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Chapter 6  
 

Level repulsion in linear molecular 
J-aggregates* 

ABSTRACT 

The eigenvalues of disordered quantum mechanical systems, intuitively, seem to be 
randomly distributed. A more accurate analysis reveals that small energetic distances between 
two neighbouring states occur extremely seldom. This effect is known as quantum-
mechanical level repulsion. To demonstrate this phenomenon, we report an experimental 
study of the level statistics in linear molecular J-aggregates in the neighbourhood of the lower 
exciton band edge. For this goal, we analyze the low-temperature aggregate fluorescence 
spectra obtained by selective excitation. The spectra feature a sharp intensive peak at the 
excitation energy and a red-shifted band resulting from the exciton energy relaxation; this 
latter feature contains the relevant information about the level statistics. To model the 
aggregate and to simulate the J-band we use a Frenkel exciton Hamiltonian with diagonal 
disorder. A Pauli master equation for the exciton populations is employed to describe the 
exciton spectral dynamics induced by a weak exciton-phonon interaction. Combining the 
experimental data with theoretical fits, we extract the level spacing distribution and find that 
it is of a Wigner-Dyson type. This is a clear indication of level repulsion, characteristic of a 
hidden local energy structure of the density of states. 

I. INTRODUCTION 

The optical response and excitation energy transport properties of a large variety of low-
dimensional nanosystems are dominated by excitonic excitations. Examples of such 
nanosystems are found in conjugated oligomer aggregates [1] and polymers [2], molecular J-
aggregates [3-5], semiconductor quantum wells and quantum dots [6], semiconductor 
quantum wires [7, 8], as well as in photosynthetic light harvesting complexes [9-11] and 
proteins [12, 13] (see Refs. 14 and 15 for recent overviews). In all these systems, the excitons 
are confined within a nanometer scale at least in one dimension. The properties of confined 
excitons differ drastically from those in bulk materials [16-18], in particular, limiting the 
degrees of freedom gradually transforms the continuum of states in 3D bulk materials to a 
discrete spectrum in 0D quantum dots. Another salient feature of low-dimensional 
nanosystems is the enhanced role played by disorder. The disorder itself is a consequence of 
static and dynamic fluctuations of the host material, growth conditions, as well as 
imperfections and fluctuations of the systems themselves. Generally, disorder localizes 

                                                 
* This chapter is based on: R. Augulis, A. Pugžlys, A. V. Malyshev, V. A. Malyshev, P. H. M. van 
Loosdrecht, and J. Knoester (in preparation). 
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excitonic states, leading for instance to the presence of tails in the density of states (DOS) 
outside of the bare exciton band, usually referred to as Lifshits tails [19-21]. At low 
temperature, excitons reside in the neighbourhood of the lower band edge, i.e., just in the 
Lifshits tail. Thus, this part of the DOS is of primary importance for transport phenomena. 
Also, for many of the systems mentioned above, the optically dominant exciton states are 
typically found in this energy region. This gives us a unique opportunity to probe the exciton 
states of the Lifshits tail by optical techniques.  

In this chapter we will be dealing with the level statistics of exciton states within the 
Lifshits tail for disordered molecular J-aggregates. Two types of localized states can be 
distinguished within the tail: those overlapping significantly with other states, and those 
having a negligible overlap. The former repel each other, while the latter can be 
infinitesimally close in energy [22, 23]. Here we will focus on the repelling states. Although 
hidden in the integrated quantities, such as the linear absorption spectrum and the DOS, these 
states affect nonlinear optical response [24-31] and exciton transport [32-34]. 

Level repulsion phenomena have previously been studied in connection with localized 
Wannier excitons in disordered quantum wells [35-39] and wires [40-42] using time-resolved 
resonant Rayleigh scattering [35-37] and near-field spectroscopy [38-42]. In Ref. 43, an 
alternative method has been suggested for studying the level statistics in the Lifshits tail – 
low-temperature time-resolved selectively excited exciton fluorescence, widely known as 
fluorescence line narrowing (FLN). Exciting systems with a narrow (in molecular aggregates: 
compared to the J-band width) excitation band leads to a fluorescence spectrum consisting of 
a sharp intense peak at the excitation energy, observable immediately upon excitation, and a 
red-shifted band, resulting from the exciton energy relaxation, featuring a delayed formation. 
This latter feature contains the information about the level statistics of the spatially 
overlapping states. We apply this method to study the repulsive level statistics of the Lifshits 
tail in the pseudoisocyanine dye (PIC) J-aggregates. We extract the conditional probability 
distribution of the overlapping states from the selectively excited fluorescence data and show 
that the distribution is of a Wigner-Dyson type, i.e. demonstrate the absence of overlapping 
states with zero energy spacing. 

