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Abstract

Absorption and electroabsorption spectra of nanocrystalline films of sexithiophene (T6), quaterthiophene (T4) and

3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) are presented and analysed by dielectric response theory and

accounting for the coherent polarization induced by the incident light. Due to the anisotropic crystal structure

absorption peaks do not occur at exciton transition energies but depend on the respective orientation of molecules and

the wave vector of light. This directional dispersion causes the broad and rather featureless absorption spectra of

nanocrystalline films. Electroabsorption spectra, however, resolve the fundamental exciton and its vibronic progression

clearly. The analysis reveals that excited states interact via their dipole moments while exchange interaction and overlap

of molecular states is negligible.
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1. Introduction: dielectric response theory

The primary response of matter to light is the

coherent polarization ~P ¼ N~li ¼ ðe� 1Þe0~E result-

ing from dipoles ~l induced in molecules via their

molecular polarizability:

ð~lÞi ¼
X
j

bijEj

bij ¼
X
f

ð~lfgÞjð~lgfÞi
Ef � Eg � �hx

þ
ð~lfgÞ

�
j ð~lfgÞ

Ef � Eg þ �hx
ð1Þ
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The tensor components bij involve the transi-

tion dipoles ~lfg ¼ hf je~rjgi between the ground
state jgi at energy Eg to all final states jf i at

energies Ef . Due to the energy denominator states

near resonance contribute most and in case of a

strong exciton, which is well separated from other

transitions, it is sufficient to consider only that

excited state. The induced molecular dipole de-

pends on the orientation of the transition dipole

with respect to the exciting electric field ~E. It is
important to realize that only in isotropic systems,

like solutions, the field is transverse to the wave

vector of light (~E ?~k) and for normal incidence

given by the polarization of light. However, in

solids the large density N of induced dipoles cre-

ates a significant electric field, arising from the
ed.
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macroscopic polarization ~P , which in anisotropic

solids may point in a different direction than the

polarization of the incident light. This modifica-

tion of the field~E acting on the transition dipoles is
the reason for the unusual optical properties of p-
conjugated molecules in crystalline samples [1].

The optical response of such solids involves not

only the quantum mechanical calculations of the

molecular transitions dipoles in Eq. (1) but must

comply with Maxwell�s equations since it involves

oscillating fields. In the simple case of an exciton in

an otherwise isotropic medium the exciton transi-
tion dipole defines an optical axis in a crystal

resulting in an orientation dependent response to

light as shown in Fig. 1. Coulomb�s law, (r~D ¼ 0),

requires the electric displacement ~D ¼ e0e~E to be

transverse to the wave vector ~k of light while the

driving field ~E, rotates, depending on the ratio of

the components of the dielectric tensor e==ðxÞ=e?
ðxÞ parallel and perpendicular to optical axis.
Since the dielectric constant e==ðxÞ diverges at the
exciton resonance frequency the field along the
Fig. 1. Components of the electric displacement D and the

electric field E of an electromagnetic wave parallel and per-

pendicular to the optical axis defined by the molecular transi-

tion dipole. The inset shows the dispersion of the dielectric

constant due to a resonance at xT .
transition dipole vanishes, shifting the optical

resonance to higher energy closer to xL where e
becomes positive again. The range of this shift is

determined by the contribution v of the exciton to
the static dielectric constant eð0Þ where eð1Þ ac-

counts for screening by high-energy transitions.

xL

xT

� �2

¼ eð0Þ
eð1Þ ¼ 1þ v

eð1Þ ð2Þ

This shift of the optical resonance due to the

laws of electrodynamics depends in this uniaxial

case only on the angle # between optical axis and

wave vector. The spectra can be derived from

Maxwell�s equations by modelling the dielectric

tensor with Lorentz oscillators representing the
exciton and its vibronic progression. Absorption

spectra of films are calculated as sum of the

transmittance of its domains and electroabsorp-

tion spectra are obtained from the change of their

transmittance induced by an applied voltage, cre-

ating an additional quasistatic electric field ~F
parallel to the polarization of the incident light [2].
2. Experimental results

