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We calculate the temperature dependence of the fluorescence Stokes shift and the fluorescence decay
time in linear Frenkel exciton systems resulting from the thermal redistribution of exciton
population over the band states. The following factors, relevant to common experimental conditions,
are accounted for in our kinetic modéweak localization of the exciton states by static disorder,
coupling of the localized excitons to vibrations in the host medium, a possible nonequilibrium of the
subsystem of localized Frenkel excitons on the time scale of the emission process, and different
excitation conditions(resonant or nonresonanfA Pauli master equation, with microscopically
calculated transition rates, is used to describe the redistribution of the exciton population over the
manifold of localized exciton states. We find a counterintuitive nonmonotonic temperature
dependence of the Stokes shift. In addition, we show that depending on experimental conditions, the
observed fluorescence decay time may be determined by vibration-induced intraband relaxation,
rather than radiative relaxation to the ground state. The model considered has relevance to a wide
variety of materials, such as linear molecular aggregates, conjugated polymers, and polysilanes.
© 2004 American Institute of Physic§DOI: 10.1063/1.1643720

I. INTRODUCTION various optical techniques, of which steady state and time-

. . . - . resolved fluorescence spectroscopy are the most frequentl

The dynamics of excitons in chainlike systems, like pectr Py q Y
used ones. Common quantities extracted from such experi-

conjugated polymers, polysilanes: and molecular J ; ) .
aggregated* have attracted much attention over recent de_ments are the decay time of the total fluorescence intensity

cades. The dynamics in these systems result from the Conﬁgllowing pulsed excitation and the steady state as well as

plicated interplay between various processes, in particulatnhe d_ynamlc Stokes S_h'ft' As most of the dynaml_c processes
from relaxation to the ground statpopulation relaxation mentioned above are influenced by temperature in a different

from migration of the exciton to sites with different excita- W&, one often also probes the temperature dependence of
tion energy(population redistributioyy and from relaxation ~the fluorescence.
caused by nuclear displacemenfsxciton self-trapping The temperature dependence of the fluorescence decay
Population relaxation is distinguished in radiative and nontime has drawn particular attention in the case of moleclilar
radiative channels. With regards to migration, two limiting aggregates of polymethine dyes. In these systems, the Fren-
situations are usually considered. The first one is the case &l exciton states are delocalized over tens of molecules
incoherent energy transfeiForster transfer, which takes (weakly localized excitons The coherent nature of the exci-
place between strongly localized excitations on the chaintation extended over many molecules leads to states with
This is also referred to as hopping transfer in a disorderegiant oscillator strengths, which scale like the number of
site energy distribution. In the other limit, one deals with molecules over which the exciton state is delocalized. These
weakly localized exciton states, which may extend overso-called superradiant states lie near the bottom of the bare
many repeat units of the chain. Transitions between sucbxciton band, and, especially at low temperatures, lead to
bandlike exciton states are possible due to their scattering afiitrafast spontaneous emissioftens to hundreds of
lattice vibrations and are often referred to as intraband relaxpicoseconds®** Upon increasing the temperature, these
ation. systems typically exhibit an increase of the fluorescence life-
The net effect of the above processes may be probed byme, which is a trend that is highly unusual for single-
molecule excitations and is intimately related to the extended
¥Electronic mail: knoester@phys.rug.nl nature of the exciton states. This temperature dependence
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was first observed for thé aggregates of pseudoisocyanine vated escape from local minima in the random potential.
(P10),>"81%nd later confirmed for other types afaggre- The goal of this article is to model the temperature de-
gates, in particular, 5,%,6 -tetrachloro-1,1-diethyl-3,3-di pendence of the dynamics of weakly localized excitons in
(4-sulfobuty)-benzimidazolocarbocyanine (TDBC),'*  linear chains and to establish the effect on the fluorescence
1,1’ -diethyl-3,3-bis(sulfopropy)-5,5',6,6 -tetrachlorobenzi-  lifetime and Stokes shift. We will be mostly interested in
midacarbocyanine (BIC),*> and 3,3-bis(sulfopropy)-  temperatures up to about 100 K, where scattering on acoustic
5,5 -dichloro-9-ethylthiacarbocyanineTHIATS).2**> The  phonons is the dominant scattering mechanism. This article
slowing down of the aggregate radiative dynamics is usuallys an extension of our previous work, where we studied the
attributed to the thermal population of the higher-energy extemperature dependence of the fluorescence lifetime and re-
citon states, which il aggregates have oscillator strengthsstricted ourselves to ideghomogeneousFrenkel chains?
small compared to those of the superradiant exciton stétes. Here, we consider a more detailed model, which includes
In spite of the basic understanding that the redistribution oPn-site(diagonal disorder. It is well-known that this model
the initial exciton population over the band states plays @rovides a good basis for understanding the comfierar
crucial role in this problem, the theoretical efforts to describeand nonlinear optical dynamics in) aggregate$®2°>~*we
this redistribution and to fit all details of this behavior havewill take into account the following factors that seem to be
not been fully successful so fa16-18(see Ref. 19 In  essential under common experimental conditidiisiocal-
particular, as we have found from our previous study onization of the exciton states by the site disordy,coupling
homogeneous model aggregat®she initial excitation con-  Of the localized excitons to the host vibratio@mot only to
ditions seem to play a crucial role in the interpretation of thethe vibrations of the aggregate itself as was done in Refs. 13
measured fluorescence lifetime: under certain conditions thiand 16, (i) a possible nonequilibrium of the subsystem of
lifetime probes the intraband relaxation time scale, rathefocalized Frenkel excitons on the time scale of the emission
than the superradiant emission time. process, andiv) the nature of the excitation conditions
The Stokes shift of the fluorescence spectrum in lineatresonant versus nonresona/e use a Pauli master equa-
exciton systems has been considered previously by variod#n to describe the evolution of the populations of the local-
authors; studies of its temperature dependence are rare. Of€d exciton states and the intraband redistribution of popu-
of the first studies concerned the Stokes shift in polysilane&ation after the initial excitation. Previously, such a master
at liquid-helium temperatures, which was modeled in a phe€quation was also used to model the exciton dynamics in
nomenological way by assuming that intraband relaxation iglisordered quantum weftsand polysilane films? As ob-
determined by one energy-independent relaxation rate if€rvables, we focus on the Stokes shift of the fluorescence
combination with the number of available lower-energy ex-SPectrum and the decay times of the total as well as the
citon states in a disordered chifRelaxation by migration €nergy dependent fluorescence intensity.
to the lowest-exciton state available on a linear chain also  The outline of this article is as follows: In Sec. Il, we
forms the main ingredient of the theoretical study ofPresent the model Hamiltonian of Frenkel excitons with di-
Chernyaket al?° on the relation between the fluorescence2donal disorder, the main effect of which is localization of
line shape and the superradiant emission rate deep in the réf €xciton states on finite segments of the aggregate. We
wing of the density of states of disorderddaggregates at brle_fly reiterate the pasm facte concerning the structure of the
cryogenic temperatures. Fom-conjugated polymers the €XCiton eigenenergies and eigenfunctions close to the band
time-dependent shift of the luminescence spectfdymamic bottom, which is the spectral range that mainly determines
Stokes shift has been modeled by assuming excitons localth€ exciton optical response and dynamics. The Pauli master
ized on a few repeat units, which migrate spatially as well agauation that describes the transfer of populations between
energetically through Fster transfef123 It was concluded the various exc!ton elge.nstates,' is mtroduced. in Sec. II.I..The
that the Stokes shift in these systems cannot be explainé_b“mer'cal solution of this equation under various conditions

from nuclear displacements, as would be the case for singl§ OPtained and used in Sec. IV to study the steady-state
molecules, and that the migration process plays a Crucia{'uorescence spectra and the temperature dependence of the

role2! Also for J aggregates, with strongly delocalized exci- Stokes shift and in Sec. V to study the temperature dependent
ton states, the belief is that the Stokes shift induced b}luorescence lifetime. The results are also discussed in terms

nuclear displacements is small, in fact much smaller than th@f Pack-of-the envelope estimates based on the low-energy

