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Electronic structure of the quasi-one-dimensional organic conductor TTF-TCNQ

M. Sing, U. Schwingenschtp, and R. Claessen
Experimentalphysik Il, UniversitaAugsburg, D-86135 Augsburg, Germany

P. Blaha
Institut fur Physikalische und Theoretische Chemie, Technische UniveWitn, A-1060 Wien, Austria

J. M. P. Carmelo and L. M. Marteto
GCEP - Center of Physics, University of Minho, Campus Gualtar, P-4710-057 Braga, Portugal

P. D. Sacramento
Departamento de Bica and CFIF, Instituto Superior Taico, P-1049-001 Lisboa, Portugal

M. Dressel
1. Physikalisches Institut, Universit&tuttgart, D-70550 Stuttgart, Germany

C. S. Jacobsen
Department of Physics, Technical University of Denmark, DK-2800 Lyngby, Denmark
(Received 11 April 2003; published 29 September 2003

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 fdpwhenergyspectral
behavior is attributed to interchain coupling and the additional effect of electron-phonon interaction.

DOI: 10.1103/PhysRevB.68.125111 PACS nunider71.20.Rv, 79.60.Fr, 71.10.Pm

I. INTRODUCTION ground the search fopositive spectroscopic signatures of
unusual electronic correlation effects in 1D metals remains to
The electronic structure of one-dimensiofHD) conduc-  be of topical importance.

tors provides a valuable testing ground for the study of the In the search for promising realizations of a prototypical
guantum-mechanical many-body problem. On the theoreticalquasij1D conductor the organic charge transfer salts appear
side there exist various models for 1D interacting electroras interesting candidates. Due to the formation of linear mol-
systems, which predict highly unusual low-energy excita-ecule stacks in the crystal structure and an electronic charge
tions due to dynamical decoupling of charge and spin detransfer from cationic to anionic complexes they display
grees of freedom. As a consequence,ltve-energyparadig-  strongly anisotropic metallic conductivitié$.Photoemission
matic Fermi liquid picture fails for 1D metals and a new experiments on such materials often find unusual spectral
generic many-body quantum state emerges which is combehavior such as the absence of a metallic Fermi édge.
monly referred to as Tomonaga-Luttinger liqiLL).! Ex-  However, the lack of information on surface quality, espe-
perimentally, quasi-1D metals are indeed found to displaycially with regard to the rapid photon-induced decomposition
marked deviations from conventional metallic behavior, suctof organic compounds in the vacuum ultravioletasts seri-
as the absence of Fermi-Dirac edges in the single-particleus doubts to what extent these observations reflect intrinsic
excitation spectra probed by angle-resolved photoelectroalectronic properties or rather a strongly disturbed surface.
spectroscopyARPES.?? However, an unambiguous spec- This is further corroborated by the failure of ARPES to de-
troscopic identification of spin-charge separation and the extect spectral energy vs momentum dispersions in most charge
istence oflow-energy TLL behavior in 1D metals is still transfer saltd®1? A notable exception is TTF-TCNQ
lacking so far. Additional interest in 1D electron systems(tetrathiafulvalene-tetracyanoquinodimethgnebeing the
arises from the suggestion that their physics may also bérst (and so far onlyorganic conductor for which dispersing
relevant to the electronic structure of the cuprate-based hightD bands have been observed by ARPE% This indicates
temperature superconductdnelated to the recent discovery a well-ordered periodic surface structure and thus lends
of charge ordering in these materials into narrow metallic 1Dmuch enhanced significance to the observation of a deep
stripes separated by insulating regidfisdgainst this back- pseudogap around the Fermi energy, which even increases up
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FIG. 1. Crystal structure of TTF-TCNQY¢
and ¢ indicate the tilt angles of the planar TTF
and TCNQ molecules, respectively, relative to the
L—X-_, a* ac plane. Also shown is the monoclinic Brillouin
/(]‘3 zone with its high symmetry points.
c*

to room temperature. This spectral behavior has recentlgxpected to be strongly anisotropic. Charge transfer of
been interpreted as possible indication of a highly unusuat-0.59 electrons per molecule from TTF to TCNQ drives
normal state in this 1D conductbt!® both types of chains metallf>° The conductivity along is
In this paper we present a comprehensive experimentaWwo to three orders of magnitude larger than perpendicular to
and theoretical study of the electronic structure of TTF-it, making TTF-TCNQ a truly quasi-1D metal. Below
TCNQ, elaborating on our earlier ARPES results publishedl',=54 K a charge density waW€DW) develops along the
in Ref. 15. The comparison between experiment and bantd direction, with wave vector Qcpy=0.295 b*
theory reveals significant discrepancies, concerning both the=0.485 A™1). The occurrence of the CDW is accompanied
width of the conduction bands as well as their qualitativeby a metal-insulator transition. From the activated behavior
dispersion. While the bandwidth renormalization can be atof the conductivity a Peierls gap of40 meV has been
tributed to a molecular surface relaxation, the remaining disinferred® Within mean-field weak coupling theory this trans-
crepancies indicate a failure of the bare band picture. Rathelates into a transition temperaturefi=~ 125 K. Due to the
we are able to demonstrate that the TCNQ-derived part of thdominant effect of fluctuations in 1D systems the actual
ARPES finite-energy dispersions can be consistently mappe@eierls transition is suppressed to about half of this value. An
onto the electron removal spectrum of the 1D Hubbardadditional transverse ordering transition occurs at 38Tke
model at finite dopind®!’ The importance of electronic cor- observation of diffuse x-ray scattering @t= 4k up to 220
relations is further corroborated by a peculiar temperaturé& indicates the importance of electronic correlatichs.
dependence of the photoemission spectra. Based on these
findings the §pec§ral behavior qf TTF-TCNQ is in_terpreted as IIl. BAND STRUCTURE CALCULATION
spectroscopic evidence for spin-charge separation on an en-
ergy scale as large as the conduction bandwidth. The theoretical band structure was studied within the stan-
dard density functional theoryDFT) approach using the
IIl. PROPERTIES OF TTF-TCNQ generalizgd gradient apprloxim'a'cicﬁ(:\?GA).19 We used the
self-consistent full-potential linearized augmented plane
The monoclinic crystal structure of TTF-TCNQ is shown wave (LAPW) method as implemented in thaeng7 code®®
in Fig. 1. The lattice parameters at room temperatureaare A basis set of about 12500 LAPWSs and additional “local
=12.298 A,b=3.819 A, andc=18.468 A, the monoclinic orbitals” for the 2s (3s) states of C and NS) were em-
angle isB=104.46°® The important structural features are ployed. This corresponds to a lower basis set convergence
parallel linear stacks of planar TTF and TCNQ moleculesthan desirable, but was limited by the available computa-
respectively, oriented along the crystallograpbidirection.  tional resources. Self-consistency was achieved using 18
The 7r-type molecular orbitals, extending over the entire sizepoints in the irreducible wedge of the BZ and a temperature
of each molecule, overlap with those of the neighboring molbroadening scheme with 5 mRy. The results are largely con-
ecules stacked above and below. Maximum covalent bondingistent with previous band calculatiofis?® but contain
is achieved by tilting the molecular planes slightly about themore detailed and reliable information due to the more ad-
aaxis, bydg=24.5° anddo=34.0° for the TTF and TCNQ vanced method. Very good agreement is found with the re-
stacks, respectivelisee Fig. 1218 The sign of the tilt angle cent LDA/GGA pseudopotential calculation of Ref. 24. Our
alternates between neighboring stacks, leading to the hecalculations have been performed for the experimental room
ringbone structure of Fig. 1. temperature structuré.In addition, we also studied the ef-
As covalent bonding occurs only along the stack direcfect of structural distortions as model for a possible surface
tion, the corresponding electronic TTF and TCNQ bands areelaxation(see Sec. V)
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FIG. 2. DFT band structure near the Fermi level along the three L eogggggoo OOo Oooo- DR
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According to the DFT calculation TTF-TCNQ is charac- r Zr z

