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A simple numerical simulation taking into account the on-site energy disorder within a two-dimensional
~2D! dye aggregate has been successfully employed to reproduce both the absorption and fluorescence spectra
observed experimentally in organic dye monolayers. The amount of the on-site energy disorder required for the
fit was found to be quite large (90% of the excitation transfer energy! even at low temperature and yet the
excitons spread over.100 molecules spatially, which is a good manifestation of the 2D nature of the excitons.
Detailed investigation of the relaxation process prior to the fluorescent emission revealed that relaxation is so
dominant that even if higher energy levels in the exciton band are excited, they should relax down with a
probability; 1 to the lowest 0.4% levels at the exciton band bottom before they fluoresce and only with less
than 10 relaxation steps. This was found to be due to high extent of wave function overlap between the exciton
levels, and it accounts for a short but finite time lag between the excitation at the band top and the fluorescence
decay.@S0163-1829~96!07529-7#

I. INTRODUCTION

Strong interaction between organic dye molecules in ag-
gregate makes excitons a suitable description of their excited
eigenstates.1 One-dimensional~1D! exciton states in dye ag-
gregates have been studied extensively. The theoretical
analysis based on a model Hamiltonian has been shown ad-
equate to describe the experimental observation2 except for
the details, such as the ‘‘correlated disorder.’’3 However, not
much attention has been paid to the effect of the dimension-
ality on the exciton states in dye aggregates. Since the exci-
tation can extend easily in higher dimensions, the delocaliza-
tion parameter~number of molecules within the coherence
length of an exciton! should be larger in a two-dimensional
~2D! system than in a 1D system.

Recently we have demonstrated a 2D nature of the exci-
tons in a monolayer of a cyanine dye.4 Here we present the
results of a simple numerical study to elucidate the nature of
excitons in two-dimensional organic dye aggregates. It
should be stressed that not only the absorption spectrum but
also the fluorescence spectrum and other optical properties
observed experimentally can all be reproduced from a single
model.

II. NUMERICAL MODEL

After the seminal numerical study of excitons by
Schreiber and Toyozawa,5 various degrees of sophistication
have been tried. The off-diagonal disorder have been taken
into account with the long-range dipole-dipole interaction.2,6

The correlated diagonal disorder has been also considered in
order to explain the anomalous nonlinear behavior.3

For the current study of 2D excitons, however, we restrict
ourselves to the simplest case of the Gaussian diagonal dis-
order and the nearest neighbor interaction without disorder.
The reason is partly because of the computational difficulty
in treating much larger matrices in a 2D system. But it is
mostly because the simple model can reproduce the experi-
mental results reasonably well, as will be shown below.

Thus, our model Hamiltonian is the following:

H5(
i

e iai
†ai1 (

nearest
(

neighbor~ i , j !
Vai

†aj , ~1!

where the operatorai
† (ai) excites~deexcites! the i th mol-

ecule~with the excitation energye i). V is the transfer energy
of the excitation from thej th molecule to thei th molecule
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and is included only for the nearest neighbors. The on-site
energy has a Gaussian disorder with the standard deviation
D.

The Hamiltonian@Eq. ~1!# has been diagonalized with a
fixedV ~deduced from the experiment! and a varying param-
eterD/uVu ~degree of disorder!. The cyclic boundary condi-
tion was not employed to see the size effect.

III. RESULTS AND DISCUSSIONS

A. Relaxation process

In our previous study,4 it was shown that the absorption
spectrum can be well reproduced by choosingD/uVu50.9,
whereuVu was found experimentally to be 514 cm21 and the
average of on-site energy was 19440 cm21. The fluores-
cence spectrum was reproduced if we assumed that the low-
est six exciton levels fluoresce~only 0.4% of the number of
total exciton levels!. This fact reveals the strong tendency of
relaxation from the initial excited state far down to the low-
est localized states. Although the overall profile was in good
agreement, there was an abrupt drop in the high energy side
of the simulated spectrum due to the artificial restriction of
the fluorescent sites.

