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Abstract. We report anomalies observed in photoelectron spectroscopy measurements performed on a-
(BEDT-TTF)2I5 crystals. In particular, above its metal-insulator transition temperature (I' = 135 K),
we observe the lack of a sharp Fermi edge in contradiction with the metallic transport properties exhib-
ited by this quasi-bidimensional organic material. We interpret these unusual results as a signature of a
one-dimensional electronic behavior confirmed by DFT band structure calculations. Using photoelectron
spectroscopy we probe a Luttinger liquid with a large correlation parameter (a > 1) that we interpret to be
caused by the chain-like electronic structure of a-(BEDT-TTF)sI5 surface doped by iodine defects. These
new surface effects are inaccessible by bulk sensitive measurements of electronic transport techniques.

PACS. PACS-72.80.Le Polymers, organic compounds (including organic semiconductors) — PACS-31.15.E
Density-functional theory — PACS-73.20.At Surface states, band structure, electron density of states

1 Introduction

For many years, organic materials have fascinated materi-
als chemists and condensed matter physicists alike as they
unravel rich phase diagrams with a wealth of competing
electronic instabilities [1]. Particularly, from an electronic
point of view, these materials provide a large variety of be-
haviors, from insulating to superconducting with different
dimensionalities. One remarkable example is the (BEDT-
TTF)»I3 family, which is well known for being the first dis-
covered group of bidimensional organic metals [2-5]. They
consist of two types of alternating layers: conducting lay-
ers of BEDT-TTF organic molecules (cationic layer) and
insulating layers of Is molecules (anionic layer). The elec-
tronic transport takes place essentially in the BEDT-TTF
planes and therefore it is quasi-bidimensional. Several ar-
rangements and orientations of the BEDT-TTF molecules
are possible within the conductive planes, giving different
crystallographic phases with their distinct physical behav-
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iors [5—7]. In particular, the a-phase has attracted much
attention because of its singular properties. In this pa-
per we report combined photoelectron spectroscopy ex-
periments and theoretical calculations meant to unravel
further the singular physics of the a-phase in the series.

a-(BEDT-TTF).l3 is triclinic, space-group P-1, with
four BEDT-TTF and two I3 in a unit-cell with parame-
ters @ = 9.183 A, b = 10.804 A, ¢ = 17.422 A, o = 96.96°,
£ =97.83° and v = 90.85° [3,8,9] (see Figure 1). At ambi-
ent pressure, this organic compound exhibits a metal (i.e.
semi-metal [10], see figure 2 for 0.0 e)-insulator transition
at T = 135K [2,3,5] induced by charge-ordering along the
b-direction perpendicular to the a-axis, the stacking axis
of the organic BEDT-TTF molecules [11]. Under uniax-
ial strain or hydrostatic pressure, this charge-ordering is
progressively shifted toward very low temperatures and fi-
nally suppressed, leading to an unique metallic behavior
with two particular features. The first one, a supercon-
ducting state at T, ~ 7K under strong uniaxial strain
along the a-axis (P, = 0.1 — 0.5 GPa) [13,14]. The second
one, a Dirac system under high hydrostatic pressures (P >
1.5 GPa) featuring tilted and anisotropic Dirac cones [12,
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15,16]. Knowing that the physical properties of organic
materials are strongly related to their crystalline struc-
ture, ARPES investigations are a way to further explore
their electronic structure and to gain a deeper understand-
ing of these complex systems. However, few ARPES stud-
ies have been realized on organic compounds because of
experimental difficulties: they are extremely fragile and
very sensitive to irradiation, especially to particle bom-
bardement. In the a-(BEDT-TTF);I; case, some photo-

2 Photoelectron spectroscopy measurements
on a-(BEDT-TTF).l; crystals

ARPES experiments were performed on the APE beam-
line at the Elettra synchtrotron light source with the pho-
ton energy of 80 eV. The single crystals of a-(BEDT-TTF),1;3
were synthesized by electrocrystallization as described else-
where [3,5] and were cleaved in situ under UHV conditions
at the base pressure of ~ 10 — 11 mbar. Note that the

electron spectroscopy measurements have been performed [17eleavage occurs on the (a — b) plane between the loosely