Stokes shift of their single-molecule constituents. The expla-exCIton structure. Finally, we summarize and conclude in

nation lies in the fact that for a delocalized excitation thesec' VI

weight of the excitation on each molecule of the chain is

small, which leads to a small nuclear (_Jlisplacement on eacn_ DISORDERED ERENKEL EXCITON MODEL

molecule. The measured Stokes shift differs for various types

of J aggregates, for instance for PIC a shift can hardly be  We consider a generic one-dimensional Frenkel exciton
detected, while for TDBC* BIC,'? and THIATS"® a clear model, consisting of a regular chain df optically active
shift can be observed. As far as we are aware, the tempersites, which are modeled as two-level systems with parallel
ture dependence of the Stokes shift was only measured faransition dipoles. The corresponding Hamiltonian reads
THIATS aggregate$’ It shows an interesting nonmonotonic N N

behavior, analogous to the one found in disordered narrow _

quantum well$* where it finds its origin in thermally acti- H n§=:1 en|n)<n|+§1 Jomm(ml, @
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where|n) denotes the state in which tmh site is excited
and all the other sites are in the ground state. The excita- 25
tionenergy of siten is denotede,. We will account for en-
ergetic disorder by assuming that eaghis taken randomly, 21
and uncorrelated from the other site energies, from a Gauss- =
ian distribution with meane, and standard deviatiow. S, 15
Hereafter,eqy is set to zero. The hopping integralg,, are n
considered to be nonrandom, and are assumed to be of dipo- o 1l
lar origin: J,m=—J/|n—m|®(J,,=0). Here, the parameter a
J represents the nearest-neighbor coupling, which is positive
for the systems of our interest, namely those that have the 0.5}
optically dominant states at the bottom of the exciton band.
MolecularJ aggregates are prototype examples of such sys- 0
tems. Diagonalizing th& < N matrix H,,,=(n|H|m) yields 5ol o
the exciton eigenenergies and wave functions. In particular, - (b)
the 1th eigenvalueE, (with v=1,...N) is the energy of the ks
exciton statd v)=3N_, ¢,.|n), wheree,, is thenth com- g 40
ponent of therth eigenvector. *3
As has been shown in Ref. 31, in the absence of disorder 5 30r
(o=0, the case of a homogeneous chaite eigenvectors in © TN
the presence of long-range dipolar interactions with an accu- B 207 g
racy of the order ofN~! agree with those for the case of 8 IR g N
nearest-neighbor hopping: 10 .
172 N o T
K=\ 2, sinKnn), 2
n=1 10 ©)
where we introduced the wave numbér 7k/(N+1) and 5
k=1,...N is used as quantum label for this homogeneous o 8
case. These states are extendelocalized over the entire 'E'
chain. It turns out that the stake=1 is the lowestbottom) S 6t
state of the exciton band. Close the bottokik(N, i.e., K o
<1) and in the limit of largeN, the exciton dispersion rela- R a4l
tion reads! 2
3 2|
E,=—2.404 J+J(§—|n K)Kz. ©) .
0 2.8 2.6 2.4 2.2

Furthermore, assuming that the chain is short compared to an
optical wavelength, the oscillator strengths of the stéites Energy [J]

close to the bottom of the band are given by _ _
FIG. 1. (a) Density of statep(E), (b) oscillator strength per state(E),

2 N 2 1-(—1) k g and(c) absorption spectrurA(E) calculated for different disorder strengths:
Fi.= z sinkKn _— (4) 0=0.1J (solid), 0=0.3] (dashedi ando=0.5] (dotted. The disorder results
N+1\5=1 N+1 k2 in a tail of states below the bare exciton band efige —2.404), which is

) ) ) more pronounced for larger degree of disorder. Each spectrum for the oscil-
where, the oscillator strength of a single molecule is set tdator strength per state has a well defined maximum and shows that the

unity. According to Eq.(4), the lowest staté&=1 (with the states in the tail carry most _of the oscillator s_trength. This_spectrum also
energyE, = — 2.404)) accumulates almost the entire oscilla- :ﬁgcizgftr‘g(&l)“:po?E'r)'g(elgs'ngJ' The absorption spectra simply reflect
tor strengthF,=0.81(N+1). Its radiative rate thus given is P '
v1=vyoF1=0.81y,(N+1), i.e., roughlyN times larger than
the radiative ratey, of a monomef? Thek=1 state is there- this localization is the appearance of states below the bare
fore referred to as the superradiant state. The oscillatoexciton band bottonft, = —2.404); these states form a tail
strengths of the other odd statek=(3,5,...) are much of the density of states and in fact carry most of the oscillator
smaller,F,=F,/k? while the even stateskE2,4,...) carry  strength. As a consequence, the linear absorption spectrum of
no oscillator strength at alk-,=0. As a consequence, the the exciton system is spectrally located at this tail. All these
exciton absorption band occurs at the bottom of the excitoproperties are illustrated in Fig. 1, where the density of
band, redshifted with respect to the monomer absorptiostates,p(E), the absorption spectrumd(E), and the oscil-
band. This is characteristic fdraggregates. lator strength per stat&(E)=A(E)/p(E), are depicted for

In the presence of disorddir#0), the exciton wave three values of the disorder strengh=0.1J, 0.3J, and 0.3.
functions become localized on segments that are smaller tharhese quantities have been calculated in the standard way
the chain lengthN. One of the important consequences ofusing numerical simulations and the definitions
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. . . - ~50). Some of them have no nodes within the localization

236 VA /\V/\v/\v/\ segmentgstatesa—f and h in Fig. 2). Such states can be
& . e m M\ AN A A interpreted as local excitonic ground states. They carry large
/BN ALK oscillator strengths, approximateN* times larger than that
237F 3 of a monomer, and thus mainly contribute to the excitonic
absorption and emission. The typical spontaneous emission
0 . rate of these states igf ~ yoN*.
238 . AT Some of the local ground states have partners localized
_ /’\ m_ n \[A on the same segment; examples are the doublets of states
= AV o, (b,i) and (f,j) in Fig. 2. These partner states have a well
3 -2.39} [ defined node within the localization segment and can be as-
5 ="~—A"—— signed to the firstlocal) excited state of the segment. Their
5 J k oscillator strengths are typically several times smaller than
c -2.4—‘—“,.* those of the local ground states. Sometimes, but less fre-
S quently, a local manifold contains three states, such as the
) ‘h triplet (a,g,k), with the third state being similar to the sec-
w2417 g ond excited state of the segment and having an oscillator
J'g strength small compared to that of the local ground state as
f e well. The rest of the local ground stateee the states d, e,
242 andh) do not have well defined partners, because the latter
- - Y (higher in energyare extended over a fetmdjacent N* -site
d segmentgthe stated, m, n, ando). The oscillator strengths

e b a ’ of these high-energy state are also small compared to those
of the local ground states. Such states form mixed manifolds.
044 . . . . The mean energy spacing between the levels of a seg-
“™0 100 200 300 400 500 ment represents the natural energy scale in the tail of the
density of states. The local spectral structure corresponding
to this spacing, however, turns out to be hidden in the total
) ) ) o density of states, because the mean absolute energy differ-
FIG. 2. Exciton wave functions,, and energy level&, in the vicinity of betw the | | d stat f diff ¢ ts i
the bottom of the exciton band for a particular realization of the disorder afhnce e eenthe Qca ground states ot difieren Segmen S 1S
0=0.1). The states are obtained by numerically diagonalizing the exciton@Pproximately 1.5 times as large as the energy spacing be-
HamiltonianH,,, for a chain of 500 sites. The baseline of each state repretween states within a single segménin spite of the fact
sents its energy in units df The wave function amplitudes are in arbitrary that this local structure is not visible in the density of states
units. It is seen that the lower statéfdled in black) are localized on seg- d th b . it is cl hat it ol ial
ments of the chain with a typical size small compared to the chain Iength.an t e absorption spectrum, itis ¢ ?ar that it p ay; a crucia
Some of these localized states can be grouped into local manifolds of two diole in the low-temperature dynamics of the excitons, be-