To get more realistic spectrum we must take into consid-
eration the probability of fluorescence from a given state,
tracing the relaxation process from the initial excited state
down to the final fluorescing state. Then we can construct the
fluorescence spectrum by making a histogram of this final
fluorescence process weighed with the calculated probability.
We assume that the relaxation between exciton states is me-
diated by the linear exciton-phonon coupling,
( igai

†ai(bi
†1bi), wherebi

†1bi is the molecular deforma-
tion operator and we assume that the exciton couples effec-
tively to the intramolecular vibrations that have large density
of states spread over the energy scale of our interest
(,500 cm21). This interaction is already folded into the
disorder parameterD together with the static disorder and
therefore, within the time scale in which the Frank-Condon
principle applies, no interaction between exciton states
should exist. However, since the lifetime of an exciton is
expected to be much longer than the period of relevant vi-
brations, the exciton created is no longer an eigenstate at a

later time. A simple argument can be made4 to show that the
transition between exciton states are proportional to the wave
function overlap defined as

W~ I ,J!5(
i51

M

uIi
2uJi

2 , ~2!

whereuIi is the amplitude of theI th exciton wave function at
the i th molecule.

Figure 1 shows the value of Eq.~2! in gray scale obtained
in a single calculation on a system composed of
M51444(38338) molecules. The diagonal elements repre-
sent the degree of localization7 whereas the off-diagonal el-
ements show the transition probability between the two
states. Starting from any exciton state, one can easily trace
all possible relaxation pathways on this map. If we take a
higher exciton level as the initial excited state, the number of
relaxation pathways grows rapidly, which forces us to treat
the relaxation process statistically.

B. Fluorescence simulation based on a relaxation model

Based on the argument of the previous section, we pro-
pose a model for fluorescence simulation taking into account
the relaxation path network. Inset in Fig. 1 depicts the basic
notion of the model. Upon absorbing a photon, the system is
excited up to one of the exciton levelsI with the probability
proportional to the transition moment squared. Then the sys-
tem ~a! emits a photon or~b! relaxes to another exciton state
J with a branching probability proportional to the ratio of the
transition moment squared~fluorescence,f ) to the wave
function overlap betweenI and J states ~relaxation, r ),
which can be expressed as

Pf~ I !

Pr~ I ,J!
5R

uM ~ I !u2

W~ I ,J!
, ~3!

using a scaling factorR. Here we completely neglected the
nonradiative transition to the ground state, which can be jus-
tified by the high quantum efficiency of the fluorescence
from a 2D dye aggregate at low temperature.8

Employing this relaxation-emission branching model,
fluorescent emission spectrum was calculated by varying the
scaling factorR. To reduce the computational load, the ag-
gregate size was reduced to 28328 and the spectrum was
deduced from 200 calculations. The resulting spectrum is

FIG. 1. Gray scale map of the extent of wave
function overlap between theI th exciton ~ordi-
nate! and theJth exciton~abscissa!. The diagonal
element is equivalent to the inverse magnitude of
delocalization parameter of the corresponding ex-
citon. Inset: Model of deexcitation. After being
photoexcited, stateI either ~a! emits a photon or
~b! relaxes to another stateJ of lower energy with
a branching ratioR.
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shown with dots in Fig. 2~a!. Here, the system is photoex-
cited uniformly by illuminating over 450 to 490 nm, which
corresponds to the experimental condition. Since the energy
scaling specified by the transfer energyV was determined by
the fitting to absorption spectrum,R was the only parameter
to vary. When we increasedR, fluorescence process became
preferred to the relaxation process@Eq. ~3!#, and therefore
the spectrum peak shifted to higher energy making the peak
width broader. When we setR5331026, the fluorescence
spectrum best fits to the experimental data as shown in Fig.
2~a!. The good agreement both on the low energy side and
the high energy side of the peak is now clear, which is an
improvement over the previous model.4 At the liquid He
temperature phonon is not expected to scatter excitons to
higher energy, which justifies the current model that treats
relaxation process only to lower energy levels.