The outline of the chapter is as follows. In the next section, the sample preparation 
procedure and the experimental setup are described. In section III, we present our model for 
calculating the exciton energy spectrum and wave functions based on a Frenkel Hamiltonian 
with uncorrelated diagonal disorder as well as an exciton relaxation model, employing a Pauli 
master equation for the exciton populations. Section IV contains the experimental results on 
the FLN of PIC J-aggregates and their comparison with the theory. In the same section the 
description of the procedure used to extract the relevant information about the nearest-
neighbour level distribution from the red feature of the fluorescence spectrum is described. 
Finally, in the section V the results are summarized and the conclusions are drawn. 

II. SAMPLE PREPARATION AND EXPERIMENTAL SETUPS 

Stock solutions of 1 × 10-2 M pseudoisocyanine chloride (PIC-Cl) (Hayoshibara) were 
prepared by dissolving the dye in doubly distilled water and stirring at 80°C for 30 min. At 
this concentration, PIC J-aggregates form while the solution cools down to room temperature. 
A droplet of warm solution was squeezed between two 0.12 mm thick glass microscope cover 
slips or between a copper plate and a microscope slip, first cooled to room temperature and 
then quenched to 77 K in liquid nitrogen. Subsequently, the sample was transported into a 
4He continuous-flow cryostat (CF1204SEG, Oxford Instruments). All the experiments on the 
aggregates were performed at cryogenic temperatures (4-4.5 K). 
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Continuous-wave (CW) fluorescence measurements were performed by using a Xe-arc 
lamp as an excitation source. The excitation spectrum was narrowed down to 0.1 nm by 
means of a double additive monochromator. The emission spectra were recorded by using a 
triple grating monochromator in the subtractive mode equipped with a liquid-nitrogen-cooled 
CCD detector (spectral resolution ~0.05 nm). 

High spectral resolution time-resolved fluorescence measurements were performed using 
Ti:Sapphire amplified laser (Hurricane, Spectra Physics) based system. The amplified laser 
produced 800 nm, 150 fs pulses at a repetition rate of 1 kHz. A portion of the laser output 
was directed into a non-collinearly pumped optical parametric amplifier (NOPA, Topas 
White, Light Conversion), tuneable in a range of 480-800 nm, with spectral width of 
approximately 10 nm. The output of the NOPA was used for a coarse wavelength selection 
around 570 nm, and after that spectrally filtered by a 0.85 m double grating monochromator 
using a subtractive geometry to compensate for pulse tilt. The monochromator was used for 
fine tuning of the excitation wavelength and line-width, with a smallest achievable line-width 
of about 0.02 nm. For most of the experiments a line-width of approximately 0.1 nm was 
chosen in order to keep the pulse duration below 30 ps. The output of the monochromator 
was attenuated to approximately 100 pJ per pulse and focused into the sample. The pulse 
energy was kept as high as possible, while still having a negligible exciton-exciton 
annihilation probability. Clear exciton-exciton annihilation effects were observed for pulse 
energies of about 1 nJ and above. The fluorescence from the sample was detected by a streak 
camera system with a dump-mode sweep unit (Hamamatsu). The time resolution of the whole 
system was about 100 ps, mainly limited by pulse tilt in the detection system arising from the 
usage of a single grating monochromator in the streak camera part.  

For higher time-resolution resolution experiments with no spectral selectivity the sample 
was irradiated by the frequency-doubled output (480 nm, 120 fs) of a tuneable 76 MHz 
Ti:Sapphire laser (Mira 900, Coherent), which was pumped by an all-solid-state diode-
pumped, frequency doubled Nd:YVO4 laser (Verdi, Coherent). To minimize heating of the 
sample, a pulse picker was used to reduce the repetition rate to 1.9 MHz. After attenuation to 
pulse energies of about 1 pJ, the beam was focused into the sample. In this case, the resulting 
excitation density corresponded to the absorption of less than one photon per 105 monomers, 
thus ensuring the absence of exciton-exciton annihilation processes. 

III. THEORETICAL BACKGROUND 

A. Hidden structure of the Lifshits tail 

A single aggregate can be modelled as an open linear chain of N optically active two-
level units (monomers) with parallel transition dipoles which are coupled to each other by 
dipole-dipole transfer interactions. The interactions delocalize the monomer excitations. The 
chain's optical excitations are Frenkel excitons which may be described by the Hamiltonian 

∑∑ +=
=

N

mn

nm

N

n

n mnJnnH
,1

ωex ,    (1) 

where |n〉 denotes the state in which only the nth monomer is excited with excitation energy 
ωn. The random ωn values are taken from an uncorrelated Gaussian distribution with mean ω0 
(the excitation energy of an isolated monomer) and standard deviation σ – the diagonal 
disorder strength of the system. The dipolar transfer interactions Jnm = -J/|n – m|3, (Jnn = 0) are 
considered to be non fluctuating. The parameter J represents the magnitude of the nearest-
neighbour transfer interaction. Typically, for pseudoisocyanine aggregates with Cl 



CHAPTER 6 

 72 

counterion, one has 5σ ≈ J ≈ ω0/30. A negative sign of Jnm is appropriate for J-aggregates. 
The exciton energies εν (ν = 1, … , Ν) and wave functions  φν(n) (taken to be real) are 
obtained by diagonalization of the N × N Hamilton matrix Hnm = 〈n|H|m〉. 