terized by strong intramolecular covalent bonding, whereas FIG. 3. Theoretical band dispersions aldPg showing the mo-

f{he_ interaction between the_ molecules is predominantlyecmar origin of the bands. The size of the symbols represents the
ionic. Thus, the molecular orbitals are strongly localized eX-charge of each state residing on the TCEXt pane) and TTF
cept along the stacking direction, where small but notablgright pane) molecules.

covalent intermolecular bonding occurs. As seen in Fig. 2,
this leads to the formation of two sets of quasi-1D conduc- IV. ANGLE-RESOLVED PHOTOEMISSION

tion band doublets with pronounced dispersion albhyg.e., ARPES measurements have been performed at our home

the I'Z line of the Brillouin zone(see Fig. 1 The first one, | ysing He I radiation from a discharge lamp and an Omi-
just belowEp at thel’-point and unoccupied &, is derived  ¢yon EA 125 HR electron energy analyzer, and with synchro-
from 7-bonded  orbitals of mostly @) atoms(in the  tron radiation at BESSYBerlin) using an Omicron AR 65
notation of Ref. 18 and can thus be attributed to the TCNQ Spectromete%? In both cases the energy and angu|ar resolu-
stacks. The 130 meV splitting &t results from a weak in-  tion amounted to 60 meV and 1°, respectively. All data
teraction between the two TCNQ stacks in the unit cell. Thayere taken above the Peierls transition at a sample tempera-
other conduction band doublet, showing the opposite dispeture of 60 K. TTF-TCNQ single crystals were grown by
sion and remaining nearly degenerate, is mainly derivediiffusion in pure acetonitrile and had typical dimensions of
from the 3, orbitals of $1) and $2) atoms and therefore 2x5x0.2 mn?, with the long axis alond. Their quality
associated with the TTF stacks. A small hybridization gapwas characterized by x-ray diffraction, electron spin reso-
opens between the respective upper TCNQ and TTF bands Bance, and conductivity measurements. Clean surfaces paral-
the Fermi level. The definite assignment of each band tdel to thea-b plane were obtained bin situ cleavage of the
either the TCNQ or the TTF stacks can also be seen in Fig. Erystals at a base pressure<0fl0~*° mbar. The stoichiom-
which for each band state shows the electronic charge locatry of this surface, which contains both TCNQ and TTF
ized on the TCNQ and the TTF molecules, chains;®was verified by x-ray photoemissidrzrom the ob-
respectively. servation of momentu.m—dispersive ARPES structures we
The metallic nature of the TTF-TCNQ band Structurecor_lclude on a crystalline Iong-ran'ge order of th_e surface,
arises from the energetic overlap of the quasi-1D TCNQ and"h'Ch has independently been confirmed by scanning tunnel-

H 26,27
TTF bands and the electronic charge transfer between ther'¥ miCroscopy(STM). . .
. . . . . Great care was taken to avoid photon-induced surface
Due to interstack interaction our calculation yields two

Fermi vectorske—0.27 and 0.33 AL, slightly larger than damage by minimizing the exposure to the incident radiation.

. - . The effect is demonstrated in Fig. 4, which contains spectra
1 1

expected from th? nesting vectok,2=_0 485 A _denved taken at the experimental Fermi vector. For a freshly pre-

from the CDW periodicity. The theoretical bandwidths along pared surface, i.e., immediately after cleavage of the crystal,

I'Z are 0.7 eMTCNQ) and 0.65 eMTTF), in fair agreement g jntense peak is observed close to the Fermi level. After

with experimental estimates of0.5 eV? two hours of exposure to vacuum ultraviol®UV) radia-

The conduction band dispersion perpendiculabtois  tjon its intensity has strongly decreased and its peak position
essentially negligible. Along thEY line (a*) it is practically  shifted by more than 0.1 eV away frof-. However, the
zero. Slight dispersion of the TCNQ-derived band occurspriginal spectrum is essentially recovered by taking data on
alongI'B, which results from weak interaction alomgbe-  another previously unexposed sample spot. This demon-
tween the molecular end groups in neighboring TCNQstrates that the observed surface degradation is not simply
stacks. However, the effect is too small to cause a bandue to contamination or decomposition in the vacuum but
crossing alond'B. The resulting Fermi surface topology is indeed caused by VUV radiation. Unfiltered higher order
therefore truly 1D. light or direct use of higher photon energiex 35 eV)
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FIG. 4. Angle-resolved energy distribution curves at the Fermi
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vector showing the effect of photon-induced surface degradation

(hv=25 eV, T=61 K). For a detailed discussion see text.

