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The crystal-induced energy splitting of the lowest excitonic state in polymer crystals, the so-called
Davydov splitting A, is calculated with a first-principles density-matrix scheme. We show that
different crystalline arrangements lead to significant variations in A, from below to above the
thermal energy kzT at room temperature, with relevant implications on the luminescence efficiency.
This is one more piece of evidence supporting the fact that control of interchain interactions and

solid-state packing is essential for the design of efficient optical devices.

Institute of Physics. [DOL: 10.1063/1.1483905]

Among the molecular materials displaying a semicon-
ducting behavior, poly- and oligothiophenes (PT and nT)
were demonstrated to be suitable for several electronic and
optoelectronic applications. nT-based films were success-
fully incorporated as active materials in field-effect
transistors' and light-emitting diodes® and were proven to
show stimulated emission.” A significant advantage lies in
their versatility: for example, the emitted color of nT-based
diodes can be easily modulated by chemical
functionalization,*> which can affect both the emission prop-
erties of the single molecule, and the packing configuration
in the films. The design of electro-optic devices with en-
hanced performance calls for a deeper understanding of the
fundamental mechanisms governing device operation. While
the optical properties of molecules or very small aggregates
have been investigated extensively through quantum-
chemistry approaches,®” much less is known on three-
dimensional crystalline effects, which require the description
of extended systems. In this case, the methods of theoretical
solid-state physics give a significant contribution, as they are
intrinsically suitable®~'° to take into account the periodicity
of the structure, and can therefore investigate”'" the very
role played by intermolecular interactions.

Thiophene-based materials can be considered as proto-
type systems to investigate the issue of intermolecular cou-
pling in organic crystals. Indeed, nT were widely studied by
means of several experimental techniques, as they can be
grown in thin films with high crystallinity and chemical pu-
rity. Some significant properties of nT crystals are experi-
mentally well established: unsubstituted a-nT systems, with
n from 4 to 16 (the number of thiophene units in a single
molecule), usually crystallize in a herringbone structure, and
there is overall agreement concerning the excitonic nature of
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the lowest active state observed in the absorption spectrum.'’

Moreover, the optical properties of these systems are known
to depend strongly on symmetry: due to the presence of non-
equivalent molecules in the periodic cell, each excitonic mo-
lecular level is found to split in the solid in so-called Davy-
dov components.'? It is agreed that the lowest component is
optically inactive (dark), leading to luminescence quenching
in the zero-temperature limit. The size of this energy splitting
(Davydov splitting, A) compared to the thermal energy kT
is a critical quantity for the efficiency of photoluminescence
processes in nT-based systems. If A>k,T, excitations are
expected to decay into the lowest available state, which leads
to nonradiative emission; conversely, if the two lowest states
(active and dark) are practically degenerate, the photolumi-
nescence process is expected to maintain the same efficiency
as for the isolated molecule. In spite of its crucial impact on
the performance of optical devices, there is still an ongoing
controversy about A, for which a wide range of values have
been proposed.” 1315 In this letter, we will examine this
quantity by means of first-principles calculations for model
solid-state systems, show that its magnitude compared to
kgT is indeed highly sensitive to the crystalline arrangement,
and discuss the implications for the interpretation of experi-
mental data.

For n=4 and n=6 two different polymorphs have been
identified,'® depending on the deposition temperature T,
which are called, respectively, « —nT/HT (high temperature)
and @ —nT/LT (low temperature). Analysis of the structural
data provided by diffraction experiments in Ref. 16 indicates
that two different polymer crystals can be constructed, which
reproduce essentially the same interchain geometry as the
oligomer polymorphs, denoted henceforward as PT1 (HT)
and PT2 (LT), respectively.” In both cases, there are two
chains per unit cell in herringbone structure, the main differ-
ence being a translation of the second chain relative to the
first by half of a unit vector along the chain direction (z axis,
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FIG. 1. Electronic band structure of PT1 (left-hand side) and PT2 (right-
hand side); the pair of bands originating from HOMO is visibly more split in
the first case. I'Z corresponds to the chain direction while I'X is perpen-
dicular. The crystal geometry is depicted schematically as a projection of
one thiophene layer on xy plane. @, O, * represent C, S, and H atomic
positions, respectively.

see inset of Fig. 1). This leads to a different interchain con-
figuration for the 7r-electrons in the cis-polyacetylenelike or-
bitals of PT. Previous theoretical work® has shown that the
highest occupied molecular orbital (HOMO) reflects this dif-
ferent environment in a higher interchain charge density for
PT1 than for PT2.