Figure 1 shows a typical wave function arrangement in the neighbourhood of the lower 
excitonic band edge. The disorder localizes the exciton wave functions and leads to the 
appearance of states below the bare energy band edge εb = -2.404J, forming the Lifshits tail 
of the DOS [19-21], the energy region of primary interest here. The tail states result from the 
localization in well-like fluctuations of the site potential ωn. The optically dominant states of 
the Lifshits tail resemble s-like wave functions (red filled curves in Fig. 1) and have no nodes 
within their localization segments [23]. The s-like states lying deep in the tail usually appear 
as singlets. They are localized by the so-called optimal fluctuations of the site potential ω 
[19-21]. However, close to the band edge the s-like states often have partners localized on the 
same segment, i.e. within the same delocalization length. These partners look like p states 
(blue filled curves in Fig. 1), having one node within the localization segment. Sometimes, 
even d-like states occur on a segment but this is a very rare event. These manifolds form the 
local (hidden) structure of the DOS tail [22, 23]. Because such manifolds are localized at the 
same site potential fluctuations, their levels undergo repulsion. States from different distant 
(non-overlapping) manifolds do not interact, and can therefore be arbitrarily close in energy 
[23]. 

 
 

Figure 1. Exciton wave functions φν(n) (ν = 1…17) in the neighbourhood of the bare exciton band 
edge εb/J = -2.404 obtained by diagonalizing the Hamiltonian (1) with static disorder σ = 0.1J. The 
total number of sites in the simulation N = 1000, which is effectively equivalent to an infinite chain.  
The Lifshits tail of the DOS (ε < εb) is shaded. The origin of the energy is chosen at ω0, the baseline of 
each wave function represents its energy in the units of J. Wave functions are in arbitrary units. N* 
denotes the typical delocalization length or the segment size of the tail states. The filled red curves are 
s-like states which overlap weakly. Some of them appear even slightly above the bare band edge. The 
filled blue curves are p-like states which overlap well with their s-like partner states lying below. The 
typical distance between s and p-like partners is εsp. Higher grey-shaded states are band states. They 
are delocalized to a larger extent as compared to the tail states. 
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The transition dipole moment from the ground state to the s-like states is given by 

( )∑=
n

Nn
*~νν ϕµ , where N* is the typical localization size of the s-like states; the effect 

known as superradiant enhancement (see, e.g., Ref. 44). Typically, the transition dipole 
moments of the p-like states are several times smaller than the ones of the s-like states [43]. 
Nevertheless, since the p-like states are not perfectly antisymmetric, their transition dipole 
moments are non-zero, so these states can be optically excited too. The level repulsion within 
the local manifolds can therefore be probed optically by studying the exciton relaxation 
between the s and the p-like levels [43] as clarified in the next sections. 

B. Relaxation model 

The model of excitation relaxation in quasi one-dimensional PIC J-aggregates applied 
here is essentially the same as the one used for the tubular aggregates discussed in chapter 4. 
The model is based on the observation that the exciton-vibration coupling in J-aggregates is 
weak. This is corroborated by at least two facts: first, the narrowness of the J-band, which is 
only a few tens of cm-1 at liquid helium temperature and becomes several times broader at 
room temperature, and second, the smallness of the fluorescence Stokes shift of the J-band 
(see, e.g., Refs. 45-47) in comparison to that of the monomer fluorescence. This is a clear 
signature demonstrating that the extended nature of the exciton states reduces both the static 
and dynamic fluctuations, effects known as exchange [48] and motional [49, 50] narrowing, 
respectively. 

The weakness of the exciton-vibration coupling allows one to calculate the exciton 
scattering rates using perturbation theory. Within the model of a glassy host, which ignores 
correlations in the energy fluctuations of the different sites on the chain, the scattering rates 
are given by (for details see Refs. 51-54): 

( ) ( ) ( )
( )

( )∑
= 
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µνµννµ ϕϕ   (2) 

Here, the constant W0 is a parameter that characterizes the overall strength of the phonon-
assisted exciton scattering rates. The phonon spectral density S(Eν – Εµ) is exciton-phonon 
coupling weighted one-phonon density of states. Specifically, within the Debye model for the 
density of phonon states, the spectral density is given by S(Eν – Eµ) = (|Eν – Eµ |/J)3, here 
division by J is used to obtain S(Eν – Eµ) in dimensionless units. The sum over sites in Eq. 2 
represents the overlap integral of exciton probabilities for the states |µ〉 and |ν〉. Finally, n(Ω) 
= [exp(Ω/T) – 1]-1 is the mean occupation number of the phonon state with energy Ω (the 
Boltzmann constant is set to unity). Due to the presence of the factors n(Ω) and 1 + n(Ω), the 
transition rates meet the principle of detailed balance, Wνµ = Wµνexp[(Eµ – Eν)/T], leading to 
the Boltzmann equilibrium distribution of excitons in the absence of decay. This model of the 
exciton scattering has been successfully applied to describe a number of experiments on the 
spectral and radiative dynamics of molecular J-aggregates [47, 55, 56].  