sometimes three states that overlap well with each other and overlap muahquse the dynamics is govemed by the local structure of
weaker with the states of other manifolgsee the doublets of stateb, () wave functions and spectral distribution

and (7.}), and the triplet &,9.k)]. The higher statesfilled in gray are As observed in Fig. 2, above the stétes that extend over
more extended and cover several segments at which the lower states are 9.2

localized. a few adjacent segments, states occur that are extended over
many segments; they hardly carry any oscillator strength at
all. In spite of this, these states play an important role in the
1/ N problem of the temperature dependence of the exciton fluo-
P(E)=N< > 5(E—EV)>, (58  rescence decay time. Increasing the temperature, leads to
vt their thermal population, which in turn leads to slowing
down the fluorescence decay.
S(E— EV)> , (5b) To end this section, we stress that the segment 8ize
has the meaning of a typical number and in practice under-
where the angular brackets denote the average over the digees large fluctuation®.First, the actual localization length
order realizations. The statistics was improved using thef exciton states, as may for instance be assessed from the
smoothening technique developed in Ref. 33. participation ratio, is energy dependent; it becomes smaller
Despite the fact that the tail of the density of states doesowards lower energy and even over the narrow region of the
not show any spectral structure, it has been shown that th@bsorption band, this difference may be sizabf&€.Second,
exciton wave functions and energy levels in this spectral reeven when we focus on a narrow region within the absorp-
gion do exhibit a specifigqlocal) structure!’31:34=3€Thjs  tion band, the stochastic nature of the disordered system
structure is revealed by plotting the wave functions obtainedjives rise to large fluctuations in the localization size of the
for a particular realization of the disordésee Fig. 2 for the exciton wave functions. For the optical dynamics, it is im-
case of¢=0.1J). The tail stateqfilled in black have an portant that these fluctuations are also reflected in fluctua-
appreciable amplitude only on localized segments of a typitions of the oscillator strength of the exciton states. To illus-
cal sizeN* (localization length; in the current examp& trate this, we plot in Fig. @) the simulated distribution of

Site number

N

1
A(E>=N<E

v=1

N

2 Pun

n=1

2
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140 ‘ " ‘ 350 ‘ " " I1l. INTRABAND RELAXATION MODEL
120} %00} ] To describe the dynamics of the exciton eigenstatgs
; of the Hamiltonian with site disorder, we will account for the
100l s50l | effect of spontaneous emission and the scattering of excitons
on lattice vibrations. We will describe this combined dynam-
8 & 8 200 | ics on the level of a Pauli master equation for the populations
& § P,(t) of the exciton states
g 60 g 150 ) N
PV:_%Pﬁ% (W,,P,—W,,P,), (6)

40

where the dot denotes the time derivativey,
=o(EN_1 ¢,n)?= yoF , is the spontaneous emission rate of
the exciton statdv) (with F, the dimensionless oscillator
4 strength, andW,, is the transition rate from the localized

FIE FIE exciton stateu) to the statgv). This transition rate is crucial

mean mean . . . . . . .
in the description of the redistribution of the exciton popula-

FIG. 3. Distributions showing the statistics of the dimensionless oscillatortjon over the localized exciton states. The model\l\b,rﬂ is
strength per statef,= (21_1¢,0)?, collected in two narrow energy inter-  hased on certain assumptions about the coupling between the
vals of width SE=0.01J. For the left panel this energy interval was chosen it d the latti ibrati In Refs. 13 d 16 |
to be centered at the maximum of the spectrum of the oscillator strength pe(?xCI ons ".’m € latlice vibra I.Ons' n Rets. ) an. » only
state[see Fig. 1b)], while for the right panel this interval was centered at the coupling between the excitons and the vibrations of the
the maximum of the absorption band. In each panel, slashed lines  linear chain itself was taken into account. In reality, however,
correspond tar=0.1] (0=0.5J). For each disorder strength, the distribu- the exciton chains that we are interested in, such as linear

tions were collected using 5000 random realizations of the disorder on linear . .
9 aggregates, are not isolated, but are embedded in a host me-

chains ofN="500 sites. To stress the invariant nature of the distributions, the”: - . i
oscillator strengths have been rescaled by the average Fajugof F, in  dium, so that the excitons are coupled to the host vibrations
the interval and for the disorder strength under consideration. It is clearhas well. The density of states of the latter is large compared
seen that the width of each of the distributions is of the order of its mean.;q that of the vibrations of the chain itself. Eor this reason. it
is natural to assume that it is the coupling of the excitons to
the host vibrations that determines the exciton intraband re-

laxation in the linear chain.
the oscillator strength per state in an energy interval of width !N this article, we adopt the glassy model i#,,, which
SE=0.01J centered at the energy where the average oscilla@ have introduced in our previous p_ubhcatlon dealing with
tor strength per state has its maximyfiig. 1(b)]. In Fig. ~homogeneous molecular a_ggreaﬂt%é'ms model assumes a
3(b), this is repeated with the narrow interval centered at th&V€@k linear on-site coupling of the excitons to acoustic

energy where the absorption spectrum has its maxififtign phonons of the host medium and ignores correlations in the
1(c)]. The solid lines give the distributions fer=0.1J, while displacements of the different sites on the chain. Within this

the dashed lines correspond @=0.5). The oscillator model, the transition rates are given {see for details Ref.
strength is given in units of its mean val&ég,q,,Within the

/
20

energy interval under consideration and at the disorder value N
consideredfor =0.1J (0.5J), Fmeai=48(13) at the ab- W,,,=WoS(E,—E,) > ¢%.¢%,
sorption peak an# ..~ 57 (15) at the peak of the oscillator n=1

strength per staeWe make the following observationg) n(E,—E,), E,>E,,

the distributions have a width that is comparable to their 1+n(E,—E,), E,<E
mean, confirming the large fluctuations in segment size and wo =i v

extent and shape of the wave functiofig) In both narrow Here, the constantV, is a parameter that characterizes the
energy intervals, states are found with hardly any oscillatooverall strength of the phonon-assisted exciton scattering
strength, which indicates that at both energies states occuates. Its microscopic definition involves the nearest-
with nodes. From the distributions it appears that such stataseighbor excitation transfer interactio) the velocity of
with nodes are more abundant at the center of the absorptisound in the host medium, and the mass of the sites in the
band (i.e., towards higher energywhich is consistent with exciton chain'® In this article, we will consideiV, as one

the above explained local structure. We have confirmed thisomposite parameter, which may be varied to account for
by doing a statistical analysis of the node structure of thalifferent host andor) exciton systems. The spectral factor
wave function, using the value ¢E,¢,q|¢,q|| (cf. the cri-  S(E,—E,) describes that part of thé&,—E,,| dependence
terion for the node structure developed in Ref).38i) In-  of W, which derives from the exciton—phonon coupling
terestingly, the distributions plotted on the scaleFgf.o,  and the density of phonon states. The sum over sites in Eq.
appear to be invariant under changing the disorder strengtli7) represents the overlap integral of exciton probabilities for
This is consistent with an invariance of the local structure ofthe statesu) and|v). Finally, n(Q) =[exp@/T)—1] tis the

the exciton energies and wave functions near the lower banchean occupation number of a phonon state with en€lgy
edge. (the Boltzmann constant is set to unitfpue to the presence
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of the factorsn(€}) and 1+n(€}), the transition rates meet temperature, with the radiative ratg of the local ground
the principle of detailed balancew,,=W,, exd(E, state. IfW;,>vy,;, we are in the fast-relaxation limit. This

—E,)/T]. Thus, in the absence of radiative decay,€0), inequality guarantees that at zero temperature, the exciton
the eventualequilibrium) exciton distribution is the Boltz- fluorescence decay is governed by the radiative process with
mann distribution. a rate of the order of,. By contrast, ifW;,<vy;, the intra-

