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Electronic structure of the quasi-one-dimensional organic conductor TTF-TCNQ
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We study the electronic structure of the quasi-one-dimensional organic conductor TTF-TCNQ by means of
density-functional band theory, Hubbard model calculations, and angle-resolved photoelectron spectroscopy
~ARPES!. The experimental spectra reveal significant quantitative and qualitative discrepancies to band theory.
We demonstrate that the dispersive behavior as well as the temperature dependence of the spectra can be
consistently explained by the finite-energy physics of the one-dimensional Hubbard model at metallic doping.
The model description can even be made quantitative, if one accounts for an enhanced hopping integral at the
surface, most likely caused by a relaxation of the topmost molecular layer. Within this interpretation the
ARPES data provide spectroscopic evidence for the existence of spin-charge separation on an energy scale of
the conduction bandwidth. The failure of the one-dimensional Hubbard model for thelow-energyspectral
behavior is attributed to interchain coupling and the additional effect of electron-phonon interaction.
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th
ic
ro
ta
de

w
om

la
c

tic
tro
c-
e

s
b

ig
y
1D

f
s to

al
ear
ol-

arge
ay

tral
ge.
e-

ion

nsic
ce.
e-
arge

g

nds
eep
s up
I. INTRODUCTION

The electronic structure of one-dimensional~1D! conduc-
tors provides a valuable testing ground for the study of
quantum-mechanical many-body problem. On the theoret
side there exist various models for 1D interacting elect
systems, which predict highly unusual low-energy exci
tions due to dynamical decoupling of charge and spin
grees of freedom. As a consequence, thelow-energyparadig-
matic Fermi liquid picture fails for 1D metals and a ne
generic many-body quantum state emerges which is c
monly referred to as Tomonaga-Luttinger liquid~TLL !.1 Ex-
perimentally, quasi-1D metals are indeed found to disp
marked deviations from conventional metallic behavior, su
as the absence of Fermi-Dirac edges in the single-par
excitation spectra probed by angle-resolved photoelec
spectroscopy~ARPES!.2,3 However, an unambiguous spe
troscopic identification of spin-charge separation and the
istence of low-energyTLL behavior in 1D metals is still
lacking so far. Additional interest in 1D electron system
arises from the suggestion that their physics may also
relevant to the electronic structure of the cuprate-based h
temperature superconductors,4 related to the recent discover
of charge ordering in these materials into narrow metallic
stripes separated by insulating regions.5,6 Against this back-
0163-1829/2003/68~12!/125111~10!/$20.00 68 1251
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ground the search forpositive spectroscopic signatures o
unusual electronic correlation effects in 1D metals remain
be of topical importance.

In the search for promising realizations of a prototypic
~quasi-!1D conductor the organic charge transfer salts app
as interesting candidates. Due to the formation of linear m
ecule stacks in the crystal structure and an electronic ch
transfer from cationic to anionic complexes they displ
strongly anisotropic metallic conductivities.7,8 Photoemission
experiments on such materials often find unusual spec
behavior such as the absence of a metallic Fermi ed2

However, the lack of information on surface quality, esp
cially with regard to the rapid photon-induced decomposit
of organic compounds in the vacuum ultraviolet,9 casts seri-
ous doubts to what extent these observations reflect intri
electronic properties or rather a strongly disturbed surfa
This is further corroborated by the failure of ARPES to d
tect spectral energy vs momentum dispersions in most ch
transfer salts.10–12 A notable exception is TTF-TCNQ
~tetrathiafulvalene-tetracyanoquinodimethane!, being the
first ~and so far only! organic conductor for which dispersin
1D bands have been observed by ARPES.13,14This indicates
a well-ordered periodic surface structure and thus le
much enhanced significance to the observation of a d
pseudogap around the Fermi energy, which even increase
©2003 The American Physical Society11-1
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FIG. 1. Crystal structure of TTF-TCNQ.qF

andqQ indicate the tilt angles of the planar TT
and TCNQ molecules, respectively, relative to t
ac plane. Also shown is the monoclinic Brillouin
zone with its high symmetry points.
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to room temperature. This spectral behavior has rece
been interpreted as possible indication of a highly unus
normal state in this 1D conductor.13,15

In this paper we present a comprehensive experime
and theoretical study of the electronic structure of TT
TCNQ, elaborating on our earlier ARPES results publish
in Ref. 15. The comparison between experiment and b
theory reveals significant discrepancies, concerning both
width of the conduction bands as well as their qualitat
dispersion. While the bandwidth renormalization can be
tributed to a molecular surface relaxation, the remaining d
crepancies indicate a failure of the bare band picture. Ra
we are able to demonstrate that the TCNQ-derived part of
ARPES finite-energy dispersions can be consistently map
onto the electron removal spectrum of the 1D Hubb
model at finite doping.16,17The importance of electronic cor
relations is further corroborated by a peculiar temperat
dependence of the photoemission spectra. Based on t
findings the spectral behavior of TTF-TCNQ is interpreted
spectroscopic evidence for spin-charge separation on an
ergy scale as large as the conduction bandwidth.

