
PHYSICAL REVIEW B VOLUME 52, NUMBER 13 1 OCTOBER 1995-I

Electronic structure of at-(BEDT-TTF)2I3: A photoemission study
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Photoemission experiments have been performed on in situ cleaved crystals of the organic supercon-
ductor a, -(BEDT-TTF)2I3. Nine distinct features are observed in the valence-band regime with binding
energies between 1.4 and 11.2 eV. None of the valence-band structures shows dispersion along the I -Z
(k, ) direction, i.e., perpendicular to the conducting BEDT-TTF layers. The spectral intensity is zero at,
and to within about 0.5 eV below the Fermi level. This is ascribed to the presence of a fairly large band

gap in this direction, in agreement with band-structure calculations. The photoemission spectrum of the
valence band shows remarkable changes when the photon energy is changed. These changes are qualita-
tively understood as a cross-section dependence. The observed photon energy dependence suggests that
both p orbitals and the lower-lying s orbitals of the atoms constituting the BEDT-TTF molecule contrib-
ute significantly to the molecular orbitals forming the valence band. Core-level spectroscopy on the I 4d
and S 2p levels revealed no surface or chemically shifted components. The large width of these core lev-
els is ascribed primarily to phonon broadening, although a contribution from disorder cannot be com-
pletely ruled out.

I. INTRODUCTION

Organic conductors with the composition (BEDT-
TTF)2I3, where BEDT-TTF is an abbreviation for
bis(ethylenedithio)-tetrathiafulvalene, exist in several
crystallographic phases; see, for instance Refs. 1 and 2.
The different phases have similar structures; they consist
of alternating sheets of BEDT-TTF and I3 . In spite of
this, the different phases have very different physical
properties, e.g., the a phase undergoes a metal-to-
insulator transition at 135 K,3 but the P phase has a su-
perconducting ground state, T, =1.5 K. Although these
molecular solids have been extensively studied, the infor-
mation on their electronic structure is sparse, and the
mechanism behind the superconductivity and type of su-
perconductivity are still open questions. A powerful tool
in studies of the electronic structure of solids is photo-
electron spectroscopy, but such investigations on con-
ducting molecular solids, i.e., charge-transfer (CT) com-
plexes, have been hampered by difficulties in obtaining
surfaces clean enough to utilize this technique.
Photoelectron-spectroscopy studies on this class of ma-
terials have so far been on in situ prepared thin films of a
few systems, i.e., TTF-TCNQ and other TCNQ com-
pounds, ' (DCNQI)2X and a-(BEDT-TTF)&13, ' with
one exception, (DCNQI)2Cu, where the experiments were
performed on crystals. ' ' " The samples were either
grown and transferred under an inert atmosphere to the
analysis chamber' or in situ mechanically cleaned crys-
tals. " (For photoelectron spectroscopy on other classes
of organic conductors, such as polymers, see, for in-
stance, Ref. 12 and references therein. ) In this paper
angular-resolved normal emission photoemission spectra

of the valence-band regime, the S 2p and the I 4d core
level of a, -(BEDT-TTF)213 crystals cleaved in situ are
presented. Among the different phases of (BEDT-
TTF)2I3 the u, -phase was studied for technical reasons
and because of physical considerations. The a, phase is
obtained by heating the a phase for some hours or days,
depending on the temperature. ' ' The a, crystals are
c-axis oriented and have a mosaic structure in the a-b
plane due to internal stress during the transformation.
The mosaicity of the a, crystals has so far prevented a
complete structural determination of this phase, but the
unit-cell data and the molecular arrangement are the
same as for the P phase. ' [The unit cell is described by
a =6.615 A, b =9.097 A, c = 15.291 A, a=94.35,
P=95.55, and y = 109.75' (Refs. 3 and 15).] The similar-
ity between the a, and the P phase is also evident from
spectroscopic data, e.g., Raman, ir, and NMR. '

II. EXPERIMENT

The photoemission experiments were performed at the
toroidal grating monochromator beamline at the MAX
Synchrotron Radiation Laboratory in Lund, Sweden.
The spectra were recorded with a goniometer-mounted
modified VSW hemispherical angle-resolving electron en-
ergy analyzer, acceptance +1'. For a comprehensive
description of the beamline, see Karlsson et al. ' A
thoroughly sputtered Ta foil in electrical contact with the
sample was used as a reference for the Fermi level, and
from the width of the tantalum Fermi edge the total-
energy resolution of the spectra, photon, and electron
contributions, was determined. For the valence-band
spectra the resolution was determined to be 0.25 eV at a
photon energy of 21 eV, 0.35 eV at h v= 100 eV, and 0.55
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eV at h v=150 eV. The presented core-level spectra were
recorded with a higher resolution: AE =0.5 eV for the S
2p spectra and 0.28 eV for the I 4d spectra.