19]. In particular, Séderholm et al. highlighted a lack of a
sharp Fermi edge in the a-(BEDT-TTF)sI3 spectra above
T = 135K in spite of the metallic behavior revealed by
transport measurements. However, the arguments they
put forward to treat this inconsistency are not conclu-
sive [17]. The present new photoelectron spectroscopy data

Fig. 1. Side (a) and top (b) views of the crystal structure of
a-(BEDT-TTF)2I3. Color code: purple: I, yellow: S, black: C
and pink: H.

on a-(BEDT-TTF),I5 confirms the lack of a sharp Fermi
edge as previously reported [17], a feature that is under-
stood by a theoretical analysis that provides a clear expla-
nation. The measurements carried out show a strong long-
range interacting Luttinger liquid behaviour which could
be a consequence of crystal surface doping by iodine insta-
bilities. Therefore, we carried out a DFT band structure
study to test this explanation. The new surface state in
the a-(BEDT-TTF),I3 physics described here echoes very
recent experimental studies on this system which show
the importance of surface doping effects on its properties,
particularly on its electronic transport in the quantum
regime [20,21].

The remainder of the paper is organized as follows. In
the first part, we present the experimental setup and the
results of photoelectron spectroscopy measurements on
a-(BEDT-TTF)2I3 samples, above and below the metal-
insulator transition temperature. In the second part, these
results are discussed through the prism of DFT band struc-
ture calculations based on a simple modelling of the a-
(BEDT-TTF),I; system.

bonded BEDT-TTF and I3 layers. The data were collected
at the end station with a VG-DA30 Scienta hemispheri-
cal analyzer, that operates in deflection mode and pro-
vides high-resolution two-dimensional (2D) maping of the
k-space (for more beamline specifications details see [22,
23]). The total measured energy resolution is ~ 15meV
and the angular resolution is better than 0.2°.

We observe no band dispersion, within the experimen-
tal resolution, on the (k; — k,) plane as it was previously
reported [17]. This allows us both to integrate the angle-
resolved spectra with respect to the angle and to study
the evolution of the density of states for various tempera-
tures in the entire Brillouin zone. Figure 2 presents the a-
(BEDT-TTF),I5 photoemission spectra for different tem-
peratures, above and below the metal-insulator transition
temperature (T = 135K). The zero binding energy is ref-
erenced with respect to the Au Fermi level and all spectra
are normalized with respect to the peak at —7eV. The-
oretical calculations show that this peak originates from
the BEDT-TTF molecules with no iodine contribution.

In Figure 2, we remark the absence of a Fermi edge
for the whole experimental window of temperatures, even
in the metallic phase of a-(BEDT-TTF).l3, in agreement
with Séderholm et al. [17]. With respect to physical prop-
erties reported for bulk a-(BEDT-TTF)sI;, these results
appear to be quite surprising. Firstly, Figure 2 does not
provide any evidence of a decrease of density of states at
the metal-insulator transition. Furthermore, the intensity
of the photoemission spectra measured just below Ep in-
creases on crossing the transition. Secondly, the energy
dependence is contrary to the standard behavior expected
for usual Fermi liquids. Thirdly, the data exhibit the typi-
cal photoemission response of a Luttinger liquid for which
the energy-integrated spectral function D(E) vanishes at
the Fermi energy according to the asymptotic power law
D(E) ~ |E — Ep|® in the vicinity of Er [24-26], where
« is the correlation parameter and o = 0 corresponds
to the non-interacting limit. All spectral function signals
measured on a-(BEDT-TTF).I3 crystals, above and be-
low the metal-insulator transition temperature follow this
power law near the Fermi level, which as mentioned is a
characteristic of Luttinger liquids (see Inset of Figure 2).
The values of the « correlation parameter for the differ-
ent temperatures are given in Table 1 and are all found
to be larger than 1. Note that similar large o values were
previously found in photoemission studies of the quasi-1D
conductor (TMTSF),X [27,28].