II. PROPERTIES OF TTF-TCNQ

The monoclinic crystal structure of TTF-TCNQ is show
in Fig. 1. The lattice parameters at room temperature ara
512.298 Å, b53.819 Å, andc518.468 Å, the monoclinic
angle isb5104.46°.18 The important structural features a
parallel linear stacks of planar TTF and TCNQ molecul
respectively, oriented along the crystallographicb direction.
Thep-type molecular orbitals, extending over the entire s
of each molecule, overlap with those of the neighboring m
ecules stacked above and below. Maximum covalent bond
is achieved by tilting the molecular planes slightly about
a axis, byqF524.5° andqQ534.0° for the TTF and TCNQ
stacks, respectively~see Fig. 1!.8,18 The sign of the tilt angle
alternates between neighboring stacks, leading to the
ringbone structure of Fig. 1.

As covalent bonding occurs only along the stack dir
tion, the corresponding electronic TTF and TCNQ bands
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expected to be strongly anisotropic. Charge transfer
;0.59 electrons per molecule from TTF to TCNQ driv
both types of chains metallic.8,50 The conductivity alongb is
two to three orders of magnitude larger than perpendicula
it, making TTF-TCNQ a truly quasi-1D metal. Below
TP554 K a charge density wave~CDW! develops along the
b direction, with wave vector QCDW50.295 b*
(50.485 Å21). The occurrence of the CDW is accompani
by a metal-insulator transition. From the activated behav
of the conductivity a Peierls gap of;40 meV has been
inferred.8 Within mean-field weak coupling theory this tran
lates into a transition temperature ofTMF;125 K. Due to the
dominant effect of fluctuations in 1D systems the act
Peierls transition is suppressed to about half of this value.
additional transverse ordering transition occurs at 38 K.8 The
observation of diffuse x-ray scattering atQ54kF up to 220
K indicates the importance of electronic correlations.50

III. BAND STRUCTURE CALCULATION

The theoretical band structure was studied within the st
dard density functional theory~DFT! approach using the
generalized gradient approximation~GGA!.19 We used the
self-consistent full-potential linearized augmented pla
wave~LAPW! method as implemented in theWIEN97 code.20

A basis set of about 12500 LAPWs and additional ‘‘loc
orbitals’’ for the 2s (3s) states of C and N~S! were em-
ployed. This corresponds to a lower basis set converge
than desirable, but was limited by the available compu
tional resources. Self-consistency was achieved using 1k
points in the irreducible wedge of the BZ and a temperat
broadening scheme with 5 mRy. The results are largely c
sistent with previous band calculations,21–23 but contain
more detailed and reliable information due to the more
vanced method. Very good agreement is found with the
cent LDA/GGA pseudopotential calculation of Ref. 24. O
calculations have been performed for the experimental ro
temperature structure.18 In addition, we also studied the ef
fect of structural distortions as model for a possible surfa
relaxation~see Sec. VI!.
1-2
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ELECTRONIC STRUCTURE OF THE QUASI-ONE . . . PHYSICAL REVIEW B 68, 125111 ~2003!
According to the DFT calculation TTF-TCNQ is chara
terized by strong intramolecular covalent bonding, wher
the interaction between the molecules is predomina
ionic. Thus, the molecular orbitals are strongly localized
cept along the stacking direction, where small but nota
covalent intermolecular bonding occurs. As seen in Fig
this leads to the formation of two sets of quasi-1D cond
tion band doublets with pronounced dispersion alongb*, i.e.,
the GZ line of the Brillouin zone~see Fig. 1!. The first one,
just belowEF at theG-point and unoccupied atZ, is derived
from p-bonded 2p orbitals of mostly C~6! atoms ~in the
notation of Ref. 18! and can thus be attributed to the TCN
stacks. The 130 meV splitting atG results from a weak in-
teraction between the two TCNQ stacks in the unit cell. T
other conduction band doublet, showing the opposite dis
sion and remaining nearly degenerate, is mainly deri
from the 3pp orbitals of S~1! and S~2! atoms and therefore
associated with the TTF stacks. A small hybridization g
opens between the respective upper TCNQ and TTF ban
the Fermi level. The definite assignment of each band
either the TCNQ or the TTF stacks can also be seen in Fig
which for each band state shows the electronic charge lo
ized on the TCNQ and the TTF molecule
respectively.