To describe the exciton relaxation, we use the Pauli master equation for the populations 
Pν of the exciton states: 

( )∑
=

−+−=
N

PWPWPFRP
1µ

νµνµνµννννν γ& ,   (3) 

where Rν is a source term, ( )( )2
1∑ =

=
N

n
nF νν ϕ  is the dimensionless oscillator strength of the νth 

exciton state, and γν = γ0Fν is its spontaneous emission rate, where γ0 is the spontaneous 
emission rate of a monomer. 
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C. Inter-segment vs. intra-segment relaxation 

We focus on an experiment in which a narrow-band continuous wave (CW) laser 
excitation is used to selectively excite states in a narrow part of the J-band and set the source 
term Rν(t) = R0δ(Eex –  Eν), Eex being the laser excitation energy. The fluorescence spectrum is 
given by 

( ) ( ) ( )∫ ∑
∞

=

−=
0 1

1
dtEEtP

N
EF

N

ν
ννν δγ .     (4) 

At low temperatures, the case we are mostly interested in, only states with Eν ≤ Eex are 
relevant. In this case the fluorescence spectrum consists of a narrow peak (resonance 
fluorescence), resulting from the emission from the initially excited states and a red-shifted 
feature arising from the states that are populated by the relaxation from the initially excited 
ones [43, 57, 58]. If the laser frequency lies in the main part of the absorption band, not too 
far in the blue wing, the initially excited states are either of s or p-type. To illustrate this, the 
energy distributions of p and s states (Ps(E) and Pp(E), respectively) together with the 
absorption spectrum are shown in Fig. 2. The s-like states form the red tail of the absorption 
spectrum, while the p-states appear preferably on the blue tail of the J-band. This is an 
important observation for our further analysis. 
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Figure 2. Energy distributions of s- and p-like states, Ps(E) and Pp(E), respectively, together with the 
absorption spectrum A(E) calculated for the disordered Frenkel chain of 1000 sites at the disorder 
strength σ = 0.2 J. See Ref. 43 for the details of the calculation. 

 
The radiative relaxation of both s- and p-like states contributes to the resonance 

fluorescence with the relative weights γs(Eex)Ps(Eex) and γp(Eex)Pp(Eex), respectively, where 
γs(Eex) and γp(Eex) are the corresponding radiative rate constants (for the moment we neglect 
the phonon-assisted relaxation channel). Therefore, in spite of the fact that typically γp/γs ≈ 
0.1 [43], the contribution of the "dark" p-like states to the resonance peak can match or even 
exceed the one coming from the optically dominant s-like states, provided that one excites the 
aggregates at the blue tail of the absorption spectrum where Ps(E) << Pp(E). Furthermore, the 
phonon-assisted transition of a p-like state to its s partner is much faster than that between 
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two distant s states; the probability overlap ( ) ( )∑ =
=

N

n
nnI

1

22
νµµν ϕϕ  even for two adjacent s-

like states is typically about two orders of magnitude smaller than that within sp doublets 
[23], i.e. Wsp>>Ws′s. 

 

 
Figure 3. Cartoon of the local DOS tail states, illustrating the possible channels of the exciton 
relaxation at zero temperature after excitation within a narrow window. The solid (dashed) arrow 
shows the intra (inter) segment relaxation with the rate Wsp (Ws′s), while the wavy arrows denote the 
radiative decays with the typical rates γs = γ0Ν

* and γp ≈ 0.1γ0Ν
* (N* is the typical segment length). 

 
A typical relaxation scenario is illustrated in Fig. 3. The two states to the right form a 

local manifold consisting of a p-like (the upper one) and an s-like (the lower one). The two 
left states represent s-like states localized on the different segments of the aggregate.  The 
excitations from the initially excited p-like states relax to their s-like partners. Further, the 
relaxation from the s-like states (including the initially excited ones) can only continue to the 
s-like states localized on the other segments (s′ in Fig. 3). As the result of both relaxation 
pathways, a red-shifted feature arises in the fluorescence spectrum. If the aggregates are 
excited in the blue tail of the absorption J-band, i.e., in the region where predominantly the p-
like states are located, and the inter-segment relaxation rate Ws′s is much lower than the 
excitation decay rate from the s-like states γs, then the red-shifted band is mostly formed due 
to the relaxation within sp doublets. Its spectral shape is determined by the product S(Eex – 
E)Psp(Eex – E), where Psp(Eex – E) is the conditional probability distribution of the sp level 
spacing [43]. Thus, Psp(Eex – E) can be extracted from the red-sifted feature if the spectral 
density S(Eex – E) is known. 

