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Surface characterization and surface electronic structure
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We have thoroughly characterized the surfaces of the organic charge-transfer salts TTF-TCNQ and
(TMTSF)2PF6 which are generally acknowledged as prototypical examples of one-dimensional conductors. In
particular x-ray-induced photoemission spectroscopy turns out to be a valuable nondestructive diagnostic tool.
We show that the observation of generic one-dimensional signatures in photoemission spectra of the valence
band close to the Fermi level can be strongly affected by surface effects. Especially, great care must be
exercised taking evidence for an unusual one-dimensional many-body state exclusively from the observation of
a pseudogap.

DOI: 10.1103/PhysRevB.67.125402 PACS number~s!: 79.60.Fr, 73.20.2r, 71.20.2b
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I. INTRODUCTION

In strictly one-dimensional~1D! metals many-body theory
predicts unusual behavior of the electronic properties du
their fundamental instability against an infinitesimal sm
perturbation of the Coulomb interaction. Such systems
no longer be described by conventional Fermi liquid~FL!
theory. Instead, the concept of a Luttinger liquid~LL ! has
been introduced which is characterized by generic 1D f
tures. These comprise, e.g., bosonic excitation modes ra
than fermionic quasiparticles, a power-law decay of
momentum-integrated spectral weight towards the Fermi
ergyEF , or spin-charge separation.1 Most of these signature
are best seen in the~momentum resolved! single-particle ex-
citation spectrum as directly probed by~angle-resolved! pho-
toemission spectroscopy@~AR!PES#. Indeed, ~quasi-!1D
metals were found to display marked deviations from c
ventional metallic behavior using~AR!PES.2–13 Basically all
1D materials studied so far show no clear Fermi cutoff. O
recently did we obtain convincing evidence for spin-cha
separation in the charge-transfer salt TTF-TCNQ based o
analysis within the 1D Hubbard model.13 However, PES is
extremely surface sensitive and any deviation from conv
tional metallic behavior could simply be due to the surfa
being different from the bulk. Unfortunately, up to now on
little effort has been spent on the investigation of the act
nature of the surface under study. This would be especi
important for organic materials which are particularly su
ceptible to rapid photon-induced decomposition in t
vacuum ultraviolet~VUV !. In this paper we aim to fill this
gap for TTF-TCNQ and deal with another charge-trans
salt, (TMTSF)2PF6, to exemplify the importance of both in
trinsic and extrinsic surface effects.

II. ORGANIC CHARGE-TRANSFER SALTS

The organic charge-transfer salts comprise a vast var
of molecular crystals containing almost planar organic do
0163-1829/2003/67~12!/125402~11!/$20.00 67 1254
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and/or acceptor molecules as essential structural build
units. These are stacked on top of each other with a poss
tilt of the molecular planes relative to the stacking directio
Several types of stacks can occur, e.g., consisting of only
species, or with moleculesA and B alternating along one
stack or being segregated to form two types of chains a
TTF-TCNQ. However, the interesting electronic propert
of these compounds are not of molecular origin but ar
from the interaction of adjacent molecules. Depending on
‘‘side-by-side’’ and ‘‘face-to-face’’ interaction strength th
crystals show predominantly one- and two-,14 or even three-
dimensional features in their electronic behavior.15 The inter-
molecular interaction involves thep orbitals pointing per-
pendicular to the molecular plane and ranges from van
Waals type over weakly covalent to ionic in character. A
on-molecule Coulomb repulsion energy in the range betw
0.5 and 2 eV together with the relatively small band widt
puts these systems in an intermediate-coupling regime w
correlations may be important.14 It is the quasitunability of
the correlation strength and the dimensionality which ma
the organic charge-transfer salts so interesting and prod
this wealth of symmetry-breaking ground states includ
spin-density waves~SDW’s! and charge-density wave
~CDW’s!, spin-Peierls states, and even superconductivity
this paper we focus on two systems TTF-TCNQ a
(TMTSF)2PF6, which could be classified within the above
sketched scheme as quasi-one-dimensional mixed vale
segregated stack conductors. In TTF-TCNQ the mixed
lency is due to incomplete charge transfer of 0.59 electr
from TTF to TCNQ while in the so-called Bechgaard s
(TMTSF)2PF6 it arises from the 2:1 ratio between the rad
cal cation TMTSF and the counter anion PF6.14 In the fol-
lowing we only show data which were recorded in the n
mal metallic state, i.e., above the CDW transitio
temperature of 54 K for TTF-TCNQ Ref. 16 and above t
©2003 The American Physical Society02-1
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1D-2D crossover temperature of about 110 K f
(TMTSF)2PF6.17

TTF-TCNQ (C18H8N4S4) crystallizes in a monoclinic
structure~Fig. 1!, space groupP21 /c, with lattice param-
eters a512.298 Å, b53.819 Å, c518.468 Å, and b
5104.46°.18 The segregated TTF and TCNQ stacks r
along the crystallographicb direction. The molecular plane
are tilted ~with opposite signs! by 24.5° ~TTF! and 34.0°
~TCNQ! with respect tob arounda. The two types of chains
alternate alonga while they do not alongc. Within a unit cell
there are two TTF~TCNQ! chains with opposite tilting
angles of the molecules thus leading to a herringbone typ
arrangement.