The metallic nature of the TTF-TCNQ band structu
arises from the energetic overlap of the quasi-1D TCNQ
TTF bands and the electronic charge transfer between th
Due to interstack interaction our calculation yields tw
Fermi vectorskF50.27 and 0.33 Å21, slightly larger than
expected from the nesting vector 2kF50.485 Å21 derived
from the CDW periodicity. The theoretical bandwidths alo
GZ are 0.7 eV~TCNQ! and 0.65 eV~TTF!, in fair agreement
with experimental estimates of;0.5 eV.8

The conduction band dispersion perpendicular tob* is
essentially negligible. Along theGY line ~a* ! it is practically
zero. Slight dispersion of the TCNQ-derived band occ
along GB, which results from weak interaction alongc be-
tween the molecular end groups in neighboring TCN
stacks. However, the effect is too small to cause a b
crossing alongGB. The resulting Fermi surface topology
therefore truly 1D.

FIG. 2. DFT band structure near the Fermi level along the th
major high-symmetry lines of the Brillouin zone of TTF-TCNQ.
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IV. ANGLE-RESOLVED PHOTOEMISSION

ARPES measurements have been performed at our h
lab, using He I radiation from a discharge lamp and an O
cron EA 125 HR electron energy analyzer, and with synch
tron radiation at BESSY~Berlin! using an Omicron AR 65
spectrometer.25 In both cases the energy and angular reso
tion amounted to 60 meV and61°, respectively. All data
were taken above the Peierls transition at a sample temp
ture of 60 K. TTF-TCNQ single crystals were grown b
diffusion in pure acetonitrile and had typical dimensions
23530.2 mm3, with the long axis alongb. Their quality
was characterized by x-ray diffraction, electron spin re
nance, and conductivity measurements. Clean surfaces p
lel to thea-b plane were obtained byin situ cleavage of the
crystals at a base pressure of,10210 mbar. The stoichiom-
etry of this surface, which contains both TCNQ and TT
chains,18 was verified by x-ray photoemission.9 From the ob-
servation of momentum-dispersive ARPES structures
conclude on a crystalline long-range order of the surfa
which has independently been confirmed by scanning tun
ing microscopy~STM!.26,27

Great care was taken to avoid photon-induced surf
damage by minimizing the exposure to the incident radiati
The effect is demonstrated in Fig. 4, which contains spe
taken at the experimental Fermi vector. For a freshly p
pared surface, i.e., immediately after cleavage of the crys
an intense peak is observed close to the Fermi level. A
two hours of exposure to vacuum ultraviolet~VUV ! radia-
tion its intensity has strongly decreased and its peak posi
shifted by more than 0.1 eV away fromEF . However, the
original spectrum is essentially recovered by taking data
another previously unexposed sample spot. This dem
strates that the observed surface degradation is not sim
due to contamination or decomposition in the vacuum
indeed caused by VUV radiation. Unfiltered higher ord
light or direct use of higher photon energies (*35 eV)

e

FIG. 3. Theoretical band dispersions alongGZ showing the mo-
lecular origin of the bands. The size of the symbols represents
charge of each state residing on the TCNQ~left panel! and TTF
~right panel! molecules.
1-3
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M. SING et al. PHYSICAL REVIEW B 68, 125111 ~2003!
reduces the time scale of the VUV-induced surface dam
even down to minutes.9 All data presented in the remainde
of this paper were obtained before noticeable surface dec
position occurred.

Figure 5 shows energy distribution curves obtained alo
the b* axis, i.e., the 1D direction. The spectral features d
play pronounced dispersion, whereas spectra measured
pendicular tob* are dispersionless~not shown here, see

FIG. 4. Angle-resolved energy distribution curves at the Fe
vector showing the effect of photon-induced surface degrada
(hn525 eV, T561 K). For a detailed discussion see text.

FIG. 5. Energy distribution curves measured along theGZ di-
rection (hn525 eV, T561 K). The thin lines are guides to the ey
and are meant to indicate the dispersion of the spectral feature
12511
e
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er-Refs. 9,13!. Our data are in excellent agreement with tho
of Zwick et al.13 but display in parts more spectral detail. F
example, in normal emission (u50°) we can clearly distin-
guish two peaks at 0.19 and 0.54 eV belowEF , labeled~a!
and ~b! in Fig. 5. In Ref. 13 peak~a! appeared only as a
shoulder and was not discussed. For off-normal emiss
peak ~b! splits into two parts. The upper one@retaining the
label ~b!# moves upwards in energy and converges with~a!
close tou56°, where both features reach their closest a
proach to the Fermi level. We identify this position as Fer
vector which yieldskF50.2460.03 Å21, in good agreemen
with the value derived from the CDW vector. Note, howev
that despite the high conductivity no metallic Fermi edge
observed in thekF spectra~see also Figs. 4 and 6! within our
experimental resolution. The spectral intensity rather
creases almost linearly down to zero at exactly the Fe
level. These observations are fully consistent with the hi
resolution (DE515 meV) data of Ref. 13.