To calculate the optical properties of the PT1 and PT2
crystals, we need to go beyond the mean-field (single-
particle) study. We have implemented an ab initio density-
matrix scheme where the correlated electron—hole spectrum
is obtained from the interband polarizations (dc T} describ-
ing the creatlon of an electron in conduction state ,u, W1th
energy e , and a hole in valence state v, with energy e (c
and d, ! are the fermion creation operators; the 1abels yu
—(c,k) and v=(v,k) include both band index and wave
vector). Following Ref. 17, the exciton states are obtained by
direct diagonalization of the Schrodinger equation:
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where W is the electron—hole screened direct Coulomb inter-
action and V is the unscreened exchange interaction, present
only for singlet excitons; this is equivalent to the Bethe—
Salpether equation'® (obtained within the Green’s function
framework). The solution of the above equation yields the
excitonic eigenenergies E, and eigenstates A, the expansion
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FIG. 2. Calculated absorption spectra (arbitrary units) of PT1 in three po-
larizations, relative to the quasiparticle band gap E, (x solid, y dashed, z
solid shaded); the spectra in (a) and in (b) are calculated without and with
electron—hole interaction, respectively. The z polarization is dominant at low
energy. The Gaussian broadening is 0.05 eV.
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FIG. 3. Excitonic wave functions obtained by fixing the position of the hole
(indicated by arrow); (a) and (b): lowest direct exciton wave function in (x,z)
and (x,y) plane; (c) and (d) same for the lowest charge-transfer exciton.

coefficients for the real-space excitonic wave function
W(r, 1) =2 A ,,¢,(r,) ¥¥(r;). The calculation of nonin-
teracting electron and hole quasiparticle energies € and
wavefunctions ¢ was accomplished by means of a first-
principles approach within the density-functional theory and
the local density approximation:'**° we used a plane-waves
basis set and ab initio pseudopotentials, with a rigid shift to
the conduction band energies to account for the self-energy
correction.”! The direct kernel W depends on the dielectric
response of the medium, that we describe within the random-
phase approximation through a static macroscopic dielectric
tensor, to account for spatial anisotropy.??

The single-particle electronic band structure (Fig. 1) is in
excellent agreement with the previous all electron calculation
of Ref. 9 for PT1 and PT2. The topmost pair of valence and
the lowest pair of conduction bands originate, respectively,
from the highest occupied band [highest occupied molecular
orbital (HOMO)] and the lowest unoccupied band (LUMO)
of a single thiophene chain: this “doubling™ is due to the
presence of two chains in the unit cell, and the splitting is the
signature of the interchain interaction. We confirm that the
coupling between non equivalent chains in PT1 is stronger
than in PT2, particularly for the HOMO. We also note that,
in I'Z direction (chain direction) the bands have a strong
dispersion, while the dispersion is smaller but not vanishing
along I'X (or I'Y).

In Fig. 2, we show the absorption spectrum for PT1
(plots for PT2 are quite similar) in three different polariza-
tions, referred to the quasiparticle energy gap E . The spec-
tra are strongly polarized: at energies near the band gap only
the component polarized in the chain direction (z) has a non-
vanishing oscillator strength, while the perpendicular polar-
izations are active at higher energies. Electron—hole interac-
tion crucially affects the spectrum, inducing an optically
active state below the band gap. In addition, absorption just
above band gap is strongly reduced.”® Besides the optically
active states depicted in Fig. 2, other transitions are also
introduced below the single-particle gap, strikingly different
in character. The lowest active exciton is “direct” (DE), that
is, strictly confined to one chain, as is also its (inactive)
Davydov partner; however, we find also charge-transfer ex-
citons (CTE) with electron and hole on different chains, that
are expected to be dark due to the low probability for radia-
tive recombination. These CTE are ~0.2 eV below the
single-particle gap, and always very close in energy to the
active DE, particularly so for PT1. We show in Fig. 3 the
excitonic wave functions for the active DE and the lowest
CTE, where the spatial extension of the exciton and the large
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TABLE I. Band splitting Ayomo and Aj yyo (at the T' point), and Davydov
splitting A for the PT1 and PT2 crystal arrangements; all energies in eV.

A HOMO A LUMO A
PT1 043 021 0.06
PT2 0.06 021 0.01

anisotropy of the system can also be appreciated.

We now focus our attention on the lowest direct exci-
tons: for both crystal structures, the interchain interaction
introduces the Davydov optically forbidden transition below
the active state depicted in Fig. 2(b); even accounting for the
differences expected between our infinite-chains model and
nT crystals, this explains the low luminescence efficiency in
the crystalline phase with respect to solutions. Results for A
in both crystal arrangements are summarized in Table I,
where they are also compared to single-particle band split-
tings for HOMO and LUMO; Ayopmo is larger in the first
structure, due to the stronger interchain interaction, and ac-
cordingly A is found to be higher for PT1 than for PT2;
however we observe that the single-particle values can be
one order of magnitude larger than the final correlated split-
ting, and so no general rule can be inferred to obtain Davy-
dov splittings directly from single-particle eigenvalues. It is
interesting to note that in PT1 and in PT2 A is, respectively,
above and below kzT at room temperature, which would
lead to a crucial difference between the two crystal structures
in luminescence efficiency at room temperature.”* Currently
reported experimental values for A for oligothiophene crys-
tals are controversial, and range7'“’13_15 from 120 to 10000
cm” . Due to the particular arrangement of the molecules in
the crystal, both Davydov transitions can actually be seen in
oligothiophene crystals: the extraordinary difficulty in mea-
suring A arises (a) from a tilt of the long chain axis of the
molecules relative to the interlayer axis, which mixes polar-
izations, and (b) from the “standing” configuration of the
molecules on the substrate, which has special geometrical-
optics effects on the polarized spectra.”> Furthermore, vi-
bronic couplings are very strong in the systems, and could
mask the actual exciton transitions. Our results support the
simplest interpretation of the spectra, leading to the smaller
estimates'""'*% of the splitting (on the range of 120 to
640 cm™ ).

