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Microscopic calculation of dielectric tensor of quaterthiophene crystals
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We present a microscopic calculation of the dielectric tensor for a quaterthiophene crystal near resonances of
Frenkel excitons in a vibronic coupling regime. We show how the intermolecular interactions modify the
intensity and energy of each vibronic level from the isolated molecule to the solid state after transverse
excitation. In particular, a strong redistribution of oscillator strength is found between the vibronic levels of the
upper Davydov state. On the basis of the calculated dielectric tensor, we reproduce the measured absorbance
spectra as recorded in different experimental configurations taking into consideration the additional role of the
longitudinal macroscopic field. Some replicas in the optical spectra are clearly attributable to transitions of
Frenkel origin while the role of other types of excitons, such as those of charge-transfer parentage is also
discussed.

DOI: 10.1103/PhysRevB.71.045212 PACS nun®er71.35.Cc, 78.20.Ci, 78.40.Me

I. INTRODUCTION has a cost in computability and to date, only clusters of mol-

Over recent years there has been an increasing interest %:ulles Ihave bien ttrr]eatetho t())verco(rjne tsu(;:h a limitation, the
using molecular materials in optical and electrical devices if10'€cular exciton theory has been adapted using a more so-

order to take advantage of their vast range of properties anehisticated atomic charge transition density exciton model to

design capability. Most notably, they are used either in p0|y_represent the delocalized molecular transition difoléis

mer form benefiting from their easy processibility, or as thinNaS the advantage that calculations can cover much larger
films of vacuum evaporated short chain oligomers. In bot{'€tWorks, and models can be applied to emulate real films

cases there is a relatively high degree of disorder between tﬁa@d bulk crystals.

; As a model material, oligothiophenel has been exten-
molecular units. Although there are only weak van der Waalssively studied and despite the high technological interest, the

forces t_)lndmg the molecules in the sol!d, their ex.c'te.d'sf[atefundamental optical properties of oligothiophene crystals, as
properties are highly dependent on their mutual dIStrIbutlonWe” as thin films, remain somewhat ambigudusterpreta-

In crystals, excitonic co-operative excited states can be. 9€Mon of their optical properties has relied on various theoret-
erated _that may determine the .bulk absorptlve a.nq eMISSIVigy| approachds’3 with different approximations, and faced
properties rather than be dominated by the individual moyith a wide variety of experimental dafa?? that are af-
lecular spectral characteristits. fected by film morphologies or crystal quality. These crystals
Most theoretical investigations that are related to the phogare generally leaflike and exhibit only one crystallographic
tophysics of conjugated organic polymers have been carriegeveloped plane, which poses a limitation on the experimen-
out on isolated chains—approximating behavior in dilute sotal interpretation of the optical spectra, though it may be
lutions or matrix host materials. Nevertheless, conjugatedignificant in determining operation of such materials in de-
polymers can be viewed as a collection of interacting finite-vices because of the natural confinement of the emission
size segments and display similar properties to moleculawithin the crystal plane boundaries.
crystals, and concepts developed for these materials are be- Such systems crystallize in a monoclinic structisee
ing widely applied to longer chain conjugated polymers. Mo-Fig. 1)2® and exhibit strong anisotropic optical properties
lecular exciton theory is very versatile and is able to copeoriginating from two different types of excitation: Frenkel
with macroscopic systems and adapt to the level of interacexcitons(FE9 and charge transfer excitof€TES. As for
tions between neighboring chromophores. In the past, thed-E states the lowest excited molecular state is transformed in
retical approaches were applied to relatively small moleculethe crystal into one strong transition polarized in dugplane
that can form crystals, but more recently, research and deve&nd another weak transition at lower energy polarized along
opment interest has focused on conjugated chain oligomettse b crystal axis, the Davydov splittingDS) between them
that have lengths greatly exceeding the intermolecular disbeing a measure of the intermolecular interaction. These
tance, which possess strong optical transitions in the visiblé&ransitions can be excited at normal incidence on the usual
region. For example, it has been demonstrated as a basis faccessible face. Fac polarization, a strong peak is indeed
understanding the excited state dynamics in polycrystallin@bserved, together with shoulders on the low-energy side.
materials, or aggregatés.In the weak interaction limit, These shoulders have been discussed in terms of either FE or
spectroscopic properties can be obtained via a first-order peETE states. Similarly, the weaker component shows some
turbation treatment, whereas in the strong interaction limitsharp well-defined peaks in low-temperature spectra that
the excitation is delocalized over several molecules, and have been discussed in terms of phonon modes as well as a
more appropriate description of crystal eigenstates requireseries of broad replica whose parentage as either FE or CTE
the building of delocalized wave functiof8.However, this has not been unequivocally determidéd®>?° Given this
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incoming light Oppenheimer separable with an effective vibrational mode
b that summarize the response of all other coupled modes and
they form a basis from which to determine the crystal exci-
ton eigenstate®®
/ Once the crystal states are built from Bloch plane waves
the Frenkel exciton Hamiltonian can be block diagonalized
by means of a unitary transformation that acts on the elec-
tronic part of wave function?” This diagonalization leads
to distinctive polarized exciton wave functiorifavydov
state$ that form bases for the irreducible representations of
the factor group of the cryst&h?228In the case of a mono-
clinic unit cell with four molecules, Eq.l) evaluated at the
center of Brillouin zone reduces to
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FIG. 1. The monoclinic unit cell of 4- crystal as taken from H,= Z Eoum)(v] + E T SShlv)ul. 3
Ref. 23. The projections show the orientation of the molecule with v VR
respect to the crystal axesb, c. Thex,y,z system is also sketched |n this equation{|v)} are vibrational functions describing the
with x andy parallel toa andb axis, respectively, while theaxis  .,clear motions in the electronic excited Stafg=Ego+D
is normal to theab face. The angle of incidenagis shown together +1hw where Eqy, is the energy difference betWVeen the two
with the conventional sign adopted in this work. The crystallo-yinima of the molecular vibronic transitio, is the gas-to-
2?;253 ga;?]qea:rgel g;‘? following: a=6.085 Ab=7.858 A c crystal shift energy andhw is the vibrational energy of