FIG. 6. (Color onling Temperature dependence of the photo-
emission spectrah(p=21.2 eV).(a) Momentum-resolved spectrum

reduces the time scale of the VUV-induced surface damagat k=kr measured between 60 (dashed curveand 260 K(solid
even down to minute3All data presented in the remainder €Urve. (b) Difference spectra relative to 60 Kc) Momentum-
of this paper were obtained before noticeable surface deconiitegrated spectrum at 60 tdashed and 300 K(solid); note the
position occurred. _
Figure 5 shows energy distribution curves obtained along€'ative to 60 K.

the b* axis, i.e., the 1D direction. The spectral features dis-

play pronounced dispersion, whereas spectra measured p&efs. 9,13. Our data are in excellent agreement with those
pendicu|ar tob* are dispersion|es$not shown here, see of Zwick et al**but dlsplay in parts more Spectral detail. For

intensity (arb. units)

FIG. 5. Energy distribution curves measured along Ittze di-
rection (hv=25 eV, T=61 K). The thin lines are guides to the eye
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F

larger energy scale compared(& and(b). (d) Difference spectrum

example, in normal emissioE0°) we can clearly distin-
guish two peaks at 0.19 and 0.54 eV belgw, labeled(a)

and (b) in Fig. 5. In Ref. 13 peaKa) appeared only as a
shoulder and was not discussed. For off-normal emission
peak(b) splits into two parts. The upper oriestaining the
label (b)] moves upwards in energy and converges With
close to#=6°, where both features reach their closest ap-
proach to the Fermi level. We identify this position as Fermi
vector which yieldkg=0.24+0.03 A1, in good agreement
with the value derived from the CDW vector. Note, however,
that despite the high conductivity no metallic Fermi edge is
observed in th&g spectrasee also Figs. 4 and @ithin our
experimental resolution. The spectral intensity rather de-
creases almost linearly down to zero at exactly the Fermi
level. These observations are fully consistent with the high-
resolution AE=15 meV) data of Ref. 13.

Beyondke a weak structuréc) moves back again from
the Fermi level and displays a dispersion symmetric about
6=22° corresponding to th& point of the Brillouin zon&®
Returning to the splitting of peatb) away from#=0° we
note that its lower pailabeled(d)] disperses downwards in
energy and eventually becomes obscured by deakFor
very high emission angles, corresponding to\gector in the
next zone, one observes a symmetry-related weak shoulder

(d).

V. TEMPERATURE DEPENDENCE
OF THE PHOTOEMISSION SPECTRA

Upon cooling through the Peierls temperature the Fermi

and are meant to indicate the dispersion of the spectral features. vector spectrum has been shown to display the expected

125111-4
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opening of a CDW gap® However, even more remarkable is r z
the temperature dependence of the spectrumabovethe '
transition’>*° This is shown in Fig. ) where considerable 00 \//
spectral changes are observed between 60 and 260 K. The '

interpretation of these changes hinges on a careful intensity 3

normalization of the spectra. This has been achieved by nor- ;u

malizing them on the residual background intensity above o

the Fermi energy, which is a good measure of the exciting 2 5

photon flux?® Incidentally, this procedure leads to an almost %

complete alignment of the temperature spectra at high bind- 2,

ing energies (1.3 eV). At lower energies the spectral s

changes from low to high temperatures can then be described &

as a pronounced intensity loss of the peak near the Fermi -1.0
level (and its slight shift away frong), while at the same —
time the intensity increases betwee®.4 and— 1.3 eV[see 0.8 0:5 ;
difference spectra in Fig.(B)]. With the described normal- momentum along b* (A”)

ization theintegratedspectral weight remains however con- 5 7 Gray-scale plot of the ARPES dispersidase text for

served within experimental uncertainty. \_Ne also note thaﬁetails in comparison to the conduction band dispersions obtained
these temperature effects are fully reversible. by density functional theory.

These observations and, in particular, the conservation of
the total intensity suggest that kt=kg spectral weight is

1.0

. o ) L _experimental structuréc) we find its dispersive behavior in
transferred from low to high binding energies with increasing, o reement with that of the theoretical TTF-derived bands,

temperature. However, based on the temperature depende ept that théoccupied bandwidth exceeds the theoretical

of the ke spectrum alone we cannot rule out the possibility by a factor of-1.7. Similarly, structureéa) and(b) can

that the effect is caused by a redistribution of spectral weighbe attributed to the theoretical TCNQ doublet bands if one

in momentum spaceather than in energy, caused, e.g., bYaccounts for largely enhancdda): ~2.0 and (b): ~2.4]

phonon-induced disorder which may be large in 0rganiGyang widths. Finally, we point out that experimental feature
compounds. In order to check this we have determined th%d) finds no counterpart in the band calculation

k-integrated density of staté®OS) by summing up ARPES Our experimental conduction band widths are not only at

spectra covering the entire 1D I_3ri||ouin zone frdmto Z. -\ jance with band theory but also clearly exceed the esti-
Figure Gc) shows the result fof =60 and 300 K. A smear- aia5 derived from bulk-sensitive measurem@ms the

ing of the spectral weight distribution in momentum spaceyppgg probing depth is comparable to the thickness of a
due to thermally excited phonons should have no effect O@ingle molecular layer /2=9.23 A, see Fig. B the ob-

the k-integrated energy spectrum, except possibly for theserved discrepancies suggest that the electronic structure of

phonon-induced lifetime broadening of the spectral peaksme topmost layes) differs from that of the volume. One
The latter seems to be the case for the temperature chang@qinie origin could be a structural surface relaxation in-

around —1.6 eV (the corresponding ARPES spectra show,qying the tilt angles of the plandand relatively rigid TTF

that the broadening occurs only near the zone edge, indicag—nd TCNQ molecules, respectively, relative to thaxis. We

ing a particularly strong electron-phonon coupling theit e that these angles correspond to a total energy minimum
low binding energies we recover the temperature dependenceiquration resulting from a competition between maxi-

of the kg spectrum[see the difference spectra in Figsbf 11y, covalent bonding along the stack direction and mini-
and &d)], which can clearly not be explained by line broad- 4\, coulomb energy in the Madelung potential of the sur-

ening. We hence conclude that the temperature behavior @b n4ing molecular ion¥ It seems conceivable that at the
the Fermi vector is indeed caused by a spectral weight trans-

fer in energy.

