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Abstract. The nature of the lowest-energy electronic excitations in prototyp-
ical molecular solids is studied here in detail by combining electron energy
loss spectroscopy (EELS) experiments and state-of-the-art many-body calcula-
tions based on the Bethe—Salpeter equation. From a detailed comparison of the
spectra in picene, coronene and tetracene we generally find a good agreement
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between theory and experiment, with an upshift of the main features of the cal-
culated spectrum of 0.1-0.2 eV, which can be considered the error bar of the
calculation. We focus on the anisotropy of the spectra, which illustrates the com-
plexity of this class of materials, showing a high sensitivity with respect to the
three-dimensional packing of the molecular units in the crystal. The differences
between the measured and the calculated spectra are explained in terms of the
small differences between the crystal structures of the measured samples and the
structural model used in the calculations. Finally, we discuss the role played by
the different electron—hole interactions in the spectra. We thus demonstrate that
the combination of highly accurate experimental EELS and theoretical analysis
is a powerful tool to elucidate and understand the electronic properties of mole-
cular solids.
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1. Introduction

Organic molecular solids—especially those that consist of fused aromatic rings only and do
not contain heteroatoms or carry substituents—have become a focus of research in recent
decades and have established a very attractive field at the crossover of solid-state physics and
chemistry [1]. The wide variety of these compounds, the advantages of the relatively low cost
and the possibility of modifying them using the methods of synthetic organic chemistry in
a practically unlimited fashion have aroused high expectations for the development of new
materials. In particular, their potential application in organic electronic devices has motivated
many investigations in the past. These have for instance been exploited in organic field
effect transistors in view of fundamental as well as applied aspects [2]. Moreover, organic
semiconductors are also of interest for the manufacture of organic photovoltaic cells, organic
light emitting diodes or organic spintronics [3-5].

Organic molecular materials, like other carbon-based materials, are well-known prototypes
of electrical insulators and semiconductors. Even before the discovery of graphene many other
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carbon-based systems, such as nanotubes, fullerenes and graphite have played an important role
in several fields, including superconductivity. In particular, the superconducting (alkali-metal
doped) fullerides have attracted much attention, and rather high transition temperatures could
be realized (e.g. T, of 18K in K;C¢y [6] or 7. =38 K in Cs;Cq [7, 8]). Their exceptional
electronic properties are attributed to the delocalized m-electrons and to their molecular
structure (e.g. to dynamical Jahn-Teller effects [9]). Thus, doping of such materials with
m-electron networks might bring out novel physical properties, such as superconductivity, as
well in other compounds.

However, in the case of organic superconductors, no new system with high 7¢’s similar
to those of the fullerides has been discovered in the past decade. In 2010 the field was finally
renewed with the discovery of superconductivity in alkali-doped picene with a T, up to 18K
in case of K3 picene [10]. After that, superconductivity was also reported in other alkali-
metal intercalated polycyclic aromatic hydrocarbons, such as phenanthrene (7, = 5K) [11],
coronene (7T, = 15K) [12] and 1,2;8,9-dibenzopentacene (7. = 33 K) [13]. Especially in the
latter case, 7. is higher than in any other organic superconductor besides the alkali-metal doped
fullerides. Therefore, these small-molecule-based materials open up new avenues for research
into superconductivity and it becomes more and more evident that organic materials serve as a
fascinating field for material science and solid-state physics.

Understanding the physical properties of new materials requires the investigation of their
elementary excitations. The scope of the present work is to unveil the character and the nature
of those excitations. To this end, electron energy loss spectroscopy (EELS) is a powerful tool to
access the electronic excitations of materials. It measures the loss function, —Im[1/ey(q, ®)],
where €y is the macroscopic dielectric function, and q and w are the transferred momentum
and energy, respectively. While in optics only the dipole limit q — O of €y is accessible, in
EELS a range of momentum transfers q well beyond the optical limit can be investigated,
providing detailed information on the character and the spatial localization of the electronic
excitations [14-16].

Organic molecular solids are complex materials in which the properties of the crystal as a
whole show a strong sensitivity with respect both to the individual properties of their building
blocks and to their geometrical arrangement in the three-dimensional packing. This results, for
instance, in a high level of anisotropy of the EELS and optical spectra. Moreover, molecular
solids often can have many polymorphs obtained by changing the preparation conditions and
undergo several structural phase transitions as a function of temperature or pressure. In view
of this inherent complexity, a combined experimental and theoretical effort hence seems to be
a very promising strategy to provide deeper insight into the fundamental low-energy electronic
excitations of these materials. Here we present a detailed comparison of EELS spectra of several
prototypical organic solids obtained using state-of-the-art experimental tools and first-principles
many-body calculations. We focus on the complementarity aspects of theory and experiment
and show how their combination can add a fruitful piece of clarification about the electronic
properties of this kind of materials.

2. Molecular solids

The building blocks of all the compounds studied here are hydrocarbon molecules made of fused
benzene rings. While [r]acenes (such as tetracene and pentacene) consist of a linear fusion of
n benzene rings, [n]phenacenes (such as chrysene and picene) are built up of benzene rings in
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Figure 1. Overview over the aromatic hydrocarbon systems investigated in this
work. The blue and red balls represent carbon and hydrogen atoms, respectively.

a zigzag or armchair manner (see figure 1). Coronene, instead, is made of benzene rings joined
in a circle. In the condensed phase all the investigated hydrocarbon molecules crystallize in a
layered structure, often called herringbone crystal structure [17], with two molecules per unit
cell. The crystal structure is either monoclinic (as for picene and coronene) or triclinic (as for
tetracene).

