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ABSTRACT: The electronic structure and the geometric arrange-
ment of picene molecules adsorbed on Ag(111) were studied by
means of photoemission and near-edge X-ray absorption fine-structure
spectroscopies (NEXAFS). While the valence band of a picene
monolayer shows a clear metallic state that evolves with alkali metal
doping, in the case of a picene multilayer there is no evidence of
metallic states evolving with doping. Our data suggest that the bulk
ultrahigh-vacuum films of Kxpicene are in an insulating phase, and we
attribute this behavior to a strong electron−electron Coulomb
interaction that is instead screened in the monolayer. The NEXAFS
profiles of different picene layers show a coverage-dependent
orientation, from flat molecules (monolayer) to an orientation of
∼40° of the molecular long axis with respect to the substrate surface
(multilayer). The observed molecular orientations are in disagreement
with the expected crystal structure of the bulk material and may explain the presence of insulating states in strongly correlated
doped picene multilayers.

1. INTRODUCTION
Since the discovery of superconductivity in 1911, one of the
most interesting challenges is to understand the mechanism of
Cooper pair formation. In the simplest systems (mercury or
niobium), the electron−electron Cooper pair is obtained by
means of a phonon exchange. In the high-temperature
superconductors (such as cuprates), other mechanisms may
play a decisive role, and the systems are close to a metal−
insulator state.
New challenges arise from the discovery of superconductivity

in C60 solid doped with alkali metals. The first evidence of
superconductivity in these compounds was obtained from
Hebard et al.1 with a superconducting phase of K3C60 below Tc
= 18 K. In the next years, Tc rose up to ∼40 K in Cs3C60.

2 A
phonon-mediated electron−electron coupling3 is suggested, but
the dependence of Tc from intermolecular distance indicates
that these systems are close to a Mott−Hubbard transition
typical of highly correlated systems.4

Recently, Mitsuhashi et al.5 showed that a polycyclic aromatic
compound, the picene molecule, undergoes a superconducting
phase transition when doped with alkali metals, with Tc around
18 K. The picene molecule consists of five benzene rings
arranged in a zigzag manner. The corresponding molecular

solid has monoclinic crystal structure having two nonequivalent
molecules per unit cell growing in a herringbone manner. The
angle between the two molecules is 58°, and the long molecular
axis is almost parallel to the c vector.6

K3C60 and K3picene appear to be similar systems, although
the evolution of the crystal structure with alkali metal doping is
actually unknown for the picene molecules. A possible
reduction of the unit cell volume due to distortion of the
molecule or a change in the orientation of the two molecules in
the unit cell after K intercalation was predicted by theory.7

Theoretical studies on K3picene showed that the super-
conductivity could be driven by electron−phonon (intra-
molecular) coupling, as in the case of K3C60.

8,9 This has been
confirmed by the first photoemission spectrum obtained for
K1picene that compares well with DFT calculations taking into
account electron−phonon coupling.10 Experimental data
appear in good agreement with theoretical calculations; in
particular, a new state at the Fermi level was observed,
indicating that superconductivity in Kxpicene can be driven by
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phonon-mediated electron−electron coupling. On the other
hand, recent DFT calculations showed that K3picene turns into
a Mott−Hubbard insulator when its unit cell experiences an
enlargement of 5%,11 like observed in C60 compounds.
Therefore, a fundamental question has to be addressed: do

correlation effects and crystal arrangements play a decisive role
in doped picene electronic structure and superconductivity as in
the case of C60 compounds?
Although there are several theoretical studies on the

electronic structure of Kxpicene compounds,7−15 the exper-
imental data reported on picene compounds10,16−19 mainly
involve the pristine picene and few of them the doped
picene.10,17,19 In particular, there are only two research papers
reporting photoemission spectra of alkali metal doped picene,
which show two different behaviors. In ref 10, the new peak
appearing after alkali metal doping crosses the Fermi level,
giving a metallic behavior to the doped compounds, while in ref
19 this new feature (similar for doping with Na and K) is
peaked at 0.7−0.8 eV below the Fermi level, indicating an
insulating compound.
Here we present a comparison between photoemission

spectra taken from both monolayer and multilayer films of
pristine and doped picene grown on Ag(111). The possibility
that the charge mobility in the metallic substrate will screen
possible correlation effects for the single molecular adlayer may
underlie the difference between the monolayer and the
multilayer films. We observe that while the monolayer behaves
as a metallic system the Kxpicene (0 ≤ x ≤ 3) multilayers show
always an insulating photoemission spectrum contrary to the
expectation for superconductors and in agreement with ref 19.
These findings are discussed in the frame of Mott−Hubbard

transition and possibly associated to the growth modes of the
multilayer films in ultrahigh vacuum (UHV) as measured by
near-edge X-ray absorption fine structure (NEXAFS) spectros-
copy.

