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ABSTRACT

We have experimentally determined the momentum dependence of the electronic excitation spectra of para-quaterphenyl single crystals.
The parallel arrangement of para-quaterphenyl molecules results in a strong Coulomb coupling of the molecular excitons. Such crystals have
been considered to be a very good realization of the Frenkel exciton model, including the formation of H-type aggregates. Our data reveal
an unexpected exciton dispersion of the upper Davydov component, which cannot be rationalized in terms of inter-molecular Coulomb
coupling of the excitons. A significant reduction of the nearest neighbor coupling due to additional charge-transfer processes is able to
provide an explanation of the data. Furthermore, the spectral onset of the excitation spectrum, which represents a heavy exciton resulting
from exciton-phonon coupling, also shows a clear dispersion, which had been unknown so far. Finally, an optically forbidden excitation

about 1 eV above the excitation onset is observed.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0058657

I. INTRODUCTION

Organic semiconductor research and applications have devel-
oped in previous years, and applications such as light-emitting
diodes and organic photovoltaic cells have entered the mar-
ket already.'*® The properties of such devices strongly depend on the
photophysical behavior of the used organic semiconducting mate-
rials. Therefore, there is particular interest to deeply understand
the character of electronic excitations in organic semiconductors,
which then allows us to optimize, model, and predict new materials’
properties as well as device performances.

In the solid-state, inter-molecular interactions, which strongly
depend on the molecular packing, play an important role in the
determination of the photophysical behavior as well as of the energy
transport. The impact of molecular packing on basic optical prop-
erties, such as absorption and photoluminescence, was originally
worked out for arrangements dominated by Coulombic intermolec-
ular interactions,”* eventually leading to the classification of J- and
H-aggregates and the description of the exciton band structure
based on these interactions. Later, it became clear that a detailed
treatment of the coupling of the molecular (Frenkel) excitons to

phonons or vibrations and the consideration of inter-molecular
charge-transfer processes are required to obtain a good description
and understanding of the photophysical behavior of a number of
organic materials.”* One of the important results of these stud-
ies is an advanced theoretical picture of the exciton band struc-
ture in the respective materials. On the experimental side, however,
only in a few cases, this exciton band structure has been deter-
mined directly, despite its importance for a full understanding of
the materials’ photophysics and for a verification of the models
proposed.?!~%°

In this paper, we present an experimental determination of the
exciton dispersion in para-quaterphenyl single crystals measured
using electron energy-loss spectroscopy (EELS). para-quaterphenyl
is a representative of conjugated oligomer herringbone aggregates,
which are characterized by quite strong exciton coupling via the
Coulomb interaction of the excitation dipole moment of adjacent
molecules. The strong exciton coupling is a result of the closely
packed molecules in the crystal structure in combination with a
relatively weak dielectric screening in such molecular crystals. In
contradiction to previous calculations based on this dipole-dipole
interaction,”” our data signal an unexpected and quite complex
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exciton dispersion with a shallow minimum in the Brillouin zone.
Further contributions to the exciton coupling based on charge-
transfer processes might cause this behavior. Our data addition-
ally reveal the dispersion of the spectral onset, which provides
first insight into the momentum dependence of a heavy exciton at
this energy. In addition, we observe the appearance of an optically
forbidden excitation at somewhat higher energies.

Il. EXPERIMENTAL AND CRYSTAL
CHARACTERIZATION

para-quaterphenyl (p-4P) single crystals were grown by physi-
cal vapor transport™ in a furnace consisting of a quartz tube with a
resistive heater used to establish a temperature gradient. Pure argon
gas was chosen as the carrier gas. Quaterphenyl powder (purchased
from TCI) was placed in the hotter end of the furnace, and the
sublimed molecules were transported to the colder end, where the
crystal growth took place. The resulting p-4P single crystals were
carefully selected with the help of a microscope and placed on stan-
dard transmission electron microscopy grids. For the subsequent
EELS studies, a crystal thickness of about 100 nm is required, and
the lateral dimension of the crystals was about 2-5 mm.