In the solid, the molecular units are interacting through weak van der Waals forces. This
implies that the band widths are generally small and the materials are insulators. Moreover the
electronic properties of the solid are mainly dictated by the properties of the isolated molecules:
the lowest-energy excitations are due to transitions between bands which originate from 7 and
7* molecular states. This is the reason why excitations in these systems traditionally have been
described using models based on molecular orbitals [1, 18]. Molecular solids thus offer a unique
playground to understand the nature of localized excitons and their interactions in the materials
thanks to simple models.

3. Methods

3.1. Sample preparation

Single crystals of several hydrocarbons (tetracene, picene and coronene) with high quality were
obtained via directional sublimation or physical vapour transport (details of the used techniques
can be found in [21, 22]). Thin films were cut from these crystals using an ultramicrotome
equipped with a diamond knife.

For the present work, large thin films of organic compounds have also been produced
by thermal evaporation under high vacuum onto single crystalline substrates (e.g. KBr) kept
at room temperature (for details of this procedure and an overview over the parameters used
see [23-25]). These thin films were floated off in distilled water, mounted onto standard electron
microscopy grids and transferred into the spectrometer. In all cases the thickness of the films
was about 100 nm.

New Journal of Physics 15 (2013) 125024 (http://www.njp.org/)
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Figure 2. Generic electron diffraction profiles, here for example for solid picene
(left panel) and coronene (right panel) for momentum transfers parallel to the
a*—and b*—direction revealing the very good quality of the samples employed.
The values in parentheses give the corresponding Miller indices and their
positions are in fair agreement with the structural data described in literature
[19, 20].

Table 1. Structural information gained directly from the EELS experiment.

Parameter Coronene Picene Tetracene Pentacene

a*/A-! 0.38 0.74 1.07 1.03
b*/A-! 1.34 1.01 0.82 0.86
y*° 92 92 95 94

Prior to the EELS measurements the films were characterized in sifu using electron
diffraction, whereby on the one hand a check to identify the crystal structure can be performed
and on the other hand the orientation of single crystalline samples can be obtained. As an
example for such an electron diffraction profile we show in figure 2 the profiles for solid
picene and coronene measured in the two main crystallographic directions a* and b*. The
measured diffraction profiles are in good correspondence to the published crystal structures
of each compound [19, 20, 26]. In table 1 we summarize the structural information that can be
directly read from our diffraction data.

The experimental structures from [19, 20, 26] have been used for the simulations in
the various compounds. All calculations are done considering the atoms frozen in their
crystallographic positions, thus neglecting the coupling with atomic vibrations. On the contrary,
the effect of temperature-induced structural changes and of atomic motions can be monitored
experimentally as a function of the temperature of the measurement.

3.2. Electron energy loss spectroscopy

All electron diffraction studies and loss function measurements were carried out using the
172 keV spectrometer described in detail elsewhere [27]. We note that at this high primary beam
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energy only singlet excitations are possible. The energy and momentum resolution were chosen
to be 85 meV and 0.03 A, respectively. We have measured the loss function —Im[1/ey(q, »)]
for a momentum transfer q parallel to the film surface. In order to properly normalize the
data taken along different directions in the reciprocal space, we carried out a Kramers—Kronig
analysis (KKA). The raw data first have been corrected by subtracting contributions of multiple
scattering processes and elimination of the contribution of the direct beam. The normalization
necessary within the KKA has been done using the sum rule for all valence excitations.
The results of the KKA show that data for different directions can be properly normalized
in the energy range between 9-10eV to reveal the relative intensities of the corresponding
excitations.

The loss function can be written in terms of the real and imaginary parts of the dielectric
function, €; and €,, respectively,

1 € (q’ a))
m = .
em(@, ©)  [e1(q, )PP +[ex(q, o)

Peaks in the measured spectra can thus derive from zeroes of €; (when €, is not too large),
which correspond to collective plasmon excitations, or from structures in €,, which are due to
valence-conduction interband transitions. In particular, peaks of €, that are located at energies
smaller than the quasiparticle (QP) band gap correspond to bound excitons. The binding energy
of the excitons is then defined as the difference between the band gap and their peak position in
the spectra.

For each vanishing momentum transfer q, the macroscopic dielectric function €y;(q, @) can
be calculated by solving the many-body Bethe—Salpeter equation (BSE) [28]

. 2
8 ‘ Zkvc Akvc <¢vk|eilqr|¢ck+q>

en(q, @) = 1 +1im ”§ 2)
, W) = I . )
M a0 g* & w— E, +in

ey

where A; and E; are eigenstates and eigenvalues of the excitonic Hamiltonian
Hexe = (Eck - Evk)5n,n/ + <I’l|'l_) - Wln/> (3)

written in a one-particle electron—hole (e-h) transition basis |n) = |kvc) = ¢k (r) @k (r) (Where
v (c) runs over valence (conduction) bands and K is in the first Brillouin zone). In equation (3)
E,x are the QP energies, v is a modified Coulomb interaction in which the long-range
component V(G = 0) is set to 0 in reciprocal space, and W is the statically screened Coulomb
interaction, calculated in the random phase approximation (RPA). From the eigenvectors A; of
the excitonic Hamiltonian one also obtains the exciton wavefunction as

Wi (e, 1) = ) AX ¢, (1) pe(re), )
kve
where 1}, and r, are the positions of the hole and the electron, respectively.