' ' R quanta of the effective mode. In the second term of B}.

) ] ) () is the Franck-Condon overlap factor for the transition
background, we present a fully microscopic calculation oftrom the zero vibrational mode of the ground electronic state
the dlele_ctrlc tensor of a Z-bulk crystal near resonances (_)f to 1(w) vibrational mode of excited state both described in
mechanical Frenkel excitons. We start from single effective, ;i onic approximationT,, refers to the resonance energy
vibronic excitations of the isolated molecule and calculateof the a Davydov state vshose value is obtained by linear

the actual excitonic eigenstates resulting from eleCtrOStatiEombinations of the pair electronic interactidrisetween the
interactions between excited molecules described by atomi

charge densities and find a redistribution of predominant ex-gXCIted molecules in the crystal:
citations in energy and intensity for both polarizations. The Tag= laat lagtlact lap,
model ignores light coupling since it is a small correctfén.
From this calculation we are able to simulate the experimen-
tal configurations demonstrated by angle dependent measure-
ments of polarized spectra and such a comparison allows us

to discriminate between FE and CTE states.

Ta,=laatlag = lac—lap,
To,=laa=lag+ lac~laps

Il. MODEL To,=laa=1ag~lac* lap; (4)

The crystal Frenkel excitons originating from the first mo- WhereA,B, C, D refer to the four molecules in the unit cell.
lecular excited state are described in Heitler-London apJN€ transfer energiek have to be calculated for a crystal
proximation by the Hamiltonigh?® array of Coulombic interacting dipoles that represent the mo-

lecular electronic transition in the first excited state. In olig-

H=SH + 1 S v 0 othioph_ene crystals thg distance between neighboring mol-

~ & Tnm ecules is less than a third of the length of the molecule. Thus

we prefer to describe the molecular delocalized dipole as a

whereH, is the Hamiltonian of a “free” molecule on site  distribution of point charges located on atomic sites. The
and V,,, the electrostatic interaction between siteand m values are calculated from aiv initio atomic orbital decom-
responsible for the delocalization of excitation throughoutposition of the HOMO-LUMO first electronic transitic:2°

the crystal. The eigenfuctions &f, are chosen to be Born- In order to take into account the long-range nature of Cou-
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TABLE |. Resonance energiggV) and transition dipole mo-
ments (Debye as obtained from numerical diagonalization af
and b, vibronic sub-blocks in Eq(3) with the following param-
eters: effective vibrational mode enerdy=1470 cm? (Refs. 9,
32, and 33 Huang-Rhys factorA®=1.35 (Ref. 33, Egg+D
=2.70 eV; calculated values for the transfer energidg;=
-0.114 eV andT, =0.275 eV. The latter are obtained using the
following parameters: molecular dipole momedit=11.9 D (Refs.
21 and 3% static dielectric tensok,,=3.08 g,,=2.42 £,,=5.49
(Refs. 35—-40

