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Plasmon dispersion in molecular solids: Picene and potassium-doped picene
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We investigate the dynamic response of pristine and potassium-doped picene, the first example of a new
family of organic molecular superconductors, by combining first-principles calculations and state-of-the-art
experimental tools. We find that charge-carrier plasmons in K3 picene have a negative or almost negligible
dispersion, which deviates from the traditional picture of metals based on the homogeneous electron gas. We
show how this finding is the result of the competition between metallicity and electronic localization on the
molecular units. Conduction electrons alone give rise to the negative dispersion, which is reduced by molecular
polarization and crystal local-field effects. This analysis allows us to obtain a general picture of the plasmon
dispersion in metallic molecular crystals.
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I. INTRODUCTION

Organic molecular solids have attracted considerable inter-
est for both fundamental reasons and possible technological
applications. In fact, they are very promising materials for
a wide range of applications,1 as their properties can be
efficiently tailored for their use in (opto)electronic devices
such as field-effect transistors,2 light-emitting diodes,3,4 pho-
tovoltaic cells,5,6 etc. Their building blocks are molecular
units held together by weak van der Waals forces. The
constituents thus preserve their molecular character, giving
rise to nondispersive bands with σ and π character. Therefore,
from the fundamental point of view, organic molecular solids
represent a playground where it is possible to bridge molecular
and solid-state physics and where both strong electron-phonon
and electron-electron interactions in the narrow bands are
expected to be fully at work. The rich variety of electronic
properties that is possible to obtain in this class of materials
in fact emerges as result of the competition between charge
localization on a single molecule (where strong covalent
bonds are active) and intermolecular tunneling of π elec-
trons (whence metallicity), which is facilitated by the large
extension of the molecular units. When the former prevails,
molecular solids are semiconductors or insulators, with a
gap opening between bands deriving from bonding π and
antibonding π∗ molecular states. Doping with alkali metals
introduces new electrons that occupy the empty π∗ states.
Thus molecular crystals can become metals or even super-
conductors with high critical temperatures, as in the case of
fullerides.7–9 Very recently, the discovery of superconductivity
in potassium-doped picene10 has opened a new path within an
unanticipated group of molecular superconductors. In fact,
superconductivity has been then reported also in other doped
polycyclic aromatic hydrocarbons, like phenanthrene11 and
coronene.12

Given the many competing excitations, the many open
questions in these materials, like the mechanism of charge
transport (incoherent phonon-assisted hopping or coherent
band transport)13 or the (unconventional) superconducting
pairing,9,14 still represent a major challenge for fundamental

research. An essential contribution to clarify these unsolved
questions can be obtained by studying the elementary ex-
citations that characterize the electronic properties of these
materials. In the present work, we therefore investigate
the dynamic response of both pristine and doped picene,
as measured by electron-energy loss spectroscopy (EELS),
combining first-principles calculations and state-of-the-art
experimental tools. In particular, we demonstrate how the
competition between metallicity and electronic localization
in K3 picene gives rise to plasmons with negative or almost
negligible dispersion. We further discuss that this is a behavior
peculiar to doped molecular crystals in general, and which
contrasts the positive plasmon dispersion in the homogeneous
electron gas (HEG), which is often taken as reference in the
studies of electronic response.

Picene molecules consist of five benzene rings joined in an
armchair manner. They crystallize in a monoclinc structure,
where the primitive cell contains two inequivalent molecules
arranged in a herringbone pattern in the ab plane so that the
c axis is nearly parallel to the molecular main axis, while a

and b axes are out of the molecular plane. In the solid phase
the bonding-antibonding character of the molecular orbitals
causes a band-gap opening of 4 eV between π and π∗ bands.15

In K3 picene, the six additional electrons from potassium atoms
occupy the lowest four overlapping π∗ bands and the system
becomes metallic.16,17

