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Low energy exciton pocket at finite momentum in tetracene molecular solids
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The excited state dynamics in organic semiconductors plays an important role for many processes
associated with light absorption and emission. We have studied the momentum dependence of the
lowest singlet excitons in tetracene molecular solids, an archetype system for other organic semicon-
ductors. Our results reveal an anisotropic bandstructure of these excitons with an energy minimum
at finite momentum, i.e., a low energy exciton pocket. The existence of such low energy states
might have important consequences for the photophysical behavior, also in view of applications in,
e.g., organic solar cells. Our studies stress the importance of momentum dependent considerations

in organic systems.

I. INTRODUCTION

The electronic excitations in molecular crystals have
been subject of many investigations through decades [I].
This has on the one hand been motivated by funda-
mental question and interest, on the other hand those
crystals formed by 7 conjugated molecules (also called
organic semiconductors) additionally promise particular
applications in organic (opto-)electronic devices [2H7]. It
is well established that in the majority of organic semi-
conductors the lowest electronic excitations form exci-
tons (bound electron-hole pairs) [I], whereas the charac-
ter and dynamics of these excitons are decisive for light
absorption and emission with a particular importance for
emerging technologies such as organic photovoltaics [§].
In this context, investigations of archetype materials such
as tetracene offer fundamental insight into exciton dy-
namics and can thus advance our understanding of many
related organic semiconducting materials.

Despite the large number of studies carried out in the
past, some features related to the exciton dynamics in
tetracene are still unclear [9-12]. From temperature de-
pendent and time resolved photoluminescence studies the
existence of a dark or “dull” state has been proposed, the
nature of which is open yet. Also the presence of trap
states has been discussed, e. g., in relation to temperature
dependent energy variations in the luminescence signal.
While the vast majority of previous studies addressed the
time, temperature and polarization dependent behavior
of tetracene and other organic semiconductors, little is
known on the momentum dependence. In crystals, exci-
tons are characterized by a momentum ¢ which is linked
to their propagation [, [I3] 14]. This gives rise to an exci-
ton band structure or dispersion E(q), analogous to other
quasi-particles like phonons or electrons. For pentacene,
a close relative of tetracene, detailed studies of the exci-
ton dispersion or exciton band structure have provided
us with important insight into the nature of the excitons,
in particular they have provided clear evidence that the
fundamental singlet excitons cannot be rationalized on
the basis of molecular Frenkel excitons only. Instead, a
significant mixture of Frenkel and charge transfer (CT)

excitations has to be considered [15, [16]. Moreover, this
has also been concluded from theoretical considerations,
which show that neither the Davydov splitting, arising
from the interaction of the two inequivalent molecules in
the unit cell of acenes, nor the exciton dispersion can
be understood without the inclusion of charge transfer
excitons [I7H23].

In this work we present a comprehensive analysis of the
singlet exciton dispersion in tetracene along fundamen-
tal reciprocal lattice vectors at low temperature using
electron energy-loss spectroscopy (EELS) in transmis-
sion.EELS is based on the inelastic scattering of fast elec-
trons, whereby both energy and momentum are trans-
ferred to the electronic excitations of the materials un-
der investigation (see Ref. [28] for details). This method
is able to determine the energy of electronic excitations
at finite momentum transfers throughout the entire Bril-
louin zone of a material, which can provide substantially
more insight into the character of the excitations [15] 24
26]. We demonstrate that the energetically lowest singlet
excitons in tetracene are characterized by a sizable and
anisotropic dispersion. Moreover, our studies reveal a so
far unknown low energy pocket at finite momentum.

II. EXPERIMENTAL

We have grown high quality tetracene single crystals
via physical transport in an inert gas stream consisting
of argon and hydrogen. The starting material, tetracene
powder (Sigma-Aldrich Chemie GmbH), was sublimed in
the hot zone of a furnace at about 300°C. Crystals with
dimensions of about 10 mm x 7mm x 0.1 mm were grown
at a temperature of around 170°C. The growth lasted 2
to 6 hours. The high crystal quality has been confirmed
by x-ray diffraction, infrared- and Raman spectroscopy.