When v and W are set to O in equation (3), the eigenstates A, become diagonal in
the e-h transition basis and equation (2) reduces to Fermi’s golden rule in an independent-
particle picture. The spectrum is thus given by a sum of independent transitions from valence
to conduction states E,x — E., which can be calculated either using Kohn—Sham results
from the local-density approximation (LDA) of density-functional theory or using many-body
perturbation theory in the GW approximation [29] in which the self-energy is approximated
by the product of the single particle Green’s function G and the screened interaction W.

New Journal of Physics 15 (2013) 125024 (http://www.njp.org/)
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v and W enter the BSE kernel in equation (3) as e-h exchange and direct Coulomb interactions,
respectively. The former is repulsive and is responsible for crystal local-field effects (LFE), the
latter is attractive and contains excitonic effects.

Alternatively, the loss function can be calculated using time-dependent density functional
theory (TDDFT) in the linear-response framework [30, 31], where the polarizability x can be
obtained from a Dyson-like equation

X (T, I, @) = xo(ri, Iy, w) + / dr3 dry xo(ry, 13, @)[v(rs, ry) + fic(r3, ry, )1 x (rs, 12, @),

®)

where x is the Kohn—Sham non-interacting polarizability, v the Coulomb interaction and f.
the exchange-correlation TDDFT kernel. When f;. = 0 the RPA is retrieved. In the present work
we have also adopted the adiabatic LDA (ALDA) for f,.. From x one obtains the microscopic
dielectric function € from

e '(r),r, 0) =8(r — 1) + / dr3v(ry, r3) x (r3, r2, ®) (6)
and the macroscopic dielectric function €y through [32, 33]
1

€6=0,6'=0(q> @)

(7

€M (Q» a)) =

where G and G’ are reciprocal-lattice vectors and ealG/(q, w) is the Fourier transform to
reciprocal space of € ! (r}, 1y, w).

3.3. Calculation details

Following the computational approach adopted analogously in [16, 23, 34], all the calculations
have been done within a plane-wave basis framework using norm-conserving Troullier—Martins
pseudopotentials in the LDA with the Perdew—Zunger parameterization. Convergence has been
reached with an energy cutoff of 40 Ha in the plane-wave basis set. For picene and tetracene we
have used a 6 x 6 x 4 Monkhorst—Pack grid of k points and a 4 x 4 x 4 one for coronene.

GW corrections have been obtained from the standard first-order perturbative G,W,
scheme with a plasmon—pole approximation. For self-energy calculations we have used 7000
plane waves in the expansion of the wavefunctions, 450, 600 and 550 empty bands in
picene, coronene and tetracene, respectively. In the calculation of the RPA screened Coulomb
interaction W = e~'v, the inverse of the dielectric function € ! was a matrix of size 600, 500,
and 600 G vectors for picene, coronene and tetracene, respectively.

BSE calculations have been done including the full static W ¢ matrix and not only its
diagonal, and considering 53 occupied and 29 empty bands for picene, which become 39 and
22 for coronene and 35 and 36 for tetracene. This set of bands gives spectra converged in the
energy range shown in the following figures. GW corrections have been taken into account
explicitly without using a scissor correction. Spectra have been calculated using the Haydock
recursive technique. A broadening of 0.05 eV has been used.

Ground-state and GW calculations have been performed with the Abinit code [35], while
BSE calculations with Yambo [36] and Exc (www.bethe-salpeter.org).

New Journal of Physics 15 (2013) 125024 (http://www.njp.org/)
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Figure 3. Left panel: loss function of picene calculated for q — 0 along the
a*-axis. Comparison between theory and experiment. The theoretical spectra
are obtained using LDA ingredients without crystal local fields (no local fields
NLF) or with their inclusion (LDA LFE), and considering GW corrections. The
solution of the full BSE takes into account e-h attractions with the formation of
bound excitons. Alternatively, the loss function is calculated within TDDFT in
the ALDA. The experimental spectrum (see figure 4) is reported for comparison
(yellow line). Right panel: comparison between theory and experiment for the
low-energy region of the spectrum dominated by bound excitons in the QP gap.

4. Results and discussion

4.1. Electron—hole interactions

From the theoretical point of view, it is straightforward to break down a calculated spectrum
into the different contributions that give rise to it. This allows one to understand the role played
by the different e-h interactions and make the connection with the relevant physical properties.
We consider here the representative case of picene in the long wavelength limit ¢ — 0 along the
a* axis, but a similar analysis could be carried out for the other materials as well.

In an independent-particle picture, in which no e-h interactions are at play, the calculated
spectrum is the sum of vertical e—h transitions. In a first approach the transitions are calculated
in LDA (green line in figure 3). In the low-energy range here considered the different peaks in
the loss function are due to interband transitions between bands derived from molecular energy
levels. The spectra for €,, which one would obtain from optical absorption spectroscopy, are
thus pretty similar.

We then switch on the e-h interactions, starting from the e—h exchange repulsive
interaction v. This is responsible of crystal LFE, which are the consequence of the spatial charge
fluctuations that are induced on a microscopic scale by the external field. These induced local
fields are stronger when the electronic system is polarizable and inhomogeneous. This is the case
for picene along a*. When local fields are included in the calculation, the spectra get damped
(as the result of a depolarization effect) and shifted to higher energy (compare blue and green
lines in figure 3).