Within the Debye model for the density of phonon states segment relaxation rai®, dictates the exciton fluorescence
the spectral factor is given by S(E,—E ) =(|E,  decay. This is very similar to the distinction of fast and slow
—EM|/J)3 It is worth noting, however, that the appl|cab|l|ty relaxation which we have previously made in the case of
of this model to glassy host media is restricted to a venyfully delocalized excitons in homogeneous molecular
narrow frequency interval of the order of several wave num-aggregate$’ The reader may find an elaborate discussion on
bers(see, for instance, Refs. 39 and) 4Dherefore, we rather the principle difference between these two limits in Ref. 19.
consider a simple linear approximation for this facts(k, For the remainder of this article, it is useful to find the
—E,)=|E,—E,|/J, which is similar to the dependence value ofW, that distinguishes between the limits of fast and
used in Refs. 18 and 30. This scaling properly accounts for &low intrasegment relaxation; we will denote this value by
decrease of the exciton—phonon interaction in the Iong Wav&‘V'(?"a Thus, the Irlequ:’:lll'tlté\?!Vo>W'ntra and W,<W!'"@ de-
acoustic limif**? and prevents the divergence W, termine the fast and slow regimes of intrasegment relaxat|on,
small values of E,—E,|. We checked that the results re- respectively. We first estimaté/,, by replacing=,¢%,¢%,
ported in this article are not essentially affected by assumingy 1N*, giving Wy,=Wq(E,—E;)/IN*. Then we equate
a higher power in the dependence \f,, on the energy Wi, to the superradiant decay ratg, which is typically

mismatch. voN*, and obtain
In disordered systems, the overlap integtgl , 05,05, L INF?
appearing in the expression f/,,, plays a much stronger Wy're= (7)

role in the optical dynamics than the details of the depen- B2~ Ey
dence ofS on the energy mismatch. The fact that,, is If we restrict for a moment to nearest-neighbor interactions,
proportional to this overlap integral allows one to distinguishwe may even go one step further by realizing that, as a con-
between two types of exciton transitions occurring in thesequence of wave vector quantization and level repulsion
vicinity of the bottom of the exciton banhe region of main  within localization segments, the typical energy difference
interest at low temperaturgsiamely intrasegment and inter- E,—E, then scales likeE,— E;~3mw2J/N*2 173543 which
segment transitions. These two types of transitions involveleads to

respectively, states localized on the same localization seg- intra__ (o 2\—1. a4

ment of the chain and states localized on different segments. Wo (37%) " yoN™". (8)

As has been established in Ref. 36, for both processes theom this expression, it is clear thW'”"a steeply decreases
overlap integrals scale inversely proportional to the typicalith decreasing segment size, i.e., W|th increasing degree of
segment sizé\*, while numerically the intrasegment over- disorder. This steep scaling is not essentially affected by tak-
lap integral is approximately 50 times as large as the intering into account long-range dipole—dipole interactions. Thus,
segment onéindependent of the disorder strengih Fur-  if the degree of disorder increases and the excitons become
thermore, the overlap integrals between the local states of @ore localized, there is a strong tendency of the system to
segment and one of the higher states that is extended over thgove into the fast-relaxation limit, where the radiative decay
same segment as well as the adjacent ¢siesh as the states governs the fluorescence kinetics.

[, m, n, ando in Fig. 2), are of the same order as the intra- Following intraband relaxation, the next relaxation step
segment overlap integral. This implies a specific scenario foinvolves transitions between states of different segm@nts

the exciton intraband relaxation at low temperatures. Let ugiton migratior). Similarly to the above, one may distinguish
assume that the exciton, initially created in the blue tail ofthe limits of fast and slow intersegment relaxation, defined as
the absorption banda condition which is usually met in W;,;> vy, andW;.;<y,, respectively. Here, the states 1 and
experiments quickly relaxes to one of the exciton states of al’ denote the ground states localized on adjacent segments
local manifold. Denote the two local states involved by theand it is assumed thd,;>E;,. If the transfer process is
quantum labels Iground stateand 2 (excited state Be-  slow, the exciton spontaneously decays before it makes a hop
cause of the difference in intra- and intersegment overlapo an adjacent localization segment wih, <E;. As a re-
integrals discussed above, the exciton first relaxes within theult, the fluorescence spectrum is expected to coincide with
local manifold, provided that the intrasegment transition ratehe absorption band, because the latter is mainly determined
is larger than the radiative ratgs, (u=1, 2). Only after this by the total collection of local ground statéthe segment
first step of relaxation, the exciton can hop to the states oftates with appreciable oscillator strengthe., in the ab-
other (adjacent local manifolds, again, provided the inter- sorption spectrum each local ground state contributes, inde-
segment hopping rate is larger thay. Note, that ify, is  pendent of the value of its energy. However, if the interseg-
larger than any transition raW¥, , , the exciton emits a pho- ment transfer process is fast, the exciton can make downbhill
ton before any relaxation stémtra- or intersegmenbccurs.  hops before the fluorescence is emitted. Therefore, lower-
On this basis, one may distinguish between a fast and a sloenergy local ground states will give a larger contribution to
limit of intrasegment relaxation. To this end, we compare thehe fluorescence spectrum than higher-energy ones; this gives
typical value of the intrasegment transition r&tg, at zero  rise to a visible redshif{Stokes shift of the fluorescence
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FIG. 4. Zero-temperature steady-state exciton fluorescence spectra calculated for various disorder steangtheiton scattering rat&¥,. Spectra were
obtained by numerical solution of the steady-state master equatiofl@ainder the condition of off-resonance blue-tail optical pumpiiayo=0.1J, with

Wy=J (dashedl W,=10Q) (dashed—dotted and Wy=10J (solid); (b) ¢=0.3], with Wy=0.1J (dashedl and W= 10Q) (solid); (c) a=0.5J, with W,

=0.01) (dasheg andW,=100J (solid). The dotted line in each panel represents the absorption band, while the solid vertical line shows the location of the
maximum of the spectrum for the oscillator strength per state. The other parameters used in the simulatiddis S@deJ=600 cni'!, and y,=2

X 107%J. The average was performed over 5000 realizations of the disorder, using energy bins aft6.66ect the fluorescence spectrum.

spectrum with respect to the absorption bések Sec. IV B rescence spectra for various combinations of values of the
Using the above noted factor of 50 difference between thelisorder strengthlr and the phonon-assisted exciton scatter-
intra- and intersegment overlap integréfighe value ofw, ing strengthW,. All spectra were calculated under the con-
that distinguishes between the limits of fast and slow interdition of off-resonance optical pumping in a narrow energy
segment relaxation, denoted MG, is given by W™ window of width 0.09 in the blue tail of the absorption
=50Wg ", With reference to Eq(8), we note that, keeping band. The exact position of the pump window was chosen to
W, constant, a Stokes shift is expected to become more ndye blueshifted relative to the maximum of the absorption
ticeable for smaller segments, i.e., for growing disorderband(simulated at the same value of the disorder strength

strength. by three times the full width at half maximuFWHM) of
this band. The pump rate of each exciton stateside the
IV. STEADY-STATE FLUORESCENCE SPECTRUM pump window was taken proportional to its oscillator

strength:R,=F . As clear from Fig. 4, for each value of
In this section, we deal with the exciton dynamics andthe fluorescence spectrum nearly follows the absorption band
the corresponding fluorescence spectrum under steady-stgthown by the dotted lineas long asW, is small, while this
conditions, which are maintained by optically pumping thespectrum experiences a visible Stokes shiftwf is in-
system. The steady-state fluorescence spectrum is defined @sased. This agrees with our expectations formulated in Sec.
1 Ill. Also in agreement with our arguments made at the very
E)=y > S(E-E,)y,P%), (9)  end of Sec. lll, we observe théfor constantW,) the mag-
g nitude of the Stokes shift is smaller for smaller disorder
whereP$'is the solution of the steady-state master equatiorstrength.