Investigations using EELS in transmission require
tetracene films with a thickness of about 100 nm. These
were cut from large, flat surfaces of the single crystals
with an ultramicrotome using a diamond knife. Subse-
quently, the films were mounted onto standard electron
microscopy grids and transferred into the EELS spec-
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FIG. 1. Selected electron diffraction profiles at 20 K of the
tetracene films as studied in this contribution. The data rep-
resent measurements along fundamental reciprocal lattice di-
rections and reveal the single crystalline nature of the films.

trometer. All EELS measurements were carried out us-
ing a 170keV spectrometer thoroughly discussed in pre-
vious publications [27), 28]. We note that at such high
primary beam energy only singlet excitations are possi-
ble. The energy and momentum resolution were 85 meV
and 0.03 A1, respectively (momentum values are given
in reciprocal space directions in units of A’l). The mea-
sured signal represents the electronic excitation spectrum
and is proportional to Im(—1/¢) (e is the energy and mo-
mentum dependent dielectric function), and it was de-
termined for various momentum transfers, ¢, parallel to
the directions of the corresponding reciprocal lattice vec-
tors. A He flow cryostat allowed to keep the films at a
temperature of 20 K during the measurements.

In order to determine the electronic excitations as a
function of momentum transfer in different directions,
we have thoroughly characterized our films using in-situ
electron diffraction (cf. Fig.. The momentum direc-
tions were then selected parallel to the corresponding re-
ciprocal lattice directions. Moreover, the diffraction pro-
files document that the films are single crystalline as can
be seen from Fig.[T] where we show the electron diffrac-
tion profiles parallel to selected reciprocal lattice direc-
tions. These data correspond well to those from X-ray
diffraction of our tetracene single crystals as well as to
published X-ray diffraction data [29]. In this contribu-
tion we use the crystal axis notation of Ref. [I4], where
a* is the longer reciprocal lattice vector.

Since molecular crystals often can be damaged by fast
electrons, we checked our samples for any sign of degra-
dation. Sample degradation was followed by watching
an increasing amorphous-like background in the electron
diffraction spectra and an increase of spectral weight in
the excitation spectra in the energy region below the first
excitation feature. It turned out that under our mea-

surement conditions the spectra remained unchanged for
more than 12 hours. Samples that showed any signature
of degradation were not considered further but replaced
by freshly prepared thin films. Data from different films
were fully reproducible.

III. RESULTS AND DISCUSSION

In the molecular crystal, tetracene adopts a triclinic
crystal structure with two inequivalent molecules in the
unit cell [29]. This causes the lowest singlet exciton
to split into two Davydov components which renders
the electronic excitation spectra significantly anisotropic
[1, 30]. This particular anisotropy is also present in our
data. In Fig.[2] we compare the excitation spectra for mo-
mentum vectors ¢ parallel to selected reciprocal lattice
directions and a small absolute value of the momentum
transfer of 0.1 A=1. At such a small momentum trans-
fer, we probe essentially vertical transitions, the so-called
optical limit, i.e., a comparison to optical data is possi-
ble. Moreover, the direction of our momentum vector
q corresponds to that of the light polarization vector in
an optical experiment. Our data in Fig.[2] correspond
very well to those from optical data, the observed Davy-
dov splitting is about 70 meV, and the two components
are essentially polarized along the two crystal directions
a and b [30]. However, it is important to realize that
our data are taken along the reciprocal lattice directions.
Therefore, the spectrum in Fig.]2] for ¢ parallel to the
reciprocal direction b* has two features around 2.4€V,
which arise from the two Davydov components, while for
a momentum transfer parallel to a* and (a*+b*) we only
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FIG. 2. Electronic singlet excitations of single crystalline

tetracene for a small momentum transfer (¢ = 0.1 Afl) and
for momentum vectors ¢ parallel to selected reciprocal lattice
directions.The green shaded area A and orange shaded area B
display the region where we observe the Davydov components
as well as the vibronic satellites, respectively.



o -1
A

Tetracene| S
-0= 0.1
T=20K =03
M -0= 0.5
* ---0.7
q lle -=09

Intensity (arb. units)

Energy (eV)

0.8

0.6

Energy (eV)

0.4

0.2

0.0

01 02 03 04 05 06 07 08 09

Momentum Transfer (1/A)

FIG. 3. Excitation spectra of tetracene as a function of mo-
mentum transfer parallel to the reciprocal lattice direction

a”.

observe the lower Davydov feature (cf. Fig.]2] area A).
Furthermore, the curves in Fig.[2] also reveal higher en-
ergy satellites starting above 2.5€eV (see Fig. area B).
Also the spectral shape and the relative energy of these
satellite features are in very good agreement to the results
of optical measurements. These satellites have been as-
cribed to mainly vibronic progressions, but we note that
there is also evidence for further electronic excitations in
this energy range [17) [19] 20} [30} [3T]. Thus, to disentan-
gle vibronic and electronic contribution and to develop
a microscopic understanding in the energy region of the
satellites still represents a challenge, and we will concen-
trate on the exciton band structure of the leading feature
in the remainder of this contribution.