2.1. Spectra of sexithiophene

A single exciton, polarized along the molecular

axis L, determines the absorption of T6 below 3.5
eV. Four molecules in the unit cell align almost

perpendicular to the monoclinic axis b [3] which

leads to two optically active Davydov components

of very different strength [4]. Features of the very

weak au exciton (~E==b) are extremely narrow while

those of the strong bu exciton (~E ? b) which

inherits the strength of all molecules in the unit cell

are much broader due to their large dipolar
interaction. Residual coupling to the forbidden

polarization ~E==b avoids large polarization and

enables the determination of the exciton transition

energies from absorption spectra taken on the

(1 0 0) face a 10 lm thin single crystal (Fig. 2). The

absorption spectrum for strongly coupling light,
~E==c, derived from the reflectivity, shows the

absorption peak at 3.4 eV and the loss of vibronic
fine structure. This large shift with respect to the



Fig. 2. Absorption a and electroabsorption spectra Da of a

sexithiophene single crystal for different polarization of light, E,
and applied field F . The inset shows half of the unit cell.
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transition energy 2.6 eV of the bu exciton is due to

the influence of the polarization of molecules
strongly inclined with respect to the crystal face

(#ð~k; �lÞ ¼ 25�) [5]. In electroabsorption spectra

both Davydov components respond differently to

an applied electric field ~F ==c. Features below 2.5

eV agree with the derivative of the absorption

spectrum and arise from the Stark shift of the

weak au exciton due to the molecular polarizability

(915 �A3) along the long axis. The Stark effect is far
too small to explain the much larger signal at

higher energy which has second derivative line-

shape and arises from coupling the transition di-

pole ~l to the external electric field since the

transition energy of the exciton to oscillates

around its centre position with an amplitude DE ¼
~l �~F . We expand the change of absorption to

second order since the term linear in DE vanishes
by integrating over the lifetime s of the coherent

polarization. The second moment corresponds to

field-induced broadening and is proportional to

the second derivative of the absorption spectrum

[6].
hDE2i ¼ 1

s

Z s

0

dtð~l �~F Þ2 cos2 xt ¼ j~leff �~F j
2 ð3Þ

Matching the signal requires a dipole moment

leff ¼ 4:3 e�A. This is close to the value 4.8 e�A
anticipated from dipole moment 2.4 e�A of mole-

cular exciton which is derived by applying the sum
rule to a solution spectrum. The different spectra

of the strong Davydov component bu observed for

weakly and strongly coupling light are due to the

large polarization in the latter case, a unique fea-

ture of strong excitons. The large transition dipole

of the bu exciton is also responsible for the different

lineshape of the electroabsorption spectrum,

revealing that dipolar coupling prevails by far over
exchange coupling which would affect both exci-

tons equally since they derive from the same

molecular state.

Since the response of the strong exciton to light

and to an applied voltage depends on the orien-

tation of its transition dipole this dependence must

be included to analyse the spectra of nanocrystal-

line films which are treated as an ensemble of do-
mains with some distribution of their optical axis

around some preferential orientation #0. Details

can be found in [7]. The spectra are not sensitive to

the distribution of domain orientation since

weakly absorbing domains (small #) dominate the

transmission and yield always a broad nearly fea-

tureless absorption spectrum of the strong exciton

with a peak above 3 eV (Fig. 3). The calculation
based on single crystal data does not reproduce the

large and isotropic absorption constant of the film

which exceeds the calculated absorption by almost

an order of magnitude. The excess absorption of

this 60 nm thin film is attributed to severe scat-

tering since the lateral size of domains (100 nm),

though sufficiently large for dipolar coupling of

excitons, is too small to support coherent propa-
gation of an electromagnetic wave of comparable

wavelength. The wave vector has the same orien-

tation in all domains but the energy propagation

follows the Poynting vector ~S ¼ ~E � ~H which in

neighbouring domains points into different direc-

tions, resulting in a short lifetime of the coherent

polarization due to scattering. Electroabsorption

spectra are less affected since they derive from the
field-induced change of coherently transmitted