2. EXPERIMENTAL SECTION

Multilayer samples were prepared via sublimation of picene
powder (Sigma Aldrich) on a Ag(111) substrate in UHV
conditions (typical base pressure ≤10−10 mbar), and monolayer
coverage was obtained sublimating the multilayer film at 430 K
or by depositing step-by-step picene molecules. Picene was
sublimated using a homemade Ta crucible. Doping with K or
Na was performed using alkali metals from SAES Getters
sources. The doping level was checked with photoemission by
measuring the C1s and K2p core levels excited by the Mg Kα
line. After alkali metal depositions, the sample was annealed for
30 min at 350 K to guarantee the uniform distribution of
dopants and intercalate K or Na.
Valence band photoemission spectra were acquired at the

BaDElPh beamline20 of the ELETTRA synchrotron in Trieste.
The selected photon energy was 6 ≤ hν ≤ 31 eV, and
photoelectrons were collected by means of a 150 mm
hemispherical energy analyzer (SPECS Phoibos 150) with an
angular acceptance of ±7°. The overall energy resolution was
set to 30 meV, and the measured binding energy was calibrated
against the Fermi level of the Ag substrate set at 0 eV.
NEXAFS spectra were collected at the ALOISA beamline21

of ELETTRA in partial electron yield mode. Energy calibration
and photon flux normalization were performed according to a
procedure described in ref 21. The overall energy resolution in
this case was 100 meV.

3. RESULTS AND DISCUSSION
3.1. Multilayer. Figure 1 shows the photoemission spectra

of the picene multilayer (about 10 layers) collected in the same

experimental geometry in s (vertical linear polarization in the
surface plane) and almost p polarization (horizontal linear
polarization at 10° from the surface normal) at hv = 31 eV. The
spectra are similar to the already published work of Roth et al.16

apart from a small difference of 0.2 eV in the binding energy.
Our peak maxima in the electronic DOS are at 2.9, 3.55, 4.35,
5.4, and 6.3 eV corresponding to the highest π valence states.
The onset of the bands deriving from the highest occupied
molecular orbital (HOMO) is at ∼2 eV below the Fermi level,
which indicates a quite large band gap of solid picene.
Assuming the Fermi level in the middle of the HOMO−
LUMO band gap, the gap should be about 4 eV. This value is in
agreement with the optical/transport energy gap of 3.14 eV22

(that represents a lower limit for the singlet band gap) of solid
picene and the calculated band structure direct quasiparticle
gap of 4.08 eV (at the Z point of the Brillouin zone) using the
self-energy as the product between the Green-function and the
dynamically screened interaction W (GW approximation).16

We have verified that the position of the peak maxima
strongly depends on the photon energy and intensity due to
beam damage of the sample. To reduce this effect using the
synchrotron beam, we have taken several spectra in new fresh
areas of 300 × 100 μm2 at each scan and reduced the beam flux.
Therefore, we are sure about the binding energy calibration and
the freshness of the film.
The differences in the two spectra reflect the orbital

orientation of the initial states. Switching from s to p
polarization, the cross section of the states perpendicular to
the surface will be enhanced.
The states below 7 eV are mainly π states; therefore, they are

perpendicular to the molecular plane, while the states above are
mainly σ orbitals.
While at high binding energy there is no particular change in

the spectrum intensity by passing from s to p polarization, a big

Figure 1. Photoemission valence band of the picene multilayer in s
and p polarization.
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increase is observed in the low energy part of the spectrum.
This may indicate that the π states are almost perpendicular to
the substrate plane; however, some intensity is observed also in
s polarization, indicating that the molecules in the multilayer
are not lying flat but with a tilted adsorption geometry. The
average adsorption angle can be obtained using NEXAFS
spectroscopy at the C1s edge. Figure 2 shows the NEXAFS

spectra taken in s and p polarization. From the dichroism of the
π* features, using the Stöhr23 formula I(γ) = cos2 γ cos2 α + 0.5
sin2 γ sin2 α, where α is the angle between the light linear
polarization and the substrate normal, we can obtain an average
angle γ between the molecular plane and the substrate surface
of ∼40° that is in agreement with the photoemission result
expectations.
Due to dipole selection rules, these data represent transitions

