PHYSICAL REVIEW B

CONDENSED MATTER

THIRD SERIES, VOLUME 54, NUMBER 5 1 AUGUST 1996-I

BRIEF REPORTS

Brief Reports are accounts of completed research which, while meeting theRlsygital Review Bstandards of scientific quality, do
not warrant regular articles. A Brief Report may be no longer than four printed pages and must be accompanied by an abstract. The
same publication schedule as for regular articles is followed, and page proofs are sent to authors.

Numerical study of excitons in a two-dimensional organic dye aggregate

Akihiro Tomioka and Kenjiro Miyano
Department of Applied Physics, Faculty of Engineering, University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113, Japan
(Received 1 December 1995; revised manuscript received 19 March 1996

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 eneeggn 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.[S0163-18206)07529-1

I. INTRODUCTION Il. NUMERICAL MODEL

After the seminal numerical study of excitons by

Strong interaction between organic dye molecules in agschyreiber and Toyozawayarious degrees of sophistication
gregate makes excitons a suitable description of their exciteflaye peen tried. The off-diagonal disorder have been taken
eigenstate$ One-dimensional1D) exciton states in dye ag- into account with the long-range dipole-dipole interacfdn.
gregates have been studied extensively. The theoreticghe correlated diagonal disorder has been also considered in
analysis based on a model Hamiltonian has been shown agiqer to explain the anomalous nonlinear behavior.
equate to describe the experimental obseérv%tmept for For the current study of 2D excitons, however, we restrict
the details, such as the “correlated disordétfowever, not 4 rselves to the simplest case of the Gaussian diagonal dis-
much attention has been paid to the effect of the dimensionsger and the nearest neighbor interaction without disorder.
ality on the exciton states in dye aggregates. Since the exCirhe reason is partly because of the computational difficulty
tation can extend easily in higher dimensions, the delocalizgy, treating much larger matrices in a 2D system. But it is
tion paramete(number of molecules within the coherence mostly pecause the simple model can reproduce the experi-
length of an excitonshould be larger in a two-dimensional mental results reasonably well, as will be shown below.

(2D) system than in a 1D system. _ Thus, our model Hamiltonian is the following:
Recently we have demonstrated a 2D nature of the exci-

tons in a monolayer of a cyanine d¢lere we present the

results of a simple numerical study to elucidate the nature of H:E. eala+ >, A > N VaiTaj , (1)
excitons in two-dimensional organic dye aggregates. It i nearestneighboti, )

should be stressed that not only the absorption spectrum but

also the fluorescence spectrum and other optical propertieghere the operatoa; (a;) excites(deexcitey the ith mol-
observed experimentally can all be reproduced from a singlecule(with the excitation energy;). V is the transfer energy
model. of the excitation from thgth molecule to theth molecule
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and is included only for the nearest neighbors. The on-sitéater time. A simple argument can be méad show that the
energy has a Gaussian disorder with the standard deviatidransition between exciton states are proportional to the wave

D. function overlap defined as
The Hamiltonian[Eqg. (1)] has been diagonalized with a M
fixed V (deduced from the experimgrand a varying param- W(1,3)=> uZu?, 2
eterD/|V| (degree of disordgr The cyclic boundary condi- . . =1 . .
tion was not employed to see the size effect. whereu,; is the amplitude of théth exciton wave function at

theith molecule.
Figure 1 shows the value of E(R) in gray scale obtained
in a single calculation on a system composed of
M =1444(38< 38) molecules. The diagonal elements repre-
A. Relaxation process sent the degree of localizatibwhereas the off-diagonal el-
ements show the transition probability between the two
In our previous stud,it was shown that the absorption states. Starting from any exciton state, one can easily trace
spectrum can be well reproduced by choosiV|=0.9,  all possible relaxation pathways on this map. If we take a
where|V| was found experimentally to be 514 crhand the  higher exciton level as the initial excited state, the number of
average of on-site energy was 19440 ¢n The fluores- relaxation pathways grows rapidly, which forces us to treat
cence spectrum was reproduced if we assumed that the lowhe relaxation process statistically.
est six exciton levels fluores¢enly 0.4% of the number of
total exciton levels This fact reveals the strong tendency of  B. Fluorescence simulation based on a relaxation model
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 si