IV. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Continuous wave experiments 

Figure 4 shows the absorption and fluorescence spectra of PIC-Cl J-aggregates. The 
fluorescence spectrum is measured after excitation at 480 nm. Both spectra exhibit intense 
peaks at 570.3 nm and 571.1 nm for absorption and fluorescence, respectively, which 
originate from the dominant exciton transitions. The inset displays the absorption spectrum in 
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a wider spectral range. The origin of several broad absorption bands in the range of 450 – 550 
nm is not clearly known, but they might arise due to the fact that the structure of the PIC 
aggregates is more complex than the model used here, e.g. there is more than one monomer 
per unit cell or the aggregates are not purely one-dimensional. In addition, a weak somewhat 
broader than the J-band shoulder is located on the red side of the J-band. A pump-probe study 
of this shoulder (not presented here) revealed that it has an excitonic nature. We relate this 
feature to aggregates in the neighbourhood of substrates, because the relative strength of the 
shoulder gets weaker upon increasing thickness of the aggregate film: the contribution from 
the bulk aggregates increases while the contribution from the surfaces bound aggregates 
remains constant. 
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Figure 4. The steady-state normalized absorption (solid line) and fluorescence (dotted line) spectra of 
PIC-Cl J-aggregates in the neighbourhood of the J-band. The fluorescence spectrum was measured 
after off-resonance excitation far in the blue tail of the absorption spectrum (λex = 480 nm) at T = 3 K 
temperature. The inset shows the absorption spectrum in a wider spectral range. 

 
As it was already discussed above, the zero-temperature fluorescence spectrum of J-

aggregates, selectively excited within the blue tail of the J-band, is expected to feature an 
emission peak at the excitation wavelength and a red-shifted band, mainly caused by the 
relaxation within sp pairs. Moreover, the red-sifted band shape should be excitation 
wavelength dependent because of energy difference restrictions between the states within the 
sp pairs (εsp in Fig. 1). In Fig. 5, a series of steady-state resonance fluorescence spectra 
measured after selective excitation at various wavelengths within the J-band are plotted. Each 
spectrum exhibits a narrow peak at the excitation wavelength and a broad red-shifted feature 
separated from the peak by a well pronounced dip. The position of the maximum of the 
feature is nearly independent of the excitation wavelength as long as it is on the blue side of 
the main absorption peak (lower four spectra in Fig. 5). For the red-side excitation, the peak 
position of the feature moves to the red, the lineshape changes considerably, and the dip 
washes out (upper four spectra). It is the dip close to the excitation energy that is of primary 
interest, since this is the feature which may be indicative of level repulsion of closely spaced 
levels, i.e. of non-trivial level statistics. The sheer existence of the dip, however, is not 
enough to conclude on the level statistics because the lineshape is determined by the product 
of the level spacing distribution function and the phonon spectral density. The latter tends to 
zero at zero energy. 
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One should also bear in mind that together with the fluorescence of the relaxed excitons 
[43, 57, 58], being of our primary interest, two more processes contribute to the red feature 
and affect its lineshape: the phonon side-band fluorescence [43], and the fluorescence from 
aggregates near the surfaces mentioned above. All three contributions are spectrally 
superimposed and must be separated in order to extract the signal we are interested in. 
Careful analysis of the spectra is therefore needed to uncover the level repulsion. 
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Figure 5. Low temperature (T = 4 K) steady-state fluorescence spectra of PIC-Cl J-aggregates 
measured while selectively exciting within the J-band. Each spectrum is normalized to the maximum 
of the red-shifted feature; the spectra are offset with respect to each other for clarity. The vertical 
dashed lines show the positions of the red feature maxima. The excitation wavelengths are indicated 
by dotted lines along the right vertical axis. 

 
The temperature, at which the measurements are performed is T = 4 K, which corresponds 

to about 0.1 nm in the wavelength scale at 570 nm, comparable with the excitation line-width 
used and the overall spectral resolution of the detection system. Thus, the influence of 
temperature for the results of the experiments is not negligible, e.g. transitions upwards 
between closely spaced states are possible. Nevertheless, since the temperature is not the 
main factor determining the accuracy of the results, zero-temperature simulation data is used 
for further analysis and theory versus experiment comparisons. 