into empty C2p-derived bands from the C1s core level. In the
inset of Figure 2, the C1s photemission spectrum of picene at
284.9 eV of binding energy is reported.
Also in this case the NEXAFS spectra correspond quite well

to the core level electron energy loss spectroscopy (EELS)
spectrum of Roth et al.16 The first C1s core excitation π*
resonances in the NEXAFS spectrum of picene have energy
lower than the binding energy of the C1s core level (i.e., they
are shifted into the gap) due to the excitonic interactions
between the excited electron and the core hole. The measured
energy of these excitonic features are 284.60, 284.75, 285.10,
and 285.20 eV that can be unambiguously assigned to LUMO
and LUMO+1 plus several unoccupied levels that are very close
in energy (eight empty bands in the first 1.5 eV). The steplike
structure at about 291 eV corresponds to the onset of
transitions into σ*-derived unoccupied levels.
When doped with electrons, the LUMO and LUMO+1

derived bands become occupied. The very small gap between
LUMO and LUMO+1 (calculations give 75 meV with a

transfer integral of 11.3 meV in undoped crystal up to 360 meV
in the K3picene)

12 makes these two derived bands quasi-
degenerate, a situation apparently similar to fullerides. This
quasi-degeneracy of the conduction bands in one sense would
be helpful in reducing the electron−electron correlation effects,
i.e., to realize a metallic ground state for the doped system
required to observe the superconductivity, but on the other
hand it can generate a competition between different phases
involving both magnetic and charge ordering with the
possibility of an insulating ground state.12

Figure 3 shows the K-doped picene multilayer valence bands
at various doping stages, namely K0.5picene and K3picene

measured in normal emission at room temperature. As was
observed before by Okazaki et al.,10 a new state (C) near the
Fermi level appears as a consequence of the LUMO − LUMO
+1 derived picene bands filled by 4s electrons of K (according
to calculations, the dopant orbitals are higher in energy and
very weakly hybridized with the molecular states close to the
Fermi level). However, in our spectra this new state is peaked at
0.8 eV of binding energy, and there is no DOS at the Fermi
level showing, therefore, an insulating phase for the system. In
the spectrum of Okazaki and co-workers,10 the new peak
crosses the Fermi level. We suppose that the discrepancy
between the two studies is caused by a different alignment of
the spectra.
The spectrum of picene, as many other organic compounds,

when doped with alkali metals shifts toward higher binding
energy as an effect of the LUMO filling. This effect is clearly
visible in Figure 3 already from the very low doping level of
K0.5picene, where the first maxima (A) shifts by 1.6 eV and the
most intense feature at 9 eV (B) shifts by 1.4 eV. In K3picene
these two features move back toward the Fermi level, but with
respect to the pristine picene spectrum they are still shifted at
higher binding energy by 1.4 (A) and 1.3 (B) eV, respectively.
Similar shifts are observed in the C1s core level spectra of both

Figure 2. NEXAFS spectra of a picene multilayer. The red spectrum is
collected with light in p polarization and the black one with light in s
polarization. The binding energy position of the C1s core level with
respect to the Fermi level (EF) is indicated as a dashed line. The inset
shows the C1s core level.

Figure 3. Valence band of pristine and K-doped picene multilayers at
various doping levels taken at 31 eV. The region near the Fermi level
was highlighted in each spectrum. The inset shows the C1s and K2p
core level regions for the pristine picene, K0.5picene, and K3picene.
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K0.5picene and K3picene, which stay at ∼286.1 and 286 eV,
respectively (see inset of Figure 3). These shifts are not visible
in the spectrum reported by Okazaki et al.10

The C1s and K2p spectra shown in the inset of Figure 3,
taken at normal emission, were also used to determine the
nominal stoichiometry by measuring the area underneath the
peaks and considering the appropriate cross section. In any case
the nominal stoichiometry reported must be considered as an
average value over the photoelectron probing depth.
In Figure 3, it is also possible to follow the evolution of the

energy gap between the HOMO (A peak) and LUMO −
LUMO+1 bands (C peak) as a function of the doping level:
starting from 4.15 eV for pristine picene, as measured by EELS
experiment,16,18 the gap shrinks to 3.6 eV in K0.5picene
(measured by the difference between the peak maxima) and
goes back to 3.8 eV in K3picene. This behavior is consistent
with the change of the band gap in C60 and suggests that
correlation effects play a role in this value.24 Another feature of
the spectra shown in Figure 3 is a state at 2 eV of binding
energy (D), very evident in K3picene. The energy difference
between this state and the band at 0.8 eV (1.2 eV) is
inconsistent with the calculated LUMO − LUMO+1 gap.12

This feature is probably the plasmon excitation of the electrons
in the LUMO − LUMO+1 bands, as measured in the EELS
experiment for K3picene.