FIG. 1. ~a! View of the crystal structure of TTF-TCNQ along th
b axis and side view of the (b,c) plane~after Ref. 18!. ~b! View of
the crystal structure of (TMTSF)2PF6 along thea axis and side
view of the (a,b8,1c8) plane.b8 andc8 denote the projections ofb
andc ~after Ref. 19!.
12540
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The crystal structure of (TMTSF)2PF6 (2C10H12Se4

•PF6) is triclinic, space groupP1̄, with lattice parameters
a57.297 Å, b57.711 Å, andc513.522 Å and anglesa
583.39°, b586.27°, andg571.01° at 300 K.19 The easy
axis, the crystallographica direction, is made up by TMTSF
stacks stabilized by the negatively charged PF6 counter ions
in between. The molecular plane is almost perpendicula
a.

III. EXPERIMENTAL DETAILS

The TTF-TCNQ and (TMTSF)2PF6 single crystals were
grown by diffusion~in pure acetonitrile! and electrocrystal-
lization, respectively. They had typical dimensions of 0
33.030.2 mm3 and 1.530.530.1 mm3, respectively, with
their 1D direction along the long sample axes. Their lanc
like shape makes it only possible to perform PES meas
ments on the~001! @(a,b)# plane for both TTF-TCNQ and
(TMTSF)2PF6.

For both systems clean surfaces were exposed byin situ
cleavage of the crystals at a base pressure in the
10210 mbar range through knocking off a post glued on t
sample surface. PES spectra were recorded using an O
CRON Multiprobe surface analysis system equipped with
EA 125 analyzer. For x-ray-induced photoemission spectr
copy ~XPS! the total energy resolution was set to 0.6 e
while for photoemission in the ultraviolet~UPS! the energy
resolution amounted typically to'70 meV and'150 meV
for TTF-TCNQ and (TMTSF)2PF6, respectively. The accep
tance angle was68° for XPS and61° for UPS. Monochro-
matized AlKa radiation (hn51486.6 eV) and unmonochro
matized HeI photons ~21.22 eV! from a conventional
discharge lamp were taken as excitation sources. Calibra
of the binding energy scale was achieved by measuring
Fermi edge of a freshly sputtered Au foil at low temper
tures. All XPS spectra were recorded at room tempera
whereas the UPS spectra on TTF-TCNQ and (TMTSF)2PF6
were taken at 60 K and 150 K, respectively.

IV. TTF-TCNQ

A. Ideal and actual sample surfaces in direct space

First of all it is important to note that the natural cleava
plane of TTF-TCNQ is parallel to the~001! lattice plane. If
we regard the extended molecules for a moment as re
sented by point charges, it is immediately seen that this~001!
lattice planeessentially bears no net surface charge sinc
contains as many TTF as TCNQ molecules~Fig. 1!. Thus
there is no charge imbalance and the surface created by
posing this plane should essentially be stable. Taking i
account more realistically the planar shape and the bulk
rangement of the TTF and TCNQ molecules the same ho
for the ~001! layer. However, due to the broken translation
symmetry, the Madelung potential at the surface will diff
from that in the bulk. Thus it is conceivable that there w
occur some electronic charge redistribution probably c
comitant with a structural surface relaxation. Since the
tramolecular covalent bonds are quite strong and hence
molecules themselves rigid and since, in addition, there
2-2
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SURFACE CHARACTERIZATION AND SURFACE . . . PHYSICAL REVIEW B 67, 125402 ~2003!
no dangling bonds perpendicular to the surface, such a s
tural relaxation most likely will happen by changes in t
tilting angles with respect to the bulk. One could specul
that structural changes at the surface will take place such
a better screening of the Madelung potential is achieved,
by a stronger hybridization of thep orbitals perpendicular to
the plane of the molecules. These ideas will be discusse
more detail below.

Figure 2 shows a typical scanning electron microsco
~SEM! image of a cleaved TTF-TCNQ crystal. One clea
sees the good quality of the exposed surface with large
terraces. Thus, the actual sample surface indeed can
viewed as representing the~001! lattice plane.

B. Surface characterization by XPS

The surface composition of the TTF-TCNQ crystals w
investigated by means of XPS. Figure 3 shows an overv
spectrum of a TTF-TCNQ surface. Each spectral feature
the spectrum can be identified and classified according to
physical origin, i.e., as stemming from core levels or Aug
processes. In addition, one can find satellite structure
each intense core level at multiples of about 22 eV aw
from the main line. These are related to inelastic losses
fered by the photoelectrons due to plasmon excitations o
the valence electrons. Except for a slight O contaminat
~see below! we find only signatures of the constituent el
ments of TTF-TCNQ.

FIG. 2. SEM image of a typical TTF-TCNQ surface after clea
age.