BeyondkF a weak structure~c! moves back again from
the Fermi level and displays a dispersion symmetric ab
u522° corresponding to theZ point of the Brillouin zone.28

Returning to the splitting of peak~b! away fromu50° we
note that its lower part@labeled~d!# disperses downwards in
energy and eventually becomes obscured by peak~c!. For
very high emission angles, corresponding to ak vector in the
next zone, one observes a symmetry-related weak shou
(d8).

V. TEMPERATURE DEPENDENCE
OF THE PHOTOEMISSION SPECTRA

Upon cooling through the Peierls temperature the Fe
vector spectrum has been shown to display the expe

i
n

.

FIG. 6. ~Color online! Temperature dependence of the pho
emission spectra (hn521.2 eV).~a! Momentum-resolved spectrum
at k5kF measured between 60 K~dashed curve! and 260 K~solid
curve!. ~b! Difference spectra relative to 60 K.~c! Momentum-
integrated spectrum at 60 K~dashed! and 300 K~solid!; note the
larger energy scale compared to~a! and~b!. ~d! Difference spectrum
relative to 60 K.
1-4
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ELECTRONIC STRUCTURE OF THE QUASI-ONE . . . PHYSICAL REVIEW B 68, 125111 ~2003!
opening of a CDW gap.13 However, even more remarkable
the temperature dependence of thekF spectrumabove the
transition.13,15This is shown in Fig. 6~a! where considerable
spectral changes are observed between 60 and 260 K.
interpretation of these changes hinges on a careful inten
normalization of the spectra. This has been achieved by
malizing them on the residual background intensity abo
the Fermi energy, which is a good measure of the excit
photon flux.29 Incidentally, this procedure leads to an almo
complete alignment of the temperature spectra at high b
ing energies (;

.1.3 eV). At lower energies the spectr
changes from low to high temperatures can then be descr
as a pronounced intensity loss of the peak near the Fe
level ~and its slight shift away fromEF), while at the same
time the intensity increases between20.4 and21.3 eV@see
difference spectra in Fig. 6~b!#. With the described normal
ization theintegratedspectral weight remains however co
served within experimental uncertainty. We also note t
these temperature effects are fully reversible.

These observations and, in particular, the conservatio
the total intensity suggest that atk5kF spectral weight is
transferred from low to high binding energies with increas
temperature. However, based on the temperature depend
of the kF spectrum alone we cannot rule out the possibi
that the effect is caused by a redistribution of spectral we
in momentum spacerather than in energy, caused, e.g.,
phonon-induced disorder which may be large in orga
compounds. In order to check this we have determined
k-integrated density of states~DOS! by summing up ARPES
spectra covering the entire 1D Brillouin zone fromG to Z.
Figure 6~c! shows the result forT560 and 300 K. A smear-
ing of the spectral weight distribution in momentum spa
due to thermally excited phonons should have no effect
the k-integrated energy spectrum, except possibly for
phonon-induced lifetime broadening of the spectral pea
The latter seems to be the case for the temperature ch
around 21.6 eV ~the corresponding ARPES spectra sho
that the broadening occurs only near the zone edge, ind
ing a particularly strong electron-phonon coupling there!. At
low binding energies we recover the temperature depend
of the kF spectrum@see the difference spectra in Figs. 6~b!
and 6~d!#, which can clearly not be explained by line broa
ening. We hence conclude that the temperature behavio
the Fermi vector is indeed caused by a spectral weight tr
fer in energy.

VI. COMPARISON OF PHOTOEMISSION
AND BAND THEORY

The identification of the ARPES dispersions indicated
the thin lines in Fig. 5 is further substantiated by a differe
representation of the data. Figure 7 shows the negative
ond energy derivative of the photocurrent2d2I /dE2,
clipped at zero value, as grayscale plot in the (E,k) plane.
This enhances the visibility of the spectral structures a
visualizes their dispersion in a completely unbiased w
Also shown are the DFT conduction bands. The compari
of experiment and theory reveals qualitative similarities
also significant discrepancies. Starting our discussion w
12511
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experimental structure~c! we find its dispersive behavior in
agreement with that of the theoretical TTF-derived ban
except that the~occupied! bandwidth exceeds the theoretic
one by a factor of;1.7. Similarly, structures~a! and~b! can
be attributed to the theoretical TCNQ doublet bands if o
accounts for largely enhanced@~a!: ;2.0 and ~b!: ;2.4]
band widths. Finally, we point out that experimental featu
~d! finds no counterpart in the band calculation.