While Kohn—-Sham LDA eigenvalues are not meant to describe electronic excitation
(addition or removal of electrons), the GW approximation of many-body perturbation theory

New Journal of Physics 15 (2013) 125024 (http://www.njp.org/)
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generally gives QP band structure in good agreement with experiment [28]. In the considered
molecular solids, the main effect of GW corrections with respect to LDA is the band gap
opening, from 2.4 eV to 4.1eV in picene [23] (in coronene, going from LDA to GW, the band
gap opens from 2.4 eV to 4.0 eV; in tetracene from 1.2 eV to 2.9 eV). The effect of the band gap
opening associated to the GW corrections is thus a blueshift of the spectra (compare blue and
black lines in figure 3).

Finally, we consider the effect of the e-h direct attractive interaction W. The main
consequence of W is a redshift of the spectra, which partially compensates the blueshift due
to GW corrections (compare black and red lines in figure 3). The final BSE spectrum is pretty
similar to the one obtained in LDA (compare red and blue lines in figure 3), where both
GW corrections and excitonic effects are absent. Hence the mutual cancellation of these two
contributions could allow one to use LDA spectra (with the inclusion of LFE) to make qualitative
comparisons with experiments (see yellow curve in the left and right panel of figure 3), in
particular for the higher energy peaks at 4.5-6.0 eV. However, the onset in LDA is too low and
the interpretation of the lowest energy peaks is different in the BSE calculation. Their energy is
smaller than the QP band gap (4.1 eV in picene). Thus they correspond to bound excitons.

In the TDDFT framework, instead, the kernel f;. should contain the two partially
compensating effects of the GW band-gap opening and the e-h attraction that is responsible
for the formation of bound excitons. However, it has been shown that TDDFT kernels that do
not have a long range 1/g> contribution in the long-wavelength limit are not able to capture
the exciton formation in solids [37]. In figure 3 we in fact see that the ALDA spectrum is
very similar to the LDA with LFE included (compare purple and blue lines), with the onset
located at much too low energy (2.6eV). Moreover it is missing the multiple bound-exciton
structure inside the band gap (see the right panel of figure 3), for which a dynamical long-range
kernel would be necessary [38—42]. The best overall agreement between the calculation and the
experiment, especially for those bound excitons, is obtained with the BSE (see right panel of
figure 3), with an upshift of the calculated spectrum of ~ 0.1-0.2 eV, which can be considered as
the error bar of the calculation. Therefore the BSE will be the framework used in the following
for the analysis of the bound excitons in the spectra.

4.2. Anisotropy in the EELS spectra: picene, coronene and tetracene

A crucial aspect of the dielectric properties of all the organic compounds is their strong
anisotropy. This is the result of the localization of the wavefunctions, which have a strong
molecular character. For instance, in a picene molecule, the lowest energy m — m* transitions
are visible only for q directions in the plane of the molecule, while they are dipole forbidden
in the direction perpendicular to the plane. In turn, in the condensed phase the resulting spectra
are highly sensitive to the arrangement of the molecules with respect to the crystal axes. In
picene the a* and b* axes have a large component in the direction perpendicular to the planes
of the molecules. Therefore m — 7* transitions for momentum transfers q in the a*b* plane
have lower intensities than for q along the ¢* axis. This also implies that a slight change in the
orientation of the molecules has a large impact on the intensity of the peaks.

From the experimental point of view, in order to investigate the change in the spectra
between the different q directions, it is essential to perform measurements on single crystalline
samples. This is illustrated for picene in figure 4 (left panel) and for coronene in figure 5
(left panel). In these two figures we show a comparison of the loss functions measured in
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Figure 4. Left panel: loss function of a polycrystalline as well as a single
crystalline sample of picene. In case of the polycrystalline film we observed a
well-pronounced texture, whereas a considerable number of crystallites having
their c*-axis on the film surface. The measurements on the single crystals were
performed along the two main crystallographic axes a* and b*. Right panel:
calculated loss function for ¢ — 0 along the three directions a*, b* and c*.
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Figure 5. Left panel: loss function of a polycrystalline as well as a single
crystalline sample of coronene. In case of the single crystal the measurements
were performed along the two main crystallographic axes a* and b*. Right panel:
calculated loss function for ¢ — 0O along the three directions a*, b* and c*.

polycrystalline films as well as in single crystals in an energy range of 2—7 eV. These data are
taken with a small momentum transfer q of 0.1 A~". In the spectra taken from polycrystalline
films the spectral features from different directions are averaged out. In particular here we find
that the q-direction dependence of the experimental spectra of the single crystals is larger in
picene than in coronene.

In both measured directions one can observe maxima in the loss functions of the two
compounds which can be seen as a signature of the energetically sharp and well-defined
molecular electronic levels of the two molecules. In fact we can ascribe the spectral maxima
to excitations between the energetically close-lying highest occupied and lowest unoccupied
electronic states of the two crystals. Interestingly, the main features of the loss spectrum of solid
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Figure 6. Left panel: measured loss function of tetracene along a* and b* for
a momentum transfer q = 0.1 A~'. Right panel: calculated loss function (left
axis, solid lines) and absorption spectra (right axis, dashed lines) of tetracene for
polarizations along a* and b*.

coronene are in good agreement with previous EELS measurements in the gas phase [43, 44]
and optical absorption data [45, 46].

Considering the onset of the experimental spectra, we find an optical gap of 2.8eV in
coronene and of 3.15 eV in picene. The excitation onset is followed by additional well-separated
features. Unfortunately, for coronene different values for the transport energy gap from 3.29 up
to 3.62eV were previously published [47, 48]. Consequently, from these experimental results
only the lowest excitation that is observed can safely be attributed to a singlet exciton.