In conclusion, we confirm that the detailed crystalline
arrangement strongly affects the optical performances of PT-
or nT-based materials, and, since relevant features such as
the Davydov splittings can be quite subtle, it is important in
this case that theoretical studies take into account the ex-
tended nature of the problem, and be performed with tools
that have minimum dependence on empirical parameters.

Bussi et al.

The authors are grateful to C. Taliani and A. Sassella for

useful discussions. Work supported in part by MURST Cofin
99. One of the authors (M.J.C.) acknowledges FAPESP and
CNPq.

"H. Sirringhaus, N. Tessler, and R. H. Friend, Science 280, 1741 (1998).

2J. H. Schén, A. Dodabalapur, C. Kloc, and B. Batlogg, Science 290, 963
(2000).

3F. Garnier, G. Horowitz, P. Valat, F. Kouki, and V. Wintgens, Appl. Phys.
Lett. 72, 2087 (1998).

4G. Gigli, O. Inganis, M. Anni, M. D. Vittorio, R. Cingolani, G. Barbarella,
and L. Favaretto, Appl. Phys. Lett. 78, 1493 (2001).

SM. J. Caldas, E. Pettenati, G. Goldoni, and E. Molinari, Appl. Phys. Lett.
79, 2505 (2001).

©J. Cornil, J. P. Calbert, D. Beljonne, R. Silbey, and J. L. Brédas, Synth.
Met. 119, 1 (2001).

7M. Muccini, M. Schneider, C. Taliani, M. Sokolowski, E. Umbach, D.
Beljonne, J. Cornil, and J.-L. Brédas, Phys. Rev. B 62, 6296 (2000).

8] -W. van der Horst, P. A. Bobbert, P. H. L. de Jong, M. A. J. Michels, G.
Brocks, and P. J. Kelly, Phys. Rev. B 61, 15817 (2000).

P. Puschnig and C. Ambrosch-Draxl, Synth. Met. 119, 245 (2001).

10A . Ruini, M. J. Caldas, G. Bussi, and E. Molinari, Phys. Rev. Lett. (ac-
cepted for publication).

1C. Taliani and R. Gebauer, in Handbook of Oligo- and Polythiophenes,
edited by D. Fichou (Wiley, New York, 1999), p. 361.

2A.S. Davydov, Theory of Molecular Excitons (McGraw—-Hill, New York,
1962).

Bw. Gebauer, M. Sokolowski, and E. Umbach, Chem. Phys. 227, 33
(1998).

145, Moller, G. Weiser, and F. Garnier, Phys. Rev. B 61, 15749 (2000).

SF. Kouki, P. Spearman, P. Valat, G. Horowitz, and F. Garnier, J. Chem.
Phys. 113, 385 (2000).

167, Siegrist, C. Kloc, R. A. Laudise, H. E. Katz, and R. C. Haddon, Adv.
Mater. 10, 379 (1998).

17U. Hohenester, Phys. Rev. B 64, 205305 (2001).

M. Rohlfing and S. G. Louie, Phys. Rev. Lett. 81,2312 (1999); Phys. Rev.
B 62, 4927 (2000).

“W. Kohn and L. J. Sham, Phys. Rev. A 140, A1133 (1965).

205, Baroni, A. Dal Corso, S. de Gironcoli, and P. Giannozzi, 2001, http://
www.pwscf.org.

2I'We use a shift of 1.4 eV, taken from Ref. 8, very similar to the value for
trans-polyacelylene from Ref. 18.

22For the description of the first excitonic states, convergence was reached
with the top four valence bands, the first four conduction bands and 320 k
points in the Brillouin zone, while we used a 45 Ry energy cutoff for the
plane-wave expansion in the single-particle calculation.

23 Analysis of this effect in terms of density of excitations and oscillator
strength shows that the former is virtually unchanged with respect to the
joint density of single-particle states, while the latter is clearly quenched.
This behavior is consistent with previous findings for other one-
dimensional systems; e.g., see F. Rossi and E. Molinari, Phys. Rev. Lett.
76, 3642 (1996); Phys. Rev. B 53, 16462 (1996).

24The neglect of full spatial dependence in the screening function and the
value of the rigid energy shift imposed on the conduction band could in
principle affect our results. Therefore, we tested different screening mod-
els: the value of A is quite robust, since the spatial dependence of the
excitonic wave functions for the two direct states is very similar, leading
to similar corrections for both energy levels.

D. Oelkrug, H.-J. Egelhaaf, and J. Haiber, Thin Solid Films 284, 267
(1996).

Downloaded 30 Jul 2012 to 147.122.21.57. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