From previous momentum dependent studies of the
electronic excitations in 7 conjugated molecular crystals,
it is well established that excitons in such materials can
have a sizable dispersion giving rise to an anisotropic
band structure [I5] 16l 25]. Furthermore, the knowledge
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FIG. 4. Excitation spectra of tetracene as a function of mo-
mentum transfer parallel to the reciprocal lattice direction b*.
The data around 0.8 A~! could not be determined accurately
enough because of considerably enhanced multiple scattering
in this region due to [010] Bragg reflection (cf. Fig.[I)).

of this band structure can be essential in order to deter-
mine the microscopic character of the excitons. For pen-
tacene, it has been demonstrated that the measured ex-
citon dispersion of the lowest singlet excitons is not com-
patible with a pure Frenkel exciton character, but a sub-
stantial contribution of charge transfer excitons at lowest
excitation energy must be considered [I5} 16} 19, 20]. In
Fig.[3] and Fig.[l] we depict the results of our momentum
dependent studies for tetracene. In the upper panels we
show selected excitation spectra and in the two lower pan-
els the behavior is summarized in color plots. These data
clearly demonstrate that also in tetracene, the lowest sin-
glet exciton is characterized by a strong and anisotropic
momentum dependence. For momentum transfers paral-
lel to the a* direction (Fig.|3) we observe a clear upshift
in energy with increasing momentum, while the spectral
intensity decreases in this direction. This is qualitatively



equivalent to the respective data for pentacene [16].
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FIG. 5. Comparison of the excitation spectra for ¢|la™ in the
optical limit (g = 0.1 A=) and for ¢||b* at ¢ = 0.9 AL

For g along the b* direction, the upper Davydov com-
ponent shows a clear negative dispersion, while the shoul-
der at low energies vanishes. Also this behavior is remi-
niscent of that in pentacene.

There is, however, a surprising new observation - the
exciton for g along b* arrives at an energy lower than the
lowest excitation energy for very small momentum val-
ues. At very small momentum (¢ ~0 A‘l), the data rep-
resent the so-called optical limit where they can directly
be compared to the results of optical methods. This new
observation is outlined in Fig.[] where we directly com-
pare the excitation spectra for ¢||a* at a small momentum
value of 0.1 A~ to that for ¢||b* and ¢ = 0.9A~!. The
analysis of the excitation maxima of the lowest excitons
as a function of momentum complements this result and
is shown in Fig.[6] It becomes clear that the exciton band
structure in tetracene is significantly anisotropic both in
terms of the form of the dispersion curves and the total
band width. For g|la* the energy-momentum dependence
E(q) cannot be described by a simple cosine function as
it was the case for pentacene [I6], it considerably flattens
out at the Brillouin zone boundary. Moreover, the total
band width as seen in our data for tetracene of about
55meV is only half of the value measured for pentacene.
In contrast, the curve for ¢||b* is well represented by a
simple cosine-like function and its band width is larger
giving rise to the lowest singlet exciton energy at finite
momentum. Note that the band width for ¢||b* of about
105 meV is very close to the corresponding value in pen-
tacene.

The formation of a low energy exciton pocket as in-
dicated in Fig.[6] can have important consequences for
the photophysical behavior of tetracene. Excitations at
higher energy might be able to relax into this pocket from
where they cannot decay radiatively any more in a direct
process due to momentum conservation. Exciton-phonon
coupling, for instance, can support this relaxation. This
would quench part of the fast photoluminescence and
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FIG. 6. Band structure of the singlet excitons in tetracene
parallel to the two fundamental reciprocal lattice directions
a® and b*. The gray lines are intended as a guide to the eye.
The green shaded area denotes the low energy exciton pocket
observed for ¢||b* in tetracene.

might be responsible for the differences between the be-
havior of tetracene and pentacene. Moreover, the exciton
pocket could be associated with trap-like states or dark
states as being discussed in the literature [9HI2]. In par-
ticular in view of singlet fission as a process to generate
multiple excitons and to achieve high efficient organic
photovoltaic cells a momentum dependence of the exci-
tons as revealed in Fig.[6] might be a disadvantage, since
the relaxation into the low energy pockets can compete
to the fission process.