FIG. 3. XPS overview spectrum of a TTF-TCNQ surface
exposed byin situ cleavage of a single-crystalline sample.
12540
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For a quantitative analysis it is important to assure that
individual core lines and their plasmon satellites are w
separated from each other so that there is no contributio
other origin except for a structureless background due to
ondary electrons. In order to determine the spectral weigh
a certain core excitation a Shirley background was subtra
before integration. The areas thus obtained were weighte
the inelastic mean free path of the photoelectrons~which is a
function of kinetic energy!, the transmission function of the
analyzer~also a function of kinetic energy!, and the photo-
excitation cross sections. Using experimentally20 and
theoretically21 derived cross sections basically yields iden
cal results. In Table I we summarize values obtained fo
typical sample in normal-emission~NE! geometry employ-
ing the experimentally determined cross sections. Note
the error amounts to about 20%, mainly due to the unc
tainty of the tabulated cross sections used. Nevertheless
agreement of the surface composition as determined by X
and the nominal composition given by the bulk stoichio
etry of the material is striking. Especially there is no exce
of carbon detectable and only a weak contamination w
oxygen is observed.

Additional information beyond a qualitative and quantit
tive elemental analysis as discussed so far may be extra
from the line shapes and the fine structure of a certain c
level. We first turn to the C 1s and S 2s lines since they can
be discussed on equal basis. Their XPS spectra recorde
NE geometry are displayed in Fig. 4. The C 1s and S 2s
lines both consist of one single peak with an asymmetrica
decaying tail at the higher-binding-energy side. From
peak maxima we derive a binding energy of 285.2 eV a
228.4 eV for the C 1s and S 2s level, respectively. The cor
responding line widths@full widths at half maximum
~FWHM!# amount to about 2.3 eV and 2.7 eV. Spectra of t

TABLE I. Surface composition of TTF-TCNQ as derived from
quantitative analysis of the XPS core level spectra. Experime
compositions are given with respect to sulphur. The values hav
be read as numbers of atoms per unit cell.

Element@core line# O @1s# C @1s# N @1s# S @2s#

Nominal composition 0 36 8 8
From XPS 0.4 34.2 7.8 8

FIG. 4. XPS spectra of the C 1s, S 2s, and O 1s core levels of
TTF-TCNQ as a function of emission angle.
2-3
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above-mentioned core levels are rarely discussed in the
erature for TTF-TCNQ.25,26As for the C 1s level the reason
is obvious. Carbon is not specific for either the TTF or t
TCNQ molecule, and there are many~nine! inequivalent
sites in the crystal structure. Since at each of these the ch
cal environment is different, the corresponding C 1s signals
are shifted in energy relative to each other. However, du
the finite experimental resolution and the lifetime broaden
of the photoemission final states, they overlap to one sin
relatively broad line as seen in Fig. 4.

A closer look at the S 2s line seems to be more promis
ing. Sulphur is specific for the TTF molecule, and there
only two crystallographically different sites in a ratio1:1.
Nonetheless, these cannot be resolved~see Fig. 4!. However,
provided that there exist no further lines, e.g., due to a s
face species with different binding energy and relative int
sity, the superposition of two symmetric line shapes cont
uting with equal strength is always symmetric. Thus, fro
the S 2s spectrum we conclude that the asymmetric tail
deed is inherent to each single component.

That the situation actually is more subtle can be seen f
the S 2p line shown in Fig. 5. In contrast to the S 2s line,
the S 2p signal is split into two maxima at about 163.8 e
and 164.8 eV. The former maximum is about 15% lower
intensity than the latter. An additional shoulder is situated
about 165.9 eV. Again an asymmetrically decaying tail
seen at higher binding energies. It is obvious that the
maxima about 1 eV apart cannot be identified with the sp
orbit split 2p doublet. They exhibit not only a quantitativel
wrong intensity ratio~expected to be 2:1 between lower- a
higher-binding-energy peaks!, but it is even reversed with th
lower-binding-energy peak being significantly weaker. F
thermore, the splitting of the order of 1 eV seems far t
high to be explained by a chemical shift of the binding e
ergies due to the two inequivalent S sites. The bond
lengths of the S~1! and S~2! atoms~see Fig. 1! are almost
equal.18 Also the intermolecular environment of the S~1! and
S~2! atoms is topologically similar and in particular exhibi

FIG. 5. XPS spectra of the S 2p and N 1s core levels of TTF-
TCNQ ~dots!. The lines represent decompositions into underly
components obtained by a least-squares fit. For details see the
Insets: XPS spectra of the S 2p and N 1s core levels as a function
of emission angle~NE, 40° off NE, 70° off NE!. Note that the
binding energy scale is the same as in the parent plot.
12540
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similar distances of the S sites to the neighboring TCN
molecules. One has to conclude that there exist two sign
cantly different S signals with possibly different relativ
strengths which questions the above reasoning regarding
S 2s line. Thus, in order to clarify the situation it is nece
sary to perform a line shape analysis of the S 2p line. In
accordance with our conclusion above we used two doub
with the spin-orbit splitting~intensity ratio2:1) fixed at 1.18
eV.22 If the observed asymmetric tail is intrinsic for each co
level and not only caused by a superposition of differe
lines, it would be readily explained by collective screeni
of the conduction electrons as is well known for metals23