The main features of the spectra are well reproduced by the calculations, which can
therefore safely be used to interpret the experiments. Besides the a*, and b* directions, as in
the experiments, BSE calculations are performed also for q along the ¢*-axis (see figure 4 (right
panel) for picene and figure 5 (right panel) for coronene). In the calculated spectra the onset
is at 3.3 eV for picene and 2.9¢eV for coronene. This implies a large exciton binding energy
in both cases: 0.8 eV for picene and 1.1 eV for coronene. The position of the main peaks is in
agreement with experiment within 0.1-0.2eV. Also in the calculations coronene turns out to
be less anisotropic than picene, even though in the theoretical results for both compounds the
changes in peak intensities between the different q directions seem to be enhanced with respect
to experiment.

In figures 6 we compare the experimental and theoretical BSE spectra of the loss function
for q directions along the a*- and b*-axis of tetracene (see solid lines). The overall agreement
between the two is good. Along the a*-axis theory underestimates the position of the peaks by
~ (.1 eV. However, the shape of the spectrum along the a* is as in the experiment, with a first
prominent peak followed by two smaller peaks and a shoulder at higher energy. These additional
structures in the past have been interpreted as vibrational satellites of the main excitonic peak
(see e.g. [49]). Here we see instead that they arise from other bound excitons (the calculated
band gap is 2.9 V). In fact, they have mainly an electronic origin, since in the theoretical model
the coupling with vibrational modes is absent.

We have calculated also the absorption spectra (see dashed lines in the right panel
of figure 6), given by the imaginary part of the dielectric function €, in the dipole limit.
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By comparing the EELS and the absorption spectra (solid versus dashed lines) we find that
the two are pretty similar. This implies that in the low energy part of the loss function spectrum
the screening effect from the real part of the dielectric function €; is not affecting much the
position of the structures seen in the loss function of tetracene (see equation (1)).

Comparing the spectra along a* and b* we find, similarly as for picene and coronene,
that the anisotropy is enhanced in the calculations with respect to experiment. In particular,
in the measured spectra there are three peaks both along a* and b*, while in the calculated
spectra along b* only two peaks are present. The first peak in the experimental spectrum along
b*, located at a position corresponding to the main peak along a*, is in fact absent in the
calculations.

Possible explanations for these differences will be investigated more deeply in section 4.4,
after the discussion on the nature of these lowest-energy excitons in section 4.3.

4.3. Exciton character

We can use the results of the diagonalization of the excitonic Hamiltonian equation (3) to
analyse the lowest-energy excitons. Their nature is the result of the competition between e—h
exchange, the band structure (both tend to delocalize the exciton) and the e-h direct attractive
term (which tends to localize the exciton) [16]. In the case of picene we have shown in [16] that
the lowest-energy exciton is mainly a Frenkel (FR) exciton, localized on a single molecule. This
is contrast to pentacene, where the lowest-energy exciton is mainly a delocalized charge-transfer
(CT) exciton [16, 50-52]. We now address this issue in the case of tetracene and coronene.

In a first approximation we take into account only transitions between highest
occupied—lowest unoccupied molecular orbitals (HOMO-LUMO) in which we set to zero
the band dispersion and we neglect the overlap between wavefunctions localized on different
molecules. In this situation the excitonic Hamiltonian equation (3) can be described using a
simple two-level tight-binding model [16]. This is very helpful to understand the nature of the
excitons, since the excitonic Hamiltonian has thus only two possible solutions: a FR or a CT
exciton. In the former case, the e—h pair is localized on the same molecule, while in the latter it
is delocalized over different molecular units. Due to the presence of two inequivalent molecules
in the unit cell, each FR and CT state and their combinations split in two components (this effect
is known as Davydov splitting [18]) that are symmetric (+) and antisymmetric (—) with respect
to the exchange of the e—h pair between inequivalent molecules. The energy of FR excitons is

Eff*=Ae —W+I+|J|. (8)

Here Ae is the HOMO-LUMO gap, W is the on-site term of the direct e-h interaction W in
equation (3), while Z and J are the excitation transfer integrals stemming from the exchange
e—h interaction v in equation (3) and are related to scattering processes of an e—h pair between
two equivalent and inequivalent molecules respectively. The energy of CT excitons are given on
the other hand by:

EST™* = Ae — W, ©)

where W are the attractive inter-site terms of the direct e-h interaction W in equation (3).
We note that the symmetric and antisymmetric CT excitons are degenerate, while for the
FR excitons the Davydov splitting stems from the J contribution from the exchange e-h
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Figure 7. Electronic charge distribution for a fixed position of the hole (blue ball)
for the lowest-energy excitons in tetracene (panel (a)) and coronene (panel (b)).

interaction v. Comparing the FR and CT solutions (8)—(9), we find that the condition for the
CT state to be the lowest-energy excitation is

W < -W+I—|J|. (10)

The on-site W term is always larger than the inter-site term Y. However, when the size of the
molecular units is not too small, the two terms can become comparable. If the terms Z — | 7|
are large enough, the CT exciton can be the lowest-energy solution. This is what happens for
pentacene, but not for picene [16]. When the finite width of the bands is taken into account, the
two CT and FR solutions are mixed together: in a real system with a non-zero band dispersion,
the lowest excitation is always a mixture of the two excitons.

The result of the ab initio BSE calculation (including contributions from all the bands
besides the HOMO-LUMO transition) for tetracene and coronene is shown in figure 7 where
we plot the electronic distribution of the excitonic wavefunction equation ¥, (ry, r.) (4) of the
lowest excited state for a fixed position of the hole ry, (represented by the blue ball in figure 7).
From out calculations we thus see that in both tetracene and coronene the first exciton is
delocalized up to the first nearest-neighbour molecular units, as it occurs also in pentacene.
Also in these cases therefore we find a CT exciton and not a FR exciton.