B. Time-resolved experiments 

The conditional sp level spacing probability distribution can be extracted from the CW 
data described above only if the red-shifted band is formed solely due to intra-segment 
relaxation within the sp pairs. The inter-segment relaxation, contributes to the CW 
fluorescence spectrum negligibly only when it is much slower than the intra-segment 
relaxation and the radiative decay of the s-like states, i.e. Ws′s << Wsp and Ws′s << γs. To check 
whether this condition holds for the PIC-Cl aggregates, time and spectrally resolved 
fluorescence experiments with selective excitation are performed. In addition, the comparison 
of experimentally measured intra-segment relaxation rate Wsp with its theoretical value is a 
good criterion for the validation of the relaxation model used.   
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The main results of the time-resolved high spectral resolution experiments are shown in 
Fig. 6. The sample is excited at 570.2 nm – slightly above the peak of the absorption band. 
The total time and spectrally resolved dynamics in the upper panel features an intense 
excitation peak, traces of which are visible even at rather late times (t > 1 ns) and a red-
shifted band which appears together with the excitation pulse with no significant delayed 
formation. To analyse the dynamics in more detail, the spectrally integrated decay traces of 
the excitation peak, red-shifted band, and the total intensity are plotted in the lower left panel. 
It is clear that during the first 100 – 200 ps the total fluorescence intensity decays very 
rapidly (τ < 100 ps), then, at later times, about 1% of the signal decays much slower (the 
decay time constant for the tail above 300 ps is about 200 ps).  
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Figure 6. High spectral resolution fluorescence dynamics at T = 4.5 K, excitation wavelength λex = 
570.2 nm. Upper panel: the chrono-spectroscopic fluorescence dynamics. Lower left panel: spectrally 
integrated fluorescence decay dynamics of the peak at the excitation wavelength (dashed line), red-
shifted band (solid line), and the total emission (dotted line). Lower right panel: time integrated 
fluorescence spectra at zero (dotted line), early (dashed line), and late (solid line) times of the 
dynamics. The intervals of spectral and time integration are shown in the legends of the panels. 

 
The estimated fraction of the scattered excitation light in the peak is only about 30%, 

which means that the majority of the fast decaying signal is indeed fluorescence. In the case 
when the excitation energy is slightly above the J-peak the densities of p- and s-like states are 
nearly equal and γs ≈ 10γp, so the majority of the photons absorbed, contribute to the 
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population of the s-like states (Ns*/Np ≈ γs/γp ≈ 10). Moreover, the emission probability is 
proportional to the oscillator strength, so at early times after the excitation, the contribution of 
the p-like states to the fluorescence intensity at the excitation wavelength is (γp/γs)

2 ≈ 0.01. 
This means that the rapid decay of fluorescence at the excitation wavelength is mainly caused 
by the relaxation of the s-like states. Low time resolution of the experiment doesn’t allow 
extraction of γs with high precision, though it is possible to estimate its lower limit (γs ≥ (50 
ps)-1). 

To describe the remaining part of the fluorescence dynamics, we consider a simplified 
model with populations of three different states: Np and Ns* – p-like states and s-like states at 
the excitation wavelength, respectively and Ns – s-like states in the red-shifted band. All the 
populations, Np, Ns, and Ns*, decay radiatively. When Ws’s is much lower than all the other 
rate constants involved, then it has no influence the other populations (Np and Ns), while 
excitations form the Np are transferred to Ns with the rate constant Wsp: 
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where, the fluorescence intensity dynamics (Is*, Ip, and Is) is derived using the initial 
conditions Ns = 0, Np = 1, and Ns* = γs/γp at t = 0. When γs > γp + Wsp (which, in our case, is 
relevant), several values, observable even in the low resolution data, can be obtained from the 
rate equations: 
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Eqs. 6.1 and 6.2 show, that at late times t >> γs, fluorescence from both, the peak at the 
excitation wavelength (Ip + Is*) and the red-shifted band (Is), decay with the same rate, which 
is also clear form the experimental data in Fig. 6. Moreover, this rate and the intensity ratio 
can be used to estimate the rates Wsp and γp. In Fig. 7, a comparison of the experimental data 
and the simulated dynamics (Eq. 5) is shown. The parameters for the simulations are 
estimated using Eqs. 6.1 and 6.2. The match of the results is quite reasonable, having in mind 
that several important details are omitted in the model: first, within any time-scale the 
dynamics is non-exponential, indicating a spread in the values of the rate constants, second, 
the rate equations (Eq. 5) do not take into account any non-radiative relaxation pathways to 
the ground state, thus the radiative decay rate constants might be somewhat overestimated. 

On the right panel of Fig. 6 the time integrated spectra of the fluorescence are shown. It is 
quite clear that the peak position of the red shifted band (λ ≈ 570.9 nm), doesn’t differ 
significantly between zero-time and later time spectra. The dip between the excitation peak 
and the red-shifted band remains intact as well, indicating that almost no inter-segment 
transitions take place within at least one nanosecond (Ws′s < (1 ns)-1). To summarize, despite 
the low time-resolution of the experiment, several useful facts are obtained from the time-
resolved data: γs = (40 ps)-1, γp = (1 ns)-1, Wsp = (250 ps)-1, also Ws′s > (1 ns)-1.  Though the 
relaxation rates are estimated rather approximately, the accuracy is sufficient to see that the 
conditions Ws′s << Wsp and Ws′s << γs are satisfied to an acceptable degree, consequently the 
CW data is applicable for the analysis of level statistics. 
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Figure 7. High spectral resolution fluorescence dynamics at T = 4.5 K, excitation wavelength λex = 
570.2 nm. Comparison of the experimental data and the modelling results. Parameters used: 
γs = (40 ps)-1, γp = (1 ns)-1, Wsp = (250 ps)-1. For clearer comparison, the modelling data is convoluted 
with σ = 50 ps Gaussian distribution, which approximately matches the response function of the 
experimental setup. 