N To gain more quantitative insight into the above behav-
0=R,—y psty 2 (W, PS'—W, P, (10) ior of the fluorescence spectra, let us estimate the values of
= T the parameterVg™ and W"®" that distinguish the limits of

where R, denotes the constant rate of optically creatingf@st and slow relaxation for intra- and intersegment transi-
population in thesth exciton state by a cw pump pulse. tions, respectlvely, as introduced in Se(_:. Il. F|r-st, we dp this
We performed numerical simulations of exciton fluores-for the largest disorder strength considered in the simula-
cence spectra, by solving the master equation (E@). for ~ 10ns, =0.5J [Fig. 4(c)]. From the maximum of the spec-
randomly generated realizations of the disorder. For each rdfum for the oscillator strength per state plotted in Fig)1
alization, we diagonalize the Hamiltonia#,, in order to e find as typical segment siz¢* =15 for this disorder
calculate the radiative constanjs and the transition rates Strength. Similarly, the typical separation between the two
W, entering the master equation. In all simulations reportedOtiom states of a localization segment may be estimated
in the remainder of this article, we sdt=600cn (1.8 from the FWHM of the absorption band, giving,—E,
X108sY) and y,=2x1075J(3.6x1Fs 1). These pa- =04 [Fig. 1(c)]. Substituting these data into E(¥), we
rameters are quite typical for molecular aggregates of poly®dtain Wg'°~0.01) and Wg'*'=50Wg"*~0.50. Thus, the
methine dyes, such as PIC. smaller value ofV, considered in the simulation(§.01J) is
equal toW"™, while it is much smaller thakVy"™®', i.e., no
intersegment hops will occur prior to fluorescent emission.
The latter explains why there is no Stokes shift of the fluo-
In this section, we concentrate on the zero-temperatureescence spectrum. On the other hand, as the system is in the
fluorescence spectra, which may be used to illustrate the difntermediate regime with regards to the intrasegment hop-
ferent regimes of exciton relaxation. In Fig. 4 we present byping (Wo=W;"¥, the radiative channel can compete with
dashed and solid lines the zero-temperature steady-state fluthie intrasegment relaxation. This explains the presence of the

A. Steady-state fluorescence spectra
at zero temperature
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small and narrow fluorescence peak coinciding with the 55
pumping interval in the blue tail of the absorption spectrum. 456
By contrast, the higher value dilo=10Q) exceedswg "' e
=0.5J by more than two orders of magnitude. This results in 3Br Y
a visible Stokes shift of the fluorescence spectrum as well as,
a strong reduction of the fluorescence in the excitation win-
dow.

Analogous estimates performed for=0.1J [Fig. 4(a)]
bring us to the following resultsWg"~J and W'
=50W;"?~50). Here we usedN*=57 and E,—E,
=0.04], taken as previously from Figs.(Hd) and Xc), re-
spectively. For the smaller value @{,=J, the excitons are
again within the intermediate regime with regards to the in-
trasegment relaxation. As a consequence, the fluorescenc
spectrum shows the same peculiarities as in the case o
0=0.5] at Wy=0.01]. However, as the higher value @,
=100J is only twice as large as comparedw§"*'~50J, the 5 L ‘ . .
Stokes shift here is smaller than in the case of the higher 0 50 100 150
disorder magnitude. A large Stokes shift may be forced by
takingW,=10°J, as is also illustrated in Fig.(8. It should
be noted, however, that this large value W lies outside  FIG. 5. Semilog plots of the temperature dependence of the Stokes shift of
the range of validity of our theory. The reason is that such dhe fluorescence spectrum at thI? di\?\?rdirm St(r(?:gf:fénfg\r/v diﬁi[)e(;]]t
large scattering rate lea.ds ‘.le% Ep—Ey (W1,~0.8] for ?dxgtlttgg.s'l?r?g%grt]g vrv?atreey.\c/)%ta\i]nfesg l;(:/)’nur?\erical solution of the (r)naster equa-
the current examp}e which |mpI|es that the second-order tion Eq. (10) under the condition of off-resonance blue-tail excitation. The
treatment of the exciton—phonon interaction is a poor apdots mark the numerical data, while the lines connecting the dots are guides
proximation. More importantly, under such conditions theto the eye. The other parameters used in the simulations Nerg00, J
segment picture breaks down, because the exciton cohereng&00 ¢ ', and y,=2x10"°J. The average was performed over 5000

. . . . . realizations of the disorder.
size is dominated by the scattering on phonons instead of
static disorder. A proper description then requires using a
density matrix approach:*°

]

251

15}

Stokes shift [cm

Temperature [K]

behavior found for disordered quantum wéflsand resides
in a thermally activated escape from local potential minima.
However, for the case of the disordered linear chain, the
detailed knowledge of the low-energy spectral structure pro-
We now turn to the temperature dependence of thevides additional means to unravel the characteristics of this
steady-state fluorescence spectrum. In particular, we are ifehavior.
terested in the temperature dependence of its Stokes shift Let us first recall the zero-temperature scenario of the
with respect to the absorption band. We have calculated thigxciton relaxation. Excitons created initially at the blue tail,
shift as the difference in peak positions between the absorpapidly relax to the local states of the DOS tail, which are
tion and fluorescence bands. As the simulated fluorescenaasible in fluorescence. After that, the excitons may relax
spectrum contains appreciable stochastic n@tse not pos-  further, whithin the manifold of the local ground states. At
sible to apply the same smoothening as may be used whezrero temperature, however, this possibility is very restricted.
simulating the absorption spectrdiy its peak position was The reason is that an exciton that relaxed into one of the
determined by fitting the upper half of the peak to a Gaussialocal ground states may move to another similar state of an
line shape. Figure 5 shows the obtained results, for threadjacent localization segment only when the latter has an
different values ofW, at a fixed disorder strengt;=0.3).  energy lower than the former ant/, exceedswg'™" (Sec.
The characteristic peculiarity of all curves is that they arelll). The typical energy difference between the local ground
nonmonotonic: the Stokes shift first increases upon heatingtates is of the order of the absorption band width. Therefore,
and then goes down again. The extent of the temperaturafter one jump the exciton typically resides in the red tail of
interval over which the Stokes shift increases is small comthis band. The number of states with still lower energy then
pared to the absorption band width, which is 170 K for thestrongly reduces, giving rise to an increased expectation
current degree of disorder. A Stokes shift that increases witlhialue for the distance to such lower energy states. In fact,
temperature is counterintuitive, because, at first glance, @&fter one jump the exciton has a strongly suppressed chance
seems that the temperature should force the excitons to go up jump further during its lifetime; it will generally emit a
in energy, giving rise to a monotonic decrease of the Stokephoton without further jumpgmigration. Thus, the states
shift. This expected behavior is indeed observed in inhomodeep in the tail of the DOS can typically not be reached by
geneously broadened systems doped with point centers likéhe excitons, simply because they occur at a low density.
for instance, glasses doped with rare-earth #§fhe expla-  This qualitatively explains why the Stokes shift of the fluo-
nation for the peculiar behavior of the Stokes shift in therescence spectrum does not exceed the absorption band

Frenkel exciton chain is similar to that for the nonmonotonicwidth, even forW, large compared t(Wi(;1ter (see Fig. 4.