« larger than 1 is not compatible with a one-dimensional
(1D) standard Hubbard model description leading to a
maximum value of a = 1/8 [24]. The a > 1 values are
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Fig. 2. Photoemission spectra of the a-(BEDT-TTF)2I3 for
different temperatures, above and below the metal-insulator
transition temperature. All spectra are renormalized with re-
spect to the peak at —7eV. No Fermi edge is observed in the
whole experimental range of temperatures, especially in the
metallic phase of the a-(BEDT-TTF),I5 at T > 135 K. Inset:
In the vicinity of the Fermi level, the spectral weight behaves as
a power law with an exponent o > 1, signature of a strongly
correlated Luttinger liquid (a convolution with experimental
resolution of 15meV has been taken into account).

Table 1. The « correlation exponent and the long-range cor-
relation decay parameter as a function of the temperature for
the two scenarios: K, and K.

Parameter | T =145K | T=135—125K | T =120K
« 1.45 £+ 0.23 1.77 £ 0.23 1.90 £+ 0.23
K, 0.13 £ 0.02 0.11 £ 0.01 0.10 £ 0.01
K; 0.26 + 0.03 0.22 +£0.02 0.21 £0.02

accessible from more complex theoretical considerations
such as the extended Hubbard model which takes into ac-
count strong long range interactions [24], and o = 1.25
has already been reported for a 1D organic material [27].
More precisely, the « correlation exponent can be written
as a function of the parameter describing the long-distance
decay of Luttinger liquid correlation functions [24,29] « =
1/4(K, + 1/K, — 2) with o = 0 and K, = 1 for the
non-interacting limit. Therefore, having o larger than 1
requires K, < 3 — v/8 which corresponds exactly to the
condition of a stable Luttinger liquid at low temperatures,
even in a quasi-1D case [24]. It can be argued that in 1D
materials even a small density of defects could influence
the spectrum in nontrivial ways [28]. Weak disorder could
localize electrons in finite chain sequences suppresing dis-
persion and leading to an alternate scenario where expo-
nents are renormalized according to o = 1/2(1/K} — 1)
which leads to higher values for the correlation decay pa-
rameter [30]. Table 1 summarizes the values of a, K, and

K for different temperatures. From the fitted o values,
K, and K parameters have been calculated using the re-
lations K, = 2a + 1 —2y/a(a + 1) and K = 1/(2a + 1)
respectively. As temperature decreases, « increases and
equivalently the correlation decay parameters K, and K
show the same decreasing trend within the two follow-
ing scenarios. The K values reported on table 1 are very
close to K, parameters obtained from the analysis of the
electrodynamic response of (TMTSF)2X [31]. A variation
of the correlations with temperature, could be usually at-
tributed to the thermal expansion of the crystaline struc-
ture. However, in the presented measurements, the tem-
perature range is small and the environment is changing
considerably within this temperature range. The metal to
insulation transition of the bulk taking place around 135K
reduces the screening between holes in 1D BEDT-TTF
chains located at the surface, therefore reinforcing corre-
lations which diminish K, and increases o as temperature
decreases. It can also be noted that this metal-insulator
transition comes along with a transfer of spectral weight
in the photoemission response. It could be a signature on
the occurrence on the a-(BEDT-TTF),I3 surface of the
charge reorganisation which takes place in the bulk dur-
ing the transition, or also an undesirable consequence of
water absorption to the surface (the measurements have
been done by cooling).

3 Theoretical interpretation of the new
surface physics in a-(BEDT-TTF).l; system

The absence of the Fermi edge in metallic phases has
been observed and reported in the literature for other or-
ganic systems like different (BEDT-TTF),X salts [32,33],
the Bechgaard salts (TMTSF)2X [27,28], TTF-TCNQ and
other TCNQ compounds [34-40]. However, the nature of
this inconsistency has remained a subject of debate, at-
tibuted either to an insulating nature of the organic sur-
faces [17] or to the emergence of a 1D electronic struc-
ture on surfaces with strong electron-electron correlations
leading to the formation of a Luttinger liquid [27,28,41].
Based on tight-binding calculations, Soderholm et al. pro-
posed that the anomaly for a-(BEDT-TTF)2I3 is because
of a too low electronic density to be measurable, caused
by strong correlations or a narrow gap electronic struc-
ture [17]. Here, we address the problem from a different
perspective using a first-principles density functional the-
ory (DFT) approach, trying to understand the origin of
the Luttinger liquid emergence in the quasi-bidimensional
a-(BEDT-TTF),I5 system.