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

For our experiments using electron energy-loss spec-
troscopy (EELS) in transmission, we have prepared picene
films with a thickness of about 100 nm, by thermal evaporation
under high vacuum onto single crystalline KBr substrates
kept at room temperature. Thereby, two deposition rates,
0.2 nm/min and 4 nm/min, have been chosen in order to obtain
films with different crystalline texture. These picene films were
floated off in distilled water, mounted onto standard electron
microscopy grids and transferred into the spectrometer. Prior
to the EELS measurements, the films were characterized in situ
using electron diffraction. All observed diffraction peaks were
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consistent with the crystal structure of picene.18 Moreover, the
diffraction spectra revealed a pronounced texture, whereas the
films grown with a deposition rate of 0.2 nm/min showed a
strong preference of crystallites with their ab plane parallel
to the film surface, while those films grown with 4 nm/min
showed a substantial amount of crystallites with their c axis
in the film surface. All electron diffraction studies and loss
function measurements were carried out using the 172 keV
spectrometer described in detail elsewhere.19 We note that
at this high primary beam energy only singlet excitations
are possible. The energy and momentum resolution were
chosen to be 85 meV and 0.03 Å−1, respectively. We have
measured the loss function −Imε−1

M (Q,ω), for a momentum
transfer Q parallel to the film surface [εM (Q,ω) is the
macroscopic dielectric function]. Potassium was added in
several steps by evaporation from commercial SAES (SAES
GETTERS S.p.A., Italy) getter source under ultrahigh vacuum
conditions (base pressure lower than 10−10 mbar) until a
doping level of about K3 picene was achieved. In detail, in
each doping step, the sample was exposed to potassium for
5 min, the current through the SAES getter source was 6 Å
and the distance to the sample was about 30 mm. During
potassium addition, the film was kept at room temperature.
Postannealing of the films at 440 K for several hours did
not lead to changes in the doping level, which demonstrates
that potassium diffusion at room temperature is sufficient
to achieve a homogeneous distribution in the film (see also
Ref. 28).

To simulate the experimental spectra, we have calculated
the loss function −Imε−1

M (Q,ω), which is obtained from the
diagonal element of the inverse of the microscopic dielectric
function ε as20,21

εM (Q,ω) = 1

ε−1
G,G(q,ω)

. (1)

Here, Q = q + G, where q belongs to the first Brillouin
zone and G is a vector of the reciprocal lattice. In a solid,
the microscopic dielectric function ε is a matrix in the
reciprocal-lattice vectors G and G′. Off-diagonal elements
of ε are related to inhomogeneities in the induced charge
densities that give rise to the crystal local-field effects (LFE).
When LFE are neglected, Eq. (1) simplifies to εM (Q,ω) =
εG,G(q,ω). Our calculations are based on density-functional
theory (DFT) in the local-density approximation (LDA)
implemented in a pseudopotential plane-wave framework.22,23

We have optimized the crystal structure of pristine picene
starting from the experimental atomic positions.18 The crystal
structure of potassium-intercalated picene instead is not fully
known experimentally. We have therefore used the crystal
structure calculated in Ref. 16, in which potassium atoms are in
intralayer positions. We have also adopted the crystal structure
proposed in Ref. 24. But the worse agreement obtained with
respect to the experimental spectra seems to rule out this
alternative structure. We have calculated ε in the random-phase
approximation (RPA) using 360 LDA bands in a 8 × 8 × 6
Monkhorst-Pack grid of k points. To obtain ε−1 in Eq. (1)
taking into account LFE, we have inverted a matrix of rank
321 G vectors.

III. PRISTINE PICENE

To gain insight into the effects on the plasmon dispersion
of the electron localization on the molecular units, we first
consider pristine picene. In the calculated loss functions with
momentum transfers along the three reciprocal axes a∗, b∗, and
c∗, we can identify five sharp features [(A) to (E) in Figs. 1(a),
1(b) and 2(a)] in the energy range below 10 eV. This is verified
by recognizing the same structures also in the experimental
spectra [Figs. 1(c) and 2(c)]. As discussed in Ref. 15, only
the peak (E) is due to a plasmon excitation, while all the
other features are due to interband transitions. The differences
between theory and experiment are due to two reasons: (i) the
theoretical spectra display a redshift in the peak positions, as
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FIG. 1. (Color online) Calculated loss function of picene for
momentum transfer Q (in Å−1 units) along the a∗ (a) and b∗ (b) axes,
respectively, and experimental EELS for samples with preferential
orientation in the ab plane (c).
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FIG. 2. (Color online) Calculated loss function of picene for
momentum transfer Q (in Å−1 units) along the c∗ axes (a) and
experimental EELS for samples with preferential orientation along
the c axis (c). (b) Loss function (upper panel) and real and imaginary
part of the dielectric function (bottom panel) for Q along c∗ calculated
without LFE.

