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Aggregates of interacting molecules can exhibit electronically excited states that are coherently

delocalized over many molecules. This can lead to a strong enhancement of the fluorescence decay rate

which is referred to as superradiance (SR). To date, the temperature dependence of SR is described by a

1/T law. Using an epitaxial dye layer and a Frenkel-exciton based model we provide both experimental and

theoretical evidence that significant deviations from the 1/7 behavior can occur for brick-wall-type

aggregates of finite size leading even to a maximum of the SR at finite temperature. This is due to the

presence of low energy excitations of weak or zero transition strength. These findings are relevant for

designing light-emitting molecular materials.
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Aggregates of fluorescent dye molecules are of great
interest not only for various technological applications, e.g.,
organic light-emitting displays, but also as model systems for
studying the delocalization of electronic excitations in many-
particle physics. Often in these aggregates the distances
between the molecules are so large that there is negligible
overlap of electronic wave functions; i.e., there is no
exchange of electrons. However, the molecules can exchange
electronic excitation via transition dipole-dipole interaction.
This can have a strong effect on their optical properties [1-3].
Some aggregates show an enhancement in the fluorescence
emission rate of a single electronic excitation compared to
that of the individual, noninteracting monomers. This phe-
nomenon is generally referred to as superradiance (SR). (It is
related to the general concept of SR introduced by Dicke [4],
but in the present case restricted to a single optical excitation
[5].) Superradiant molecular aggregates have been exten-
sively investigated experimentally [6—16] and theoretically
[17-24].

The SR depends strongly on temperature. In several
studies a 1/T decay of the SR was observed (see, e.g.,
Refs. [11,12]). It is explained by an excited lowest energy
state of high transition strength (TS) that dominates at low
temperature, but is thermally depopulated at the expense of
states at higher energies with reduced TS. This “canonical”
situation is generally encountered for typical 1D J aggre-
gates of infinite and finite size with parallel arrangement of
the transition dipoles [1].

Here we provide experimental and theoretical results
demonstrating that strong deviations from this 1/7" behav-
ior are possible for 2D aggregates with a brick-wall-type
arrangement of the transition dipoles and a finite size of
N, x N, molecules (cf. inset in Fig. 1). The temperature
dependence of the SR yields direct information on the
excited states and their energetic spectrum and indirect
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information on the intermolecular coupling. The 2D brick-
wall arrangement bears competing negative interactions
(mainly along the direction of the transition dipoles) and
positive interactions (mainly in the direction perpendicular
to the transition dipoles). As we will demonstrate, this can
result in antisymmetric (with respect to the center of the
aggregate) excitonic multiparticle wave functions of the
lowest excited eigenstate. These wave functions lead to
destructive interference of the molecular transition dipoles,
causing vanishing TS. As a consequence, for certain
aggregate sizes and shapes, at small temperatures an
increase of the fluorescence with increasing temperature
is possible, contrary to the established 1/7 behavior.

Our experiments were performed on 2D aggregates
prepared by epitaxial growth of about one layer of the
perylene-type dye PTCDA (see Fig. 1) on the (100) surface
of KCI [25,26]. This surface promotes the arrangement of
the PTCDA molecules in ordered aggregates of the brick-
wall type as illustrated in Fig. 1(a). The transition dipole /i
of the PTCDA molecules is parallel to the long molecular
axis. The details and the optical spectra of this structure
were described in Ref. [27]. One important aspect of our
experimental system is that effects such as static disorder or
strong exciton-phonon coupling that typically complicate
the interpretation of observations are very small, as
reviewed in Sec. | of the Supplemental Material [28].

For measuring the SR, the sample was excited by a
weak laser beam (476 nm) and fluorescence spectra
were recorded systematically under variation of the
sample temperature. The SR enhancement 7gg is defined
via the change in the radiative decay rate, namely,
figgreete / menomer - For jts experimental determination we
use the procedure described by Spano, which exploits the
increase of the intensity of the pure electronic transition
without excitation of an additional vibron (/,_) relative to
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FIG. 1. (a) Enhancement factor 5gg of the superradiance as a