The small size of the samples made it necessary to
modify the standard sample holder system in order to
reduce the inhuence of the background as much as possi-
ble. The sample holder is a Mo disc, /=20 mm, with a
bayonet joint so samples can be transferred between a
load-lock chamber, a preparation chamber, and the
analysis chamber. On this disc a cylindrical post was at-
tached, which had a length of 5 —6 mm and a cross sec-
tion such that the sample covered most or all of it. The
sample was glued to the post with a conducting
ultrahigh-vacuum-compatible epoxy, and on the other
side of the crystal another post was glued. During the
curing of the epoxy, -6 h at -90—100'C, the phase
transition from a to u, took place. By applying a force to
the outer post, the crystal was cleaved perpendicular to
the c axis. The samples used in the present study had
areas of -3X2 and -2X1 mm . The surface of the
crystals was smooth and had a black-brownish color.
The crystals appear blacker if they are thicker. The sur-
face of a cleaved crystal is not as shiny as the surface of
electrochemically grown a and P crystals but rather looks
more like an unpolished metal surface. In other words
the surface of the cleave appears similar to the surface of
c-axis-oriented thin films of the nonsuperconducting a
phase, hereafter denoted af. This could be because of
the mosaic structure of a, crystals and/or the thickness
of the samples. As the unit-cell parameters and the
molecular arrangement are the same as for the a, and P
phases, it is evident from the crystal structure that the
cleavage will occur between the weakly bonded BEDT-
TTF and I3 layers.

The samples were carefully aligned, and several test
spectra were recorded to ensure that the inhuence of the
background (epoxy and sample holder) was negligible. In
order to excite both orbitals in the plane of the surface
and perpendicular to it, the photon angle of incidence
was 45'. No changes in the recorded spectra of a, were
detected during the measurements. The based pressure in
the analysis chamber, where the crystals were cleaved,
was &2.5X10 ' mbar.

III. RESULTS AND DISCUSSION

Figure 1 shows photoemission spectra of an a„crystal
obtained in normal emission with different photon ener-
gies in the range 21 —150 eV. The spectra in this figure
are normalized to equal height in order to facilitate a
comparison of how the relative intensity of the different
structures varies with the photon energy, and to make as
many of the structures in the different spectra as visible
as possible. The presence of I 4d peaks because of
second-order light made it impossible to record meaning-
ful spectra with photon energies between about 45 and 55
eV. Such intensity is seen in the 54-eV spectrum above
the Fermi level. Higher-order light also gives rise to a
small hump at EF in the 25-eV spectrum.

Nine distinct structures (labeled A to I in Fig. 1) can
be observed in the valence-band regime, though not all

structures can be observed in every spectrum. These
structures have binding energies (Eb) between 1.4 and
11.2 eV relative to the Fermi level E~ =0. Each structure
is illustrated with a tick mark in the figure, which indi-
cates the binding energy of the structure. Those struc-
tures that could be determined with certainty are indicat-
ed by a solid tick mark, while weaker structures are de-
picted by a dashed tick mark.

Figure 1 shows that the structures A, 8, C, D, E, H,
and I, when they are visible, have binding energies that
are independent of the exciting photon energy. The devi-
ations of the binding energies of each structure from a
constant value are random and at the most 0.10—0.15 eV
for a particular structure, i.e., well within the experimen-
tal resolution. The binding energies of structures F and 6
show larger changes, however, up to 0.3 eV, and the
changes of binding energy with photon energy do not
seem to be random.