Our experimental conduction band widths are not only
variance with band theory but also clearly exceed the e
mates derived from bulk-sensitive measurements.8 As the
ARPES probing depth is comparable to the thickness o
single molecular layer (c/259.23 Å, see Fig. 8!, the ob-
served discrepancies suggest that the electronic structu
the topmost layer~s! differs from that of the volume. One
possible origin could be a structural surface relaxation
volving the tilt angles of the planar~and relatively rigid! TTF
and TCNQ molecules, respectively, relative to theb axis. We
note that these angles correspond to a total energy minim
configuration resulting from a competition between ma
mum covalent bonding along the stack direction and m
mum Coulomb energy in the Madelung potential of the s
rounding molecular ions.30 It seems conceivable that at th

FIG. 7. Gray-scale plot of the ARPES dispersions~see text for
details! in comparison to the conduction band dispersions obtai
by density functional theory.

FIG. 8. Schematic picture of a possible surface relaxation le
ing to enhanced molecular tilt anglesqQ,s andqF,s of the topmost
TCNQ and TTF molecules, respectively.
1-5
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M. SING et al. PHYSICAL REVIEW B 68, 125111 ~2003!
surface this balance is offset due the altered Madelung
tential, leading to different equilibrium tilt angles of the to
most molecules, as sketched in Fig. 8. If the surface tilt h
pens to be larger than that in the volume, it will result in
reduced separation between the molecular planes with
given stack. This in turn leads to an increase of the interm
lecular hopping integral and hence the bandwidth.

We have tested this idea by performing a band calcula
for a hypothetical volume structure with increased tilt ang
~approximately doubled relative to their bulk values!, which
indeed leads to a strongly enhanced band width at leas
the TTF-derived bands in good agreement with their ARP
dispersion. However, a realistic calculation of the surfa
relaxation by total energy optimization for a semi-infini
crystal is currently beyond our technical limits owing to t
large size of the TTF-TCNQ unit cell. Unfortunately, a re
ableexperimentaldetermination of the molecular surface t
seems also out of reach, as the usual methods for sur
structure determination do not work here. Low energy el
tron diffraction~LEED! of TTF-TCNQ is strongly hampered
by electron-induced surface damage even faster than
caused by the VUV photons.9 STM as another importan
structural surface probe is only capable of determining
surface periodicity26,27 but cannot give any reliable informa
tion on molecular off-plane orientation. Therefore, the su
gested surface relaxation has to remain a mere speculati
this point. However, whatever its microscopic origin, the o
served enhancement of the ARPES bandwidth with res
to the volume is an experimental fact and we thus have
accept it as an established property of the probed sur
layer which distinguishes it from the bulk.

We are finally left with feature~d!, which even under the
assumption of a surface band width renormalization can
be identified with any of the theoretical volume bands.
might appear tempting to attribute it to an intrinsic surfa
state. However, such an interpretation is in conflict with
observed Fermi vector of the other bands: Since~d! stays
well below the Fermi level and would thus be occupi
throughout the entire Brillouin zone~in a one-electron band
picture!, it should severely affect the delicate charge bala
between the TTF and TCNQ bands and shift the surf
Fermi vector notably from its bulk value, which is not th
case. Another explanation of~d! as backfolded image of th
TTF band induced by long-ranged CDW fluctuations31 is
ruled out due to the lack of other evidence for backfolding
the data. As we will discuss in the following section, spect
feature~d! finds a natural explanation as a many-body effe

VII. COMPARISON TO THE 1D HUBBARD MODEL

There is substantial experimental evidence that Coulo
interaction plays an essential role in the electronic struc
of TTF-TCNQ ~Refs. 7,8,32,33! and that a purely band the
oretical description may be inadequate. On the theoret
side, the dramatic effects of electron-electron interaction
the low-energyproperties of 1D metals have been studied
much detail using the Tomonaga-Luttinger~TL! model.1 It is
based on a 1D conduction band with infinite linear dispers
and treats interaction by including scattering processes a
12511
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the Fermi points.1,34 The TL model focusses on the low
energy physics and describes in detail the breakdown of
quasiparticle picture for the low-lying excitations and t
emergence of TLL behavior resulting from the dynamic
decoupling of spin and charge. For example, the TL mo
predicts a low-energy onset of the single-particle spectr
which is no longer given by a metallic Fermi edge but rath
by a power law behavior}va, with the exponenta deter-
mined by the coupling parameters of the model. The lo
energy physics of the TL model defines in fact a universa
class which includes also more complicated 1D models
interacting electrons.35,36 However, by its very construction
the TL model contains no intrinsic energy scale, and the
fore the energy range of its applicability to real 1D metals
principally unknown, making it less useful for the study
finite-energyspectral properties.