Ill. RESULTS AND DISCUSSIONS

Based on the argument of the previous section, we pro-
ﬁose a model for fluorescence simulation taking into account
of the simulated spectrum due to the artificial restriction of e'relaxatlon path network. Inset in Fig. 1 depicts the bas[c

notion of the model. Upon absorbing a photon, the system is

the fluorescent sites. ) . ! -
To get more realistic spectrum we must take into consid-exc'ted up to one of the exciton levdlsvith the probability

eration the probability of fluorescence from a given Statepropornongl to the transition moment squared. Then the sys-
! ! . : tem (a) emits a photon ofb) relaxes to another exciton state

tracing the relaxation process from the initial excited state” . ; - . )

) . J with a branching probability proportional to the ratio of the

down to the final fluorescing state. Then we can construct th tansition moment square@fluorescencef) to the wave

fluorescence spectrum by making a histogram of this ﬁnarunction overla bet\(jveen and J stateé (relaxation, r)

fluorescence process weighed with the calculated probability., . P T

. . . hich can be expressed as

We assume that the relaxation between exciton states is me-

diated by the linear exciton-phonon  coupling, P.(1) IM(1)|2

>igala(b/+b;), whereb/+b; is the molecular deforma- = , 3

. . P.(1,J) w(l,J)

tion operator and we assume that the exciton couples effec-

tively to the intramolecular vibrations that have large densityusing a scaling factoR. Here we completely neglected the

of states spread over the energy scale of our interesionradiative transition to the ground state, which can be jus-

(<500 cm™ ). This interaction is already folded into the tified by the high quantum efficiency of the fluorescence

disorder parameteD together with the static disorder and from a 2D dye aggregate at low temperatiire.

therefore, within the time scale in which the Frank-Condon Employing this relaxation-emission branching model,

principle applies, no interaction between exciton stategluorescent emission spectrum was calculated by varying the

should exist. However, since the lifetime of an exciton isscaling factorR. To reduce the computational load, the ag-

expected to be much longer than the period of relevant vigregate size was reduced to>288 and the spectrum was

brations, the exciton created is no longer an eigenstate atdeduced from 200 calculations. The resulting spectrum is
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FL 4.6K FIG. 3. Measured fluorescence spedtiaes) under photoexci-

tation within the fluorescence barfohdicated by arrowsand the
1250 results of simulatio(dot9 corresponding to the respective experi-
“‘E's mental conditions.
1200 ®
] & (1/=M 1]u;|%) is small for the exciton states at the band
110 § bottom whereas the reverse holds for the remaining exciton
:1oo§ states. Therefo_re, relaxati_on is very efficient for the large
3 g majority of exciton levels independent of the magnitude of
1s0 2 R as far as it is small enough, effectively funneling all en-
1 © ergy down to the “trapped” states.
o 0 C. Fluorescence with selective excitation
¢ 2 Eigengnergy 2 ¢ From the discussions in the previous section, it is ex-

FIG. 2. (a) Fluorescence spectrum of the aggregate. Note th€cted that the fluorescence spectrum is rather insensitive to

good fit on both sides of the peak between the experimental spedh€ excitation photon energy. This has been confirmed ex-
trum (solid line) at 4.6 K and the simulatiotshown by dotsbased perimentally and can be reproduced numerically as follows.
on the relaxation model witlR=3x10"°. Both were performed The simulation shown with dots in Fig.(@ has been

with a photoexcitation at 2.04 — 2.2210* cm~L. Identical spec- performed with a photoexcitation between 450 and 490 nm,
trum results when the simulation is performed with the whole ex-which is at the top of the exciton band. An identical fluores-
citon band photoexcited uniformlgshown by squargs(b) Distri- cence spectrum resulted as shown with squares in the same
bution of the transition momershown by open circlgsand the  figure, when calculation was performed assuming that the
delocalization parametédots of exciton over the whole eigenen- entire exciton band450—-600 nm has been uniformly ex-
ergy region obtained from a single calculation. cited.