IV. SUMMARY

To summarize, our results demonstrate that the low-
est singlet excitons in tetracene are strongly momen-
tum dependent giving rise to a particular, significantly
anisotropic exciton band structure in the a*, b* recip-
rocal lattice plane. Importantly, there is a low energy
exciton pocket at finite momentum, which might explain
a number of recent experimental results on the photo-
physical behavior of tetracene and the observed differ-
ences in comparison to its close relative pentacene. Our
results emphasize the general importance of the exciton
band structure for a thorough understanding of the pho-
tophysical behavior of organic semiconductors.

ACKNOWLEDGMENTS

We thank M. Naumanm, R. Hiibel and S. Leger for
technical assistance. This work has been supported

by the Deutsche Forschungsgemeinschaft (grant number
KN393/14).



[1] M. Pope and C. E. Swenberg, Electronic processes in or-
ganic crystals and polymers (Oxford University Press,
Second Edition, New York, 1999) and references therein.

[2] K. Walzer, B. Maennig, M. Pfeiffer, and K. Leo, |(Chem.
Rev. 107, 1233 (2007).

[3] A. A. Virkar, S. Mannsfeld, Z. Bao, and N. Stingelin,
Adv. Mat. 22, 3857 (2010).

[4] H. Klauk, Chem. Soc. Rev. 39, 2643 (2010).

[5] M. Scharber and N. Sariciftci, Prog. Polym. Sci. 38, 1929
(2013)]

[6] S. Reineke, M. Thomschke, B. Liissem, and K. Leo, Rev.
Mod. Phys. 85, 1245 (2013)!

[7] J. Yu, Y. Zheng, and J. Huang, Polymers 6, 2473 (2014).

[8] A.Zhugayevych and S. Tretiak, Annu. Rev. Phys. Chem.
66, 305 (2015).

[9] M. J. Y. Tayebjee, R. G. C. R. Clady, and T. W.
Schmidt, Phys. Chem. Chem. Phys. 15, 14797 (2013).

[10] J. J. Burdett, D. Gosztola, and C. J. Bardeen,|J. Chem.
Phys. 135, 214508 (2011).

[11] J. J. Burdett, A. M. Miiller, D. Gosztola,
Bardeen, |J. Chem. Phys. 133, 144506 (2010).

[12] M. W. B. Wilson, A. Rao, K. Johnson, S. Gélinas,
R. di Pietro, J. Clark, and R. H. Friend, |J. Am. Chem.
Soc. 135, 16680 (2013).

[13] A. Davydov, Theory of Molecular Exzcitons (Plenum
Press, New York, 1971).

[14] P. Cudazzo, F. Sottile, A. Rubio, and M. Gatti,|J. Phys.:
Condens. Matter 27, 113204 (2015).

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

[16] F. Roth, R. Schuster, A. Konig, M. Knupfer, and
H. Berger, J. Chem. Phys. 136, 204708 (2012).

and C. J.

[17] M. L. Tiago, J. E. Northrup,
Rev. B 67, 115212 (2003).

[18] K. Hummer and C. Ambrosch-Draxl, Phys. Rev. B 71,
081202 (2005)k

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

[20] P. Cudazzo, M. Gatti, and A. Rubio, Phys. Rev. B 86,
195307 (2012).

[21] P. Cudazzo, M. Gatti, A. Rubio, and F. Sottile, Phys.
Rev. B 88, 195152 (2013).

[22] S. Sharifzadeh, P. Darancet, L. Kronik,
Neaton, |J. Phys. Chem. Lett. 4, 2197 (2013).

[23] B. Pac and P. Petelenz, |Chem. Phys. Chem. 15, 2801
(2014)!

[24] M. Knupfer, T. Pichler, M. S. Golden, J. Fink, M. Mur-
gia, R. H. Michel, R. Zamboni, and C. Taliani, Phys.
Rev. Lett. 83, 1443 (1999).