B. Temperature dependence of the Stokes shift
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Upon a small increase of the temperature from zero, howis even more obvious. The multiexponential behavior is a
ever, it becomes easier to reach those lower-lying states, beensequence of the large fluctuations in the spontaneous de-
cause the spatial migration to other segments may take placay rates of different exciton states, as is clearly demon-
by thermally activated transitions involving exciton statesstrated by the distribution of exciton oscillator strengths plot-
that are extended over several localization segments as intéed in Fig. 3. Similarly, large fluctuations occur in the
mediate state¥ It is this indirect hopping that is responsible transition ratedV,,, . The simplest solution is to define the
for the increase of the Stokes shift at temperatures smatlecay time;r,, as the time it takes the fluorescence intensity
compared to the absorption band width. Further heating will (t) to decay to ¥ of its peak valud (t,ea):
thermalize the excitons and lead to real populations of 1
h|gh_er—energy states; the Stokes shift will then decrease | (tpeact 7e) = = | (tpead- (13)
again. e

To be more specific, we present estimates. We first nOtﬁ"hroughout this article, we will use this definition of the

that the overlap integral of the squared wave functions in Eq'ecay time. It should be noted that in the case of initial

(7) for a local ground state 1 and a hlgh_er state 3 that gxten esxcnatlon in the blue tail of the absorption bang,,# 0,
over more than one segment, but still overlaps with the S .

. due to the fact that a finite time elapses before the exciton
ground state 1, has the same order of magnitude as for the

states 1 and 2 of a local manifold, i.e.NE/ then. the tran- population reaches the lower-lying emitting states. An alter-
o ’ native choice for the decay time is the expectation value of

sition rate up from the ground state to the more extende%e photon emission timer= [%(3 ,P,(t))dt. For monoex
—Jo vy . .

state, V\{?l’ can be estimated ~asWsy~[Wo(Es ponential decay, both definitions give the same result, but in
—E;)/IN*Jexd —(Es—E,)/T]. In order for the exciton mi- : . !

: . : ) general this does not hold. In particular, for nonexponential
gration via the higher state to be activat&is, should be N e :

* S fluorescence kinetics, the latter definition, only gives a
larger thany; = yo,N*, the spontaneous emission rate of state ; ) .
. . meaningful measure of the fluorescence time scale in the

1. Equating these two rates gives us a temperaliyret

which the Stokes shift is increased over its zero—temperaturIImIt of the fast intrasegment relaxatigfor more details see

Ref. 19.

value:
A. Broadband resonance excitation
Wo(E3—Ey) _ _ .
To=(E3—Ep)/In — | (11) We first consider the case of broadband resonance exci-
YoN™*J tation, which is similar to what takes place in echo

Taking as an estimate fdt;— E; the FWHM of the absorp- experiment$? Under this condition, all states are excited
tion band, 0.2 at 0=0.3J, we obtainT,=57, 32, and 22 K  With a probability that is proportional to their respective os-
for Wo=J, 1QJ, and 100, respectively. These numbers are cillator strengthsP,(t=0)=F,, meaning that the spectral
in good agreement with the positions of the maxima of theprofile of the initially excited states coincides with the ab-
curves in Fig. 5. sorption band. Thus, the initial exciton population mostly
To the best of our knowledge, the only one-dimensionaresides in the superradiant states.
exciton system for which the temperature dependence of the In Figs. Ga)—6(c), we depicted the temperature depen-
Stokes shift has been measured, is the molecular aggregadence of the fluorescence decay timefor three different
that is formed by the cyanine dye THIATS For this aggre-  disorder strengthsy=0.1J, 0.3J, and 0.3, respectively; for
gate, a nonmonotonic temperature dependence of the Stokegcho value two different strengths of the exciton scattering
shift was reported at low temperatures, very similar to ourstrengthW, were considered. The solid line in each panel
numerical results. Thus, the model we are dealing with propresents results for the intermediate regime with regards to
vides an explanation of the behavior reported in Ref. 15. Ahe intrasegment relaxation, i.e., whévy,;~y,, while the
detailed fit to these experimental data, also including the abdashed line shows results in the limit of fast relaxation,
sorption spectrum and the fluorescence lifetime of this aggreW,:> 1. For all three disorder strengths, the higher value of

gate, will be presented in another artitfe. W, considered, is below the threshal)"®" for fast interseg-
ment relaxation, in other words, no visible Stokes shift oc-
V. FLUORESCENCE DECAY TIME curs in the fluorescence spectra for any of the chosen param-

_ ~eters. Figure @& shows on a semilog scale the time
We proceed to study the decay time of the total time-dependence of the fluorescent traces underlying the reported
dependent fluorescence intensity following pulsed excitatioRjecay times foW,=10J. These traces clearly show that in

att=0. This intensity reads general the intensity decay is nonexponential.
It is worthwhile to estimate the zero-temperature values
|(t)=<2 %F’y(t)>, (12)  of the fluorescence decay time using the relationship
Y =1/(yoN*). For N* we take the maximum value of the

where theP ,(t) are obtained from the Pauli master equationspectrum for the oscillator strength per stefeg. 1(b)], i.e.,
Eqg. (6) with the appropriate initial conditions. The proper N* =57, 23, and 15 for=0.1J, 0.3], and 0.3, respectively.
definition of the decay time requires attention, as the timerhen, for the parameters used in our simulatiopgs=2
dependence of(t) is not monoexponential. We already en- X 10 °J andJ=600cm !, the corresponding values af,
countered this problem for homogeneous aggreddtest  are 49, 121, and 185 ps, respectively. These estimated times
for the disordered systems under consideration, the problerare larger than the calculated ones in Fig. 6. The reason for
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FIG. 6. Temperature dependence of the fluorescence decay-tioadculated for various disorder strengthand exciton scattering rat¥g,. The data were
obtained by numerical solution of the master equation(Bgunder the condition of broadband resonant excitation, seftjfg=0)=F, . The dots mark the
numerical data, while the lines connecting the dots are guides to thgaye=0.1J, with Wy=J (solid and W,=10J (dashef (b) 0=0.3J, with W,
=0.1] (solid and Wy=J (dashedt (c) o=0.5J, with Wy=0.01] (solid) and Wy=J (dashegl The other parameters used in the simulations wére
=500,J=600 cm !, andy,=2%10"°J. The average was performed over 50 realizations of the disorder. The ingeshows the time dependence of the
fluorescence intensity foV,=10J at four different temperatures: from top to bottom, the curves correspome-th 17, 34, and 84 K, respectively.

this deviation is the resonance excitation condition, comy,,xexq —(E,—E,)/T], E,—E; being of the order of the

bined with the large fluctuations in the oscillator strength pefabsorption bandwidth. Thus, for=0.1J, a temperature of 40
state(Fig. 3). The states with a higher than typical oscillator K is already sufficient to activate the uphill transfer of popu-
strength are excited to a larger extent than those with typicahtion and to noticeably drop the fluorescence intensity. By
(and smalleroscillator strengths. Obtaining a relatively large contrast, even the highest temperature considered in the

part of the initial population, they mainly determine the ini- simulations,T=160K, is not enough to start the uphill pro-
tial stage of the fluorescence kinetics. This gives rise t0 @&ess foro=0.5J.

faster decay rate than the typical one.

Apart from some low-temperature peculiaritiesmaffor
higher degree of disorder, all curves in Fig. 6 tend to goB Off-resonance blue-tail excitation
down upon increasing the temperature. This has the follow-"
ing explanation. The uphill transition processes, which are  We now turn to the case of off-resonance excitation in
characterized by the rat®,,cexd —(E,—E;)/T], come into  the blue tail of the absorption band. This is the usual situa-
play when the temperature is increased. At some disordeion in fluorescence experimem$21°-1214ne recall that in
dependent temperatund/,; becomes larger thap,, and the  this case between the absorption and emission events an ad-
exciton population from the initially populated superradiantditional step exists: the vibration-assisted relaxation from the
states is transferred to highédark, initially not excited initially excited states to the radiating ones. This results in
states. This nonradiative loss of population from the superdifferent scenarios for the exciton fluorescence kinetics, de-
radiant states gives rise to a drop in the fluorescence intependent on the relationship between the intraband relaxation
sity, which contributes to the observed fluorescence decayate and the rate of exciton spontaneous emisSion.