VI. COMPARISON OF PHOTOEMISSION
AND BAND THEORY

face

The identification of the ARPES dispersions indicated by
the thin lines in Fig. 5 is further substantiated by a different
representation of the data. Figure 7 shows the negative sec
ond energy derivative of the photocurrentd?l/dE?,
clipped at zero value, as grayscale plot in tlgk) plane.
This enhances the visibility of the spectral structures and
visualizes their dispersion in a completely unbiased way.
Also shown are the DFT conduction bands. The comparison FIG. 8. Schematic picture of a possible surface relaxation lead-
of experiment and theory reveals qualitative similarities buting to enhanced molecular tilt anglé, s and 9¢ ¢ of the topmost
also significant discrepancies. Starting our discussion witlTCNQ and TTF molecules, respectively.

sur

c=18.468 A

125111-5
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surface this balance is offset due the altered Madelung pahe Fermi points:3* The TL model focusses on the low-
tential, leading to different equilibrium tilt angles of the top- energy physics and describes in detail the breakdown of the
most molecules, as sketched in Fig. 8. If the surface tilt hapguasiparticle picture for the low-lying excitations and the
pens to be larger than that in the volume, it will result in aemergence of TLL behavior resulting from the dynamical
reduced separation between the molecular planes within @ecoupling of spin and charge. For example, the TL model
g|Ven stack. Th|S in turn leads to an increase of the intermOpredictS a |Ow_energy onset of the Single_partic'e Spectrum
lecular hopping integral and hence the bandwidth. which is no longer given by a metallic Fermi edge but rather

We have tested this idea by performing a band calculatiorﬂ,y a power law behavior w®, with the exponentx deter-
for a hypothetical volume structure with increased tilt anglesmined by the coupling parameters of the model. The low-
(approximately doubled relative to their bulk valileshich  energy physics of the TL model defines in fact a universality
indeed leads to a strongly enhanced band width at least fQflass which includes also more complicated 1D models of
the TTF-derived bands in good agreement with their ARPESnteracting electron®>3® However, by its very construction
dispersion. However, a realistic calculation of the surfacehe TL model contains no intrinsic energy scale, and there-
relaxation by total energy optimization for a semi-infinite fore the energy range of its applicability to real 1D metals is
large size of the TTF-TCNQ unit cell. Unfortunately, a reli- finite-energyspectral properties.
ableexperimentabletermination of the molecular surface tilt  Ag seen in the previous section, the ARPES data of TTF-
seems also out _of r_each, as the usual methods for surfan;NQ indeed show unusual behavior on an energy scale of
structure determination do not work here. Low energy electhe entire bandwidthnot just near the Fermi level. The spec-
tron diffraction(LEED) of TTF-TCNQ is strongly hampered tra| properties over this much wider energy range have so far
by electron-induced surface damage even faster than thghly been addressed by the 1D single-band Hubbard model.
caused by the VUV photor’sSTM as another important compared to band theory it appears as a much better starting
structural surface probe is only capable of determining thgyoint for the description of TTF-TCNQ and other organic
surface periodicit®*’ but cannot give any reliable informa- charge transfer salts. In fact, various properties of these 1D
tion on molecular off-plane orientation. Therefore, the sugconductors have already successfully been analyzed within a
gested surface relaxation has to remain a mere speculation @fijppard model framework, such as the magnetic
this point. However, whatever its microscopic origin, the ob-sysceptibility?3 or the nuclear spin relaxation raté® The
served enhancement of the ARPES bandwidth with respeginderlying idea is that the local interaction enetdjjor two
to the volume is an experimental fact and we thus have t@jectrons residing on the same molecule dominates over long
accept it as an established property of the probed surfagnge Coulomb contributions. The delocalization of the
layer which distinguishes it from the bulk. charge carriers is described by the hopping integréhe

We are finally left with featuréd), which even under the pare pandwidth amounts td 41 one dimension The Hub-
assumption of a surface band width renormalization canndbard model also defines an intrinsic energy scale for spin
be identified with any of the theoretical volume bands. Iteycitations, which for large values dd/t is given by the
might appear tempting to attribute it to an intrinsic Surfaceexchange constadt= (2t/U){n—[sin(2m)}/27}, 3 with
state. However, such an interpretation is in conflict with the, being the band filling parameten € 0.59 for TTF-TCNQ.
observed Fermi vector of the other bands: Sifde stays At low excitation energies the physics of the 1D Hubbard
well below the Fermi level and would thus be occupiedmgdel with finite doping follows the TLL phenomenology.
throughout the entire Brillouin zongn a one-electron band They/t dependence of the nonclassic TLL exponents, which
picture), it should severely affect the delicate charge balance.onirol the asymptotics of the low-energy correlation func-
between the TTF and TCNQ bands and shift the surfacgons can be extracted from its Bethe-ansatz soldftton.
Fermi vector notably from its bulk value, which is not the However, in contrast to the TL model the Hubbard model
case. Another explanation @) as backfolded image of the 5154 allows the study of finite-energy properties. Recently, an
TTF band induced by long-ranged CDW fluctuatﬁim_s _ exact analysis on the basis of the Bethe ansatz has $fidivn
ruled out due to the lack of other evidence for backfolding iny5t 411 energy eigenstates of the 1D Hubbard model can be
the data. As we will discuss in the following section, spectralyascriped in terms of occupancy configurations of various
feature(d) finds a natural explanation as a many-body effectyjjective spin-only and charge-only modes, namely, spinons
(zero-charge spin excitationsholons(spinless charge exci-
tations, and a third type of charged quantum objeétsve
refer the reader to Refs. 16 and 17 for details. The important