All electron diffraction data and electronic excitation spectra
have been obtained using a purpose-built electron energy loss spec-
trometer for EELS in transmission.””*’ EELS is well suited to study
electronic excitations as a function of momentum transfer.”' = All
data have been taken at a sample temperature of 20 K, which sub-
stantially reduces sample damage by the electron beam and ther-
mal broadening. The energy and momentum resolution have been
85 meV and 0.035 A7!, respectively. The EELS signal, which is
proportional to the loss function Im[-1/e(q,w)], was determined
for various momentum transfers, q, parallel to directions of the
corresponding reciprocal lattice vectors.

Electron diffraction was used to prove the successful crystal
growth and to select the direction of the momentum transfer vec-
tor in the reciprocal space. These diffraction data perfectly agree
with the low temperature crystal structure of p-4P,** which is tri-
clinic (space group P1, Z = 4) with lattice parameters a = 9.74 A,
b=974A,¢c=17.70 A, a = 85.40°, B = 94.60°, and y = 110.11°.**
The corresponding data are shown in Fig. 1.

I1l. RESULTS AND DISCUSSION

para-quaterphenyl undergoes an order-to-disorder transition
in a quite broad temperature range around 230 K,”*' where
the molecules become non-planar at lower temperatures. Below
this transition, the average rotation angle from the mean pla-
nar high-temperature configuration is 5.8° for the end phenyl
rings and 11.3° for the inner rings.”* However, the mutual
arrangement of the molecules and their distances remain almost
unchanged, and the long molecular axes remain parallel, i.e., the
structural modification results essentially from the rotations of
the phenyl rings about the long molecular axes. Therefore, the
low temperature crystal structure can also be described by a
pseudomonoclinic supercell with lattice constants: & = 15.97 A,
b= 11.16 A, &= 17.70 A, and B = 95.61°,** where the 4 and b~
lattice parameters are doubled in comparison to the high tempera-
ture phase.”**>* Moreover, the phenyl ring rotation angles are quite
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FIG. 1. Representative electron diffraction profiles of a p-4P single crystal at 20 K.
The data show measurements along the fundamental reciprocal lattice directions
(@a* —b*),a*, and (a* + b*) of the low temperature, triclinic crystal structure.>*
Inset: electron diffraction profiles measured for a fixed momentum transfer value,
g, in the a*, b*-plane. The observed relative angles agree very well with the low
temperature crystal structure.**

small and thus have a minor effect on the molecular orbitals. Conse-
quently, it is reasonable to expect that the electronic excitations also
hardly change at this order-to-disorder transition as is indicated by
optical data of p-4P crystals around the absorption onset** and those
from the close relative para-hexaphenyl in thin film form."

It is already known that the electronic excitation spec-
trum of p-4P crystals is considerably anisotropic.””***" Figure 2

T T T T T
q=0.1A"
——0°, ql|(a*-b¥)

Intensity (arb. units)

3.5 4.0 45 5.0
Energy (eV)