According to the band structure of a-(BEDT-TTF),I5
presented on Figure 3 [11] (for other DFT and tight-binding
band structures sharing most of the features of Figure 3,
see references [42] and [9,43-45,12] respectively), the up-
per HOMO band should exhibit a 1D character if its filling
is larger than that of a perfectly stoichiometric a-(BEDT-
TTF).I3 crystal (see Figure 3)[46,47]. Indeed, when elec-
trons are injected into the a-(BEDT-TTF),l; system, it
becomes rapidly 1D and keeps this 1D-character for al-
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Fig. 3. According to its band structure the a-(BEDT-TTF),I3
organic metal exhibits a one-dimensional character when elec-
trons are injected into it. a): DFT band structure for a-
(BEDT-TTF)2I3 at room temperature. The Fermi level is
set at the zero emergy and I' = (0,0,0), X = (1/2,0,0),
Y = (0,1/2,0), Z = (0,0,1/2), M = (1/2,1/2,0) and S =
(=1/2,1/2,0) in units of the triclinic reciprocal lattice vec-
tors [11]. b): DFT study of the evolution of the Fermi surface of
a-(BEDT-TTF)2I5 (¢* = 0.0 section) as a function of electron
doping. The doping is described in terms of the average charge
of the BEDT-TTF donors: +0.0 e corresponds to the situation
of a perfectly stoichiometric a-(BEDT-TTF)2I5 crystal.

Fig. 4. Repeat unit of the model used to simulate the bands of
the a-(BEDT-TTF),I3 surface and bulk, where a, b and ¢ cor-
respond to the repeat vectors of the room temperature crystal
structure. In the calculations from this model, all structural
details are left unaltered except for the repeat vector along the
horizontal direction, ¢’. When ¢’ is exactly 3c the original crys-
tal structure is obtained. When ¢’ is considerably larger, the
successive triple layer units are well separate so that the cen-
tral donor layer represents the bulk and the two outer donor
layers, the surfaces.

most all fillings of the upper HOMO band, as shown in
Figure 3. Even a small change in the average charge of
the BEDT-TTF donors, typically an electron shift about
+0.1¢, is enough to lead to the appearance of this 1D
behavior with an open Fermi surface.

Now the question is: how can this electronic shift oc-
cur? In order to elucidate this point we have carried out
DFT calculations for different models of the surface of
this molecular conductor. In order to avoid any type of
inner dipole which could affect the results we have found
it convenient to use a model with a repeat unit which is
kept unaltered, containing three donor layers exactly as
in the room temperature crystal structure of a-(BEDT-
TTF).I3 and six zigzag I3 chains, as shown in Figure 4.
When the repeat vector of our model along the horizontal
axis ¢’ is 3¢, ¢ being the repeat vector along this direc-
tion in a-(BEDT-TTF).I3, the original crystal structure
is generated, but when ¢’ is considerably increased (i.e.
when the separation between the repeat units of Figure 4
is large enough to avoid unphysical interactions between
surfaces), the bands of the surface and bulk are simulta-
neously generated (the two outer donor layers represent
the surface whereas the central one represents the bulk).
Although simple, this system should model appropriately
the situation for stoichiometric surfaces.

The calculated band structure for our model with a
triple cell along ¢ and ¢’= 5c¢ (i.e. representing simultane-
ously the surface and bulk) is shown in Figure 5a. Note
that under such conditions the surface is stoichiometric.
This band structure is simply the superposition of three
series of practically identical bands (although we are us-
ing a triple unit cell, the dispersion of these bands along
the interlayer direction is very weak, of the order of 0.2
meV, so that the folding just leads to the superposition of
the same bands). As far as the two upper bands are con-
cerned, comparison of Figures 3a and 5a makes clear that
the band structure for a stoichiometric surface is practi-
cally identical to that of the bulk. This means that the
appearance of 1D bands on the surface must be related to
some breaking of the stoichiometry, at least locally, during
the sample preparation. This should lead to a doping and
subsequent shift of the surface vs bulk levels.