There is substantial experimental evidence that Coulomipoint is that this description is valid fall energy scales of
interaction plays an essential role in the electronic structur¢ghe model and follows from the nonperturbative organization
of TTF-TCNQ (Refs. 7,8,32,3Band that a purely band the- of the electronic degrees of freedom.
oretical description may be inadequate. On the theoretical Here we are interested in the electron removal spectrum
side, the dramatic effects of electron-electron interaction orf the 1D Hubbard model. Qualitative properties of the spec-
the low-energyproperties of 1D metals have been studied intrum have already been derived from early calculations
much detail using the Tomonaga-Lutting@t.) model® Itis  within the strong coupling limit /t—).%*** More re-
based on a 1D conduction band with infinite linear dispersiorcently, it has become possible to determine the spectral be-
and treats interaction by including scattering processes abobfvior also for intermediate interaction strength$~4t),

VIl. COMPARISON TO THE 1D HUBBARD MODEL
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@ | (b) branch running from+kg to —3kg). The shape of its dis-
"spin”

persion reflects that of a bah®lon with the distance of K-
(rather than Rg) between its Fermi level crossing points

i} g owing to the fact that th@olonis a spinless quantum object.
= l The shift of the symmetry point away frok+ 0 to = kg can
5 %’ be understood from a detailed microscopic analysis of the
= Tenaroes s electronic hole spectrudf’” The peculiar high-energy be-
g = havior of the charge branch was first noted by Penal. in
S the casdJ/t—xo.®
Comparing this picture to the observed experimental dis-
; — persions of the TCNQ-related peaks in the ARPES dsee
-n/2 0 /2 n -0.2 00 02 04 . . L. e o
momentum AR na. Fig. 7) we find remarkable similarities. In fact, it is even

possible to obtain guantitativeHubbard model description

FIG. 9. (a) Schematic electron removal spectrum of the dopedof the experimental dispersions. For this purpose we have
1D Hubbard model with band filling 12n<2/3. The shaded re- utilized the Bethe-ansatz method introduced in Ref. 46. Fur-
gion denotes the continuum resulting from spin-charge separatiother details about the line shape predicted by the Hubbard
The solid curves indicate the dispersions of the “spin” and model within such a method for the TCNQ dispersions will
“charge” singularity branchessee text for details (b) Theoretical  pe presented elsewhétfeThe method leads ttJ/t depen-
spin and charge branch dispersions of the 1D Hubbard model caljent branch lines which are given by the expressions of Ref.
culated forU=1.96 eV,t=0.4 eV, andn=0.59 in comparison to 14 [Egs.(C15), (C16), (C19), and(C21)] for the bareholon
the ARPES dispersions of the TCNQ-derived conduction band comznq spinon dispersion§,2 which in turn reproduce those of
plex (measured with He | radiation, representation as in Fig. 7 the charge and spin branches in the electron removal spec-

trum. For these calculations the model parametérand t

either by numerical methotfsor by Bethe ansat?!’ Here  were chosen in such a way as to yield optimum agreement
we will restrict ourselves to the energy vs momentum depenwith the ARPES dispersions. The comparison of the model
dence of the spectral features, which can be calculated exalculation to the experimental TCNQ dispersioffeom
actly with the latter method. The calculation of matrix ele- ARPES spectra measured on a fitkegrid than those pre-
ments between ground and excited states and hence of tsented abovein Fig. Ab) yields an almost perfect match.
spectral weight distribution is more complicated with this This allows us to identify the experimental structu¢asand
method and will be presented elsewh&a schematic pic- (b) (see Fig. 7 as spin branch and the upper part of the
ture of the spectral dispersions is given in Figa)9As the  charge branch, respectivéfMoreover, the as yet unidenti-
hole generated by the removal of one electron decomposédied structure(d) now finds its natural explanation as the
(or “fractionalizes”) into decoupled spin and charge excita- high-energy part of the theoretical charge branch, at least for
tions, there is a manifold of ways to distribute excitationnot too largek vectors. Experimentally, its reversed disper-
energy and momentum among these collective modes givingion beyondkgr and its eventual B crossing is not ob-
rise to an excitation continuum, indicated by the shaded areserved, most likely due to the theoretically predicted loss of
in Fig. 9a). weight at largek and the overlapping TTF band. The model