We stress that it is the ral#/,; that determines the time of In Fig. 7, we depict the temperature dependence of the
this uphill procesgRef. 19. Thus, with increasing tempera- fluorescence decay time obtained from numerical simula-
ture, the drop in the fluorescence decay timereflects in  tions for various strengths of the disorder and the
fact the shortening of the intrasegment relaxation time andibration-assisted exciton scattering rélég. The initial con-

not the exciton radiative lifetime. dition for solving Eq.(6) was takenP,(t=0)=F, in a nar-

To conclude this subsection, we note that the range ofow window in the blue tail of the absorption band, defined
variation of the fluorescence decay time with temperaturén the same way as in Sec. IVA. The scattering ratés
differs dramatically for different disorder strengths. In par-were chosen to realize different limits of the intraband relax-
ticular, for 0=0.1J, 7, decreases from its maximal value of ation. In particular, in the case of the smallest disorder
36 ps(atT=0) to about 1 ps at 150 K, while far=0.5Jthis  strength,c=0.1], the scattering rate¥/,=0.1] and Wy=J
drop consists of only 15%—-20% of the zero-temperaturalescribe the limits of intermediate and fast intrasegment re-
value of 7,. This simply results from the fact that the laxation, respectivelysee Sec. IV A However, with respect
absorption band widths for these two values of the disordeto the intersegment hopping, these values both correspond to
strength are (in temperature unijs 40 and 300 K, the slow limit. Finally, the highest value af/,=10Q] de-
respectively. We recall that the rate of uphill transferscribes the limit of fast intersegment relaxation. Similar re-
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FIG. 7. Temperature dependence of the fluorescence decay-tioadculated for various disorder strengthand exciton scattering rat¥g,. The data were
obtained by numerical solution of E46) under the condition of off-resonance blue-tail excitation. The dots mark the numerical data, while the lines
connecting the dots are guides to the gg@eio=0.1J, with Wy=J (dotted, W,=10J (dasheg, andW,=10QJ (solid); (b) o=0.3J, with W,=0.1J (dotted,

W,=J (dasheg@l and W,=10J (solid); (c) o=0.5J3, with W;=0.01J (dotted, Wy=0.1) (dashegdl andW,=J (solid). The other parameters used in the
simulations wereN=500,J=600 cnT %, and y,=2X 10 ° J. The average was performed over 50 realizations of the disorder.

lationships exist between th, values for the other degrees with initial conditionsP,(0)=P,(0)=1/2. We seek the so-

of disorder. lution of Egs. (14) in the limits Wi,=W,,=W(T>E,
Figure 7 shows that, in contrast to the case of the broad- E;) andW> v, (fast intrasegment relaxatiprit is easy to

band resonance excitation, ail curves go up almost lin- find that the intensity = — P, —P,=y,P; is given by

early with temperature, independent of the valuesd@nd

W,. Being well separateq at zero temperature, they tend to I(t)= 71( 1— l) e n/2y ylﬂ e~ 2Wt (15)

approach each other at higher temperatures. The latter effect 4W 4W

is more pronounced for smaller degrees of disorder. Some ‘?Ifhe second term in E415) can be neglected. From the first
the curves show a low-temperature plateau, whose extent ise it follows that the fluorescence decay rate is given by
smaller than the absorption bandwidth. On the other hand,, /> \which directly reflects the excitontmdiative decay. It
there is also a common feature between the resonant angd oniy half the superradiant ratg due to the fast exchange
off-resonant type of excitation: the range of variation7@f 4t population between the superradiant level 1 and the dark
with temperature is smaller for more disordered systemsieyg| 2. | the temperature is increased, one should generalize
This effect has the same explanation as discussed in Segs discussion by considering the situation whersnradi-

VA. . ) ating levels, equally populated initially, are rapidly exchang-
Two processes are responsible for the observed increaggy population with the superradiant level. The numbir-

of 7o with temperature: intraband downhill relaxation after creases with temperature. The result is straightforward: one

the excitation event and thermalization of the excitons ovegnoyd replace the ratg,/2 by y, /(1 +1). This qualitatively

the band. Let us consider the first step of the populationyyp|ains the temperature behavior of the exciton fluorescence
transfer from the initially excited states to lower states, bOtrUecay time found in the simulations.

dark and superradiant. An important feature of this process is 14 conclude the discussion of the numerical results pre-
that it is almost nonselective due to the linear dependence Qfanted in Fig. 7, we comment on the zero-temperature value
the transition rategV,,, on the energy mismatch. As a result, ¢ .. For eacho value, this noticeably depends i,

the lower states are populated almost equally, whether supefiscreasing aw/, goes up. Furthermore, the calculated zero-
radiant or dark. This is in sharp contrast to the case of resQemperature values for, at the smallest magnitudes o,
nance excitation where, in fact, only the superradiant statesynsidered in the simulationd\(,=J, 0.1, and 0.02 for

are initially excited. The further scenario can be understooq,—g 13 0.3 and 0.9 respectively, are larger than those
by considering a simple two-level model. Let level 1 denoteggtimated from the maximum of the spectrum for the oscil-

the lowest, superradiant, state of the local manifold, having,ior sirength per stafig. 1(b)]. Recall that these estimates
an emission rate, while level 2 is the higher-energy, dark, 5.6 49 ps foro=0.1], 121 ps foro=0.3J), and 185 ps for
local state. We assume that following the fast initial relax- ,_q 53 (see Sec. VA

ation described above, both levels are excited equally. The Tpe opserved decrease of the zero-temperature value of

Pauli master equation E¢) now reduces to 7. With Wy, may be understood from the fact that @wmit-
plz — (14 Woy) Py +Wy,P, (14 ting exciton sees a distribution of the oscillator strength that
) differs for differentW, values. Below, we provide a qualita-
Po=—W;,Py+ W, Py, (14b  tive picture of this. The exciton is initially excited at the blue
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tail of the absorption band, where the oscillator strengths are
small, so that downhill relaxation dominates over the emis-
sion. This allows the exciton to go down in energy until the
intraband relaxation rate becomes comparable to or smaller

than the radiative rate. Once this has happened the excitor 140

emits a photon. Let us analyze first what happens at the
smallest magnitudes of the exciton scattering g con-

0
sidered in the simulationésee above These values corre- >

spond to the intermediate case with regards to intrasegmenig ,,..

relaxation, while with respect to the intersegment hopping, %
they fall in the slow limit. This means that the exciton, after g

it has relaxed from the blue-tail states to the superradiant@ sor

states, does not move any more. It can then only emit a

photon. The zero-temperature steady-state spectra presente 60t

in Fig. 4 provide information about the spectral location of

the exciton emission. For the valuesWwf, we are discussing, sl

the emission spectra coincide in general with the absorption
spectra. At the same time, the maximum of the oscillator
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strength distribution is shifted to the red from the absorption
maximum(Fig. 1). Therefore, the fluorescence decay time is
expected to be larger than that estimated via the maximum @fiG. 8. Temperature dependence of the fluorescence decayifq)
the oscillator strength distribution. This explains the resultgalculated for aggregates bf=250 molecules, withl=600 cni *, y,=2
of the simulations. ><10’_5J, 0=0.3J, and W0:100.]._The data were obtained by numeripal
For the largest value aiV- considered in the simulations solution of Eq.(6) under the condition of off-resonance blue-tail excitation.
orthe farg 0 The dots mark the numerical data, while the lines connecting the dots are
(Wp=100J, 103, andJ for 0=0.1J, 0.3], and 0.5, respec-  guides to the eye. The three curves correspond to different detection ener-
tively), the limit of fast intersegment relaxation applies. This giesE, related to the steady-state fluorescence spectrum in . detec-
means that after the fast intrasegment relaxation to the supeffer ®! the position of the red half maximum of this spectrigmlid line), at
di h . il h h | furth the peak of this spectrunfdashed ling and at the blue half maximum
ra 'ant.StateS' the exciton _St' ) as a chance to relax l.m QBiotted line. The average was performed over 10 000 realizations of the
due to intersegment hopmigration. As a result, the emis- disorder.
sion spectra are shifted towards the maxima of the spectra of
the oscillator strength per statsee Fig. 4, which explains
the shortening of the decay time observed in the numerical

simulations with increasing value &Y.