FIG. 2. Electronic excitation spectra of p-4P crystals for a small momentum transfer
of g = 0.1 A=, which corresponds to the optical limit. The data are taken with
different angles of the momentum vector with respect to the (a* — b*) reciprocal
direction, and they document the strong anisotropy (polarization dependence) of
the lowest exciton feature.
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demonstrates this strong anisotropy. Note that our notation for
the reciprocal axes corresponds to the triclinic (low temperature)
unit cell. Furthermore, our momentum is always oriented along the
reciprocal direction, which is not parallel to the principle crystal axes
due to the low symmetry of the unit cell. However, our data with a
momentum along the reciprocal direction (a* — b*) can be reason-
ably well compared to optical data with a light polarization parallel to
the (monoclinic) a crystal axis of the high temperature phase as these
two directions enclose an angle of just 14°.*> Figure 2 also reveals
that the shape of the spectra is quite broad and of some complex-
ity. If we ignore the intra-molecular ring rotations that occur at the
order-to-disorder transition, the low temperature structure can also
be described by a unit cell containing two p-4P molecules. Their long
axis is parallel to each other and encloses an angle with the lattice
caxis of a few degrees.”****3 In p-4P molecules, the molecular dipole
moment of the first excited state is aligned exactly parallel to the long
molecular axis,”” and a sizable Coulomb interaction of the excita-
tion dipole moment of adjacent molecules is expected. According to
Davydov,” a given molecular electronic level splits up in crystals due
to this interaction in as many components as there are translation-
ally inequivalent molecules in the unit cell. As a consequence, two
exciton levels (Davydov components) are formed in p-4P crystals.
Furthermore, the crystal states of the Davydov components along
the symmetry axes in reciprocal space are the symmetric and anti-
symmetric combinations of the wave functions of the corresponding
sublattices. In p-4P, the oscillator strength of the upper Davydov
component is proportional to the sum of the individual molecular
transition moments, while that of the lower Davydov component
is proportional to the corresponding difference. Finally, as a con-
sequence of the orientation of the molecules in the p-4P crystal, the
upper Davydov excitation is polarized within the &, &plane of the
monoclinic, high temperature phase, while lower Davydov excita-
tion is polarized along the monoclinic b axis. Translated into the
triclinic low temperature notation, our measurements for a momen-
tum direction, q, parallel to the (a* — b*) direction represent the
upper Davydov component, which is strong in intensity. Those for
q parallel to (a* + b*), in turn, represent the lower Davydov com-
ponent, with negligible intensity. All this is well represented by our
EELS data, as shown in Fig. 2 as a function of the direction of the
momentum vector in the a*, b*-plane. We associate the strong fea-
ture at about 4 eV to the excitation of the upper Davydov compo-
nent, which agrees well with its polarization dependence and with
calculations of the electronic excitations.””***” The lower Davy-
dov component is expected to carry no spectral weight since the
molecular dipole moments cancel.”’

Moreover, the upper Davydov component is very broad in
energy and additional excitation features at about 3.68 and 4.5 eV
are observed in Fig. 2. These observations are not explained by the
picture outlined above. It is well known that already the optical
absorption spectrum of p-4P molecules in solution is very broad in
energy.””*>*® This has been assigned to the coupling of the electronic
excitation to torsional ring motions in the molecules,**" which is
also present in the crystal. In addition, previous theoretical stud-
ies using a multimode exciton-phonon Hamiltonian have pointed
out that there can be substantial exciton-phonon coupling in
conjugated oligomer herringbone aggregates.'””!>* In particular,
there can be inter-molecular Herzberg-Teller coupling between the
lower Davydov component and the upper Davydov component,
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which is provided by asymmetric phonons. Then, heavily dressed
excitons can exist at an energy of the lower Davydov component
plus the related phonon energy, whereas the absorption spectral
weight and the polarization dependence are borrowed from the
upper Davydov component. In other words, the appearance of heavy
excitons in the spectra for momentum vectors (or polarization) par-
allel to (a* — b*) can be explained to be of false origin arising from
such a coupling.'?°!->?

These heavy exciton states can explain the low-energy region
and the fine structure of the optical absorption spectrum start-
ing from the absorption onset up to the main absorption maxi-
mum. Accordingly, we assign the lowest excitation features at about
3.38 eV as seen in Fig. 2 for the (a* — b*) reciprocal direction to
such a heavy exciton. The origin of the additional excitation feature
at about 4.5 eV, which is most prominently seen in the spectrum for
momenta close to the (a* + b”) reciprocal direction, most likely is
not due to exciton-phonon coupling, since its energy is too far above
the excitation maximum. Interestingly, this feature had already been
reported in crystal absorption data at room temperature.”” In view
of calculations of the dielectric tensor of p-4P crystals, a symmetry
forbidden excitation with B3z symmetry might be located around
4.5 eV, and it may become visible due to the admixture of vibra-
tions. We will further discuss this issue below in the context of the
momentum dependent EELS spectra.