The fluorescence spectrum was essentially the same for
R<1026. This implies that in the real aggregates the relax-
ation proceeds all the way down to the states which are
‘‘trapped’’ in the sense that no further relaxation to lower
states is possible due to the lack of wave function overlap
~e.g., levels 3, 5, 6, and 7 in Fig. 1!. Hence these states are
spatially isolated. Figure 2~b! shows that~a! the transition
moment is large and~b! the delocalization parameter

(1/( i51
M uuIi u4) is small for the exciton states at the band

bottom whereas the reverse holds for the remaining exciton
states. Therefore, relaxation is very efficient for the large
majority of exciton levels independent of the magnitude of
R as far as it is small enough, effectively funneling all en-
ergy down to the ‘‘trapped’’ states.

C. Fluorescence with selective excitation

From the discussions in the previous section, it is ex-
pected that the fluorescence spectrum is rather insensitive to
the excitation photon energy. This has been confirmed ex-
perimentally and can be reproduced numerically as follows.

The simulation shown with dots in Fig. 2~a! has been
performed with a photoexcitation between 450 and 490 nm,
which is at the top of the exciton band. An identical fluores-
cence spectrum resulted as shown with squares in the same
figure, when calculation was performed assuming that the
entire exciton band~450–600 nm! has been uniformly ex-
cited.

Average number of relaxation steps from a given starting
exciton has been found to be very small. Less than ten relax-
ation steps are needed to travel even top-to-bottom of the
exciton band. The number was found to be effectively inde-
pendent of the aggregate size: 7.160.3, 7.360.3, and
7.460.3 for M5784, 1444, and 2304, respectively, under
the same photoexcitation over 450 nm through 490 nm. A
preliminary fluorescence lifetime measurement at 80 K
shows that the decay rate is;10 ps reflecting the large os-
cillator strength of the fluorescing states. The decay occurred
immediately after the resonant excitation but a dwell time of
;25 ps was observed when excited at 380 nm. This obser-
vation is in line with our relaxation model.

Based on the same argument as above, we expect no
quantitative difference in the fluorescence spectrum when
excited within fluorescence band. Figure 3 shows the result
of experiments using a cw dye laser with a linewidth of 15
cm21. Note that the fluorescence profiles are essentially the
same below the excitation energy~indicated by arrows!. In
Fig. 3, we also plotted the results of fluorescence simulations
based on the relaxation model. The essential features of the
spectra are reproduced. For this specimen the absorption
spectrum was fitted withD/uVu51.0 and uVu5534 cm21

and a scaling factorR5731025 was used to reproduce the
fluorescence spectra. The exact value ofR is unimportant as

FIG. 2. ~a! Fluorescence spectrum of the aggregate. Note the
good fit on both sides of the peak between the experimental spec-
trum ~solid line! at 4.6 K and the simulation~shown by dots! based
on the relaxation model withR5331026. Both were performed
with a photoexcitation at 2.04 – 2.223104 cm21. Identical spec-
trum results when the simulation is performed with the whole ex-
citon band photoexcited uniformly~shown by squares!. ~b! Distri-
bution of the transition moment~shown by open circles! and the
delocalization parameter~dots! of exciton over the whole eigenen-
ergy region obtained from a single calculation.

FIG. 3. Measured fluorescence spectra~lines! under photoexci-
tation within the fluorescence band~indicated by arrows! and the
results of simulation~dots! corresponding to the respective experi-
mental conditions.
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discussed in Sec. III B. Although the actual peaks appear
sharper than those reproduced by the simulation, the spikes
120 cm21 below the excitation energy is the Raman band;
after removing their contribution the peak shape matches the
simulation. The excitation beam linewidth was set twice as
wide in the simulation as the actual linewidth to reduce the
iteration number of calculation. Even under this condition,
2000 iterations of calculation were necessary to produce the
spectrum because chances were few to have absorbing exci-
ton levels falling within the excitation linewidth.