Hence, to each component in our analysis we assigned
so-called Doniach-Sˇunjić line shape describing the metalli
screening. Besides the energy position and width a param
a enters its definition which determines the asymmetry
Lorentzian is recovered fora50. We used one singlea for
all components. In the fitting procedure included was als
convolution by a Gaussian of variable width to account
the experimental resolution ('0.6 eV) and contributions to
the linewidth which do not stem from purely exponent
decay, e.g., due to the coupling to phonons. Allowing
larger Gaussian widths than justified by the experimen
resolution alters the line shapes of each component in
the onset at lower binding energies gets steeper, i.e., m
Gaussian like in character. The overall width and the pe
asymmetry as well as all other fit parameters remain es
tially unchanged. The results are displayed in Fig. 5. T
experimental spectrum is reproduced very well. The asy
metry parametera comes out to be 0.11, in reasonable agr
ment with values for simple metals.24 From this analysis we
infer the intrinsic character of the asymmetric tail due to t
coupling of the photohole to the conduction electrons a
confirm that essentially two S signals are observed which
stated above, cannot be reconciled by the chemical shif
the binding energies of the two inequivalent S sites. T
most interesting quantity to be explained is the intensity ra
of the lower- to the higher-binding-energy contributio
which from the fit is found to be 0.44:0.56.

Before further elucidating the origin of the two comp
nents of the S 2p line and their intensity ratio we first turn to
the line most intensively discussed in the literature,27–33,26,34

the N 1s core level excitation. As is obvious from Fig. 5
consists of at least three contributions, a distinct maximum
about 398.0 eV and two shoulders at higher binding energ
of about 399.5 eV and 401.4 eV. Note that for similar arg
ments as in the case of sulphur these energy differences
too large to be accounted for by possible chemical shifts
the two inequivalent N sites. Looking closer at the should
at highest binding energy one can actually distinguish ad
tional fine structure which may be connected to two und
lying components~marked by ticks in Fig. 5!. Since they
appear to be equally spaced and to display a similar inten
ratio as the two structures at lower binding energy, we id
tify them simply as accompanying satellite features of t
different components. This assignment is in line with t
N 1s spectrum of pure TCNQ crystals, which consists of o
main line and a satellite structure well separated by about
eV.35 This satellite was attributed to an intramolecul

xt.
2-4
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SURFACE CHARACTERIZATION AND SURFACE . . . PHYSICAL REVIEW B 67, 125402 ~2003!
shake-up process between the highest occupied mole
orbital of the neutral and the lowest unoccupied molecu
orbital of the ionized TCNQ molecule. Due to the only we
covalent bonding, similar local excitations will persist
TTF-TCNQ.

We fitted this model to our data where again we simula
the line shapes according to Doniach and Sˇunjić. This applies
also to the satellites although their actual spectral form
microscopically of other origin. Without any additional info
mation the two main lines and one of the satellite peaks~the
more pronounced one at lower binding energy! have to be
varied independently while the second satellite is coupled
its main line in the same way, i.e., with respect to ene
position, width, and weight, as the first one. In addition,
employed for simplicity only one single asymmetry para
eter. The results of the fit are displayed in Fig. 5. The imp
tant quantities we can extract are the main-line–sate
splitting of about 2.6 eV, the asymmetry parametera
50.11, and the intensity ratio of about 0.65:0.35 betwe
lower- and higher-binding-energy contributions.

We note that the 2.6 eV main-line–satellite splitting p
fectly agrees with the experimental value for pure TCNQ a
thus confirms our fit model. It is now interesting to correla
the intensity ratio for lower- and higher-binding-energy co
tributions with that obtained for S 2p. Intriguingly, the ratios
have within the accuracy of this evaluation just recipro
values. The idea suggests itself that this may have somet
to do with the electron transfer from TTF to TCNQ. Th
leaves the TTF and TCNQ molecules in a mixed valent s
of 0.591 and 0.592, respectively. If the charge fluctuation
between TTF0 and TTF1 on the one hand and TCNQ0 and
TCNQ2 on the other take place on a slower time scale th
the photoemission process itself, one would observe
peaks corresponding to the two chemical states of TTF
TCNQ, respectively. Moreover, due to less effective scre
ing of the core potential, the TTF1 state should show up in
the S 2p spectrum at higher binding energy compared to
neutral chemical state. The reverse is true for TCNQ2 and
the N 1s line. In both cases the charged state should hav
larger spectral weight with a ratio 0.59:0.41. Indeed, t
scenario matches qualitatively our data and is even in
quantitative agreement with our line shape analysis.

We only briefly mention here the controversial debate
garding the correct interpretation of the N 1s spectral fea-
tures in the 1970s. Partly, it was caused by the minor qua
of the data which showed quite large intensity variations
pending on the method of sample preparation.27,29,33In par-
ticular, none of these measurements were done on cle
single crystals as in this work. Thus, a reliable quantitat
analysis was highly impeded although the idea of two che
cal states of N to be seen in the spectra was used ear
order to determine the amount of charge transfer.27 More-
over, much of the persuasive power of our above argum
tation is owed to the correlation of the results of our analy
for the N 1s and S 2p spectra which previous work failed t
attempt.36,37 Instead, it was argued from calculations of t
Madelung potentials that Coulomb energy differences m
account for the observed relative energy shifts.28,30,31How-
12540
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ever, it was shown that as no polarization effects in the so
state were taken into account such calculations were of l
use.32