Fig. 3. Absorption a and electroabsorption spectra Da of a 60

nm thick T6 film. Dashed lines show absorption spectra cal-

culated for different preferential orientation of domains and a

calculated Da spectrum for a distribution around # ¼ 30�.
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light. Each domain responds by the quadratic

Stark shift of the weak and field broadening of the

strong exciton. The calculated spectra are based on

a preferential orientation #0 ¼ 30�, similar to the

situation in the single crystal. The position of the
spectral features is insensitive to a variation of #0

which mainly alters the size of the various peaks.

Matching calculated and experimental spectra

yields a molecular polarizability of 415 �A3 and a

transition dipole moment near 5 e�A. In view of the

unknown distribution of dipole moments relevant

for the Stark shift and the field broadening we

consider that agreement as satisfactory since it is
obtained without a free parameter.
Fig. 4. Absorption and electroabsorption spectra of a 25 nm

thick T4 film oriented on KAP. Dashed and dotted lines show

calculated spectra. Arrows indicate exciton transition energies.
2.2. Spectra of quaterthiophene films

T4 films grown on potassium phthalate acid

(KAP) have the unit cell of a-T4 which contains

four molecules [8]. The T4 molecules orient their

axis along the c-axis of KAP resulting in strongly
anisotropic spectra [9]. Depending on what crystal
face lies parallel to the substrate two orientations

are observed. In most domains the molecular axis

is steeply inclined with respect to the substrate

(# ¼ 29�) while in much fewer domains molecules
have a smaller inclination angle (# ¼ 61�) [10]. The

sample thus is better defined than the T6 film but a

25 nm thin film yields a similar featureless

absorption spectrum (Fig. 4). The absorption peak

with a long absorption tails at low energy is blue

shifted compared to the spectrum of molecules in

solution. From the solution spectrum we derive the

oscillator strength f ¼ 3:65 which is distributed to
a vibronic progression to match the richly struc-

tured electroabsorption spectrum. The arrows

indicate the position of the excitons, listed in Table

1 together with the linewidth c and their contri-

bution v to the dielectric constant. Directional

dispersion shifts the absorption peak from the

exciton energy at 3.07–3.67 eV. Assuming for all

domains the same orientation # ¼ 29�, which
corresponds to a single crystal, produces the cor-

rect height but a too narrow absorption peak.



Table 1

Lorentz-parameter of the vibronic progression of the main exciton in T4 and the b-polarized exciton in PTCDA

Transition 0–0 0–1 0–2 0–3 0–4 0–5

T4 eð1Þ ¼ 2:6 �hxT (eV) 3.070 3.247 3.424 3.600 3.780

v 0.78 0.32 0.09 0.03 0.01

�hc (meV) 160 160 170 180 180

PTCDA eð1Þ ¼ 3:2 �hxT (eV) 2.185 2.375 2.555 2.735 2.915 3.090

v 0.58 0.25 0.14 0.05 0.02 0.008

�hc (meV) 110 125 150 160 170 170
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Including 20% of domains with orientation
# ¼ 61� reproduces the observed absorption spec-

trum much better Fig. 5.

The electroabsorption spectrum is modelled by

field broadening the strong transition dipole and

by accounting for the effects of the coherent

polarization. The calculation assumed again do-

mains with narrow distributions around # ¼ 29�

and 61� as in the absorption spectrum and repro-
duces all the peaks of the Da spectrum above 3.3
Fig. 5. Absorption a and electroabsorption spectra of a 50 nm

thick PTCDA film. Dashed and dotted absorption spectra are

calculated as sum of transmittance or of the absorption, of two

excitons, respectively. The arrows indicate a vibronic progres-

sion for E==b.
eV. It should be noted that all features occur close
to exciton transition energies but their size is very