Average number of relaxation steps from a given starting
shown with dots in Fig. @). Here, the system is photoex- exciton has been found to be very small. Less than ten relax-
cited uniformly by illuminating over 450 to 490 nm, which ation steps are needed to travel even top-to-bottom of the
corresponds to the experimental condition. Since the energgxciton band. The number was found to be effectively inde-
scaling specified by the transfer enetgyas determined by pendent of the aggregate size: 0.3, 7.3:0.3, and
the fitting to absorption spectrurk was the only parameter 7.4+0.3 for M=784, 1444, and 2304, respectively, under
to vary. When we increaseR, fluorescence process becamethe same photoexcitation over 450 nm through 490 nm. A
preferred to the relaxation procefgq. (3)], and therefore preliminary fluorescence lifetime measurement at 80 K
the spectrum peak shifted to higher energy making the peaghows that the decay rate 1810 ps reflecting the large os-
width broader. When we s&®®=3x109, the fluorescence cillator strength of the fluorescing states. The decay occurred
spectrum best fits to the experimental data as shown in Figmmediately after the resonant excitation but a dwell time of
2(a). The good agreement both on the low energy side and-25 ps was observed when excited at 380 nm. This obser-
the high energy side of the peak is now clear, which is arvation is in line with our relaxation model.
improvement over the previous modelt the liquid He Based on the same argument as above, we expect no
temperature phonon is not expected to scatter excitons tguantitative difference in the fluorescence spectrum when
higher energy, which justifies the current model that treatexcited within fluorescence band. Figure 3 shows the result
relaxation process only to lower energy levels. of experiments using a cw dye laser with a linewidth of 15

The fluorescence spectrum was essentially the same fam 1. Note that the fluorescence profiles are essentially the
R<10%. This implies that in the real aggregates the relax-same below the excitation energndicated by arrows In
ation proceeds all the way down to the states which ardig. 3, we also plotted the results of fluorescence simulations
“trapped” in the sense that no further relaxation to lower based on the relaxation model. The essential features of the
states is possible due to the lack of wave function overlagpectra are reproduced. For this specimen the absorption
(e.g., levels 3, 5, 6, and 7 in Fig).1Hence these states are spectrum was fitted wittD/|V|=1.0 and|V|=534 cm !
spatially isolated. Figure (B) shows that(a) the transition and a scaling factoR=7x10"° was used to reproduce the
moment is large and(b) the delocalization parameter fluorescence spectra. The exact valudrkaé unimportant as
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which the excitation is expected to stay in that level in the

= 0.3 St ‘ o Simulation 40 relaxation/fluorescence process. This excitation resident time
3 0.30F ----- eri@n é\.%\o 1 should be inversely proportional to the decay rate, i.e., the
9 oosb] s 12 min /{,, Y 130 £ sum of(1) the fluorescing rate of the level a(@) the relax-
s F ¥ \Q‘ i g ation rate away from that level. Hence, using a scaling factor
< 020 Fa- \ 1 = B, we took the bleaching probability of a levielas
2 ] /,'/ ‘K'\@ 20 B
< 015 ofir i o ] P ()= 4
0.10f /f’ N ] u(1) RIM(D[*+2521W(1,3) @
: C l'l s < “1 . . . . . . .
o 055 9/, \“K@; 10 which is consistent with Eq3). In this model, an excitation
E B ] at a levell can take three path$l) fluorescence(2) relax-
000 1 v v vl vl e il ation, and(3) bleaching. Adding the third branch to the pre-
164 166 W1'68 :)'7 lrz 174 vious fluorescence model in Sec. 111 B, bleaching probability
(b) ave number (10° cm™) of each exciton level was calculated.
40— — ——— The actual calculation was performed as follows. An ex-
— 35f Yo ng:oo citon level was picked up according to the bleaching prob-
E 1 B=1 / \ e Nbo20 ability. Five molecules with the largest amplitudes in this
e /,: Sy \ ----- Nb=30 level were “bleached” at once, and then the whole exciton
= 25} /,“/, \* levels were recalculated. This bleaching and recalculation
20f \ was repeated six times. The resulting absorption spectrum is