Note that the shape changes of the spectra in the
(2.5 —4.5)-eV binding-energy range, taken as a whole,
strongly support the presence of two separate structures
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FIG. 1. Valence-band photoemission spectra of a, -(BEDT-
TTF)qI3 obtained in normal emission with photon energies be-
tween 21 and 150 eV. Different structures in the valence-band
regime are labeled A —I and marked with tick marks in the
spectra. (Weak features are indicated by a dashed tick mark. )
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C and D, although this is not obvious when the spectra
are viewed individually. A probable explanation for the
nonrandom changes in the binding energies of structures
F and 6 with photon energy is that these structures are
composed of two or more unresolved structures. The
variations of the intensities of these closely lying peaks
with photon energy then result in an apparent shift of the
whole unresolved structure. The shape changes of struc-
ture F give evidence for this explanation. The fact that
structure 6 appears at two different binding energies, one
at high photon energies and another at low photon ener-
gies also supports this explanation. (A careful inspection
shows that structure D also tends to appear at two
different binding energies as well, but the difference is
small, (0.12 eV.) Further support for the presence of
several unresolved structures within structures F and 6 is
given by the comparison of the a, spectra with the gas-
phase spectrum of BEDT-TTF; see below.

Thus, the present investigation gives no support for
dispersing bands in the I -Z (k, ) direction. The lack of
dispersion in this direction is in agreement with the two-
dirnensional electronic structure of the BEDT-TTF salts
deduced from galvanometric and optical measurements. '

The valence-band regime spectra also show that there
is no spectral intensity at the Fermi level along the I -Z
line in the Brillouin zone; a finite intensity is only seen for
binding energies larger than about 0.5 eV. At the highest
photon energies a finite intensity exists about 0.4 eV
below EF and at the lowest roughly 0.7 eV below. The
reason for this is that a larger part of the Brillouin zone is
probed when the photon energy is increased, since the an-
gular resolution is constant, i.e., b, k~~

~ "v/Ek, where Ek is
the kinetic energy of the emitted photoelectrons.

The photon energy dependence of the spectral intensity
of the different structures in the valence-band regime
gives rise to remarkable changes of the spectrum when
the photon energy is changed (see Fig. 1). The most
striking change when the photon energy is increased,
from 21 eV, is the growth of the relative intensity of
peaks E and F. Their relative intensities increase when
the photon energy is increased and then go through a
broad maximum before starting to decrease at the highest
photon energies. The broad maximum occurs between
photon energies of 40 and 110 eV and has its maximum
at about 80 eV.

In order to get some information about the mechanism
behind the intensity variations, the intensity of each
structure was calculated as a function of the excitation
photon energy. As a first step in the calculation of the in-
tensities, the spectra were normalized with respect to the
photon Aux, and an exponential background was sub-
tracted. Attempts to fit these spectra by a least-squares
fit, with the appropriate number of peaks, failed because
of the large number of parameters if the peaks were al-
lowed to have different full widths at half maximum
(FWHM's). Thus, it was assumed that all peaks were
pure Gaussians with the same FWHM. The intensity of
each feature in the valence band was then determined
from the height of the different peaks. The maximum er-
ror, due to using the same full width at half maximum, is
estimated to about 25%. This error is negligible in com-
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parison with the intensity differences between the
different components and the changes of intensity of a
particular structure with photon energy; see Fig. 2. This
figure shows that the photon energy dependences of the
absolute intensity of all valence-band structures are actu-
ally quite similar. The behavior of E and F is slightly
different at the highest photon energies. Overall, the in-
tensity of each feature oscillates around a slowly decreas-
ing background when the photon energy is increased; see
Fig. 2. Local maxima appear for photon energies of
about 30, 80, and 120 eV. Structures E and F do not
have a maximum at h v=120 eV; instead the intensity of
these structures decreases rnonotonically for h v & 85 eV.

Attempts to fit the extrema in the intensity to critical
points in the Brillouin zone failed. These fits gave extre-
rna not coinciding with the experimentally determined
ones, except for the two extremas used as input in the fit
and/or unreasonable values for the inner potential.