different from the strength of nearby excitons

(Table 1). The signal size corresponds to field

broadening by 1.1 meV and yields a transition

dipole l ¼ 3:9 e�A in excellent agreement with the

value expected from four molecules in the unit cell

with molecular dipole moments l ¼ 2:0 e�A, de-

rived again from the solution spectrum. The cal-
culation shows an additional peak near 3.2 eV, not

present in the experimental spectrum, which in-

stead shows two significant features at 3.08 and

3.255 eV and a dip near 3.43 eV matching a vib-

ronic progression of 175 meV. The Stark shift of

the weak Davydov component is no likely expla-

nation of these features since no trace of this

component is observed in the absorption spec-
trum. We tentatively assign these features to the

response of flat lying molecules, possibly one or

two layers closest to the substrate. The peak at 3.2

eV found in the calculated spectrum could com-

pensate the positive peak expected from the lead-

ing structure at 3.08 eV.
2.3. PTCDA

The unit cell of PTCDA contains two molecules

which are related to each other by a rotation
around the monoclinic axis b [11]. The Davydov

components are polarized parallel and perpendic-

ular to b and of comparable strength. We distrib-

ute the molecular oscillator strength f ¼ 3:1
evenly between both components and match again

the transition energies to the electroabsorption

spectrum. The parameters of the b-polarized exci-

ton which dominates the spectra are listed in Table 1.
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The isotropic absorption spectrum of the 50 nm

thick film resembles that reported for single crys-

tals and ~E==b [12]. The exciton ~E==½20�1� shows no
clear signal which makes modelling uncertain. We
assumed the same progression as for the b-polar-
ized exciton but shifted by 100 meV to lower en-

ergy. The growth direction is not known but

growth along [0 0 1] is commonly found [11] and

yields # ¼ 30� for that exciton (E ? b). Such ori-

entation could explain its small contribution to the

electroabsorption spectrum. The Da spectrum re-

solves the vibronic progression of the double bond
stretch mode and a good approximation is ob-

tained if field broadening of the excitons is sup-

plemented by a small contribution from the Stark

effect. The Stark shift corresponds to a polariz-

ability of 140 �A3 while field broadening by 0.4 meV

yields only half the value of the dipole moment

expected from the molecular transition dipole

(l ¼ 2 e�A). The signals is probably reduced by the
large transmittance of the second Davydov com-

ponent which may also be responsible for the

deviation of modelled and experimental spectra

near 2.4 eV in the range of the first vibronic sa-

tellite of the b-polarized exciton. We show two

calculated absorption spectra. Spectrum A is the

sum of the absorption of both exciton series while

B is derived again by summing up the transmit-
tance of domains. The latter is more appropriate

for a transmission experiment and suppresses the

strong absorption peaks.
3. Conclusion

The striking difference of the optical properties

of nanocrystalline films and single crystals of p-
conjugated molecules is a consequence of electro-

dynamics. The strong transitions dipoles of the
fundamental excitons are coupled into a coherent

macroscopic polarization which, due to the

anisotropic crystal structure, alters the orientation

of the electric field that drives the exciton dipoles.

Absorption peaks correspond to maxima of Im(e),
the imaginary part of the dielectric constant, and

deviate in their spectral position and strength from

the exciton transition energies. The deviation of
optical and exciton resonance depends on the
respective orientation of exciton dipole and wave

vector of light and increases as the molecules are

tilted out of the plane of the substrate. We

emphasize that these effects require strong excitons
which are spectrally isolated, a situation encoun-

tered in many p-conjugated molecules. Absorption

spectra of films consisting of small domains with

different orientation loose despite their local order

most of the spectral details found in single crystals

but electroabsorption spectra resulting from field-

induced broadening of the strong excitons still

resolve their vibronic progression although the size
of these features does not reflect the strength of

vibronic excitons. All spectral peculiarities are

consistent with the electrodynamics of a set of

oriented strong transition dipoles. The dipole

moments are those found in solution spectra of the

molecules, indicating that molecular states are lit-

tle affected by intermolecular interaction in a solid.

Dipolar coupling dominates while exchange cou-
pling, altering the molecular states and allowing

for charge transfer transitions, is negligible.
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