However, due to the phase space available for electroniparameters used to fit the theoretical dispersions to the ex-
hole fractionalization this continuum is not structureless. It isperimental ones are=0.4 eV andU =1.96 eV, correspond-
dominated by lines of singularitigsolid curves in Fig. @]  ing to a rather moderate coupling strengthWft=4.9.
which roughly speaking correspond to situations, in which We finally turn to the TTF-related ARPES feature. Con-
either the charge mode propagates with the entire excitatiocerning its dispersion we observe no extraordinary behavior
energy leaving zero energy for the spin channel, or viceother than the enhanced bandwidth relative to band theory.
versa. We denote these dispersion curves hence as “charg€omplimentary to the TCNQ band, the TTF-derived conduc-
and “spin” branches, respectively. At the Fermi vector bothtion band(or rather band doublgis more than half filled
branches are degenerate, but due to their different group vén=2-0.59>1). For this case the Hubbard model predicts
locities they split away from the Fermi level. This low- a charge branch line whose dispersion shows some similari-
energy behavior has already been found for the TL mbdel.ties to that of the experimental featu@ in Fig. 7. However,
The 1D Hubbard model now allows us to explore also thethere should also be an additional spin branch line for which
finite-energy dispersion of these features. The spin branch faxe observe no clear evidence, suggesting a much reduced
example reaches its maximum binding energy for momenu/t ratio as compared to the TCNQ chain. Deviating behav-
tumk=0 at about (r/2)J, reflecting the dispersion of a bare ior of both chains has also been observed in studies of the
spinon The dispersion of the charge part is a little bit com- 3C NMR Knight shift which reveal pronounced differences
plicated. Starting fronk= — kg it follows a nearly parabolic- in the magnitude and temperature dependence of the local
like dispersion reaching &= +kg a maximum binding en- TTF- and TCNQ-derived magnetic susceptibilitf@sThis
ergy which scales with the hopping integtalFFrom there it has been interpreted as indication of enhanced non-local
disperses upwards again under a pronounced loss of spect@bulomb interaction on the TTF chains, consistent with the
weight3=*° until it eventually crosses the Fermi level at observation of & fluctuation§°°and an effective reduction
+ 3kg (for symmetry reasons there is a corresponding chargef spinon-holonsplitting. Furthermore, it is not clear which
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additional effect on the ARPES spectra may arise from theited from the “spin” peak at the Fermi level to the bottom of
fluctuations themselves; they could for example account fothe “charge” band at—2t already at temperatures<tgT
the relatively large linewidth of the experimental TTF peak <t, exactly as observed in our data. We are not aware of
[see structurec) in Fig. 5], thereby obscuring a possible similar calculations for moderate interaction strengths, but
Smallspinonholon Spllttlng At th|5 pOint the deta”ed inter' we expect thls result to hold qua"tative|y a|so for f|nnH
pretation of the TTF part of the ARPES data has to remain agy yyt, respectively.
open question. In conclusion, both the dispersive behavior of the TCNQ-
derived ARPES structures as well as the temperature depen-
VIIl. DISCUSSION dence of the spe_ctr{;\ are found tq pe well accounted for, in
parts even quantitatively, by the finite-energy spectral prop-
The 1D Hubbard model thus provides a quantitative deerties of the 1D Hubbard model. The observed discrepancies
scription of the experimental TCNQ-related dispersions ando band theory thus appear as a consequence of spin-charge
an explanation for the failure of band theory. In fact, earlierseparation, which occurs in that model on all energy scales.
studies of the electronic and magnetic low-energy propertief this interpretation our ARPES results on TTF-TCNQ rep-
of TTF-TCNQ (Refs. 7,8,32,38 have already used this resent the first spectroscopic observation of spin-charge
model successfully for the interpretation of their data. Theyseparation in a quasi-1D metal on an energy scale of the
estimated that the local interaction enetdyand the band- conduction bandwidth. It is interesting to note that there ex-
width 4t are comparable and of the order of 1 eV. This isists independent experimental support for the occurrence of
consistent with the parameters of our model fit. Concerningpin-charge decoupling in TTF-TCNQ from the contrasting
the resulting bandwidtht4=1.6 eV we observe an approxi- temperature dependence of conductivity and spin
mate doubling with respect to the result of our DFT calcula-susceptibility?’
tion (0.7 eV), just as in the bare band-theoretical interpreta- We close this section with a discussion of the spectral
tion of the ARPES data. It is again attributed to a possibleonset neaEg, for which the 1D Hubbard model predicts a
molecular surface relaxation as already discussed in Sec. Viow energy behavior:|E—Eg|* with the exponent ranging
The hopping integral of our Hubbard model fit thus reflects ébetween «=0 and «=1/8 for U/t—0 and U/t—o,
surface property. In order to comparelialk properties we  respectively: This is in clear contrast to our experimental
should rather use the value inferred from the DFT bandwidtlobservation of an almosinear energy dependencélso
t=0.175 eV. As the intramolecular Coulomb enefdyis a  seen in the high-resolution spectra of Ref) I8r which
local quantity, we do not expect large differences betweerthere are various possible explanations. First of all, the phys-
bulk and surface. WithJ=1.96 eV we thus obtain for the ics of the 1D Hubbard model is expected to be applicable
coupling strength in the volume a valuedft=11.2. From only for excitation energies larger than the transverse transfer
U andt we can also calculate the magnetic exchange energytegrals associated with interchain hoppiftige DFT band
J of the TCNQ chains, which for the volume yields 21 meV dispersions of Fig. 2 give an estimate of the relevant energy
(110 meV for the surfage This is in good order-of- scalg. In addition, long-range interactions beyond a simple
magnitude agreement with experimental estimates of the exdubbard mode[e.g., the effect of nearest neighbor interac-
change constant inferred from the total magnetiction, which may be non-negligible for TTF-TCN@®Ref. 58]
susceptibility>°* which range between 17 and 30 m&V. are capable to increase the onset exponent up-+d.>®
Further evidence for the importance of correlation effectdUnfortunately, the spectral properties of extended Hubbard
is provided by the unusual temperature dependence of thmodels at higher binding energies are not well known. Fi-
photoemission spectra. Commonly, temperature effects anally, it has recently been argued that low-energy power law
caused by electron-phonon interaction with spectral changesxponents of the order of unity can also be caused by impu-
occurring on an energy scalgT, due to an altered popula- rities and/or defects on the surface of an organic conductor,
tion of phonons with a comparable ener(gt least within ~ which localize the 1D electrons to strands of finite length,
harmonic approximation and with linear coupljfd How-  leading to the concept of a “bounded Luttinger liquitf”
ever, for TTF-TCNQ we observe upon warming-up a shift of However, it seems likely that the failure of the simple
spectral weight from low to high binding energies by Hubbard model albow energies is not just a purely electronic
~1 eV, i.e., an energy of the order of the bare bandwidtheffect. Rather, one should also expect pronounced contribu-
and hence much larger than the thermal energy scale. Thi®ns by electron-phonon coupling, which after all is strong
seems to rule out conventional electron-phonon coupling asnough to drive a Peierls transition at low temperatures. On
the origin of the temperature dependence, though we cannthe other hand, a simple interpretation of our linear spectral
exclude the additional effect of nonlinear coupfih@nd/or  onset in terms of a Peierls pseudogap due to CDW fluctua-
of phonon-induced dynamical modulation of the intrastacktions aboveT,=54 K must be ruled out, as the size of the
transfer integrat.>® underlying low-temperature Peierls half gap is only 20 eV,
A much more natural explanation of the observed temimuch smaller than the energy range of the onset
perature effects can be inferred from calculations for thg~100 meV). Furthermore, K CDW fluctuations disap-
quarter-filled 1DtJ model in the strong-coupling limitJ(t pear already at 150 K, whilek4 fluctuations—though still
—0, corresponding to thé&J/t—«~ case of the Hubbard observable at 300 K—strongly weaken with increasing
mode).>® Here it was found that, compared to the zero tem-temperaturé® In contrast, the ARPES spectral weight near
perature spectrum, considerable spectral weight is redistrier is found to become reduce@vhile still being linearly
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energy-dependenfrom low to high temperaturesee Fig. even quantitative agreement with the theoretical finite-energy
6). The large energy range of the spectral onset indicates th@ngle-particle spectrum of the 1D Hubbard model. This pic-
importance of coupling to other phonons than those involvedure is further supported by a temperature-dependent redis-
in the Peierls transition and is consistent with the phonoriribution of spectral weight over energies much larger than
spectrum of TTF-TCNQ, which indeed reaches up tothe thermal energy. Within this interpretation our experimen-
~200 meV® Even so, any detailed understanding of thetal results provide spectroscopic evidence for spin-charge
spectral properties of TTF-TCNQ at low energies will re- separation on an energy scale of the conduction bandwidth.
quire the consideration of electronic correlatiomnd  In contrast, the spectral behavior at low binding energies is
electron-phonon coupling effects on an equal footing, whicHound to deviate from that of the simple 1D Hubbard model,
remains to be a challenge to modern solid state theory. Whapossibly due to higher dimensional effects combined with the
ever the details of any such description, our above resultadditional importance of electron-phonon coupling and pos-
indicate that its high-energy physics must be close to that o$ibly also long-range electron-electron interaction. TTF-
the 1D Hubbard model. TCNQ thus represents an interesting model system to study
electronic correlation effects in a 1D metal.
IX. CONCLUSION