ay by

v Q, d, Q, d,

0 2.65 0.726 2.74 6.012
1 2.84 0.587 2.95 8.780
2 3.04 0.407 3.15 11.925
3 3.23 0.269 3.31 13.998
4 3.42 0.163 3.45 9.620
5 3.60 0.089 3.62 4.224
6 3.78 0.044 3.78 1.704
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lomb interactions the summation of interactions between the FIG. 2. Calculated reala) and imaginary(b) parts of the com-

two molecular distributions of charges is performed via

Ewald method for a three-dimensional system with inclusiorf=

ponents of the dielectric tensor in its diagonal fofy. (6)] with
=2.1.

of screening by a static dielectric constant according to

r/=r;/\e).331The Ewald method separates the actual inter-
action into two contributions: a transverse inner field and a

longitudinal macroscopic term. As the resonances of the di

electric tensor occur at the transverse energies of the exci-

tons, we consider only the inner field part of the Coulombic
interaction?®

The numerical diagonalization of the vibronic sub-block
of well defined symmetryr in Eqg. (3) leads to the reso-

b
€ LUL(ac)

e(w) = M m) (6)

b
&)(ac)

the eigenvalue?y , referring to thea,, transition,s,ﬁ’t*(ac) and

nances and transition dipole moments for each vibronic exstl“L(ac) to the b,. Figure 2 reports both real and imaginary
citon state. From these values, reported in Table I, the dielegart of the three resulting components of E6). Further-

tric tensor is subsequently built as follows:

d d Q

[ 1% v

1
gij(w) = £,8; + 80\,@ > e (5)

i 0’ —iywo

&, is the isotropic high-frequency dielectric constad, is
thei component of the resulting exciton dipole momentof
replica witha symmetry, the resonancék,, are eigenvalues
of the vibronically coupled system, andw) is the damping
factor chosen to be linear with frequenicy(w)=0.03 w].

By numerical diagonalization of Ed5), we find one of

more, Fig. 3 shows how the electronic interaction among
molecules is responsible for the line shape of the imaginary
part. Indeed for the noninteracting systdire., when the
electronic interaction among molecules is z)erchL“(ac) and

&% n have exactly the same shape: the latter is only less

intense, simply as a result of the geometric projection of the
transition dipole onto thé axis. The eigenstates and eigen-
values of such an unrealistic system are equivalent to an
oriented gas mode{OGM) whose crystal eigenstates are
simply built from a superposition of isolated molecular ones.
Switching on the electronic interaction leads to a coupling
among the zero-order vibronic eigenstates of the crystal due
to the nonvanishing off-diagonal terms of each vibronic sub-
block. These interactions are responsible for a modification
of the energy levels and a revising of the corresponding os-

the principal axes of the dielectric tensor parallel to thecillator strengths. The solid lines sketched on the floor in Fig.

monoclinic axis, the other two lying in thec plane. These

3 represent the vibronic energy levels as a function of elec-

latter axes are also subject to axial dispersion, i.e., they rotateonic interaction between molecules, while their slopes are

in the plane with frequency even if negligible in the region of

proportional to the oscillator strength of the corresponding

the first strong transition. With respect to these principallevel*! The way this perturbation acts depends on the sign of

axes, the tensor in E@5) is given by

electrostatic energy interactidn,. For the lowera, Davydov
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FIG. 3. Imaginal’y part of the dielectric tensor Components(continuous |ineband calculated Spectru(ﬂashed ||n¢
Ex?&ac)xai“ub) for different electronic interaction energigg. In par-