As seen in the previous section, the ARPES data of TT
TCNQ indeed show unusual behavior on an energy scal
theentire bandwidth, not just near the Fermi level. The spe
tral properties over this much wider energy range have so
only been addressed by the 1D single-band Hubbard mo
Compared to band theory it appears as a much better sta
point for the description of TTF-TCNQ and other organ
charge transfer salts. In fact, various properties of these
conductors have already successfully been analyzed with
Hubbard model framework, such as the magne
susceptibility32,37 or the nuclear spin relaxation rate.7,38 The
underlying idea is that the local interaction energyU for two
electrons residing on the same molecule dominates over
range Coulomb contributions. The delocalization of t
charge carriers is described by the hopping integralt ~the
bare bandwidth amounts to 4t in one dimension!. The Hub-
bard model also defines an intrinsic energy scale for s
excitations, which for large values ofU/t is given by the
exchange constantJ5(2t2/U)$n2@sin(2pn)#/2p%,39,40 with
n being the band filling parameter (n50.59 for TTF-TCNQ!.

At low excitation energies the physics of the 1D Hubba
model with finite doping follows the TLL phenomenolog
TheU/t dependence of the nonclassic TLL exponents, wh
control the asymptotics of the low-energy correlation fun
tions, can be extracted from its Bethe-ansatz solutio41

However, in contrast to the TL model the Hubbard mod
also allows the study of finite-energy properties. Recently,
exact analysis on the basis of the Bethe ansatz has show16,17

that all energy eigenstates of the 1D Hubbard model can
described in terms of occupancy configurations of vario
collective spin-only and charge-only modes, namely, spin
~zero-charge spin excitations!, holons~spinless charge exci
tations!, and a third type of charged quantum objects.42 We
refer the reader to Refs. 16 and 17 for details. The impor
point is that this description is valid forall energy scales of
the model and follows from the nonperturbative organizat
of the electronic degrees of freedom.

Here we are interested in the electron removal spect
of the 1D Hubbard model. Qualitative properties of the sp
trum have already been derived from early calculatio
within the strong coupling limit (U/t→`).43,44 More re-
cently, it has become possible to determine the spectral
havior also for intermediate interaction strengths (U;4t),
1-6
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either by numerical methods45 or by Bethe ansatz.16,17 Here
we will restrict ourselves to the energy vs momentum dep
dence of the spectral features, which can be calculated
actly with the latter method. The calculation of matrix el
ments between ground and excited states and hence o
spectral weight distribution is more complicated with th
method and will be presented elsewhere.46 A schematic pic-
ture of the spectral dispersions is given in Fig. 9~a!. As the
hole generated by the removal of one electron decomp
~or ‘‘fractionalizes’’! into decoupled spin and charge excit
tions, there is a manifold of ways to distribute excitati
energy and momentum among these collective modes gi
rise to an excitation continuum, indicated by the shaded a
in Fig. 9~a!.

However, due to the phase space available for electro
hole fractionalization this continuum is not structureless. I
dominated by lines of singularities@solid curves in Fig. 9~a!#
which roughly speaking correspond to situations, in wh
either the charge mode propagates with the entire excita
energy leaving zero energy for the spin channel, or v
versa. We denote these dispersion curves hence as ‘‘cha
and ‘‘spin’’ branches, respectively. At the Fermi vector bo
branches are degenerate, but due to their different group
locities they split away from the Fermi level. This low
energy behavior has already been found for the TL mod1

The 1D Hubbard model now allows us to explore also
finite-energy dispersion of these features. The spin branch
example reaches its maximum binding energy for mom
tum k50 at about (p/2)J, reflecting the dispersion of a bar
spinon. The dispersion of the charge part is a little bit com
plicated. Starting fromk52kF it follows a nearly parabolic-
like dispersion reaching atk51kF a maximum binding en-
ergy which scales with the hopping integralt. From there it
disperses upwards again under a pronounced loss of spe
weight43–45 until it eventually crosses the Fermi level
13kF ~for symmetry reasons there is a corresponding cha

FIG. 9. ~a! Schematic electron removal spectrum of the dop
1D Hubbard model with band filling 1/2,n,2/3. The shaded re
gion denotes the continuum resulting from spin-charge separa
The solid curves indicate the dispersions of the ‘‘spin’’ a
‘‘charge’’ singularity branches~see text for details!. ~b! Theoretical
spin and charge branch dispersions of the 1D Hubbard model
culated forU51.96 eV, t50.4 eV, andn50.59 in comparison to
the ARPES dispersions of the TCNQ-derived conduction band c
plex ~measured with He I radiation, representation as in Fig. 7!.
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branch running from1kF to 23kF). The shape of its dis-
persion reflects that of a bareholon, with the distance of 4kF

~rather than 2kF) between its Fermi level crossing poin
owing to the fact that theholon is a spinless quantum objec
The shift of the symmetry point away fromk50 to 6kF can
be understood from a detailed microscopic analysis of
electronic hole spectrum.16,17 The peculiar high-energy be
havior of the charge branch was first noted by Pencet al. in
the caseU/t→`.43