Temperature [K]

We see that at zero temperature the decay times clearly
differ for the three detection energies. For the case of red
detection, we observe a decay time of 152 ps. Based on the
To end our analysis of the fluorescence decay time, ngerage oscillator strength per state at this red-wing energy,

address its dependence on the detection energy. This has Qi arrve ata purely radiative decay tifd/yoF (E)] of 145

tracted considerable attention in the literature on aggregat S. The agreement between these numbers indicates that at

. Re red side the decay time at zero temperature is determined
and polymergsee, for instance, Refs. 15 and)2Bo study L o .
this dependence, we have simulated the detection dependec mpletely. by radiative decay; mtraband 'relaxano.n has no
fluorescence intensity, defined through e ect at this energy. The reason is that this detection energy

lies very deep in the tail of the DOS, where the occurrence of

neighboring segments with lower energy is negligible. For
the detection at the peak position, we find a zero temperature
decay time of 100 ps, which is about 16% faster than the
purely radiative time scale of 120 ps at this energy. The
where E4 denotes the central detection energy ak(Ey difference is due to relaxation to lower lying exciton states in
—E,) is the detection window, which is unity fdE4—E )| neighboring segments. Naturally, this effect is even stronger
<0.002% and zero otherwise. Simulations were carried outat the blue position, where the observed decay time of 44 ps
for aggregates oN=250 molecules witho0=0.3J and W, s considerably faster than the purely radiative decay time of
=100J, other parameters as usual. We have considered blud68 ps. At this blue position, also an increased influence
tail short-pulse excitation conditions, as was done in Secfrom intrasegment relaxation exists, as at these higher ener-
VB, and three detection energies: the peak of the steadygies a fraction of the states already represent an excited seg-
state fluorescence spectrufdig. 4(b)], and the positions of ment state, with one nod&ig. 3).
the blue and red half maximums of this spectrum. From the  We also observe from Fig. 8 that at high temperature the
intensity traces, we have extracted the energy dependent 1decay times for the different detection energies approach
decay timesro(Eq). The results as a function of temperature each other and in fact they then all tend to the decay time of
are shown in Fig. 8, with the upper, middle, and lower curvethe total fluorescence intensifffig. 7(b)]. This is a conse-
corresponding to red, peak, and blue detection energy, rejuence of the fact that the scattering rates are then large
spectively. enough for the exciton populations to become equilibrated

C. Dependence on the detection energy

H(Eg;)={ > 7,P()A(E4—E,)), (16)
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on the time scale of emission. A comparable observation wasating dephasing, i.e., accounting for the possible breakdown
made in Ref. 19 for the decay of the populations of theof coherence within delocalization segments, requires con-
various exciton states for homogeneous aggregates. We &idering the exciton density operat@lso see end of Sec.
nally observe that the temperature dependence is nonmonb/ A).
tonic in the same temperature range for which the Stokes From our simulations we found that the Stokes shift of
shift behaves nonmonotonicalliig. 5. Indeed, we attribute the fluorescence spectrum shows an anomalooamono-
this behavior to the same temperature activated intersegmetuinic) temperature dependence: it first increases upon in-
relaxation via higher lying exciton states. At the blue deteccreasing the temperature from zero, before, at a certain tem-
tion side (which still lies in the red tail of the DOSthis  perature, it starts to show the usual monotonic decrease. This
effect leads to a decrease of the lifetime, as it opens extreehavior was found previously for disordered quantum wells
decay channels. On the red side, the situation is more subtlend physically derives from thermal escape from local po-
This energy is so deep in the red tail of the DOS, that evenential minima?* We have shown that for disordered chains,
the activated migration hardly opens new channels for decayhe details of this behavior and the temperature range over
Instead, the activated relaxation occurring at the blue sidgvhich the anomaly takes place can be understood from the
towards lower energies will be lead to extra contributions inspecific features of the exciton energy spectrum in the vicin-
the fluorescence intensity at the red side and, thus, to Ry of the lower band edge: it is formed of manifolds of states
growth of the decay time at this energy. At the peak positionjocalized on well separated segments of the chain and higher
we deal with the intermediate situation and we see a vertates that are extended over several segments. The migration
small net effect. of excitons between different segments augmented via inter-
We notice that the general characteristics displayed imediate jumps to higher states, is responsible for the non-
Fig. 8 very well cover the experimental results reported bymonotonic behavior found in our simulations. Interestingly,

Scheblykinet al.*® such a nonmonotonic behavior of the Stokes shift has re-
cently been observed for the linear aggregates of the cyanine
VI. SUMMARY AND CONCLUDING REMARKS dye THIATS in a glassy hosf

We have performed a numerical study of the temperature We also found that the temperature dependence of the
dependence of the exciton dynamics in linear Frenkel excidecay time of the total fluorescence intensity is very sensitive
ton systems with uncorrelated diagonal disorder. In particut® the initial excitation conditions. For broadband resonant
lar, we have focused on the resulting temperature dependefkcitation, the fluorescence decay time decreases upon in-
steady-state fluorescence spectrum, its Stokes shift relative &easing the temperature. The reason is that the initially cre-
the absorption spectrum, and the decay time of the total flucated population of superradiant states is transferred to higher
rescence intensity f0||owing pu|5ed excitation. The Comp”_(dark) states. It is the time of this transfer that determines the
cated exciton dynamics reflected in these observables is gofluorescence decay time. As this transfer time decreases with
erned by the interplay between thermal redistribution of thegrowing temperature, a decreasing fluorescence lifetime is
excitons over a set of eigenstates, which are localized by th&und. Because fluorescence experiments are hard to perform
disorder, and their radiative emission. The redistribution ofunder resonant excitation, it will be difficult to observe this
exciton population within the manifolds of localized exciton effect of intraband redistribution in fluorescence. It would be
states was described by a Pauli master equation. The trangif interest, however, to study its effect on resonantly excited
tion between two localized states was assumed to originatghoton echo experiments.
from the coupling of the excitons to acoustic phonons of the  In the case of off-resonance blue-tail excitatitime con-
host medium, the transition rates being proportional to thelition that is usually met in fluorescence decay experiments
overlap integral of the corresponding wave functionsthe fluorescence decay time goes up with growing tempera-
squared. The model is characterized by two free parameterjre, showing a nearly linear growth after a low-temperature
o, which denotes the degree of disorder, avng, the plateau. The extent of the plateau depends on both the ab-
phonon-assisted exciton scattering rate, which sets the ovesorption bandwidth and on the ratio of the rates for exciton
all scale for transition rates between exciton states. hopping and radiative emission. This behavior, a decay time

The fact that our model only accounts for scattering onthat grows with temperature, with a possible plateau at low
acoustic phonons, in principle limits us to temperatures otemperatures, agrees with fluorescence experiments per-
the order of 100 K and less. This covers the temperaturéormed on thel bands of linear molecular aggregates. It is of
range of many experiments performed on linear dye aggreparticular interest to note that a nearly linear dependence has
gates. Besides, as is clear from our simulations, if the excitobeen observed for aggregates of Bl@nd THIATS!* Based
scattering rate is large enough, equilibration within the exci-on the density of states of homogeneous exciton systems, it
ton spacdon the time scale for radiative dynamicdready has been suggested that such a linear dependence could only
occurs at temperatures below 100 K. Above the equilibratioroccur for two-dimensional systeni.It follows from our
temperature, the precise nature of the scattering mechanisrasults that in the presence of disorder, a ubiquitous ingredi-
becomes unimportant. In practice, the fact that in our Paulent for molecular aggregates, one-dimensional exciton sys-
master equation for the exciton populations, homogeneougms may exhibit such a linear temperature dependence as
broadening (dephasing cannot be considered, probably well. In Ref. 48, we showed that using the model analyzed in
yields a stronger limitation to the accuracy at elevated temthis article, it is possible to obtain good quantitative fits to
peratures than the restriction to acoustic phonons. Incorpdghe absorption spectrum, the temperature dependent Stokes
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