[25] M. Knupfer, T. Schwieger, J. Fink, K. Leo, and M. Hoff-
mann, Phys. Rev. B 66, 035208 (2002).

[26] C. Kramberger, R. Hambach, C. Giorgetti, M. H. Riim-
meli, M. Knupfer, J. Fink, B. Biichner, L. Reining,
E. Einarsson, S. Maruyama, F. Sottile, K. Hannewald,
V. Olevano, A. G. Marinopoulos, and T. Pichler, Phys.
Rev. Lett. 100, 196803 (2008).

[27] J. Fink, Adv. Electr. Electr. Phys. 75, 121 (1989).

[28] F. Roth, A. Konig, J. Fink, B. Biichner, and M. Knupfer,
J. Electron. Spectrosc. Relat. Phenom. 195, 85 (2014).

[29] D. Holmes, S. Kumaraswamy, A. J. Matzger, and
K. P. C. Vollhardt, Chem. Eur. J. 5, 3399 (1999).

[30] A. Bree and L. E. Lyons, J. Chem. Soc. , 5206 (1960).

[31] F. Roth, B. Mahns, S. Hampel, M. Nohr, H. Berger,
B. Biichner, and M. Knupfer, Eur. Phys. J. B 86, 66
(2013).

and S. G. Louie, Phys.

and J. B.


http://dx.doi.org/ 10.1021/cr050156n
http://dx.doi.org/ 10.1021/cr050156n
http://dx.doi.org/ 10.1002/adma.200903193
http://dx.doi.org/10.1039/B909902F
http://dx.doi.org/ http://dx.doi.org/10.1016/j.progpolymsci.2013.05.001
http://dx.doi.org/ http://dx.doi.org/10.1016/j.progpolymsci.2013.05.001
http://dx.doi.org/ 10.1103/RevModPhys.85.1245
http://dx.doi.org/ 10.1103/RevModPhys.85.1245
http://dx.doi.org/10.1146/annurev-physchem-040214-121440
http://dx.doi.org/10.1146/annurev-physchem-040214-121440
http://dx.doi.org/http://dx.doi.org/10.1063/1.3664630
http://dx.doi.org/http://dx.doi.org/10.1063/1.3664630
http://dx.doi.org/http://dx.doi.org/10.1063/1.3495764
http://dx.doi.org/ 10.1021/ja408854u
http://dx.doi.org/ 10.1021/ja408854u
http://stacks.iop.org/0953-8984/27/i=11/a=113204
http://stacks.iop.org/0953-8984/27/i=11/a=113204
http://dx.doi.org/10.1103/PhysRevLett.98.037402
http://dx.doi.org/10.1103/PhysRevLett.98.037402
http://dx.doi.org/10.1103/PhysRevB.67.115212
http://dx.doi.org/10.1103/PhysRevB.67.115212
http://dx.doi.org/10.1103/PhysRevB.71.081202
http://dx.doi.org/10.1103/PhysRevB.71.081202
http://dx.doi.org/ http://dx.doi.org/10.1063/1.3590871
http://dx.doi.org/10.1103/PhysRevB.86.195307
http://dx.doi.org/10.1103/PhysRevB.86.195307
http://dx.doi.org/ 10.1103/PhysRevB.88.195152
http://dx.doi.org/ 10.1103/PhysRevB.88.195152
http://dx.doi.org/10.1021/jz401069f
http://dx.doi.org/10.1002/cphc.201402148
http://dx.doi.org/10.1002/cphc.201402148
http://dx.doi.org/10.1103/PhysRevLett.83.1443
http://dx.doi.org/10.1103/PhysRevLett.83.1443
http://dx.doi.org/ 10.1103/PhysRevB.66.035208
http://dx.doi.org/ 10.1103/PhysRevLett.100.196803
http://dx.doi.org/ 10.1103/PhysRevLett.100.196803
http://www.sciencedirect.com/science/article/pii/S0065253908609476
http://dx.doi.org/ http://dx.doi.org/10.1016/j.elspec.2014.05.007
http://dx.doi.org/ 10.1002/(SICI)1521-3765(19991105)5:11<3399::AID-CHEM3399>3.0.CO;2-V
http://dx.doi.org/10.1039/JR9600005206

	Low energy exciton pocket at finite momentum in tetracene molecular solids
	Abstract
	I Introduction
	II Experimental
	III Results and discussion
	IV Summary
	 Acknowledgments
	 References