Comparing this picture to the observed experimental d
persions of the TCNQ-related peaks in the ARPES data~see
Fig. 7! we find remarkable similarities. In fact, it is eve
possible to obtain aquantitativeHubbard model description
of the experimental dispersions. For this purpose we h
utilized the Bethe-ansatz method introduced in Ref. 46. F
ther details about the line shape predicted by the Hubb
model within such a method for the TCNQ dispersions w
be presented elsewhere.47 The method leads toU/t depen-
dent branch lines which are given by the expressions of R
16 @Eqs.~C15!, ~C16!, ~C19!, and~C21!# for the bareholon
and spinondispersions,42 which in turn reproduce those o
the charge and spin branches in the electron removal s
trum. For these calculations the model parametersU and t
were chosen in such a way as to yield optimum agreem
with the ARPES dispersions. The comparison of the mo
calculation to the experimental TCNQ dispersions~from
ARPES spectra measured on a finerk grid than those pre-
sented above! in Fig. 9~b! yields an almost perfect match
This allows us to identify the experimental structures~a! and
~b! ~see Fig. 7! as spin branch and the upper part of t
charge branch, respectively.48 Moreover, the as yet unidenti
fied structure~d! now finds its natural explanation as th
high-energy part of the theoretical charge branch, at leas
not too largek vectors. Experimentally, its reversed dispe
sion beyondkF and its eventual 3kF crossing is not ob-
served, most likely due to the theoretically predicted loss
weight at largerk and the overlapping TTF band. The mod
parameters used to fit the theoretical dispersions to the
perimental ones aret50.4 eV andU51.96 eV, correspond-
ing to a rather moderate coupling strength ofU/t54.9.

We finally turn to the TTF-related ARPES feature. Co
cerning its dispersion we observe no extraordinary beha
other than the enhanced bandwidth relative to band the
Complimentary to the TCNQ band, the TTF-derived condu
tion band~or rather band doublet! is more than half filled
(n5220.59.1). For this case the Hubbard model predic
a charge branch line whose dispersion shows some simi
ties to that of the experimental feature~c! in Fig. 7. However,
there should also be an additional spin branch line for wh
we observe no clear evidence, suggesting a much redu
U/t ratio as compared to the TCNQ chain. Deviating beh
ior of both chains has also been observed in studies of
13C NMR Knight shift which reveal pronounced difference
in the magnitude and temperature dependence of the l
TTF- and TCNQ-derived magnetic susceptibilities.49 This
has been interpreted as indication of enhanced non-l
Coulomb interaction on the TTF chains, consistent with
observation of 4kF fluctuations8,50 and an effective reduction
of spinon-holonsplitting. Furthermore, it is not clear whic
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additional effect on the ARPES spectra may arise from
fluctuations themselves; they could for example account
the relatively large linewidth of the experimental TTF pe
@see structure~c! in Fig. 5#, thereby obscuring a possibl
small spinon-holon splitting. At this point the detailed inter
pretation of the TTF part of the ARPES data has to remain
open question.

VIII. DISCUSSION

The 1D Hubbard model thus provides a quantitative
scription of the experimental TCNQ-related dispersions a
an explanation for the failure of band theory. In fact, earl
studies of the electronic and magnetic low-energy proper
of TTF-TCNQ ~Refs. 7,8,32,33! have already used thi
model successfully for the interpretation of their data. Th
estimated that the local interaction energyU and the band-
width 4t are comparable and of the order of 1 eV. This
consistent with the parameters of our model fit. Concern
the resulting bandwidth 4t51.6 eV we observe an approx
mate doubling with respect to the result of our DFT calcu
tion ~0.7 eV!, just as in the bare band-theoretical interpre
tion of the ARPES data. It is again attributed to a possi
molecular surface relaxation as already discussed in Sec
The hopping integral of our Hubbard model fit thus reflect
surface property. In order to compare tobulk properties we
should rather use the value inferred from the DFT bandwi
t50.175 eV. As the intramolecular Coulomb energyU is a
local quantity, we do not expect large differences betwe
bulk and surface. WithU51.96 eV we thus obtain for the
coupling strength in the volume a value ofU/t511.2. From
U andt we can also calculate the magnetic exchange ene
J of the TCNQ chains, which for the volume yields 21 me
~110 meV for the surface!. This is in good order-of-
magnitude agreement with experimental estimates of the
change constant inferred from the total magne
susceptibility32,51 which range between 17 and 30 meV.52