function of temperature. The open circles show experimental data
for a monolayer of PTCDA on the KCI (100) surface. Note the
maximum of #gg* = 50 at 7 ~ 16 K. The dashed line is calcu-
lated for a geometric distribution of aggregates sizes with an
average size of (N, x N,) = 12.4 x 12.4 molecules (cf. Fig. 3)
determined from the LEED Profile. The solid line was multiplied
by an additional factor of 1.2 adapting the theoretical curve to the
experimental situation (for details see the Supplemental Material
[28]). Inset top: Hard sphere model of a 3 x 2 aggregate of
PTCDA molecules on the KCI (100) surface. The transition
dipole moment g is depicted for the top left molecule. Inset
bottom: Experimental and fitted LEED profile of the PTCDA
(1,0) spot using the above mentioned geometric aggregate size
distribution. More details are given in the SI. (b) Fluorescence
(FL) spectra normalized at the 0-0 transition (19600 cm™!) at 6
and 56 K illustrating the enhancement of the 0-0 transition with
respect to the vibronic peaks due to superradiance.

the intensity of transitions to vibrational excited states
(Io—1) [24] [cf. Fig. 1(b)]. Our procedure is described in
Ref. [27] and additional details on its validity are provided
in the Supplemental Material [28]. The obtained SR
enhancement xgg versus temperature curve is displayed
in Fig. 1(a).

In our experiments, the surface is covered by aggregates
separated by structural antiphase boundaries or KClI steps.
As aresult aggregates with a broad distribution in sizes and
shapes are obtained. We determined the aggregate size
distribution by a low energy electron diffraction (LEED)
profile analysis. We consider aggregates of rectangular
shape, with a size of N, x N, molecules with edges as
sketched in Fig. 1.

An experimental and a fitted LEED profile are shown in
the inset of Fig. 1(a). The details of the analysis are described
in the Supplemental Material [28]. We find for the size
distribution of the aggregates: Py y ~ exp (=N A%
exp (-N,A;'), Ay =In[l,, /(T — 1)], with T, ,, denot-
ing the expected values of the underlying one dimensional
distributions. Our analysis yields (N, x N,) = 12.4 x 12.4

molecules (£156 x 156 A?). Important, because N, and N,
are independent, the distribution yields also aggregates of
elongated shape with aspect ratios N, /N, # 1. We note that
due to an optimized sample preparation the average linear
aggregate size was about twice as large as that reported in
earlier experiments [27] (see also Supplemental Material
[28]). This leads to a larger number of coherently coupled
molecules. In combination with an extension of the exper-
imental accessible temperature range to low temperatures we
obtain an 5gg (7T) dependence with new interesting features:
At high temperatures (=20 K) sg (T') is roughly compatible
with the noted 1/T dependence. However, at low T #gr does
not decrease, but slightly increases with 7" and goes through a
maximum at a finite temperature 7', ~ 10 K. This inter-
esting behavior deserves attention.

To understand these observations we perform numerical
simulations based on the Frenkel exciton model [43]. We
treat each monomer as a two level system with an electronic
ground state |g) and one electronically excited state |e),
with energies E, and E,, respectively. These two states are
coupled by a transition dipole g. The electronic ground
state is taken as the state where all monomers are in their
ground state, i.e., |g,e) = |9) - - - |g). Fluorescence origi-
nates from states which possess a single excitation. To
describe such states of the dipole-dipole interacting mono-
mers we consider a basis of localized excitations
|n) =|g)---|e)---|g); i.e., states where one monomer n
is excited and all the others are in the ground state. The
Hamiltonian (of one domain) is given by

H. = Z€|I’l><l’l| + Zvnm|n><m| (1)

n,m

Here, ¢ = E, — E, is the energy difference between the
electronic excited state and the electronic ground state, and
V. is the interaction strength between states |n) and |m),
which we take as the point transition dipole-dipole interaction

Vom = (1/4ﬂ€0)(a/R§zm)[/7n : /Im - 3(/711 ’ Enm)(/zm : ﬁnm)L
with I?nm the direction between monomer n and m and R,,,,,
the corresponding distance. The scaling factor a is used to
take into account various effects including, in particular, the
Franck-Condon factor that is relevant for the interaction,
cf. Ref. [27], and the polarization screening by the KCI
surface. For @ = 1 the dominant interactions are presented in
Fig. 1 of Ref. [27]. All interactions between nearest neighbors
are negative. But there are positive interactions between next
nearest neighbors perpendicular to the dipole direction. We
note that in general one has to use a more sophisticated
method to calculate the interactions and one also has to take
internal and external vibrational modes of the molecules into
account explicitly [41]. However, for the present purpose,
where we aim at a qualitative understanding, we found it
sufficient to use the simple form of the above given point
dipole-dipole interaction.
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Formally the eigenenergies and eigenstates can be written
as He|wy) = Exlwy) with |yy) = 7, c,kln). The radiative
lifetime of these states is inversely proportional to their TS
2