. . ACKNOWLEDGMENTS
The electronic structure of TTF-TCNQ above the Peierls

transition as probed by ARPES deviates significantly from We gratefully acknowledge S. Hao, C. Janowitz and G.
DFT band calculations. The experimental observation of arfReichardt for technical support at BESSY, and F. Gebhard, E.
approximate doubling of the overall conduction bandwidthJeckelmann, J. M. B. Lopes dos Santos, A. Muramatsu, K.
relative to band theory is attributed to a structural relaxatiorPenc, and J. Voit for stimulating discussions. This work was
of the topmost molecular layers. When accounted for an ensupported by the DF@Grant Nos. CL 124/3 and SFB 484
hanced electron hopping integral at the surface, the spectra tife BMBF (Grant No. 05SB8TSAR and the FCT(Ph.D.

the TCNQ-derived bands can be brought into consistent anGrant No. BD/3797/9%

*Permanent address: Departamento @ick| Faculdade de Engen- ’J.M.P. Carmelo and P.D. Sacramento, Phys. ReG8B085104
haria, Universidade do Porto, P-4200-465 Porto, Portugal. (2003; J.M.P. Carmelo and K. Penc, cond-mat/0303angub-
1. Voit, Rep. Prog. Phy®8, 977 (1999, and references therein. lished; J.M.P. Carmelo, cond-mat/030534funpublisheit
2M. Grioni and J. Voit, inElectron Spectroscopies Applied to Low- J.M.P. Carmelo, cond-mat/030556&publishedl
Dimensional Materialsedited by H. Starnberg and H. Hughes 187 3. Kistenmacher, T.E. Phillips, and D.O. Cowan, Acta Crystal-
(Kluwer, Dordrecht, 2000 Vol. 1. logr., Sect. B: Struct. Crystallogr. Cryst. Che8@, 763 (1974.

3 .
G.-H. Gweon, J.D. Denlinger, J.W. Allen, R. Claessen, C.G. Ol-19
son, H. Hehst, J. Marcus, C. Schlenker, and L.F. Schneemeyer, J.P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Let.

J. Electron Spectrosc. Relat. Phendrh7-118, 481 (2007). 20 3865(1996. . i ) )

4p. Orgad, S.A. Kivelson, E.W. Carlson, V.J. Emery, X.J. Zhou, P. Blaha, K. Schwarz, and J. Luitw/EN97, Vienna University of
and Z.X. Shen, Phys. Rev. Le86, 4362 (2001). Technology 1997.Improved version of P. Blaha, K. Schwarz, P.

5J.M. Tranquada, B.J. Sternlieb, J.D. Axe, Y. Nakamura, and S. Sorantin, and S.B. Trickey, Comput. Phys. Comm&8, 339
Uchida, NaturgLondon 375 561 (1995. (1990].

6J.M. Tranquada, Physica B41, 745(1998. 21A.J. Berlinsky and J.F. Carolan, Solid State Commi,. 795

’D. Jgome and H.J. Schulz, Adv. Phy299, 31(1982. (1974.

83. Kagoshima, H. Nagasawa, and T. SamboBgie-dimensional  2?R.V. Kasowski, Min-H. Tsai, S.T. Chui, and J.D. Dow, Phys. Rev.
Conductors(Springer, Berlin, 1988 and references therein. B 46, 10 017(1992.

%M. Sing, U. Schwingenschip, R. Claessen, M. Dressel, and C.S. 2E.B. Staricov, Int. J. Quantum Chei®6, 47 (1998.
Jacobsen, Phys. Rev. &, 125402(2003. 243, Ishibashi and M. Kohyama, Phys. Rev6B 7839 (2000.

10R. Claessen, U. SchwingenschloM. Sing, C.S. Jacobsen, and 25C. Janowitz, R. Mler, T. Plake, Th. B&er, and R. Manzke, J.
M. Dressel, Physica B12-313 660 (2002. Electron Spectrosc. Relat. Phenob®5 43 (1999.