We now turn to the momentum dependence of the electronic
excitation spectra, i.e., the exciton dispersion. We restrict our-
selves to the reciprocal direction in which the excitation intensity
is strongest and clearly visible, i.e., for a momentum vector parallel
to the (a* — b*) direction. The corresponding data are depicted in
Fig. 3 and they demonstrate a quite complex momentum behavior
of the excitons. Most obviously, the main feature located at about
4 eV at low momentum transfer clearly moves to lower energies
upon increasing momentum values up to about 0.5 A™", and then
there is a small upshift resulting in a shallow minimum. In addition,
the leading edge of the excitation spectra or their onset also shifts

qll@-b*), q (A")
0.07

Intensity (arb. units)

. r . .
35 4.0 45 5.0
Energy (eV)

FIG. 3. Momentum dependent electronic excitation spectra of p-4P crystals for
momentum vectors parallel to the (a* — b*) reciprocal direction.
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to lower energies with growing momentum and reaches its lowest
position also at about 0.5 A™" before it also increases in energy for
higher momenta. The fact that there is a clear relation of energy and
momentum shows that the momentum, g, can be used to represent
the exciton states, i.e., these excitons are delocalized and the associ-
ated energy transfer occurs in a wavelike or coherent manner. We
note that the coupling of the electronic excitations to torsional ring
motions in the molecules, which explains the spectral width of the
upper Davydov component,**’ does not destroy exciton coherence
in p-4P. Finally, there is a new excitation feature arising with increas-
ing momentum transfer values, which is located at about 4.5 eV and
which does not change in energy.

In order to quantify the dispersion of the excitation features,
we have analyzed the energy-momentum behavior of the spectra as
follows. The leading edge of the spectra has been determined via the
maximum of their first derivative as a function of energy. We assume
that this leading edge position is representative of the energy of the
heavy exciton but is downshifted by about 0.1 eV. The maximum of
the main feature assigned to the upper Davydov component can be
read off the data directly with an accuracy of about 100 meV. The
results of this analysis are shown in Fig. 4. Clearly, both excitations
show negative dispersion up to about 0.5 A™" but then increase in
energy for higher momenta.

The parallel arrangement of the molecules in p-4P crystals and
thus also of the transition dipole moments results in an H-type inter-
action, and in the optical limit, excitations can only occur into the

Energy (eV)

® upper Davydov component
¢ leading edge

T T T T T
0.0 0.2 0.4 0.6
Momentum transfer (A™")

3.4-

FIG. 4. Energy of the upper Davydov component and the leading edge (see Fig. 3)
as a function of momentum transfer (symbols). The solid lines represent the fits
[Eq. (2)], as described in the text. The dotted line represents the description of the
upper Davydov component based upon nearest neighbor coupling only [Eq. (1)]
in order to illustrate the insufficient description of the dispersion. The upper right
inset shows a schematic view on the molecular arrangement in the crystal viewed
along the monoclinic €direction (for details, see Refs. 34, 42, and 43).
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upper Davydov component.®** Furthermore, although the unit cell
contains more than one molecule, this parallel arrangement makes
the inter-molecular exciton coupling invariant to translations to the
nearest neighbors. Thus, the exciton dispersion can be discussed
in a simple lattice containing a single molecule per unit cell.”* In
the simplest approximation, exciton coupling would be restricted to
Coulomb coupling of the excited state charge distributions of near-
est neighbors, which we call J¢,,;. Often, Jc,, is derived using the
point dipole approximation. The resulting exciton band structure for
the upper Davydov component would be given by a cosine function