However, the photon energy dependence of the spec-
tral intensity can be qualitatively understood as a cross-
section dependence. In Fig. 2 the calculated atomic cross
sections for C 2s, C 2p, S 3s, and S 3p are shown. There
exists a consensus that the valence band in organic con-
ductors is formed by molecular orbitals derived mainly
from the highest-lying atomic orbitals of the atoms form-
ing the molecule. In the present case, these orbitals are
the C 2p and S 3p orbitals. Their cross sections indicate
that the maximum around h v=80 eV is due to the local
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maximum in the S 3p cross section in this photon energy
regime. The fact that structures E an F are more
enhanced in this regime implies that the S 3p contribu-
tion is larger in the molecular orbitals giving rise to these
bands than in the other bands forming the valence-band
regime. The increase in intensity for hv&54 eV rejects
the rapidly and monotonically increasing cross section of
C 2p and S 3p in this regime. The appearance of a shoul-
der on the intensity curves for photon energies around 40
eV can in this picture be ascribed to a local maximum in
the S 3s cross section. The more pronounced shoulder
seen in the curves corresponding to E and F rejects the
larger contribution from S to these bands; cf. the discus-
sion above. The decrease in the intensity seen for
25 & h v & 27 can also be ascribed to a cross-section effect
due to s-orbital contributions to the electronic structure
of the valence band. The sudden decrease in the spectral
intensity suggests that this minima is not related to local
maxima in the C 2s and S 3s cross sections. Assuming
that the molecular orbitals forming the valence band can
be viewed as linear combinations of atomic orbitals, this
sudden decrease in intensity occurs because of the photon
energy being too small to excite contributions from C 2s
and/or S 3s. The observed photon energy dependence
suggests that it is not sufticient to discuss the electronic
structure of organic conductors only in terms of the
highest-lying atomic orbitals of the atoms forming the or-
ganic molecule, since even molecular orbitals forming
bands close to the Fermi level has a non-negligible contri-
bution from deeper-lying orbitals. In the present case, s
orbitals contribute to structures A and 8, since they
show a similar behavior. The intensity variations of
structures C and D, in the photon energy regimes where
they are visible, suggests that these structures also have a
similar photon energy dependence. A linear combination
of the calculated cross sections from carbon, sulphur, and

iodine cannot, however, explain the intensity maximum
near 120 eV.

Additional information about the origin of the
valence-band features can be obtained by comparing the
photoemission spectrum of a, with the spectrum of af
and gas-phase spectra of BEDT-TTF. Since a, has a su-
perconducting ground state with T, =8 K (Refs. 13 and
14) and is c-axis ordered, c photoemission data from this
phase is suitable for comparison with c data from af,
i.e., c-axis-oriented thin films of the nonsuperconducting
a phase, which has been studied previously. ' (The spec-
trum of af is compared with gas-phase of BEDT-TTF
and other related donors in Ref. 8.) Such a comparison
can be done, since for many organic compounds the pho-
toemission spectra of the gas phase and the solid are simi-
lar. The main difference is the bands in the spectrum of
the solid being broadened and rigidly shifted in compar-
ison with the gas-phase spectrum. ' Even in the case
of charge-transfer complexes, features in the valence
band can be traced back to bands in the gas-phase spec-
tra ' and/or in the spectrum of the neutral donor (or ac-
ceptor). This implies that the electronic structure of the
complex is primarily governed by the electronic structure
of the different molecules forming the solid, at least when
the solid consists of distinct molecular species.

Figure 3 in this paper shows a comparison between
schematic representations of the gas-phase spectrum of
BEDT-TTF, the spectra of af, a„and the binding en-

ergy of the calculated energy bands of p-(BEDT-TTF)3I3
at I. In this figure the proposed alignment of the
BEDT-TTF and the af spectrum is used, and the a,
spectrum has been aligned by placing Eb =0 in the same
position as Ez =0 for the af spectrum. (An alignment of
the a, spectrum so that the best coincidence with the
gas-phase spectra is obtained corresponds to a small shift,
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52 ELECTRONIC STRUCTURE OF a, -(BEDT-Ti'F)~I3: A. . . 9633