 
For additional verification of the abovementioned conditions, higher resolution time-

resolved fluorescence measurements are performed, though in this case selective excitation is 
not possible. The aggregates are excited at 480 nm, far from the J-band. Since the relaxation 
from the delocalized high lying states in the excitonic manifold to the optically active states 
in the DOS tail is very fast (2 ps for tubular cyanine aggregates [59] and chapter 4), for the 
timescales above several picoseconds, the situation when the aggregates are excited far above 
the J-band can be considered as an equivalent to the one when the J-band is excited directly, 
but non-selectively. The fluorescence spectrum in this situation is still dominated by the 
emission from the p and s-like states. The higher lying states can also contribute to the 
spectrum, although their contribution is negligible because of their low transition dipole 
moments. 

In Fig. 8, the main results of time-resolved fluorescence experiments with non-selective 
excitation are shown. The decay is non-exponential, as can be seen in the lower left panel. In 
addition to this, a quite pronounced spectral dynamics is observed – the red tail of the J-band 
decays considerably slower then the blue tail. The spectral shift dynamics is displayed on the 
lower left panel, here the centre of mass of the fluorescence band is used as a parameter 
denoting the peak position. A rather fast initial spectral shift is, most likely, due to dissipation 
of the excess energy, since the excitation energy is significantly above the J-band 
(λex = 480 nm).   

The fluorescence dynamics in the case of non-selective excitation can be also described 
by the rate equations discussed above (Eq. 5), though with unknown initial populations of 
various states. Despite this, the fluorescence decay rate at late times should approach Wsp + γp 
(Eq. 6.1) and the fastest decay component, dominant at early times, should be emission from 
initially populated s-like states, thus, revealing γs. 

Fitting the total fluorescence intensity (Fig. 8) with three exponential decay reveals two 
decay components of 15 ps and 45ps of nearly equal relative weights (approx. 0.45 and 0.48 
respectively) and a slower (160 ps) component, with lower relative weight (0.07). 
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Considering the fast components as relaxation rates from the s-like states, γs values are 
distributed in the range of 15-45 ps. From the slowest decay component, assuming that 
γp ≈ (1 ns)-1, the intra-segment relaxation can be estimated Wsp ≈ (200 ps)-1. 

The rate constants obtained by means of higher time-resolution experiments match 
closely the ones obtained by low time-resolution selective excitation experiments, proving the 
suitability of the relaxation model used and, once more, showing that conditions Ws′s<<Wsp 
and Ws′s<<γs are satisfied. 
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Figure 8. High time resolution fluorescence dynamics at T = 4.5 K, excitation wavelength λex = 480 
nm. Upper panel: the chrono-spectroscopic fluorescence dynamics (left) and the same dynamics 
normalized at every time-step, so that the decay is eliminated and spectral dynamics revealed (right). 
Lower left panel: spectrally integrated fluorescence decay dynamics of the total J-band (dotted line), 
its red tail (solid line), and its blue tail (dashed line). The intervals of spectral integration are shown in 
the legend. Lower right panel: the time-dependence of the centre of mass of the fluorescence band. 

C. Data extraction procedure 

First, we note that if the red feature is mostly due to the phonon-side band, its lineshape 
would be almost independent of the excitation energy, which contradicts the experimental 
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results: Fig. 5 demonstrates that the fluorescence lineshape, not only position, is excitation 
wavelength dependent.  Figure 9 provides further (indirect) proof of the fact that the red-
shifted feature of the fluorescence spectrum is not dominated by the phonon side-band or by 
emission from aggregates near the surface. In this figure, we show the result of elimination of 
the contribution of the phonon side-band and surface-influenced fluorescence to the red 
feature, which is represented by the solid curve. The curve was obtained as a difference of 
two experimental fluorescence spectra measured for different, but close excitation 
frequencies λ2 > λ1 according to the rule 

( ) ( ) ( )121221 ,,,, λλλλβλλλλλ +−−=∆ FFF ,   (7) 
where β is a parameter that is adjusted to eliminate the red tail (λ > 573 nm). The meaning of 
this transformation is straightforward: the F(λ1, λ) spectrum is shifted to match its excitation 
peak position with that of the F(λ2, λ) spectrum and rescaled to cancel the long red 
fluorescence tail. Note that in the differential spectrum, the red tail is suppressed almost 
completely. In Fig. 9 the adjustable parameter β = 1.06, i.e., close to unity, and will always 
retain a similar value due to the proximity of the excitation peak wavelengths λl and λ2 to 
each other. Because of that, we assume that the contribution of the phonon sideband to ∆F(λ1, 
λ2, λ), is also suppressed. 