Further evidence for the importance of correlation effe
is provided by the unusual temperature dependence of
photoemission spectra. Commonly, temperature effects
caused by electron-phonon interaction with spectral chan
occurring on an energy scalekBT, due to an altered popula
tion of phonons with a comparable energy~at least within
harmonic approximation and with linear coupling!.53 How-
ever, for TTF-TCNQ we observe upon warming-up a shift
spectral weight from low to high binding energies b
;1 eV, i.e., an energy of the order of the bare bandwi
and hence much larger than the thermal energy scale.
seems to rule out conventional electron-phonon coupling
the origin of the temperature dependence, though we ca
exclude the additional effect of nonlinear coupling54 and/or
of phonon-induced dynamical modulation of the intrasta
transfer integralt.55

A much more natural explanation of the observed te
perature effects can be inferred from calculations for
quarter-filled 1DtJ model in the strong-coupling limit (J/t
→0, corresponding to theU/t→` case of the Hubbard
model!.56 Here it was found that, compared to the zero te
perature spectrum, considerable spectral weight is redis
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uted from the ‘‘spin’’ peak at the Fermi level to the bottom
the ‘‘charge’’ band at22t already at temperatures 0,kBT
!t, exactly as observed in our data. We are not aware
similar calculations for moderate interaction strengths,
we expect this result to hold qualitatively also for finiteJ/t
or U/t, respectively.

In conclusion, both the dispersive behavior of the TCN
derived ARPES structures as well as the temperature de
dence of the spectra are found to be well accounted for
parts even quantitatively, by the finite-energy spectral pr
erties of the 1D Hubbard model. The observed discrepan
to band theory thus appear as a consequence of spin-ch
separation, which occurs in that model on all energy scale16

In this interpretation our ARPES results on TTF-TCNQ re
resent the first spectroscopic observation of spin-cha
separation in a quasi-1D metal on an energy scale of
conduction bandwidth. It is interesting to note that there
ists independent experimental support for the occurrenc
spin-charge decoupling in TTF-TCNQ from the contrasti
temperature dependence of conductivity and s
susceptibility.57

We close this section with a discussion of the spec
onset nearEF , for which the 1D Hubbard model predicts
low energy behavior}uE2EFua with the exponent ranging
between a50 and a51/8 for U/t→0 and U/t→`,
respectively.1 This is in clear contrast to our experiment
observation of an almostlinear energy dependence~also
seen in the high-resolution spectra of Ref. 13! for which
there are various possible explanations. First of all, the ph
ics of the 1D Hubbard model is expected to be applica
only for excitation energies larger than the transverse tran
integrals associated with interchain hopping~the DFT band
dispersions of Fig. 2 give an estimate of the relevant ene
scale!. In addition, long-range interactions beyond a simp
Hubbard model@e.g., the effect of nearest neighbor intera
tion, which may be non-negligible for TTF-TCNQ~Ref. 58!#
are capable to increase the onset exponent up toa;1.59

Unfortunately, the spectral properties of extended Hubb
models at higher binding energies are not well known.
nally, it has recently been argued that low-energy power
exponents of the order of unity can also be caused by im
rities and/or defects on the surface of an organic conduc
which localize the 1D electrons to strands of finite leng
leading to the concept of a ‘‘bounded Luttinger liquid.’’60

However, it seems likely that the failure of the simp
Hubbard model atlow energies is not just a purely electron
effect. Rather, one should also expect pronounced contr
tions by electron-phonon coupling, which after all is stro
enough to drive a Peierls transition at low temperatures.
the other hand, a simple interpretation of our linear spec
onset in terms of a Peierls pseudogap due to CDW fluc
tions aboveTP554 K must be ruled out, as the size of th
underlying low-temperature Peierls half gap is only 20 me8

much smaller than the energy range of the on
(;100 meV). Furthermore, 2kF CDW fluctuations disap-
pear already at 150 K, while 4kF fluctuations—though still
observable at 300 K—strongly weaken with increasi
temperature.50 In contrast, the ARPES spectral weight ne
EF is found to become reduced~while still being linearly
1-8
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energy-dependent! from low to high temperatures~see Fig.
6!. The large energy range of the spectral onset indicates
importance of coupling to other phonons than those invol
in the Peierls transition and is consistent with the phon
spectrum of TTF-TCNQ, which indeed reaches up
;200 meV.61 Even so, any detailed understanding of t
spectral properties of TTF-TCNQ at low energies will r
quire the consideration of electronic correlationsand
electron-phonon coupling effects on an equal footing, wh
remains to be a challenge to modern solid state theory. W
ever the details of any such description, our above res
indicate that its high-energy physics must be close to tha
the 1D Hubbard model.

IX. CONCLUSION

The electronic structure of TTF-TCNQ above the Peie
transition as probed by ARPES deviates significantly fr
DFT band calculations. The experimental observation of
approximate doubling of the overall conduction bandwid
relative to band theory is attributed to a structural relaxat
of the topmost molecular layers. When accounted for an
hanced electron hopping integral at the surface, the spect
the TCNQ-derived bands can be brought into consistent
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