a consequence of the fact that LDA band-gap underestimation
is larger than the electron-hole binding energy,15 and (ii) in
the experimental samples, a mixture of crystallite directions is
always present, which is the reason why the structures of the
theoretical spectra along the different axes appear mixed in the
experimental spectra.

The various excitations in the energy loss spectra still keep
trace of their molecular origin. Picene molecule belongs to
the C2v point group. Thus, for symmetry reasons, the only
allowed electronic transitions in the dipole approximation are
π → π∗ and σ → σ ∗ for polarization directions belonging to
the plane of the molecule and π → σ ∗ and σ → π∗ for the
direction perpendicular to the plane. In solid picene, for the

small overlap between wave functions localized on different
sites, this picture is approximately still valid. In LDA, π (π∗)
states cover an energy window below the top valence level
(above bottom conduction level) of about 4 eV, while the rest
of the electronic structure has σ and σ ∗ character. Therefore,
in the energy range 0–10 eV, EELS spectra with Q along
the c∗ axis (which belongs to the plane of the molecules)
have more intense peaks, while for momentum transfers in
the a∗b∗ plane solid picene is much less polarizable. For Q
in the a∗b∗ plane, solid picene still behaves as if it were a
finite system. Thus the loss function −Imε−1

M (Q,ω), in RPA
and in absence of LFE, is approximately proportional to
the product between the imaginary part of the independent-
particle polarizability Imχ0(Q,ω) and the Coulomb potential
v(Q). The Q dependence of χ0 can be analyzed in terms
of oscillator matrix elements (ME) and the joint density of
states (JDOS). For the charge localization on the molecular
units, the ME between Bloch wave functions ρk

n,n′ (q + G) =
〈n,k + q|ei(q+G)·r|n′,k〉 in a first approximation do not depend
on the Bloch wave vector k, so that the ME do not show
dispersion in Q. Moreover, since the bandwidths are very
small, the JDOS is a constant that does not depend on Q. Thus,
in absence of LFE, an increase of the momentum transfer does
not cause any dispersion of the features of Imχ0, but it results
only in a progressive reduction of the amplitude of −Imε−1

M ,
being v(Q) proportional to 1/|Q|2. However, when LFE are
included in the calculation, they induce a mixing of electronic
transitions, which causes a weak negative dispersion of the
peaks, in agreement with the experimental data.

Analogously, also for the momentum transfer along the c∗
direction and in absence of LFE, the plasmon peak (E) at 6.1 eV
[upper panel in Fig. 2(b)] displays a small negative dispersion
due to the global reduction of ImεM at higher Q. Instead, the
(interband) peak (D) shows a remarkable dispersion, which has
then to be explained in different terms. In fact, the imaginary
part of ε evaluated in absence of LFE presents a small peak
at 4.66 eV [see bottom panel in Fig. 2(b)], which is related to
π → σ ∗ excitations. For polarizations in the molecular plane,
these transitions are forbidden in the dipole approximation (for
Q → 0), but get enhanced when multipole terms are activated
by increasing the momentum transfer. The activation of these
new transitions determines a splitting of the peak (D), which
can be traced back to the rapid oscillation in the real part of ε