18 Also in this case the spectrum is
akin to the observation in K3C60.

25,26 It appears therefore that
this new molecular solid shares many similarities with alkali-
metal-doped fullerides.
Moreover, looking to Figure 3, it seems that the intensity just

below the Fermi level, at least in the K3-doped compound, is
not really zero, similar to a semimetal density of state instead of
a real insulator. In this light, there is a possibility that the
metallic state should appear by competing with a phonon-
driven (and correlation-assisted) ground state, leading to an
insulator (semimetal)−metal transition as a function of
temperature.27 High-resolution photoemission studies at low
temperature of K-doped picene may provide new insight into
the ground-state properties in K-doped picene.
Figure 4 shows the valence band spectra close to the Fermi

level of K3picene as a function of temperature for two photon
energies (21 and 6 eV) to be more or less bulk sensitive. Apart
from a small shift of the centroid to lower binding energy, the
LUMO − LUMO+1 peak remains below the Fermi level, and
there is not any DOS appearing at EF. Therefore, the system is
insulating also at low temperature (minimum temperature
reached 19 K).
The possibility of an insulating phase for K3picene was

explored in a theoretical work of Giovannetti and Capone.12

They demonstrated the existence of an antiferromagnetic
insulating state when the electronic correlation is taken into
account. Picene solid is showing rather narrow energy bands
due to the relatively weak interaction between the individual
molecules in the crystal. For the conduction bands, the
bandwidth obtained from DFT calculations in GW approx-
imation is W ∼ 0.5 eV,8−15 which is lower than the correlation
energy U ∼ 0.85 eV estimated from EELS measurements.16

Consequently, there is good evidence that picene crystals can
be regarded as correlated materials and when doped with
electrons may be close to a metal−insulator transition.12,28
In these conditions, actually, even small structural differences

can be responsible for the metallic or insulating ground state at
a given doping level because they may change the balance
between the bandwidth (kinetic energy gain) and the Coulomb

repulsion (energy cost for delocalization). We note that the
molecular orientation obtained by our NEXAFS experiments
on picene thin films is not compatible with the crystal structure
expectation5−7 and may explain our photoemission observation
in the multilayer. On the other hand, Mahns et al.19 showed
photoemission data of K(Na)-doped picene multilayers, very
similar to our spectra, where thin films of picene were grown
with molecules mainly perpendicular to the substrate surface on
SiO2 and parallel to the surface on Au. Therefore, they
conclude that the molecular orientation does not have an
important role in the observed insulating states.
The existence of other insulating crystal phases, namely,

K2picene and K4picene, was discussed recently on the basis of
density functional theory calculations of K-doped picene,13,14

and insulating states are reported for K4picene.
5 It may happen

that in our experimental conditions the most stable phases are
K2picene and K4picene. When our average stoichiometry is near
K3picene, the system might actually separate into K2picene and
K4picene phases, as observed in other organic materials, like
alkali metal doped phthalocyanine crystals.29

Finally, we note that the width of the LUMO − LUMO+1
peak is about 1 eV (full-width at half-maximum), which is larger
than the 0.5 eV band dispersion expected from calculations.
Moreover, passing from 300 to 19 K the width of the LUMO −
LUMO+1 peak is almost unchanged, suggesting that the
electron−phonon coupling is not responsible for the broad-
ening of this feature or that phonons at high energy (i.e.,
around 200 meV) are those that couple with these electrons.
On the other hand, the DOS reduction and the transfer of
spectral weight to the high-energy peak (plasmon) at low
temperature imply that an important role in the electronic
structure of K3picene is related to the electron−plasmon
interaction.

3.2. Monolayer. To understand if the observed insulating
behavior is related to correlation effects, we analyze the picene
monolayer where possible correlation effects should be

Figure 4. Comparison between the photoemission features near the
Fermi level in valence band of K3picene at room temperature (dotted
lines) and at low temperature (19 K, solid lines). The two spectra are
collected with photon energy of 21 eV (black lines) and 6 eV (red
lines).
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screened by Ag substrate electrons.24 First we measure the
NEXAFS spectrum of the picene monolayer to obtain
information on the unoccupied electronic molecular states
but also to evaluate the adsorption angle between molecules
and the substrate. In Figure 5, the NEXAFS spectrum is shown