ticular, the curve labeled OGM represents the noninteracting case

with T,=0. The continuous lines on the floor refer to the energy,,erse propagating waverdinary wave, while the otherex-
positions of exciton states as a function of resonance interactioqraordinary wavg also contains a longitudinal field compo-
The dasheo! Iine_s indicate the unperturbed energies of the starting,\ que to a macroscopic polarization of the medium and
molecular vibronic levels. gives rise to the well-known directional disperstSnThis
term can be computed from Ewald’s method, which depends
component the stabilization energy moves the levels towardsn the angle between the propagating wave vector inside the
the low part of the spectrum and accommodates the lowegrystal and the exciton transition dipole moment. Another
replica. On the contrary, a positive perturbation representingvay of studying the macroscopic field effect, once the trans-
the upper, Davydov state results in a blueshift and a favor-verse dielectric tensor is known, is to look for the zero of the
ing of higher replica. The actual eigenstates and eigenvaluggss functionk;e;;(w)k;. Unfortunately, as discussed in Ref.
are no longer the same as the isolated molecules. They pog4, the availability of only a single surface prevents explor-
sess an effective Franck-Condon factor lesser or greater thafg the entire stopping band with optical measurements. In
the starting molecular one. Moreover, the energy spacing beyrder to simulate the different absorbance spectra from the
tween different vibronic states is no longer regular as in thesalculated dielectric tensor we built up th&4 transfer ma-
oriented gas model. trix for an arbitrarily anisotropic slaf##¢ This formalism
Even if the oligothiophene accessible face prevents th@onnectg the Comp|ex amp]itudes of tbaa_nds modes of
most intense transverse component of theransition to be  incident and reflected waves with the two transmitted ampli-
detected, results on B-nanocrystals show good agreementtydes, and in addition accounts for all multiple reflections
with this microscopic calculation. In particular the optical inside the sample.
functions reported in Ref. 16 reveal the same vibronic struc-
ture and similar irregular energy spacing between the shoul-
ders. Moreover, the dielectric functions reported in the
literaturé®42 show the main resonance at about the same Figure 4 shows thé polarized spectrum as measured at
energy as in Fig. 2 even if pure electronic transitions arenormal incidence and at different temperatures on figwv-
usually considered thus representing an envelope of the vthick crystals of 4T. In the room temperature spectrum there
bronic transitions shown here. are two well defined peaks centered at 2.65 and 2.84 eV, and
a broad band with recognizable structures at 3.04 and 3.21
eV which are better resolved in the low-temperature spec-
trum; there are also shoulders above 3.60 eV followed by a
Absorbance spectrédefined as —log, of transmittance  very steep tail due to higher excited states that are expected
of 4-T single crystals of the low-temperature polymatph to have a strong intensity in thepolarization as they origi-
were taken withp and s polarization andac as plane of nate from excitations parallel to molecular short akis
incidence, with an apparatus described elsewflexed the  With a dashed line we show the calculated spectrum for a
thickness of the sample was measured with a Nanoscope llkslab of the same thickness. This figure clearly shows that we
atomic force microscope equipped withldype scanner. are able to reproduce the positions of the first two peaks,
The two excited waves inside the system are solutions oéspecially in the room-temperature spectrum, since we only
the Fresnel dispersion relations: one is a completely transzonsider a single effective vibrational mode that summarizes

A. Ordinary wave: b-polarized spectra

IIl. EXPERIMENTAL AND CALCULATED SPECTRA
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25— 1 T T T 125 not shift appreciably. The only visible effect is a progressive
Experiment e Theory reduction of the intensity. This is due to the limited range of
2.0 angles that can be probed inside the crystal with vacuum as
incident medium. As the incident angle is varied in the posi-
3 tive direction the propagating wave vector approaches the
815 S . 2. ) .
3 direction of the exciton transition dipole with a consequent
s reduction in the projection of the exciting electric field. At
210 +50° the absorption disappears corresponding to a refracted
extraordinary wave vector real and parallel to the transition
0.5 dipole moment.

Within 4X 4 formalism and with the calculated dielectric
tensor we simulate the spectra for the same experimental
configurations and the results are reported in Fiy).5The

(@) Energy [eV] {b)  Energy [eV] overall line shape and the position of the typical &bsorp-

) ) tion structures are well reproduced. To obtain the best match-

FIG. 5. Experimental spectra of a 280£50-nm-thick cry¢@l  jhg petween experimental and simulated intensity, a thick-
and calcul_ate_d spectra for a 300-nm-thick c_rys{t_z)l at different ness of 300 nm has been adopted. This value is in very good
angles of incidence on the -ab face, p polarization, antac as  5qreement with the experimental one for the measured crys-
plane of incidence. tal (280+50 nm), thus further confirming the validity of the
calculated dielectric tensor. Taking a closer look at the nor-

th N i ¢ all the oth brati mal incident spectra one notes differences between simulated
€ room-temperaturé response ot all the other vibra 'Onazlsmd experimental spectra evident in the energy region where

modes. Thus within this approximation the peak at 2.64 eV i%TE : N

) ; can play an important contributidgabout 3.0-3.5 e\
attnbu(tjed to the 00 tre(;j)llkc):a (())fltge I\(;V\_/ertrli)a\gyldov sl_tate. -LheBy the arguments given above it is possible to attribute the
second one separated by U.19 €ViIS the replica whos igin of each peak to vibronic replica of FEs. Moreover, if
intensity we expect to be less than the purely electronic 0 e look for energy separations between them, we find values