113, Salerholm, R.T. Girard, and D. Schweitzer, Phys. Re\6®  2°T. Sleator and R. Tycko, Phys. Rev. Le#0, 1418(1988.
4267(1997). 2717.Z. Wang, J.C. Girard, C. Pasquier, Drdme, and K. Bech-

12F zwick, S. Brown, G. Margaritondo, C. Merlic, M. Onellion, J.  gaard, Phys. Rev. B7, 121401(2003.
\oit, and M. Grioni, Phys. Rev. Letf79, 3982(1997). 280ur Z point is identical to theY point of Ref. 13.

18 Zwick, D. Jeome, G. Margaritondo, M. Onellion, J. Voit, and 2°The spectra have been measured with He | radiat®in2 eV}

M. Grioni, Phys. Rev. Lett81, 2974(1998. from a discharge source. Here the photocurrent above the Fermi
M. Sing, R. Claessen, Th. Finteis, S. Hao, S.fritw, and P. edge results from inelastic electrons due to photoexcitation by
Blaha, J. Electron Spectrosc. Relat. Phendh4-116 717 He Il (40.8 eV} satellite radiation and is proportional to the

(2002. intensity of the He | main line.

15R. Claessen, M. Sing, U. Schwingensdi|d®. Blaha, M. Dressel, 30T E. Phillips, T. J. Kistenmacher, J. P. Ferraris, and D. O. Cowan,
and C.S. Jacobsen, Phys. Rev. L88, 096402(2002. Chem. Commun(London 1973 471.

163 M.P. Carmelo, K. Penc, and J.M. Ramacond-mat/0302044 31J. Schéer, E. Rotenberg, S.D. Kevan, P. Blaha, R. Claessen, and
(unpublished R.E. Thorne, Phys. Rev. Le®7, 196403(200J).

125111-9



M. SING et al. PHYSICAL REVIEW B 68, 125111 (2003

323.B. Torrance, Y. Tomkiewicz, and B.D. Silverman, Phys. Rev. B*8In this interpretation the doublet character of the TCNQ bands

15, 4738(1977). predicted by band theory is assumed to be unresolved in the
33H. Basista, D.A. Bonn, T. Timusk, J. \Voit, D. riene, and K. ARPES spectra.

Bechgaard, Phys. Rev. &, 4088(1990. 49T. Takahashi, D. Yeme, F. Masin, J.M. Fabre, and L. Giral, J.
34y, Meden and K. Schashammer, Phys. Rev. 86, 15 753(1992. Phys. C17, 3777(1984.
353, Sdyom, Adv. Phys.28, 201 (1979. 503.P. Pouget, S.K. Khanna, F. Denoyer, R. CepeF. Garito, and
36F.D.M. Haldane, J. Phys. T4, 2585(1981). A.J. Heeger, Phys. Rev. Le87, 437(1976.
S’PA. Lee, T.M. Rice, and R.A. Klemm, Phys. Rev.1B, 2984  °S. Klotz, J.S. Schilling, M. Weger, and K. Bechgaard, Phys. Rev.

(1977. B 38, 5878(1988.
38F, Devreux, Phys. Rev. B3, 4651(1976. 52|n Refs. 32 and 53 was derived from the magnitude of thetal
39C.F. Coll, Phys. Rev. B, 2150(1974. susceptibility at room temperatufaote that Ref. 51 finds the
49D.J. Klein and W.A. Seitz, Phys. Rev. B, 3217(1974. susceptibility largely temperature independent after correcting
41E H. Lieb and F.Y. Wu, Phys. Rev. Le0, 1445(1968. for the effects of thermal lattice expansjo®n the other hand,

42\We note that the terms “holon” and “spinon” are used in differ- the °C NMR studies of Ref. 49 indicate that at 300 K the
ent meanings in the literature. Here we adopt the use of Ref. 1, TCNQ stacks contribute almost 2/3 of the total susceptibility.
in which a holon has charge e and zero spin, and a spinon is 53\, Knupfer, M. Merkel, M.S. Golden, J. Fink, O. Gunnarsson,
chargeless and has spin 1/2. In the theory of Refs. 16 and 17 the and V.P. Antropov, Phys. Rev. 87, 13 944(1993.
above holon is denoted aspseudoparticle hole, whereas the 5*H. Gutfreund, C. Hartzstein, and M. Weger, Solid State Commun.
expression “holon” is reserved for a third important collective 36, 647 (1980.

excitation with charge-2e or +2e and »-spin 1/2. %53, Pairault, D. Seechal, and A.-M.S. Tremblay, Eur. Phys. J. B
43K. Penc, K. Hallberg, F. Mila, and H. Shiba, Phys. Rev. L&f. 16, 105(2000.
1390(1996. %6K. Penc and M. Serhan, Phys. Rev5B, 6555(1997).
443, Favand, S. Haas, K. Penc, F. Mila, and E. Dagotto, Phys. ReV¥/Y. Tomkiewicz, A.R. Taranko, and J.B. Torrance, Phys. Rev. B
B 55, R4859(1997. 15, 1017(1977).
4D, Seechal, D. Perez, and M. Pioro-Ladrie Phys. Rev. Lett. °8J. Hubbard, Phys. Rev. B7, 494 (1978.
84, 522(2000. %9A.K. Zhuravlev and M.I. Katsnelson, Phys. Rev.6, 033102
463. M. P. Carmelo and K. Penc, cond-mat/03032T®publishedl (2002).

473. M. P. Carmelo, K. Penc, L. M. Martelo, P. D. Sacramento, J. M.®%J. \oit, Y. Wang, and M. Grioni, Phys. Rev. &, 7930(2000.
B. Lopes dos Santos, R. Claessen, M. Sing, and U. Schwingerf*J.E. Eldridge, Y. Lin, T.C. Mayadunne, L.K. Montgomery, S. Ka-
schlagl, cond-mat/0307602unpublishedl ganov, and T. Miebach, Solid State Comma65, 427 (1998.

125111-10