[see bottom panel in Fig. 2(b)] that the new peak in Imε induces
through the Kramers-Kronig relation. This effect, related to the
activation of multipole excitations, is instead not visible for the
a∗b∗ polarizations, since in that case the various transitions are
already allowed in the dipole limit. Noteworthily, activations
of multipole excitations are responsible, for instance, also for
the negative plasmon dispersion in a free-electron-like material
like Cs,25,26 which should be unexpected from the quadratic
positive plasmon dispersion of the HEG. Finally, when LFE are
included in the calculation of the loss function, both structures
(D) and (E) are blueshifted by about 2 eV, and mixing of
transitions at different energies completely compensate the
band-structure effects just discussed for the peak (D). The two
features, (D) and (E), do not have a momentum dispersion in
the spectrum with LFE [see Fig. 2(a)] and in the experimental
results [see Fig. 2(c)]. Thus local fields have opposite effects
on the EELS for Q belonging to the a∗b∗ plane and along
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the c∗ axis. For the former, LFE are responsible for the small
negative dispersion of the features present in the EELS spectra,
while for the latter, they completely compensate band-structure
effects, resulting in a negligible dispersion.

The analysis performed up to now has shown how the
strong localization of the electronic wave functions affects
remarkably the EELS spectra of picene resulting in the
appearance of structures with negative or almost negligible
dispersion. The polarization properties of the molecular units
obtained from this analysis will be of fundamental importance
also in the rest of the paper to describe a background screening
when picene is doped with potassium and becomes metallic.

IV. DOPED PICENE

The effect of potassium-doping on the EELS of picene
is threefold. In fact, comparing the spectra of picene (see
Figs. 1 and 2) and K3 picene (see Fig. 3) we note that
(i) an increase of the bandwidths, due to the larger intermolec-
ular hopping, determines a broadening of all the sharp spectral
features discussed so far, and (ii) in addition to the occupation
of picene bands that derive from LUMO states, potassium
doping also reduces the gap between bands deriving from
HOMO and LUMO states of picene, as a consequence of the
metallic screening in K3 picene (this is confirmed also by
GW band-structure calculations, not shown here27). Therefore
the structures in the EELS of picene are downshifted in K3

picene; (iii) a prominent new peak appears at low energy, in
all polarization directions, in the former band gap of pristine

picene, as already reported in Ref. 28 by some of us. This
peak, which is linked to metallicity in K3 picene, is a signature
of a plasmon excitation, as it can be inferred looking at the
real and imaginary parts of the dielectric function in Fig. 4(a)
(ReεM = 0 at the energy of the peak). In the rest of the paper,
we will focus on the momentum dispersion of this plasmon
excitation.

In order to better understand the nature of this low-
energy plasmon, we evaluated the spectra separating three
different contributions (see Fig. 4): (i) taking into account
only electronic transitions involving the three metallic π∗
bands and without LFE (green lines), (ii) taking into account
also interband transitions (blue lines), and (iii) including LFE
(black lines). Comparing the imaginary parts of the dielectric
functions calculated with and without interband contributions
[see Fig. 4(a)], we find that for Q in the a∗b∗ plane, the
prominent peak is related only to transitions among occupied
π∗ bands, so that the plasmon peak in the loss spectra is due
to collective oscillations of the conduction electrons. On the
contrary, for Q along the c∗ axis, interband transitions give a
remarkable contribution as well.

The free-electron contribution due to intraband transitions
of the six conduction electrons would give rise to a “bare
plasmon,” which we simulated by considering only transitions
between metallic bands. The bare plasmon frequency has a
strong negative dispersion along each direction [green lines in
Fig 4(b)], a behavior opposite to that of the HEG, and which has
been discussed in Ref. 29 on the basis of a tight-binding model.
Here, instead, following Aryasetiawan and Karlsson,26 we
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FIG. 3. (Color online) Calculated loss function of K3 picene for momentum transfer Q (in Å−1 units) along the a∗ (a), b∗ (b), and c∗ axes
(c), respectively. (d) Experimental EELS for samples with preferential orientation in the ab plane.
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consider the Kramers-Kronig relations between the imaginary
and the real parts of the dielectric function, and define