about 0.20 eV, towards lower binding energy. ) The calcu-
lated bands are aligned so the position of structure A in
a, coincides with the band closest to the Fermi level.
The five distinct features in the valence-band regime of
af are labeled A -E in Fig. 3 and in the following discus-
sion. The alignment between af and a, given in the
figure indicates that 8 and C are split into two structures
each, C and D, and E and I', respectively. Thus a, gives
a better agreement with the gas-phase spectrum of
BEDT-TTF than af. This comparison also suggests that
the apparent shift of binding energy with the photon en-
ergy of F occurs because of the presence of (two) un-
resolved structures corresponding to two weak structures
in the gas-phase spectrum of BEDT-TTF. G and H,
which correspond to D and E, each arise from a manifold
of structures in the gas-phase spectrum of BEDT-TTF.
These structures are shifted to higher binding energies by
about 0.5 eV with respect to the corresponding structures
in the ef and BEDT-TTF spectrum. Similar to the ex-
planation for structure I', the comparison with the gas-
phase spectrum of BEDT-TTF suggests that structure G
could be due to several unresolved structures causing the
binding energy to shift with the photon energy. The fact
that more structures are seen in the valence band of a,
than in the valence band of af could reAect differences in
the electronic structure of the compounds, but another
cause could be disorder, which could broaden structures.
Although both compounds are disordered, the disorder is
less in the a, samples. It is also interesting to note that
neither the spectrum of a, nor the spectrum of af show
any traces of the molecular orbitals with ionization po-
tentials of about 9 eV; as discussed in Ref. 8 other align-
ments of the spectra also cause molecular orbitals with
I =9—10 eV to lack corresponding levels in the af and
a, spectra.

The proposed tentative correspondence between the
different spectra implies that structure 3 in the photo-
emission spectrum of u, cannot be readily said to arise
from the lowest-lying m orbitals of the BEDT-TTF mole-
cule. There are several plausible reasons for this; for in-
stance, structure A can be due to the partially filled band,
which causes the compound to show metallic properties.
In this case the presence of holes in the band formed by
the highest occupied molecular orbital of BEDT-TTF
could change the electronic structure of u, in the vicinity
of EF considerably in comparison to the electronic struc-
ture of the neutral donor but only have a minor inAuence
on the deeper-lying bands.

Another cause for the absence of any correlation be-
tween A and BEDT-TTF could be the donor-anion in-
teraction, which takes place via C-H I contacts, i.e.,
perpendicular to the conducting BEDT-TTF layers. Re-
cently Moldenhauer et al. have shown that this interac-
tion affects the CH2 stretching frequency in different
phases of (BEDT-TTF)2I3 and other BEDT-TTF com-
plexes, which have different critical temperatures. This
finding suggests that the electronic structure close to EF,
where A is located, is affected by the electronic donor-
anion interaction, i.e., a three-dimensional interaction
causes the electronic structure of the CT complex to be
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FIG. 4. I 4d core-level spectra, excited with a photon energy
of 90 eV. The points represent the experimental data, recorded
at different emission angles; bottom 0' and top 50. The full
lines are the result of a curve fitting procedure. The parameters
used are given in the text.

different from the structure of the neutral donor (accep-
tor). Changes in T, due to changes in the phonon spec-
trum are probably small, since the stretching frequency is
about 2900 cm

Although there exists no band-structure calculation for
a„since the crystal structure is not known, a comparison
with calculations for the p phase is justified by their simi-
lar crystal structures' and spectroscopic properties'
and by the fact that the calculated band structure for p-
(BEDT-TTF)2X (X =I3, Auld, IBr2 ) within the
same method are similar. ' Figure 4 shows the result of
the only calculation for the p phase that considered more
than the two highest occupied bands. This self-
consistent-field calculation using the pseudofunction
method is also the only one predicting a dispersion (less
than 50 meV) in the I -Z direction for some of the bands.
The best correspondence between the calculated band
structure and the experimental data is obtained if struc-
ture 3 is aligned with the band closest to the Fermi level.
As seen from Fig. 3, the correspondence between a, and
the calculation is fair. However, the electronic structure
in the k„-k plane must be experimentally determined for
P-(BEDT-TTF)2X before any firm conclusions can be
drawn about the ability of the employed method to pre-
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dict the band structure of organic conductors.
Band structures calculated for P-(BEDT-TTF)zl3 with