Not least because of some reports on evidence for str
angle-dependent intensity variations in XPS spectra of T
TCNQ, especially regarding the N 1s level,29,33 some space
is given to that issue here. Since 95% of the detected ph
electrons at a certain kinetic energy which were not scatte
inelastically stem from a layer of thickness;3lcosu, where
l is the inelastic mean free path at that energy, the inform
tion depth of XPS can be varied on a scale of about;30 Å
by changing the detection angle with respect to the surf
normal. The results of our measurements at 0°~NE!, 40°,
and 70° are displayed as solid, dashed, and dotted line
Fig. 4 and the insets of Fig. 5. The spectra are normalize
the background intensity at low binding energies. Note t
the background might be angle dependent as well. He
only pronounced intensity variations as a function of em
sion angle should be taken seriously. In view of this cav
the S 2s, S 2p, and N 1s lines are not conspicuous. Th
slightly decreasing peak heights with increasing emiss
angles are most probably just a matter of the normaliza
being systematically wrong. On the contrary, the C 1s line
displays at the biggest emission angle some additional s
tral weight at higher binding energies. This is likely due to
slight surface contamination. Remarkable, however, is
angular dependence of the O 1s line. While only a weak
signal is seen at NE and 40° off NE a strongly enhanc
peak emerges at 70° off NE. This behavior provides strik
evidence that the O must be accumulated on the topm
surface layer. It originates probably from the residual g
molecules in the vacuum chamber. The observed O conta
nation takes place on a very short time scale and has s
rated within minutes. However, since the amount is smal
does not severely affect the UPS measurements discu
below.

To make the comprehensive discussion of the XPS spe
conclusive with respect to our aim, i.e., to relate surface
electronic structure, we summarize the results of this pa
graph as follows: XPS is a valuable diagnostic tool for t
characterization of the surfaces of the organic charge-tran
salt TTF-TCNQ. Both the elemental and line shape analy
point to the fact that we are dealing with perfectly reprodu
ible, well-defined, and hence intrinsic surfaces of meta
character. Determination of the charge transfer per molec
at the surface provides no hint for a significant deviati
with respect to the bulk. However, so far nothing is anti
pated regarding the question, if the surface electronic pr
erties are really representative for the bulk material.

C. Crystalline surface order and ARPES

From the above paragraph we know that the chem
composition of the surfaces under investigation is stoich
metric. In addition the line shape analysis indicates a me
lic surface character. This may hint at long-range crystall
order. To validate this conjecture the method of choice
diffraction with low-energy electrons~LEED!. This probes
the surface atomic order on a lateral scale given by the
2-5
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herence length which amounts to typically 100 Å. Our
tempts to obtain a LEED pattern failed, however. In the lig
of various scanning tunneling microscopy~STM! studies on
both TTF-TCNQ films38 and as-grown crystal surfaces39,40

we ascribe this lack of observation to the destruction of
ordered surface by the electron beam itself. That the T
TCNQ surfaces indeed are long-range ordered can be
ferred from the ARPES measurements depicted in Fig
The left-hand panel shows angle-resolved measurem
along theGZ direction, i.e., along the one-dimensionalb
axis, whereas the series of the right-hand panel was reco
perpendicular to it~including theG point!. At the G point
two peaks are observed at about 0.19 eV~markeda) and
0.54 eV ~markedb), respectively. Looking first at the left
hand panel of Fig. 6 one can follow the dispersion of the
two features~the dashed lines are intended as a guide to
eye! both approaching the Fermi energy at an angle aro
7°. Two other features can be identified. Featurec disperses
away from the Fermi energy starting at an angle of about
while featured seems to be split off featureb at theG point
and moves to higher binding energies with increasing an
~see dashed lines!.

Switching to the right-hand panel, containing data m
sured perpendicular tob, a completely different behavior i
observed. If one follows again peaksa andb as a function of
emission angle starting with the spectrum at theG point,
essentially no dispersion is observed. The pronounced
persions along the 1D direction clearly indicate long-ran
surface order. These together with the lack of any dispers

FIG. 6. ARPES spectra of TTF-TCNQ along the 1D axis~left
panel! and perpendicular to it~right panel!. The dashed lines are
intended as a guide to the eye. For details see the text.
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perpendicular to the 1D axis on the other hand truly refl
the electronic 1D character of the TTF-TCNQ surfaces.
refrain here from a detailed discussion of the observed
persions along theb axis. We just note that we could dem
onstrate previously that they can be reconciled within
one-dimensional Hubbard model. Thus the data bear
dence for spin-charge separation where featurea represents
the spinon and featureb the holon branch of the excitatio
spectrum.13

Rather another issue from our previous work we wou
like to stress here. A comparison of the ARPES-deriv
bands with the results of band calculations based on den
functional theory~DFT! showed experimental bandwidth
being larger by about a factor of 2. Otherwise good agr
ment of the DFT results with bulk properties, e.g., regard
the Fermi vectors as reflected in the periodicity of the CD
were taken as evidence for a renormalization of the hopp
integralt and hence the bandwidth at the surface. A poss
explanation for the mechanism behind the renormalizat
might be the following. In the bulk the relatively rigid TTF
and TCNQ molecules are tilted in opposite directions arou
the a direction by 24.5° and 34.0°, respectively. At the su
face the Madelung potential is different from the bulk a
hence the balance between Coulomb and hybridization in
actions may readjust. This most likely involves different ti
ing angles for the TTF and TCNQ molecules. Indeed it w
shown that TTF-TCNQ films sublimed onto mica as a su
strate exhibit two kinds of phases.38 One of them was iden-
tified with that as known also from STM measurements
crystal surfaces. The other was interpreted with a rearran
ment of at least the TCNQ molecules such that they
oriented steeper with respect to the surface. It was arg
that both arrangements deviate only slightly in energy fr
each other. Since it is difficult to determine the actual tilti
angles from the STM images if possible at all, it might
well the case that the phase only seen on evaporated
films is the stabilized bulk phase while the other represe
the reconstructed surface of single crystals. We conclude
regardless of the actual reconstruction intrinsic surface
fects are important in TTF-TCNQ and reflected in the ele
tronic structure of the surface.

