge excitati
energy, with a low-energy tail extending to the (lowe
spin fluctuation energy (cf. Fig. 3 in Ref. [26]). The pic
ture for the TCNQ chains is less clear. The absence
4kF CDWs indicates weaker electronic correlations, an
Kr . 1y2. In a Luttinger liquid perspective, the incipi-
ent 2kF CDW formation around 160 K implies that the
system has opened a spin gap, and thus should be
scribed by a Luther-Emery (LE) model. In going from
Kr . 1y2 Luttinger liquid to a LE model, the divergence
at the charge excitation energy is cut off to a finite max
mum, while the spin divergence remains [28]. While th
ARPES line shapes are compatible with both prediction
the absence of Fermi surface crossing would favor L
This conclusion is also supported by the analysis of NM
results [29]. AsTP is approached, one would expect
crossover to a fluctuating Peierls system due to emerg
transverse two-particle coherence. It is tempting to spe
late that the coherent structure forming inside the pseud
gap at lower temperatures could be associated with
crossover from purely incoherent collective Luttinger (o
LE) excitations to the kind of short-lived quasiparticle
characteristic of a fluctuating Peierls insulator.

In summary, the data provide the first complete di
persion relation for a 1D organic conductor. They als
provide direct evidence for the double chain band stru
ture of TTF-TCNQ, and for the opening of a real gap i
the CDW phase. The ARPES results draw a picture
a very unusual normal state. The different spectral li
shapes of the TTF and TCNQ bands may reflect diffe
ent ground states of correlated 1D systems. These resu
and especially the unexpected temperature dependenc
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the pseudogap in the metallic phase, set a new stringe
test for a future comprehensive theory of the electroni
structure of 1D materials.
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