shown in Fig. 4b): 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
g and leaving high energy shoulder not very much affected.
ok AN B R R B Note that, although only the low energy edge is bleached, it
4.8 -4.4 -4 3.6 does not mean that the molecules responsible for these low-
EigenEnergy lying levels are bleached as was originally inferred in Ref. 4.
FIG. 4. Absorbance change induced by photobleactimdgSuc-  In fact, if only these molecules are bleached, the net result is
cessive absorption spectra recorded at room temperature in everygsignificantincreasein the absorption near the absorption
min while the specimen was illuminated continuously with a room peak.
light. (b) Simulated absorption spectrum, the original and those af- | the strict sense of the model, only one molecule should
ter “photobleaching” 10, 20, and 30 molecules. Since the experi-ne pleached at a time from one exciton level. We chose to
ment was performed at room temperature, the best-fit disorder pasieach five molecules instead to save computation time. A
rameter wasD/|V|=1.1. similar calculation in which only one molecule was bleached

discussed in Sec. llIB. Although the actual peaks appeagts?rsirlr: rbeustu\?{'th a smaller aggregate size X2D) showed

sharper than those reproduced by the simulation, the spikes
120 cm ! below the excitation energy is the Raman band; IV. CONCLUSION

after removing their contribution the peak shape matches the The absorption and the fluorescence spectrum observed in
simulation. The excitation beam linewidth was set twice asa two-dimensional cyanine dye aggregate have been success-
wide in the simulation as the actual linewidth to reduce thefully reproduced by a numerical simulation with the same set
iteration number of calculation. Even under this condition,of parameters taking into account the on-site energy disorder.
2000 iterations of calculation were necessary to produce thghe “trapped” states, which have been identified at the ex-
spectrum because chances were few to have absorbing exgiton band bottom as having large transition moment and as
ton levels falling within the excitation linewidth. showing localized spatial distribution, have proven to be
solely responsible for the fluorescence. This was further sup-
] ) o ported by the characteristic photobleaching showing good
The photobleaching occurs in a very distinct manner aggreement between experiment and simulation. The remain-
shown in Fig. 4a). While the low energy edge of the spec- jng majority of the excited states, with small transition mo-
trum is bleached, the shoulder at the high energy side doggent and being less localized in the aggregate, have been
not change appreciably. found to highly overlap among one another and therefore

Because the photobleaching is likely to be due to the oxiproduce a fast and near-perfect relaxation down to the lowest
dation of the double bond in the dye molecule and subse-trapped” states.

qguent loss of the absorption energy level in the visible, we
model the process by setting the on-site energy of the
“bleached” molecule to bet+2D and by removing all the
excitation transfer to that molecule. This effectively elimi-  We are indebted to Akira Nabetani who kindly let us use
nates the molecule from contributing to the optical absorpthe experimental data. This work was supported in part by a
tion. The molecules to be bleached were selected as thoggrant-in-Aid for Scientific Research from the Ministry of
having the largest wave function amplitude of an excitonEducation, Science, and Culture, partly by The Kurata Re-
level. The candidate exciton level was selected statisticallgearch Grant, and by a grant from Takeda Science Founda-
with a probability proportional to the resident time during tion.

D. Photobleaching
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