D. VUV-radiation-induced surface damage

Radiation-induced surface damage both in the VUV a
x-ray regimes is a well-known but rarely talked about ph
nomenon in the context of PES. This is due to the fact t
any time-dependent spectral changes regardless of their
gin are usually unwanted since in most cases they sig
some kind of surface degradation and hence hinder the
servation of intrinsic surface properties. Up to now only
cases of technological interest such as in the field of po
mers does there exist a number of systematic studies re
to this problem.41 Nevertheless, for several other even ino
ganic materials such effects have been reported, in partic
at low temperatures.42 In any case it is important to be awar
of this issue, especially using synchrotron radiation wh
the high photon flux may reduce the time scale on wh
surface damage occurs down to seconds. In the following
will address some of these aspects for TTF-TCNQ.
2-6
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Figure 7 displays PES spectra taken at the Fermi ve
kF and 60 K using the He I radiation~21.22 eV! of a con-
ventional unmonochromatized hollow-cathode discha
lamp. For each curve the total VUV exposure until the sp
trum was recorded is indicated. The observed spec
changes are twofold. First, the intensity of the structure atEF
significantly decreases upon radiation exposure on a t
scale of about 2–3 h. Second, also the energy position of
structure changes. It shifts by about 50 meV to higher bi
ing energies. That these time-dependent changes are r
radiation induced is shown in the inset of Fig. 7. There it
demonstrated that the spectrum taken on a freshly clea
crystal after 42 min VUV exposure is fully recovered ev
after about 4 h, if one measures a previously unexpo
sample spot. Measurements using synchrotron radiation~not
shown! reveal that these degradation effects are predo
nantly dependent on the photon energy~and not so much on
the intensity!. Using slightly higher photon energies~25 eV!
the tolerable VUV exposure time does not scale with
photon flux compared to the measurements in the labora
while 35 eV photons damage the surface within minut
From this we conclude that there exists a threshold or a r
nance energy in the VUV regarding beam damage. The
servation that the electron beam of a LEED optics with ty
cal energies above 25 eV destroys the surface alm
instantly points to the scattering of the photoexcited el
trons rather than to the photoabsorption process itself as
genuine cause for the observed damages. Note that the
served energy shift of the spectral feature at the Fermi en
is intrinsic and not caused by surface charging. From con
gated p-electron systems such irradiation effects are w
known and were attributed to the generation of structural
chemical defects, i.e., bond breaking and/or cross linkin43

These defects hinder the formation of delocalized molec
p orbitals and thus affect first the corresponding states c
to EF .

We make a short remark regarding a more sophistica
explanation of the observed phenomena. We start from

FIG. 7. Effects of VUV radiation on ARPES spectra atkF . The
binding energy scale of the inset is the same as in the parent
For details see the text.
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microscopic physical picture of the undestroyed surface
terms of the 1D Hubbard model.13 Since the 1D Hubbard
model and the LL picture are asymptotically equivale
within certain limits,1 it is tempting to discuss irradiation
damage under the notion of the so-called bounded LL.44,45

There the effect of finite chain length onto the spectral pr
erties of a LL is treated. It is conceivable that the irradiatio
induced defects are local in nature and just have the effec
cutting off the 1D chains. Introducing more and more defe
means a continuous decrease of the mean chain len
Hence the spectral changes upon VUV irradiation would
flect the crossover to a bounded LL. Clearly, this issue
mands further exploration.

V. „TMTSF …2PF6

A. Ideal and actual sample surfaces in direct space

In the case of TTF-TCNQ we have seen that followi
simple considerations regarding the net charge of the
posed cleavage surface one already gets a clue of how
surface eventually will behave in terms of reconstructio
Our heuristically deduced findings were confirmed by ST
imaging and ARPES measurements. The main point wa
realize that the natural cleavage plane exposes nonpolar
faces. The situation is different for (TMTSF)2PF6. Here the
natural surface of as-grown crystals is parallel to the~001!
plane. The topmost surface layer contains either o
TMTSF molecules or PF6 counter ions. Thus it clearly bear
a positive or negative net surface charge~cf. Fig. 1! which is
energetically highly unfavorable and makes the surface e
cially susceptible to electronic or atomic reconstruction. T
former possibly would lead to a modified charge transfer
the surface, changing the electronic properties severely w
respect to the bulk. On the contrary, the latter proba
would induce quite a high defect density, if there is no ea
and unique way to rearrange the surface molecules such
a distinct energy minimum is achieved. Moreover, the po
character of the~001! lattice plane means that in a sen
there is no well-defined natural cleavage plane. Instead
cleaving the crystal one will rather rip it off between th
~001! lattice planes. It is conceivable that the obtained s
faces will at least be rough and resemble more a fractu
surface than being shiny and flat. Actually, this is what
see in an SEM micrograph of anin situ cleaved crystal~see
Fig. 8!. However, this does not exclude the possibility
finding areas which are with or without reconstruction und
turbed and well ordered on an atomic scale. Indeed, S
images were reported showing a regular arrangemen
molecules.46 However, nonlocal probes will average ov
macroscopic length scales and hence may yield another
ture.