Comparing tetracene and pentacene one finds that the exciton is more localized on tetracene
than in pentacene [51]. This is a consequence of the smaller size of the tetracene molecule
with respect to pentacene (four benzene rings instead of five) and can be understood in terms
of our simplified model. In fact, as the number of benzene rings decreases, the difference
between W and W increases, and the FR and CT states become more separate in energy. As a
consequence, the hopping processes related to the electronic band dispersion are less efficient in
mixing the two excitonic states and, in turn, the excitonic wave function results more localized.
Interestingly, comparing the excitons of coronene and picene we find that, although the binding
energy is larger in coronene, the exciton in coronene is more delocalized than in picene, where it
is pure FR exciton. This shows that the knowledge of the exciton binding energy is not sufficient
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Figure 8. Measured map of the loss function of tetracene in the a*b* plane.
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absorption spectrum Im €y (right panel) of tetracene for q — 0 in the a*b* plane.

to understand the exciton character. The localization nature of the exciton in fact is set by the
energy difference between FR and CT states, which is due to the competition between direct
and exchange e—h interaction (see equation (10)), and by the efficiency of the hopping terms in
mixing FR and CT states.

4.4. Loss map in the a*b* plane of tetracene

In order to investigate in more detail the effect of the anisotropy in the spectra of molecular
solids, we have obtained the full map of the loss function in the a*b* plane of tetracene in
correspondence with the lowest energy excitations (compare figures 8 and 9 (left panel)). In this
way it is possible to monitor the evolution of the spectra by rotating the q direction from a*
to b*. In figure 9 (right panel) we also show the same map for the calculated absorption
spectrum: it has a similar behaviour as the loss spectrum map. Both in experiment and theory
the spectra evolve continuously between the two q directions, fully displaying the anisotropic
character of the response function in tetracene. The maps of the loss function in the a*b* plane
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clearly illustrate the high sensitivity of the loss spectra of molecular solids with respect to their
crystal structure.

The anisotropy of the spectra is related to the Davydov splitting that we have discussed in
the previous section and can be understood in terms of a molecular picture. In this framework,
the dipole matrix elements for the exciton ;" can be generically written in terms of the dipole
matrix elements of the isolated molecule, which we call X and y for the HOMO-LUMO
transition for a polarization direction parallel to the short (x) and the long (y) axis of
tetracene [16]

(WFIr|0) = (@a £ ap)X+(Ba + B5)Y, (1)
where a4 and B, are the projections of r along the x and y axes of the molecule A (and,
analogously, ap and B for the second molecule B in the unit cell). In the present case, due
to the symmetry of the tetracene molecule, the y dipole is zero. Therefore, the dipole matrix
element defined in equation (11) simplifies into p* = (W|r|0) = asX + apX = ps £ ps. We
see that the dipoles associated to the two Davydov components are perpendicular each other
(pa +ps is perpendicular to p4 — pg). Moreover, in tetracene the angle between b* and the
X axis is approximately the same for the two molecules, i.e. |@4| =~ |@g|. Thus one of the two
Davydov components has its dipole moment mainly oriented along b* (i.e. it is visible along b*).
Since a* and b* are perpendicular each other in the crystal structure of [26], the other Davydov
component is polarized mainly along a*. From this simple analysis, we conclude that the two
structures at 2.30eV and 2.57 eV, which set the onset of the calculated spectrum along the
a*- and b*-axis, respectively, are the two Davydov components of the lowest exciton. We also
understand that in all the directions that are intermediate between a* and b*, the weight of the
two Davydov components changes according to the projection of the polarization direction with
respect to the directions of the two dipoles p* and p~.

In the EELS experiment the crystal structure was not fully accessible: in particular, it was
not possible to precisely determine the mutual orientation of the molecules. In any case, we
know that in the experimental sample the angle between a* and b* is slightly different from
90° (see table 1). These are the first indications to explain the main discrepancies that resulted
in the comparison between calculated and measured spectra in section 4.2. From our previous
analysis, we in fact understand that in the experiment in the spectrum along the b*-axis the two
lowest peaks arise from the two Davydov components, while for a momentum transfer parallel
to a* axis we only observe the lowest Davydov feature. The same conclusion was obtained also
for the similar case of pentacene [21]. In the theoretical spectra in figure 9 we see that the first
Davydov component, missing along b*, starts to appear already at an angle of 10° from the b*
direction.

4.5. Temperature effects

Finally, to explain the differences in the relative intensities of the peaks between experiment
and theory, it is important to consider also the effect of temperature. In the calculations the
atoms are kept frozen in the crystal structure determined from diffraction data from [26] that are
measured at a given temperature (155 K in the present case). In the EELS experiment, instead,
the temperature modifies the crystal structure of the samples and affects the coupling with the
vibrational modes of the crystal. In figure 10 we compare the loss spectra measured along a*
and b* as a function of temperature. While the temperature is not affecting much the position
of the peaks (less than 0.1 eV from 20 to 350K, as it can be seen from figure 11), the shape of
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the spectra changes considerably. By increasing the temperature, the various spectral features
become broader and the differences between the intensities of the peaks become smaller. This
analysis thus provides a second indication to explain the main differences between theory and
experiment.