different methods ' ' all predict a band gap in the I -Z
direction, with the valence-band maximum situated
0.5 —0.7 eV below the Fermi level; however, the predicted
dispersions in the I -Z and other directions depend on the
method. Thus, the measured value for the valence-band
maximum of a, obtained with the smallest Ak, 0.7 eV, is
in good agreement with the calculations. The lack of a
finite spectral intensity at the Fermi level, although a,
shows metallic galvanometric properties, must be due to
a fairly large band gap in the I -Z direction. The absence
of a Fermi edge due to indirect transitions can, in the
present case, be ascribed to the low electron density in a„
which is a factor 10—100 smaller than in ordinary metals,
and also to a low probability for photoelectron excita-
tions in a, . Other possible explanations can be ruled out.
For example, a Luttinger liquid would lack spectral in-
tensity at EF, but a, has a two-dimensional electronic
structure, and, to our knowledge, it has not been proved
that a two-dimensional Luttinger liquid exists. An alter-
native explanation for the lack of a Fermi edge depends
on the entire surface consisting of neutral BEDT-TTF
molecules. Although the presence of neutral BEDT-TTF
molecules have been observed previously on the surface
and/or in the near surface region of a„' ' ' neutral
BEDT-TTF molecules cannot completely cover the sur-
face in the present case, as the samples were cleaved after
the heat treatment, and thus the studied surface corre-
sponds to the interior of the heat-treated crystal. Fur-
thermore, there is no indication in any of the recorded
valence-band or core-level spectra of neutral BEDT-TTF
in the near surface region.

In scans over an extended binding-energy range, two
shallow core levels (inner valence states) were observed at
Eb =14.2 and 18.3 eV. The former is giving rise to the
upturn of the spectra in Fig. 1 at the highest binding en-
ergies. These structures are broad, with widths of about
2 eV and 7 eV, respectively. The intensity of the latter
decreases with decreasing photon energy, while the inten-
sity of the other structure is roughly independent of the
photon energy. Although these structures cannot be
unambiguously assigned to certain levels, the two candi-
dates are C 2s and S 3s. Furthermore, it is not clear to
which extent the two observed levels mix with the
valence band or if they are a part of it. I Ss can be ruled
out as an origin, since in the study of a& two shallow core
levels at similar energies were also observed even in
iodine-deficient films. Since a structure with Eb =13—14
eV is seen in the spectra of other organic conductors with
and without sulphur, e.g., Pt-phthalocyanine radical
salts, poly-3-hexylthiophene/NOPF6, polypyrrole, '

and polyacetylene, this structure is most likely associat-
ed with C 2s cr-type orbitals. The present data do not al-
low an unambiguous assignment of the other shallow
core level; it could either originate from S 3s or C 2s or-
bitals or originate from many-body effects.

The I 4d core level was recorded at two different emis-
sion angles, 0' and 50', as shown in Fig. 4. From a fitting
procedure the binding energy for the 4d5&z level was
determined to be 49.7 eV and the spin-orbit splitting to

be 1.71 eV. The simulated line shape was obtained
through a convolution of a Lorentzian and a Gaussian
function. The latter simulates broadening of the spec-
trum due to the resolution of the apparatus, phonons,
and disorder. The former represents the limited lifetime
of the core hole created by the excitation. The FWHM
for the Lorentzian line was 0.26 eV and was 0.77 eV for
the Gaussian line. (Rather good fits could be obtained
with Lorentzian linewidths down to 0.22 eV if the Gauss-
ian linewidth was increased; e.g., for a Lorentzian
FWHM of 0.22 eV the Gaussian FWHM was 0.80 eV.)

When the emission angle was changed from 0' and 50 the
branching ratio had to be changed from 1.333 to 1.380 in
order to fit the experimental data. This small change can
be ascribed to changes in the background and/or
diffraction effects. The fact that the spectra can be fitted
well with one component and that the only difference be-
tween spectra recorded at different emission angles is a
small change of the branching ratio implies that all iodine
is present as I3, and that no I3 is situated close to or at
the surface, the a-b plane. This is in agreement with
scanning tunneling microscopy on a (Ref. 33) and P-
(BEDT-TTF)zl3 (Ref. 34), which revealed no iodine on
the surface of the crystals. This has been attributed to

S2p
hv
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168 166 164
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FIG. 5. S 2p core-level spectra, excited with a photon energy
of 180 eV. The points represent the experimental data, recorded
at different emission angles; bottom 0 and top 50'. The full
lines are the result of a curve fitting procedure. The parameters
used are given in the text.
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the instability of the anion layers.
The instrumental resolution cannot explain the rather

broad FWHM of the I 4d core level, since spectra record-
ed with a lower resolution (b,E=0.35 eV) had the same
FWHM and were fitted equally well with the same pa-
rameters. Thus, the rather broad Gaussian line needed to
simulate the spectra is caused by phonon broadening and
disorder. A large phonon-induced linewidth is consistent
with organic conductors being "soft materials" in the
sense that many phonons are excited at room tempera-
ture, and the large number of atoms in the unit cell
makes many phonon modes possible. X-ray-diffraction
experiments show that the thermal motion of the atoms
in organic compounds causes the root-mean-square value

0
of the displacement to be up to 0.5 A. In inorganic com-
pounds it is typically 0.05 —0.10 A. Thus, it is proposed
that phonon broadening dominates the linewidth; howev-
er, contributions from disorder cannot be ruled out. A
low-temperature experiment could give information
about the magnitude of the different contributions.