:_rans;njtoal aﬁ‘ also seen ml Ict);/]v-t;ahmper?turle me?sured at()jsor reater than the starting effective mode energy corresponding
tlr?n.th' d '9 de:‘ enﬁ:gybony_ ? (teore |cah§phec fa repro LIJC o those calculated and shown in Fig. 3. For higher replica no
€ third anc fourth VIbronic Sructures, which are Concealely o1 res can be recognized and they collapse into a single

by Fhe broad band between_a_bout 3_.0 and 3.5 eV in the ex: ain peak centered at 3.7 eV,
perimental spectrum. The origin of this structure should be o
CTE parentage similar to that reported foiT@rystals in the

literature, where the low coupling between CTE and FE is IV. CONCLUSIONS
also discussetf Hence our simulated spectra based only on

FE states are unable to reproduce the intensities and correct Ba}sed Ionl F.renkt;:ldgxlcnor.]s we ha;/e presented_ a Im|cro-
positions of those upper structures. scopic calculation of dielectric tensor for a prototypical sys-

tem such as a quaterthiophene crystal by calculating the ac-
tual crystal eigenvalues and eigenstates necessary to describe
the photophysics of this important class of materials. In par-
With incident light on theab face andac polarization, a ticular these new eigenstates of the exciton Hamiltonian de-
mixed transverse and longitudinal wave propagates. Due tscribe the real collective response of molecules over which
the relatively steep orientation of the molecule to the accesthe excitation is delocalized due to a nonzero electronic in-
sible crystal face, the longitudinal fraction is quite consider-teraction between them. This resonance energy removes the
able being proportional t¢k -d)?, k being the propagating degeneracy of the oriented gas model levels leading to a DS
wave vector. As discussed elsewhér&**this electrody- for each molecular vibronic state. Moreover, we have found
namic effect causes not only a modification of energy posia redistribution of oscillator strengths among replica as well
tions but it is responsible also for a further revision of theas a modification of their energy spacing before being further
corresponding oscillator strengths with respect to those valdivided by the electrodynami¢macroscopic polarization
ues characterizing the dielectric tensor. Thus for the systermechanism. Thus the DS depends on Frank-Condon factors
under investigation the absorbance line shape is expected & each resonance. Another view of looking at DS can be the
be quite different from the imaginary part the the dielectricdifference between the two maxima of the polarizations. In
tensor. the transverse configuration it is given as 0.66 eV, while the
In order to investigate the extraordinary response we perexperimental measurement at normal incidence, which natu-
formed the absorbance measurements on the crystal by vargally contains the macroscopic part is about 1 eV, which is
ing the angle of incidence as sketched in Fig. 1. The resultgequently quoted in the literature.
are reported in Fig.(®). The spectra at normal incidence and  Moreover, from a quantitative direct comparison between
low angles are characterized by the main peak at 3.7 eV, measured and calculated spectra in different experimental
series of shoulders 2.75, 2.97, 3.20 eV, and a weak structuednfigurations, we have gained more insight into the origin
at 3.40 eV. As discussed in Refs. 42 and 44 even by varyingf some structures observed in room-temperature absorbance
the direction of the incident light, the detected resonances dspectra. In particular within this model we identify the first

B. Extraordinary wave: ac-polarized spectra
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two peaks of thé polarized spectrum as the first and secondare much greater and thus dominate the shape of the spectra
replica of the lower Davydov state originating from a Fren-even if they can be affected by CTEs between 3.0 and 3.5 eV.
kel exciton. Since electron exchange is not included in our
calculation the region above 3 eV which displays evidence of
CTEs is not fully treated. On the contrary, for the other po- \We wish to thank Reinhard Scholz, Marco Bernasconi,
larization the resulting oscillator strengths of vibronic replicagnd Piotr Petelenz for useful discussions.
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