5. Conclusion and perspective

In conclusion, we have performed a detailed comparison of the loss spectra of three prototypical
molecular solids, obtained using state-of-the-art experimental tools and theoretical methods
from many-body perturbation theory. We find a good agreement between theory and experiment,
with a close correspondence in the position and the shape of the peaks. However, the calculated
spectrum is upshifted by 0.1-0.2 eV, which can be considered as the error bar of the calculation.
The main differences between the measured and the calculated spectra have been explained in
terms of the small differences between the crystal structures of the measured samples and the
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structural model used in the calculations. The additional role of temperature should be taken into
account in order to describe accurately the evolution of the intensities of the peaks in the spectra.
Nevertheless, the exciton nature can be safely described by theoretical models that neglect
the effect of temperature, which can be easily monitored experimentally. The combination of
highly accurate experimental and theoretical analysis is thus a powerful tool to understand the
electronic properties of this class of materials.

Acknowledgments

We thank M Naumann, R Hiibel and S Leger for technical assistance we are grateful to
the Deutsche Forschungsgemeinschaft for financial support (grant numbers KN393/13 and
KN393/14). We acknowledge financial support also from the European Research Council
Advanced Grant DYNamo (ERC-2010-AdG-267374), Spanish Grants (2010-21282-C02-01
and PIB2010US-00652), Grupos Consolidados UPV/EHU del Gobierno Vasco (IT578-13) and
European Commission projects CRONOS (grant number 280879-2 CRONOS CP-FP7) and
POCAONTAS (FP7-PEOPLE-2012-ITN. Project number 316633). Computational time was
granted by BSC Red Espanola de Supercomputacion.

References

[1] Agranovich V M 2008 Excitations in Organic Solids (Oxford: Oxford University Press)

[2] Agranovich V M and Bassani G F 2003 Thin Films and Nanostructures: Electronic Excitations in Organic
Based Nanostructures (Amsterdam: Elsevier)

[3] Brabec C J, Dyakonov V, Parisi J and Sariciftci N S 2011 Organic Photovoltaics: Concepts and Realization
(Berlin: Springer)

[4] Klauk H 2006 Organic Electronics: Materials, Manufacturing and Applications (New York: Wiley)

[5] Vardeny Z V 2010 Organic Spintronics (Boca Raton, FL: CRC)

[6] Hebard A, Rosseinsky M, Haddon R, Murphy D, Glarum S, Palastra T, Ramirez A and Kortan A 1991 Nature
350 600-12

[7] Ganin A Y, Takabayashi Y, Khimyak Y Z, Margadonna S, Tamai A, Rosseinsky M J and Prassides K 2008
Nature Mater. 7 367-71

[8] Ganin A Y et al 2010 Nature 466 221-5

[9] Gunnarsson O 1997 Rev. Mod. Phys. 69 575-606

10] Mitsuhashi R et al 2010 Nature 464 76-9

11] Wang X, Liu R, Gui Z, Xie Y, Yan Y, Ying J, Luo X and Chen X 2011 Nature Commun. 2 507

12] Kubozono Y et al 2011 Phys. Chem. Chem. Phys. 13 16476-93

13] Xue M, Cao T, Wang D, Wu Y, Yang H, Dong X, He J, Li F and Chen G F 2012 Sci. Rep. 2 1

14] Knupfer M, Fink J, Zojer E, Leising G and Fichou D 2000 Chem. Phys. Lett. 318 585-589

15] Schuster R, Knupfer M and Berger H 2007 Phys. Rev. Lett. 98 037402

16] Cudazzo P, Gatti M and Rubio A 2012 Phys. Rev. B 86 195307

17] Fraxedas J 2006 Molecular Organic Materials: From Molecules to Crystalline Solids (Cambridge: Cambridge
University Press)

[18] Davydov A 1971 Theory of Molecular Excitons (New York: Plenum)

[19] De A, Ghosh R, Roychowdhury S and Roychowdhury P 1985 Acta Crystallogr. C 41 907-9

[20] Echigo T, Kimata M and Maruoka T 2007 Am. Miner. 92 1262-9

[

[

— —_—_—————

21] Roth F, Schuster R, Konig A, Knupfer M and Berger H 2012 J. Chem. Phys. 136 204708
22] Roth F, Mahns B, Hampel S, Nohr M, Berger H, Biichner B and Knupfer M 2013 Eur. Phys. J. B 86 66

New Journal of Physics 15 (2013) 125024 (http://www.njp.org/)


http://dx.doi.org/10.1038/350600a0
http://dx.doi.org/10.1038/nmat2179
http://dx.doi.org/10.1038/nature09120
http://dx.doi.org/10.1103/RevModPhys.69.575
http://dx.doi.org/10.1038/nature08859
http://dx.doi.org/10.1038/ncomms1513
http://dx.doi.org/10.1039/c1cp20961b
http://dx.doi.org/10.1016/S0009-2614(00)00033-6
http://dx.doi.org/10.1103/PhysRevLett.98.037402
http://dx.doi.org/10.1103/PhysRevB.86.195307
http://dx.doi.org/10.1107/S0108270185005959
http://dx.doi.org/10.2138/am.2007.2509
http://dx.doi.org/10.1063/1.4723812
http://dx.doi.org/10.1140/epjb/e2012-30592-1
http://www.njp.org/

13 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

[23] Roth F, Gatti M, Cudazzo P, Grobosch M, Mahns B, Biichner B, Rubio A and Knupfer M 2010 New J. Phys.
12 103036

[24] Roth F, Bauer J, Mahns B, Biichner B and Knupfer M 2012 Phys. Rev. B 85 014513

[25] Roth F, Kénig A, Mahns B, Biichner B and Knupfer M 2012 Eur. Phys. J. B 85 1-5