[44], which are calculated as F, =|( gagg|znﬁn lwy)|*, where

,;_[,, is the dipole operator of monomer n. For aligned
molecules with identical transition dipoles (i, = ), as in
our case, this yields F, = y?A; with

E Cnk
n

To treat finite temperatures we assume that thermalization
in the excited state manifold happens fast on the time
scale of radiative decay, so that one has always a
Boltzmann distribution, where each excited state is popu-
lated according to p(T) = (1/Z)exp(—E;/kgT) with
Z => ,exp(—E;/kgT) and kg being the Boltzmann
factor. Then the (temperature-dependent) decay rate from
the excited state to the ground state is given by F(T) =
S pi(T)Fy = wPnsg (T) [44] with the enhancement factor

nsr(T) = > pi(T)As. 3)
X

2

A= )

For our calculations we consider the same type of
rectangular aggregates as for the LEED profile analysis.
We neglect any interaggregate coupling (from our experi-
ments we have no indication of exciton diffusion between
aggregates). As in Ref. [27] we take |i] = 7.4 D. For the
calculations we use @ = 0.4. This is about twice as large as
the interaction strength that is obtained when we take only
the Franck-Condon factor of the 0-0 transition into account
[27] and treats several of the above noted effects in an
effective manner. This value of a is motivated because it fits
the calculations to the experiment. We note that our
principle findings are robust with respect to the value of
a. In Sec. II. b of the Supplemental Material [28] we treat
the coupling to phonons and discuss our approximations.
We note that the used value of a can also fit the nsg (T)
curve of Ref. [27].

Figure 2 presents exemplary curves from the calcula-
tions, illustrating three cases (A—C) representing different
behaviors of #gr (T), which are found for different aspect
ratios N,/N, of the aggregates. From top to bottom N, is
increased, while N, = 10 is fixed. In case A (10 x 10), we
find a monotonic decay of nsg (T') with increasing temper-
ature. The curve shows a fast initial decay before it decays
more slowly (roughly like 1/7T). For case B (10 x 20), the
initial decay is very steep and followed by a slight increase
leading to a local maximum and a slow decay again.
Finally, in case C (10 x 30), an initial increase is found
followed by a decrease after a maximum. These three cases
are a consequence of the different energies and correspond-
ing TS of the lowest excited eigenstates of the different
aggregates. These are illustrated together with the wave
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FIG. 2. Left: Temperature dependence of the enhancement
factor nggr, according to Eq. (3) for different aggregates of N, x
N, molecules. Right: Stick spectra of the transition strengths of
the lowest eigenstates corresponding to the respective aggregates.
The energies are referenced versus the excitation energy e of the
single molecule. The eigenstates are marked by filled (TS > 0) or
open circles (TS = 0). The inset illustrates the normalized wave
function of the lowest state (k = 1). The values of the real
coefficients c,; are plotted with red and blue color indicating
positive and negative values, respectively. Note that the two wave
functions at the top are symmetric, while the lower is antisym-
metric leading to TS = O for the k = 1 state.

functions of the lowest states (k = 1) in the right column
of Fig. 2.

To understand the 5sg(7) behavior we consider the
energies E; and the corresponding TS (4?Ay) of the lowest
eigenstates. Numerically, we find that if the state with the
lowest energy is bright (A; > 0), then the state with the next
higher energy is dark (A, = 0), and vice versa. Thus it is
instructive to discuss the origin of bright and dark states as
the lowest energy states. It can be understood from the
wave functions illustrated in the right panel of Fig. 2 and it
is an effect from the brick-wall arrangement. Important to
note are the parallel node lines of the wave functions
running along the direction of the transition dipoles which
are a consequence of the intermolecular interactions.
Because a pair of molecules (n,m) contributes to the
eigenenergy by V,,,,c..C.x the presence of node lines turns
positive interactions V,,,, between molecules separated by a
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node line into negative contributions by the factor
CokCmi < 0. The interplay between negative interactions
along the dipole direction (supporting c,;c« > 1) and
positive interactions in the perpendicular direction thus
leads to the node lines in the wave functions. The number of
node lines increases with the elongation of the aggregate. In
addition the symmetry of the wave function of the lowest
eigenstate can change. This is seen in Fig. 2. While the
wave function is symmetric for the quadratic (10 x 10) and
the slightly elongated aggregate (10 x 20) (2 node lines), an
antisymmetric wave function (3 node lines) is formed for
the strongly elongated aggregate (10 x 30). Similar pat-
terns of the wave functions with alternating symmetries are
observed for larger aggregates with increasing elongation.
Importantly, antisymmetric wave functions lead to zero
values of TS, because the positive and negative c,; values
cancel each other in Eq. (2). Thus the size- and shape-
dependent formation of symmetric and antisymmetric wave
functions of the lowest energy state leads to the occurrence
of bright or dark eigenstates at the lowest energies.