D. Photobleaching

The photobleaching occurs in a very distinct manner as
shown in Fig. 4~a!. While the low energy edge of the spec-
trum is bleached, the shoulder at the high energy side does
not change appreciably.

Because the photobleaching is likely to be due to the oxi-
dation of the double bond in the dye molecule and subse-
quent loss of the absorption energy level in the visible, we
model the process by setting the on-site energy of the
‘‘bleached’’ molecule to be12D and by removing all the
excitation transfer to that molecule. This effectively elimi-
nates the molecule from contributing to the optical absorp-
tion. The molecules to be bleached were selected as those
having the largest wave function amplitude of an exciton
level. The candidate exciton level was selected statistically
with a probability proportional to the resident time during

which the excitation is expected to stay in that level in the
relaxation/fluorescence process. This excitation resident time
should be inversely proportional to the decay rate, i.e., the
sum of~1! the fluorescing rate of the level and~2! the relax-
ation rate away from that level. Hence, using a scaling factor
B, we took the bleaching probability of a levelI as

Pbl~ I !5
B

RuM ~ I !u21(J51
I21W~ I ,J!

, ~4!

which is consistent with Eq.~3!. In this model, an excitation
at a levelI can take three paths:~1! fluorescence,~2! relax-
ation, and~3! bleaching. Adding the third branch to the pre-
vious fluorescence model in Sec. III B, bleaching probability
of each exciton level was calculated.

The actual calculation was performed as follows. An ex-
citon level was picked up according to the bleaching prob-
ability. Five molecules with the largest amplitudes in this
level were ‘‘bleached’’ at once, and then the whole exciton
levels were recalculated. This bleaching and recalculation
was repeated six times. The resulting absorption spectrum is
shown in Fig. 4~b!: the initial one and those after bleaching
total of 10, 20, and 30 molecules. Basic feature of the change
is well reproduced, diminishing only at the low energy side
and leaving high energy shoulder not very much affected.
Note that, although only the low energy edge is bleached, it
does not mean that the molecules responsible for these low-
lying levels are bleached as was originally inferred in Ref. 4.
In fact, if only these molecules are bleached, the net result is
a significantincreasein the absorption near the absorption
peak.

In the strict sense of the model, only one molecule should
be bleached at a time from one exciton level. We chose to
bleach five molecules instead to save computation time. A
similar calculation in which only one molecule was bleached
at a time but with a smaller aggregate size (20320) showed
a similar result.

IV. CONCLUSION

The absorption and the fluorescence spectrum observed in
a two-dimensional cyanine dye aggregate have been success-
fully reproduced by a numerical simulation with the same set
of parameters taking into account the on-site energy disorder.
The ‘‘trapped’’ states, which have been identified at the ex-
citon band bottom as having large transition moment and as
showing localized spatial distribution, have proven to be
solely responsible for the fluorescence. This was further sup-
ported by the characteristic photobleaching showing good
agreement between experiment and simulation. The remain-
ing majority of the excited states, with small transition mo-
ment and being less localized in the aggregate, have been
found to highly overlap among one another and therefore
produce a fast and near-perfect relaxation down to the lowest
‘‘trapped’’ states.
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FIG. 4. Absorbance change induced by photobleaching.~a! Suc-
cessive absorption spectra recorded at room temperature in every 6
min while the specimen was illuminated continuously with a room
light. ~b! Simulated absorption spectrum, the original and those af-
ter ‘‘photobleaching’’ 10, 20, and 30 molecules. Since the experi-
ment was performed at room temperature, the best-fit disorder pa-
rameter wasD/uVu51.1.
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