B. Surface characterization by XPS

It was just shown that the surfaces of our cleav
(TMTSF)2PF6 crystals are rather rough compared to t
ones of TTF-TCNQ and thus might hinder the observation
dispersing electronic states by means of ARPES. Howe
the chemical composition should be unaffected by the s

ot.
2-7
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face morphology. Again we used XPS for the analysis of
surface stoichiometry. An XPS overview spectrum is d
played in Fig. 9. The most important lines are labeled
cording to their physical origin. Note that the P 2s and P 2p
core levels interfere with various Se Auger features and t
cannot be clearly discriminated. Otherwise, every line in
spectrum can be identified. Except for C and O~see below!
only elements which are constituents of (TMTSF)2PF6 are
found. In addition to the main lines plasmon loss features
found corresponding to a plasmon excitation energy of ab
22 eV similar to the value seen in TTF-TCNQ. Due to t
overlap of various lines, only a limited number of core leve
was suited for the determination of the surface composi
using the same evaluation method as above for TTF-TCN
The results for the cleavage surface which displayed
weakest O signal are summarized in Table II.47 We give here
the mean of the values which one gets using the cross
tions of both Refs. 20 and 21, respectively. Compared
TTF-TCNQ the discrepancy between the nominal values
those derived from XPS is striking. It amounts to almo
80% excess of carbon and about 40% deficiency of
Moreover, a nonnegligible amount of oxygen is observ
We note that all surfaces were freshly prepared. It should
added that the measured compositions of the investig
surfaces scattered unsystematically with relative deviati
from the averaged values of Table II by up to 50% in contr
to the case of TTF-TCNQ. One thus could be led to susp

FIG. 8. SEM image of a typical (TMTSF)2PF6 surface after
cleavage.

FIG. 9. XPS overview spectrum of a (TMTSF)2PF6 surface as
exposed byin situ cleavage of a single crystalline sample.
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that this just reflects the bad quality of our crystals in ge
eral. However, measurements of the dc and microwave re
tivity as well as electron spin resonance~ESR! data on our
samples neatly show the SDW transition at 12 K.48 The pro-
nounced deviation of the surface composition from the no
nal one may be explained by severe reconstructions o
least parts of the surface due to its polar character. Jus
well it could be related to processes taking place alre
during crystal growth, e.g., to the substitution of Se by t
chemically equivalent O from the solvent or to microscop
cracks or precipitations~cf. Fig. 8! which are chemically
modified. In any case, already from the XPS elemen
analysis we must conclude that the surfaces
(TMTSF)2PF6 as exposed byin situ cleavage of well-
characterized single crystals are not onlynot representative
for the bulk material; they even are not intrinsic surfaces

This conclusion is further corroborated, if one has a clo
look at the various core lines. The F 1s line is expeditiously
treated~see Fig. 10!. A single almost perfectly symmetric
line is observed at a binding energy of about 686.6 eV. Th
exist three crystallographically inequivalent lattice sites
the fluorine atoms whose P-F bond lengths and angles, h
ever, do not much differ. In addition, the distance of the P6
complexes to the TMTSF stacks is very large. This exclu
a notable chemical shift of the binding energies. Since
PF6 counter ions do not much hybridize with the TMTS
molecules and thus do not participate in forming delocaliz
conduction bands, one would not expect any asymmetry
the F 1s line as well. Turning to the XPS spectrum of the S
3d doublet shown in Fig. 10 we only see one single line
about 56.5 eV binding energy because the spin-orbit splitt
is too small to be resolved. For similar arguments as ab

TABLE II. Surface composition of (TMTSF)2PF6 as derived
from a quantitative analysis of the XPS core level spectra. Exp
mental compositions are given with respect to fluorine. The val
have to be read as numbers of atoms per unit cell.

Element@core line# O @1s# C @1s# Se @3d# F @1s#

Nominal composition 0 20 8 6
From XPS 3.3 35.5 4.5 6

FIG. 10. XPS spectra of the F 1s and Se 3d core levels of
(TMTSF)2PF6 as a function of emission angle.
2-8
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possible chemical shifts in the binding energies of the f
inequivalent Se atoms should not be important. The bond
lengths and environment of the Se atoms within the TMT
molecule are quite the same and their distances to the a
cent TMTSF molecules and PF6 counter ions are large. Wha
is remarkable is the lack of a pronounced asymmetric tai
to higher binding energies as was observed for TTF-TC
and explained by the coupling of the photohole to the c
duction electrons. The Se atoms are located on the 1D
ducting stacks and a coupling of similar size as in TT
TCNQ would be expected. This again manifests what
concluded already above from the chemical analysis that
parently the (TMTSF)2PF6 surfaces not at all reflect bul
properties.