(]Coul = ]0):
E(q) = Eo + 4], cos(%é), (1)

where & denotes the molecular distance along the monoclinic a axis
(3 =7.985 A at low temperature’*) and q is the measured momen-
tum value, as shown in Fig. 4. Clearly, the observed exciton disper-
sion of the upper Davydov component does not follow this sim-
ple expectation. Following the considerations and calculations for
oligothiophenes, we therefore have taken next-nearest neighbor, Ji,
interactions into account, which gives rise to the following exciton
dispersion:**

E(q) =Eo +4]J, cos(% é) +2]J; cos(qa). )

Using this equation, we can very well describe the measured disper-
sion of the (H-type) upper Davydov component. This is demon-
strated in Fig. 4, where the solid line through the data is a result
of a fit of the data with this equation. The resulting parameters are
Eo = 3.83 eV, Jo = 30.6 meV, and J; = 27.8 meV. This represents
a quite unexpected result. Previous calculations of the exciton dis-
persion in p-4P based on macroscopic dielectric theory predicted
an exciton bandwidth W = 8]y of about 400 meV,”” significantly
larger than our result of W = 244 meV. In addition, a dispersion
relation E(q) o< cos($ &) has been predicted, which is in contradic-
tion to the experiments. Moreover, the obtained ratio of the cou-
pling parameters, J1/Jo, of about 0.9 is much larger than one would
expect based on the point dipole approximation, where this ratio
would be given by the corresponding molecular distances in the lat-
tice (ro/r1)” = 0.226. We therefore conclude that a description of the
upper Davydov exciton in p-4P based on Coulomb coupling is insuf-
ficient. There must be an additional contribution, which changes, in
particular, Jo substantially.

For a number of organic semiconductors, it has been pointed
out in the past that there can be additional, quite large exciton cou-
pling via charge-transfer (CT) processes, which arises from the wave
function overlap between neighboring molecules.”*’ These CT pro-
cesses are governed by the electron and hole transfer integrals, t.
and t, respectively, and they diminish exponentially with distance.
Therefore, we consider these CT processes to contribute to Jo only.
Furthermore, in a perturbative limit, when the CT excitations are
energetically well above the intra-molecular Frankel ones, the two
coupling sources, ] cp,y and Jcr, are additive: Jo = Jou + Jor.'” Impor-
tantly, the sign of Jor depends on the relative signs of t. and t;,, and it
can thus be negative and in the case of p-4P reduce the total nearest
neighbor coupling Jo. To conclude at this point, our results indi-
cate that the dispersion of the upper Davydov exciton is determined
by an interesting interplay between Coulomb and charge-transfer
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coupling, which results in the formation of a shallow dispersion min-
imum at finite momentum in the Brillouin zone as depicted in Fig. 4.
We note that the coupling between the excitons and several (low and
high energy) vibrational modes may have significant impact on the
exciton behavior.”’ For instance, it has been shown that the con-
sideration of coupling to low and high energy modes is necessary
to model the polarized absorption and photoluminescence of olig-
othiophenes and oligophenylene crystals.”’>*° It is at least conceiv-
able that the exciton dispersion is also altered by this multi-vibronic
coupling in conjunction with sizable Coulomb and charge-transfer
exciton transfer.

The leading edge position, which may represent the “heavy
exciton,”! also shows a negative dispersion up to about 0.4-0.5 eV
but with a much smaller bandwidth of about 50 meV, as expected
for a heavy exciton.”! For higher momentum transfer values, the
energy increases and reaches about the value of zero momentum
again. In other words, our data reveal the band structure of this exci-
ton, which has not been discussed in the literature so far. We have
also used Eq. (2) to model the dispersion relation of the low energy,
heavy exciton, and we have obtained the following parameter set:
Eo = 3.509 eV, Jo = 4 meV, and J; = 7.5 meV. These parameters
reflect the substantially smaller exciton bandwidth and, intriguingly,
indicate that next nearest coupling, Ji, is larger than nearest neigh-
bor coupling, Jo. Detailed theoretical modeling, which is far beyond
the scope of this paper, is required to more deeply understand this
behavior.