In case C one will have a rise in 7gg(7') for increasing
temperature, since bright states are thermally occupied. In
the opposite case when the lowest state is bright (and the
second excited state dark) one has an initial decrease of
nsr(T) (cases A and B). The details depend on the TS and
the energy differences between the lowest states.
Numerically, we found that most of the TS is located on
the first 5—10 states where the ratio between bright and dark
states is roughly equal. As long as the temperature is
smaller than the energy difference of these states, details of
the TS play a role. When the temperature becomes larger,
details of the energy differences and TS of the few lowest
energy states are no longer important and for all aggregate
sizes one obtains a similar curve, which goes roughly like
1/T as expected for a single bright state at k =1 and a
linear density of states [24].

In Fig. 3 we present an overview of ngR* and the
corresponding temperatures 7, for which this maximum
occurs for a large number of N, x N, combinations. In the
top panel ngg* values are displayed for different N, x N,
aggregates. In the bottom panel the corresponding 7.,
values are shown, whereby regions corresponding to the
three cases A, B, and C are indicated. Aggregates where
nsg* occurs at T = 0 (black region) are foremost found for
an aspect ratio N,./ N close to one (cases A and B), but also
for N, or N, < 3 (case A). In the latter case, node planes
perpendicular to the direction of the transition dipoles
cannot form due to the reduced coupling in that direction.
From the top panel one sees that for symmetric aggregates
ngg* ~ 2(N, + N,), which is much smaller than the num-
ber of coherently coupled molecules (N, x N,). Outside
the black area, the maximum occurs at finite temperatures
(case C). In the corresponding regions in the top panel one
finds a clear decrease in 5gg* compared to similar aggre-
gates located in the black region of the bottom panel. One
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FIG. 3. (a) The maximum of the enhancement factor #gg* for
aggregates of different size N, X N,. The blue overlayed isolines
refer to the geometric aggregate size distribution used for the
calculated nsg (T) curve presented in Fig. 1(a). (b) The corre-
sponding temperature 7',,. The regions where the three cases A,
B, and C apply are indicated and separated by blue lines. For
further details see text.

also sees that in this region the smaller value of N, and N,
determines #gg* and the temperature 7, at which it
appears.

We finally compare to our experimental results. In
Fig. 1(a), in addition to the experimental data, the calculated
nsr (T) curves are shown: ngg = » ﬁNX,N‘. “Nsr(Ny, Ny, T),
whereby Py n, =Py, (N, xNy)/ EPNX,N}_ (N, x Ny).
Here, results from Eq. (3) for different N, x N, aggregates
are averaged using the probability distribution Py n,
extracted from LEED and a geometric factor N, X N,
accounting for the absorption cross section of the respective
aggregates. The distribution Py _y is indicated in Fig. 3(a).
We obtain a very good agreement to the shape of the
experimental #gg(7) curve. We note that the s (7) curve
cannot be explained by quadratic aggregates only, because
then the 7" dependence (in particular the shape) cannot be
fitted. This implies that in the experiment a large number of
rectangular aggregates with a ratio N, /N, # 1 exists, which
is plausible from the two independent growth directions x and
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v, and also supported from LEED analysis (see Supplemental
Material [28]).

Our theoretical and experimental results show that for
2D brick-wall aggregates the smallest temperature does not
necessarily give the largest fluorescence rate. Theoretically,
we have found that the temperature dependence of the
enhancement can show various different behaviors, which
strongly depend on the shape of aggregates. The reason is
that elongated aggregates favour antisymmetric wave
functions which exhibit small transition strength. Our
results can be used for the design of light emitting
materials, since they demonstrate that the radiative lifetime
can be dramatically effected not only by the size but also by
the shape of finite size molecular aggregates.

We acknowledge helpful discussions with J. Wollschldger
and support by the Deutsche Forschungsgemeinschaft
through the Project No. So407/8-1.
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