To model this situation we have carried out calcula-
tions for two variations of the model in Figure 4 (¢’= 5c¢):
(i) in the first one, the outer I3 zigzag chains are removed
(defect of I units) and (ii) in the second there are two
outer zigzag chains at each side (excess of of I3 units).
The result for the case of I defects is shown in Figure 5b.
The model is admittedly very simplified: use of a larger
number of layers should give a better description of the
bulk bands, and use of larger cells along the other direc-
tions would allow a smaller and more realistic description
of the excess/defect concentration of I3 units. However
our calculations are just used to highlight the trends. It
is clear from Figure 5b that there is a shift of the surface
(broken blue band) vs. the bulk upper bands. Figure 5b
also shows that the Fermi level cuts the surface band along
the I'-Y line (as well as the two diagonal lines I'-M and
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Fig. 5. DFT calculated band structure for the a-(BEDT-
TTF)2I3 model at room temperature using ¢’= 5¢. a): Stoi-
chiometric surface; the band structure of the bulk (Figure 3a)
is found to be practically identical. Note that, for the case of
the surface, the bottom of the band structure looks a bit differ-
ent because of the emergence of some I3 bands in that region.
b): Modelling the effect of a defect of Is units (see text).

I'-S) but not along the I'-X line, thus leading to a 1D
Fermi surface in between those for +0.13e and +0.30e in
Figure 3b. The calculation for an excess of I3 units leads
to just the opposite result: the surface bands are desta-
bilized with respect to the bulk ones and the shift of the
holes is in the opposite sense. Consequently, we may con-
clude that the 1D behavior of the surface occurs when I3
defects are created during the sample preparation process.
Indeed, the cleavage occurs between the weakly bonded
BEDT-TTF*'/2 and I5 layers, and the iodine instability
on a-(BEDT-TTF)sI; crystals [48-50] has been already
observed by STM or transport measurements. Since the
I3 units are anionic, these defects should destabilize holes
at the surface and the surface band associated with the up-
per HOMO band should be then slightly lowered in energy
to lose some holes with respect to the bulk. This is exactly
what emerges from our DFT study. Note that it is not ex-
pected that these I3-defects may induce substantial struc-
tural changes in the surface donor layers. The BEDT-TTF
donors of the layer are kept together through a network of
S—H hydrogen bonds [11]. In addition, even if every donor
chain loses one I-H hydogren bond per I; missing, one
I-H hydrogen bond with the inner anionic layer is kept.
Thus, the BEDT-TTF donors are tied together through
both intralayer S—H and interlayer I-H hydrogen bonds
so that very limited displacements should be possible as

a consequence of the loss of some I3 groups. In addition,
a relatively small number of missing I35 units is needed to
induce the 1D character (a doping of ~0.le per BEDT-
TTF is enough according to the model study). However,
even if structurally irrelevant, the absence of some I3 units
should certainly introduce some random potential which
will be felt by the conduction electrons of the donor layers.

4 Conclusion

To conclude, we presented photoelectron spectroscopy mea-
surements performed on a-(BEDT-TTF)slI3 crystals for

different temperatures above and below its metal-insulator

transition temperature. We observed the absence of a sharp
Fermi edge in the whole experimental range of tempera-

tures, in particular in the high-temperatures metallic phase
of the a-(BEDT-TTF)sI3 system. This anomaly is due

to the formation of a strongly correlated Luttinger liquid

on the surface of the a-(BEDT-TTF),I5 crystals, clearly

identified from the photoemission spectra. Using DF'T band
structure calculations for a simple model of the a-(BEDT-

TTF)I3 surface and bulk, we showed that this 1D surface

system may be caused by the presence of I3 defects, which

break the stoichiometry of the organic salt and induce an

effective electron doping at the surface. These I defects

are probably created by the cleavage process during the

samples preparation. This suggestion provides a suitable

background to understand this kind of particular experi-

mental results. However, additional work should be carried

out to understand more precisely the origin of the spectral

weight transfer in the photoemission response across the

charge-ordering transition.
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