The S 2p spectrum is reproduced well by fitting the
main doublet with one spin-orbit split component and,
rather arbitrarily, fitting the weak structure seen around
Eb = 162 eV with a doublet using the same parameters as
for the main peak, i.e., a spin-orbit splitting of 1.2 eV, a
branching ratio of 2, a I.orentzian FWHM of 0.2 eV, and
a Gaussian FWHM of 0.9 eV (Fig. 5). From the fit the
binding energy S 2p3/2 level was determined to be 164.3
eV. It should be noted that the spectra can be fitted
equally well by using two components for the main peak
if the Gaussian FWHM is set to 0.7 eV. These com-
ponents have almost equal intensities, and the intensity
ratio is nearly the same for the investigated emission an-
gles.

Since the experimental data gives no clear support for
more than one component, it is suggested that conceiv-
able chemically shifted peaks and/or surface shifted
peaks are not resolved mainly because of phonon
broadening of the components. Furthermore, it is
reasonable to assume that such a shift could be rather
small in u„since the chemical environments of the
different sulphur atoms in the BEDT-TTF molecule are
similar, and the sulphur atoms closest to the surface are
found some angstroms below it. For the same reasons as
described above for the I 4d level, it is thus similarly like-
ly that phonon broadening dominates the linewidth of S
2p. The increased Gaussian linewidth in comparison
with the I 4d level, even if a more efticient screening of a
core hole due to the metallic properties of the BEDT-
TTF layer is considered, can be explained by a poorer in-
strumental resolution at a photon energy of 180 eV.

IV. SUMMARY

The electronic structure of the organic superconductor
a, -(BEDT-TTF)zl3 has been studied by photoelectron
spectroscopy on in situ cleaved crystals. The valence-
band regime consisted of nine distinct structures with
binding energies between 1.4 and 11.2 eV, with respect to
the Fermi level. Angular-resolved measurements showed
no dispersion along the I -Z (k, ) direction, i.e., perpen-
dicular to the conducting BEDT-TTF layers, for the
structures in the valence-band regime. The spectral in-
tensity was found to be zero down to about 0.5 eV below
the Fermi level. This is ascribed to the presence of a
band gap along I -Z, in agreement with band-structure
calculations.

The shape of the valence-band spectrum showed re-
markable changes when the photon energy was changed.
The observed changes of the spectral intensity can be
qualitatively understood as a cross-section dependence.
The dependence of the spectral intensity on the photon
energy suggests that contributions from C 2s and S 3s or-
bitals to the molecular orbitals forming the valence band
are significant. This means that more than just the
highest-lying orbitals, in the present case C 2p and S 3p,
must be taken into account when the electronic structure
of organic conductors is discussed.

The correspondence between structures in the valence-
band spectrum of a, -(BEDT-TTF)zl3 and the gas-phase
spectrum of BEDT-TTF shows that the valence band
originates from primarily molecular orbitals. This fur-
ther increases the experimental foundation behind the

~

idea that the electronic structure of a CT complex is
governed by the electronic structure of the different mole-
cules forming the solid. However, in contrast to c-axis-
oriented thin films of a-(BEDT-TTF)2I3, the structure
with the lowest binding energy in a, cannot readily be
said to arise from to the lowest-lying m orbitals of the
BEDT-TTF molecule.

Two shallow core levels (inner valence states) with
binding energies of 14.2 and 18.3 eV were observed. The
origin of the former is most likely C 2s cr-type orbitals.
The latter cannot be unambiguously assigned. The I 4d
and the S 2p core levels were also studied. These mea-
surements revealed no surface or chemically shifted com-
ponents. The large width of these core levels is mainly,
ascribed to phonon broadening in agreement with organ-
ic conductors being "soft materials, " in the sense that
many phonons are excited at room temperature and the
large number of atoms in the unit cell makes many pho-
non modes possible, although some contribution from
disorder cannot be ruled out.
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