[26] Holmes D, Kumaraswamy S, Matzger A J and Vollhardt K P C 1999 Chem. Eur. J. 5§ 3399412

[27] Fink J 1989 Adv. Electron. Electron Phys. 75 121

[28] Onida G, Reining L and Rubio A 2002 Rev. Mod. Phys. 74 601-59

[29] Hedin L 1965 Phys. Rev. 139 A796

[30] Runge E and Gross E K U 1984 Phys. Rev. Lett. 52 997-1000

[31] Petersilka M, Gossmann U J and Gross E K U 1996 Phys. Rev. Lett. 76 1212-5

[32] Adler S L 1962 Phys. Rev. 126 413-20

[33] Wiser N 1963 Phys. Rev. 129 62-9

[34] Cudazzo P, Gatti M, Roth F, Mahns B, Knupfer M and Rubio A 2011 Phys. Rev. B 84 155118

[35] Gonze X et al 2005 Z. Kristallogr. 220 558

[36] Marini A, Hogan C, Griining M and Varsano D 2009 Comput. Phys. Commun. 180 1392

[37] Reining L, Olevano V, Rubio A and Onida G 2002 Phys. Rev. Lett. 88 066404

[38] Sottile F, Olevano V and Reining L 2003 Phys. Rev. Lett. 91 056402

[39] Del Sole R, Adragna G, Olevano V and Reining L 2003 Phys. Rev. B 67 045207

[40] Marini A, Del Sole R and Rubio A 2003 Phys. Rev. Lett. 91 256402

[41] Gatti M, Olevano V, Reining L and Tokatly I V 2007 Phys. Rev. Lett. 99 057401

[42] Botti S, Schindlmayr A, Sole R D and Reining L 2007 Rep. Prog. Phys. 70 357

[43] Khakoo M A, Ratliff J M and Trajmar S 1990 J. Chem. Phys. 93 8616-9

[44] Abouaf R and Diaz-Tendero S 2009 Phys. Chem. Chem. Phys. 11 5686-94

[45] Nijegorodov N, Mabbs R and Downey W 2001 Spectrochim. Acta A 57 2673-85

[46] Ohno K, Inokuchi H and Kajiwara T 1972 Bull. Chem. Soc. Japan 45 996

[47] Schroeder P G, France C B, Parkinson B A and Schlaf R 2002 J. Appl. Phys. 91 9095-107

[48] Djurovich P I, Mayo E I, Forrest S R and Thompson M E 2009 Org. Electron. 10 515-520

[49] Yamagata H, Norton J, Hontz E, Olivier Y, Beljonne D, Brédas J L, Silbey R J and Spano F C 2011 J. Chem.
Phys. 134 204703

[50] Tiago M L, Northrup J E and Louie S G 2003 Phys. Rev. B 67 115212

[51] Hummer K and Ambrosch-Draxl C 2005 Phys. Rev. B 71 081202

[52] Sharifzadeh S, Darancet P, Kronik L and Neaton J B 2013 J. Phys. Chem. Lett. 4 2197-201

New Journal of Physics 15 (2013) 125024 (http://www.njp.org/)


http://dx.doi.org/10.1088/1367-2630/12/10/103036
http://dx.doi.org/10.1103/PhysRevB.85.014513
http://dx.doi.org/10.1140/epjb/e2012-30247-3
http://dx.doi.org/10.1002/(SICI)1521-3765(19991105)5:11%3C3399::AID-CHEM3399%3E3.0.CO;2-V
http://dx.doi.org/10.1103/RevModPhys.74.601
http://dx.doi.org/10.1103/PhysRev.139.A796
http://dx.doi.org/10.1103/PhysRevLett.52.997
http://dx.doi.org/10.1103/PhysRevLett.76.1212
http://dx.doi.org/10.1103/PhysRev.126.413
http://dx.doi.org/10.1103/PhysRev.129.62
http://dx.doi.org/10.1103/PhysRevB.84.155118
http://dx.doi.org/10.1016/j.cpc.2009.02.003
http://dx.doi.org/10.1103/PhysRevLett.88.066404
http://dx.doi.org/10.1103/PhysRevLett.91.056402
http://dx.doi.org/10.1103/PhysRevB.67.045207
http://dx.doi.org/10.1103/PhysRevLett.91.256402
http://dx.doi.org/10.1103/PhysRevLett.99.057401
http://dx.doi.org/10.1088/0034-4885/70/3/R02
http://dx.doi.org/10.1063/1.459248
http://dx.doi.org/10.1039/b904614c
http://dx.doi.org/10.1016/S1386-1425(01)00457-7
http://dx.doi.org/10.1246/bcsj.45.996
http://dx.doi.org/10.1063/1.1473217
http://dx.doi.org/10.1016/j.orgel.2008.12.011
http://dx.doi.org/10.1063/1.3590871
http://dx.doi.org/10.1103/PhysRevB.67.115212
http://dx.doi.org/10.1103/PhysRevB.71.081202
http://dx.doi.org/10.1021/jz401069f
http://www.njp.org/

	1. Introduction
	2. Molecular solids
	3. Methods
	3.1. Sample preparation
	3.2. Electron energy loss spectroscopy
	3.3. Calculation details

	4. Results and discussion
	4.1. Electron--hole interactions
	4.2. Anisotropy in the EELS spectra: picene, coronene and tetracene
	4.3. Exciton character
	4.4. Loss map in the ab plane of tetracene
	4.5. Temperature effects

	5. Conclusion and perspective
	Acknowledgments
	References