We refrain from a thorough discussion of the C 1s line as
it overlaps with spectral weight due to Se Auger electro
and discuss it here only in the context of the angle dep
dence of the various XPS lines~Figs. 10 and 11!. In contrast
to the F 1s and Se 3d lines the C 1s line shows a significan
dependence upon variation of the emission angle. The lin
split into two components at about 284.7 eV and 286.6
binding energy. The intensity of the latter increases nota
at the biggest off-normal emission angle of 70°, thus in
cating a surface species. A similar even more pronoun
behavior is observed for the O 1s line at about 533.2 eV. We
draw two conclusions from those observations: First,
cleavage surface even if not as good as in the case of T
TCNQ is sufficiently well defined to show angle depe
dences at all. An irregularly rough surface as generated
fracture~as opposed to cleavage! of crystals would not dis-
play angular dependences due to the averaging of exit an
and shadowing effects.41 Second, only part of the O signa
can be attributed to an O contamination on top of the t
most surface layer. In the same way one can argue that
only part of the C 1s intensity is intrinsic due to the C atom
in the TMTSF molecules, part stems from contamination
the topmost surface layer and part originates from C c
tamination built in the crystal, e.g., at microcracks.

C. Crystalline surface order and ARPES

In the light of the results of the preceding paragraph
might appear questionable whether one should anticip

FIG. 11. XPS spectra of the C 1s and O 1s core levels of
(TMTSF)2PF6 as a function of emission angle.
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long-range surface order for (TMTSF)2PF6 at all. In any
case, our attempts to see a LEED pattern failed. Obviousl
there was any long-range surface order before, it is destro
by the electron beam as in the case of TTF-TCNQ. Again
could use ARPES to reveal long-range order by the obse
tion of dispersing electron states. ARPES spectra along
1D direction of (TMTSF)2PF6 are shown in the left-hand
panel of Fig. 12. In the energy range reaching to 2 eV be
EF only one broad structure is observed with a maximum
about 1 eV. This structure sits on a relatively high inelas
background which artificially introduces a small shift
higher binding energies. If one corrects the data for th
secondary electrons, essentially no dispersion is seen. In
right-hand panel of Fig. 12 we have summed up the ARP
spectra to simulate an angle-integrated spectrum which
be compared to data previously published by Vescoliet al.12

The agreement is almost perfect. In the context of bu
probing optical and transport data in that paper the str
suppression of spectral weight atEF as well as the specific
power-law decay of the leading edge towards the Fermi le
was consistently interpreted as evidence for a LL scena
Only the exponent governing the power-law decay wo
come out too high. However, it was argued that this obs
vation together with the absence of any dispersion in rela
Bechgaard salts should rather be taken as indirect manife
tion of the LL phenomenology: while the bulk properties c
be reconciled within a standard LL picture, impurities at t
surface induce localization of the spin and charge excitati
which have to be described by a so-called bounded LL.44,45

The finite length chains and the thereby imposed bound
conditions would renormalize and thus explain the unus
high power-law exponent. In the light of our surface analy
we must, however, conclude that the measured~AR!PES
spectra do not represent intrinsic surface let alone bulk pr
erties of the Bechgaard salts.

Our reasoning on the Bechgaard salts in the contex
ARPES measurements may be parallelled and further
roborated by the results published so far for the tw
dimensional organic BEDT-TTF salts. As in the Bechgaa
salts their surfaces comprise either anion or cation lay
Reconstruction- and relaxation-induced structural modu
tions have been revealed on the surfaces of various BE
TTF based compounds by STM.15 And again PES fails to see

FIG. 12. Angle-resolved~left panel! and angle-integrated~right
panel! PES spectra of (TMTSF)2PF6. The angle-resolved data wer
taken along the 1D axis.
2-9



nd
a

th
ac
t
lk
E
n

s
nd
g
ig
n

un
d

e
co

of
ace
or
r

r-
tion
ion
for
ect

rm
rms
fi-

id

e

F.

d

.

Z

to

ki,

er
F.
de

.

d

.

n-
B:

. B

s-

s-

.

n,

.

m.

. Vac.

nd

ys.

tt.

ys.

an,

M. SING et al. PHYSICAL REVIEW B 67, 125402 ~2003!
a clear Fermi cutoff in the metallic BEDT-TTF materials a
notable dispersion of the electronic excitations close
EF .49–53 Thus one is led to speculate that it is indeed
influence of surface effects, in particular their polar char
ter, which in many organic charge-transfer salts hampers
observation of the electronic structure intrinsic for the bu
or a well-defined and reproducible surface by means of P
So PES often may only pretend unconventional electro
behavior as it has been reported previously.

VI. CONCLUSION

In this paper we comprehensively studied the surface
two organic charge-transfer salts TTF-TCNQ a
(TMTSF)2PF6 in comparison. Strong limitations regardin
employable probing techniques are imposed by their h
sensitivity to chemical decomposition due to electron a
photon irradiation. We showed that against this backgro
x-ray-induced photoemission spectroscopy is a valuable
agnostic tool which does not destroy the surfaces within r
sonable time scales and provides information on surface
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