D(Q,ω) = 2

π

[ ∫ ∞

ω

dω′ ω
′Imε(Q,ω′)
ω′2 − ω2

−
∫ ω

0
dω′ ω

′Imε(Q,ω′)
ω2 − ω′2

]
(2)

such that Reε(Q,ω) = 1 + D(Q,ω). At the plasmon frequen-
cies ω = ωp(Q), by definition, Reε(Q,ωp) = 0. Both integrals
in Eq. (2) are positive, so they give opposite contributions to
D(ω). Thus, if at a generic ω = ω̄, the second term (from
frequencies ω′ < ω̄) as a function of Q increases more (or
decreases less) than the first one (for ω′ > ω̄), then Reε at
ω = ω̄ decreases with Q. Since Reε has a positive slope at the
plasmon frequency ω = ωp, this implies that a crossing of the
zero axis by Reε then would take place at a larger ωp.

In absence of interband transitions, we have only con-
tributions at ω smaller than ωp, so only from the second
term in Eq. (2). Therefore, for a positive dispersion of the
plasmon frequency, the second integral in Eq. (2) must be an
increasing function of Q. Even when an increase of Q causes
a lowering of Imε(Q,ω), if the features in Imε(Q,ω) have a
positive dispersion, like in the HEG, the integral in Eq. (2) can
increase, causing a positive dispersion for ωp. However, this is
not the case of picene since, as discussed previously, Imε(Q,ω)
does not disperse, due to the strong localization of the wave
functions on the molecules. This results in the strong negative
dispersion of the bare plasmon. Including the contributions of
interband transitions at frequencies higher than ωp [first term
in Eq. (2)] reduces the negative dispersion of the bare plasmon,
as demonstrated by comparing green and blue lines in Fig. 4(b)
(for Q along c∗ the plasmon involves partially also some inter-
band transitions, so that the plasmon dispersion remains neg-
ative even including their contribution). In fact, as a response
to the collective oscillations of the conduction electrons, the
single molecules polarize, screening the bare plasmon. This
background screening is, in a first approximation, given by
the interband dielectric constant εb(Q), which describes how
the molecules polarize. Since εb(Q) is a decreasing function
of Q, interband transitions reduce the strength of the negative

dispersion. Finally, LFE are responsible for mixing among
intraband and higher energy interband π → π∗ transitions.
LFE become more important as Q increases, since in real space
this implies probing induced charge densities on a shorter
scale, where charge inhomogeneities become more relevant.
Therefore LFE further reduce the negative plasmon dispersion,
as we find comparing blue and black lines in Fig. 4(b).

On a quantitative level, the effect of interband transitions
and crystal local fields on the plasmon dispersion depends on
the polarization properties of the molecules. These properties
have been obtained in the analysis of the loss functions of
pristine picene. For Q along c∗, the molecules are highly
polarizable, so that the corrections to the bare plasmon are
large and the negative dispersion is completely suppressed:
ωp presents a small positive dispersion. On the contrary, for Q
along the a∗ axis, the effect is weaker (the molecules are less
polarizable) and the negative dispersion of the bare plasmon
is only reduced, but still visible, as we can see also in the
experimental spectra in Fig. 3(d).

V. CONCLUSIONS

In conclusion, from the previous analysis of the electron en-
ergy loss spectra, we can infer a general picture of the plasmon
dispersion common to all doped molecular crystals, which are
characterized by the competition between charge localization
and metallicity. In fact, a negligible plasmon dispersion has
been reported also in alkali-doped C60 compounds.30 Since
the electrons are mainly confined to the individual molecules,
matrix elements and joint density of states do not disperse
as a function Q, so that the bare frequency associated to
the plasma oscillations of the conduction electrons has a
negative dispersion. This effect is contrasted by interband
transitions (through screening effects) and local-field effects,
which depend on the ability of the molecules to polarize along
the different directions. We expect that these polarization
effects, which reduce the negative dispersion, become more
important as the dimension of the molecules increases, so
that the negative plasmon dispersion should be stronger as the
number of benzene rings in the molecular units is reduced.
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Finally, the good comparison between theoretical and
experimental data shows that electronic correlation in doped
picene is adequately treated at the level of the random-phase
approximation, in seeming contrast to the hypothesis that
doped picene is a strongly correlated superconductor.
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