In general, electron energy-loss spectroscopy can also be
applied to probe the multipole character of local electronic excita-
tion, i.e., those that occur on e.g., one molecule only with negligible
impact from the neighbors.’ " In particular, non-dipole allowed
excitations show up in the spectra at higher momentum transfer,
which allows, for instance, to determine their energy in contrast
to optical absorption experiments. The intensity increase of such
non-dipole allowed excitations as a function of momentum transfer
depends on the spatial extension of the excitation (i.e., on the average
electron-hole distance). The excitation at about 4.5 eV (see Fig. 3)
becomes visible around 0.4 A™', where its intensity is large enough
as compared to the background and satellite structure related to
the lower energy excitations. The following significant intensity rise
and the virtually momentum independent energy strongly support
the interpretation as a non-dipole allowed or optically forbidden
molecular excitation.” " From the continuous intensity rise up to
0.9 A™!, we can conclude that its spatial extension is not larger than
about a few A, which is in good agreement to the size of a benzene
ring.

IV. CONCLUSIONS

We have analyzed the exciton dispersion in para-quaterphenyl
single crystals using electron energy-loss spectroscopy. The molec-
ular excitation dipole of the lowest electronic excitation in para-
quaterphenyl molecules is oriented parallel to the long molecular
axis, and the molecules are arranged in a parallel or side-by-side
manner in the crystal structure. As a consequence, there is quite
substantial Coulomb coupling between the excitation dipoles of
adjacent molecules, which should result in so-called H-aggregate
formation, leading to a blue shift of the excitation energy with
respect to that of individual molecules in the optical limit."”
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In addition, the excitons are expected to show a negative disper-
sion in this case, i.e., their energy decreases with increasing momen-
tum, which is related to a suppression of the radiative decay rate of
the excitons. Although the unit cell of para-quaterphenyl crystals
contains more than one symmetrically inequivalent molecule, the
parallel arrangement renders the inter-molecular coupling invariant
to translations to the nearest neighbors, and in very good approx-
imation, the excitons can be described in a simple lattice contain-
ing a single molecule per unit cell.” Thus, the exciton dispersion
of the upper Davydov component can be discussed in terms of
H-aggregate-like excitons.

We show that the upper Davydov component is characterized
by a clear dispersion along the (a* — b*) reciprocal direction, i.e., this
exciton moves coherently through the crystal. Moreover, the disper-
sion is negative at small momenta, which at first glance is expected
for H-aggregates.!” However, the dispersion relation E(q) does not
follow the simple expectation for pure molecular (Frenkel) excitons
that are Coulomb coupled to their neighbors via the interaction of
the excitation dipoles. Our results strongly indicate further contri-
bution to the exciton coupling, which most likely arise from addi-
tional charge-transfer (CT) coupling, which is a result of significant
wave function overlap between neighboring molecular orbitals. The
interference of Coulomb and CT coupling reduces the nearest neigh-
bor interaction in para-quaterphenyl crystals. Finally, the spectral
width of this upper Davydov feature is relatively broad, which results
from a significant coupling between the electronic excitation and the
torsional motions within the quaterphenyl molecule. This torsional
coupling, however, is not able to destroy the exciton coherence.

The spectral onset, which can be ascribed to a heavy exciton
due to exciton-phonon coupling,” also shows a dispersion, which
has been unknown so far and which is characterized by a much
smaller bandwidth. Also in this case, the dispersion does not fol-
low the Coulomb coupling picture, and future theoretical work is
necessary to unravel its microscopic origin.

Finally, our data revealed the existence of an optically forbidden
excitation, which is about 1 eV above the spectral onset of the excita-
tion spectra. This most likely is a pure, localized molecular excitation
that arises from excitations between differently localized molecular
orbitals.*®
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