in s polarization and p polarization of 0.9 ML of picene/
Ag(111). There are small changes with respect to the multilayer
spectrum mainly related to the hybridization of picene states
with Ag. In particular, there is a shift of ∼0.1 eV of the first π*
resonance that now is at 284.6 eV. This is exactly the binding
energy of the C1s core level (see inset), suggesting, therefore,
that the system is metallic if the core hole-excited electron final
state is completely screened by the metallic substrate. The
dichroism observed by changing the angle between the linear
light polarization and the substrate surface immediately
indicates that the molecules in the monolayer are lying flat
on the Ag(111) surface. The planar geometry of the monolayer
adsorption is an effect of the stronger picene−Ag surface
bonding compared to picene−picene interaction. This situation
is similar to the case of pentacene molecules on metal surfaces30

that grow almost parallel to the surface for the monolayer
deposition31,32 and then show higher adsorption angles as long
as the film thickness increases.33,34

The evolution of the valence band for the pristine and K
(Na) doped monolayers of picene is shown in Figure 6. It is
worth noting that sodium and potassium have a similar
behavior for what concerns charge transfer, and the
fundamental difference between them is their ionic radius
that may influence the structure of intercalated bulk
compounds but not the monolayer electronic structure.
The first observation is that in the pristine monolayer there is

a Fermi level, and the HOMO-derived band is shifted from 3 to
2.7 eV in the undoped monolayer with respect to the
multilayer. The presence of the Fermi level in the
monolayer/substrate system is mainly due to the underlying

Ag, but it is evident that the DOS near EF changes as the alkali
metals are added to the monolayer, as shown in Figure 7. For

Figure 5. NEXAFS spectra of a picene monolayer on Ag(111). The
red spectrum is collected with light in p polarization and the black one
with light in s polarization. The corresponding C1s core level is shown
in the inset.

Figure 6. Valence band of pristine and K (top panel) and Na (bottom
panel) doped picene monolayers on Ag(111) at various doping levels
measured at hv = 31 eV. The insets show an enlargement of the region
near the Fermi level.

Figure 7. DOS near EF (integration between −0.3 and +0.3 around EF
of the spectra reported in Figure 6) of doped picene monolayers at
various doping levels, normalized at the DOS of pristine Ag(111). Top
panel: Na doping. Bottom panel: K doping.
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the case of Na, the doping was performed very slowly, and the
density of states increases until a maximum (between 30′ and
50′ of Na deposition) that should correspond to the half-filling
of the LUMO − LUMO+1 almost degenerate bands. Then, the
maximum of the band feature starts to move toward higher
binding energy, and the DOS near EF decreases. A similar
behavior is observed in the case of K, where we reach a
maximum doping level x = 5 K atoms/picene. In this case we
observe two maxima, one near a doping level of 2.7 K atoms/
picene and the second at the maximum doping where we see
clearly also the plasmon peak at about 1.6 eV of binding energy.
In the middle, at 4 K atoms/picene, we observe a reduction of
the DOS at EF that is consistent with the complete filling of the
LUMO − LUMO+1 bands.
Both the shift of the HOMO in the undoped system and the

metallic phase for the doped monolayer can be ascribed to the
screening effect of the metallic substrate. This behavior could
be explained in close analogy to fullerides assuming that the
HOMO−LUMO gap and the insulating state, observed in
photoemission adding electrons to the LUMO − LUMO+1
bands, may have a strong Coulomb contribution.

4. CONCLUSIONS
We have investigated the electronic properties of pristine and
alkali metal (K and Na) doped picene films on Ag(111) using
photoemission and NEXAFS spectroscopy. Our studies reveal a
complex behavior upon doping. For a multilayer film we
observe clear nonrigid shifts of all photoemission signals already
from the very beginning of the doping process. These shifts
indicate the upshift of the Fermi level in the conduction bands
as negative charge carriers (electrons) are introduced by the
alkali metal doping. Intriguingly, none of the multilayer doped
films show emission at the Fermi level; i.e., none of the films in
our studies become metallic down to 19 K, in analogy with the
measurements of ref 19, suggesting that electron correlations
may be essential for a complete understanding of these films.
For this reason, we have measured the monolayer on Ag(111),
where the metallic substrate should screen the correlation
interactions. We have found that the monolayer systems are
metallic at every doping level, suggesting that correlation effects
are primarily driving the insulating state observed in doped
multilayer systems. However, it is worth noting that the UHV
pristine films grown on Ag(111) have a peculiar adsorption
geometry, which is different from the expectation based on
crystal structure calculations and measurements for picene
crystals. Due to strong correlation effects, small variations in the
crystal structure (molecular arrangements) may be the reason
for the observed insulating state in our doped picene multilayer.
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