If the lineshape of the red feature was independent of the excitation energy, the feature 
would be completely cancelled in the difference spectrum. However, after applying the above 
procedure, a narrow line in the vicinity of the J-band maximum survives, suggesting that it is 
mostly of relaxation nature. Nevertheless, the shape of the obtained narrow band is not that of 
the relaxation-mediated fluoresce (RMF), the signal we are looking for; it is distorted by such 
a straightforward subtraction and should be corrected. 
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Figure 9. The blue curve represents the red-shifted feature after eliminating the contribution of the 
phonon side-band and the fluorescence from the surface-influenced aggregates (broad read tail). It is 
obtained as a difference of two fluorescence spectra for different, but close excitation wavelengths (λ1 
≈ 568.5 nm and λ2 ≈ 569 nm, dashed (red) and dash-dotted (purple) curves, respectively) after shifting 
of the first one to overlay the excitation peak positions and rescaling its intensity to cancel out the 
contribution of the red tail. The dotted curve denotes the absorption spectrum. 

 
Arguments for making the correction are as follows. On the basis of the time-resolved 

fluorescence data discussed previously we conclude that the majority of excitons make only 
one step of relaxation, moreover, the major contribution to this process comes from the intra-
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segment hops. Furthermore, bearing in mind the theoretical (denoted by prime symbol) RMF 
lineshape R′(λ, λex) ~ S(λ – λex)×Psp(λ – λex), where λex is the excitation wavelength  (see Ref. 
43), we can relate two RMF spectra for different (close) excitation wavelength λ2 > λ1 as: 

( ) ( )
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≈ ,    (8) 

where it is assumed that the energy spacing distribution function varies much slower than the 
spectral density of phonons. As will be shown later, this assumption is consistent with the 
final results. Consequently: 
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i.e., the lineshape of the RMF spectrum can be extracted from the lineshape of the differential 
RMF spectrum by dividing it by the known correction function: 
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It is important that the correction function is almost constant for wavelengths that are far 
from the excitation wavelengths (λ – λ1,2 >> |λ2 – λ1|). Thus, g(λ) does not change the shape of 
the distant features in the long red tail of the experimental fluorescence spectra. Such features 
will therefore be cancelled in the differential spectrum which will contain only the 
contribution of the RMF. Finally, applying the above reasoning and formulae to the 
experimental FLN spectra, we can recover the RMF lineshape R(λex, λ) according to the 
formula: 
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where β is adjusted to cancel the long red tail. 

D. Discussion 

In Figs. 10 and 11, the main experimental results are shown. The data extraction 
procedure, described in the preceding section, is applied to obtain the RMF signal from the 
steady state FLN spectra. The theoretical fits are based on the model described in Sec. III. 
The details of the simulations are described in Ref. 43. The strength of Gaussian disorder σ in 
the Hamiltonian (1) is adjusted by fitting the PIC-Cl absorption spectrum and is found to be σ 
= 0.2J. 

In Fig. 10 we plotted the RMF spectrum R(λ, λex) obtained from the experimental spectra 
of Fig. 5 according to the procedure given by Eq. 11 (open circles) together with the 
theoretical RMF spectra calculated for various phonon spectral densities, S(∆Ε) ∝ ∆Εα with α 
= 1, 2, and 3 (dash-dotted, dashed, and solid curves). It is clear that the best agreement of 
experimental and theoretical spectra is obtained for the Debye model of the phonon spectral 
density, S(∆Ε) ∝ ∆Ε3 (open circles compared with the solid curve), while the other powers of 
λ-dependence give a much worse agreement. This corroborates the results of Ref. 56, where 
the Debye model of S(∆Ε) has been successfully used to explain the temperature dependence 
of the J-band width and the radiative lifetime of pseudoisocyanine aggregates. In fact, the 
data presented in Fig. 10 is very important for our purpose because they allow us to 
discriminate the shape of the phonon spectral density: it should be of the Debye nature to 
correctly describe the experiment. As was already mentioned before, this function is needed 
to extract the nearest-neighbour level spacing distribution from the RMF signal. 
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Figure 10. Open circles represent the experimental red-shifted feature obtained after applying the 
subtraction procedure (described in the text) to eliminate the contribution of the long red tail resulting 
from other transitions. The solid curve (red) is the theoretical RMF spectrum calculated for the Debye 
phonon spectral density S(∆Ε) ∝ ∆Ε3, while the dashed-dotted (black) and dashed (blue) curves are 
the FRE spectra for S(∆Ε) ∝ ∆Ε, and S(∆Ε) ∝ ∆Ε2, respectively. The dotted curve denotes the 
absorption spectrum. 
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Figure 11. Open circles, full and dotted curves denote the same as in Fig. 9. Open diamonds represent 
the conditional probability of the nearest-level spacing distribution Psp obtained by dividing the 
experimental curve (open circles) by the Debye phonon spectral density S(∆Ε) ∝ ∆Ε3. The black 
curve shows Psp calculated numerically. 

 
 Figure 11 shows the principal result of the present study: the conditional distribution of 

the nearest-neighbour level spacing, Psp (diamonds), obtained after dividing the extracted 
RMF spectrum presented in Fig. 10 (open circles) by the phonon spectral density S(∆Ε) 
∝ ∆Ε3. We see that Psp(∆Ε) tends to zero upon ∆Ε → 0. This is a clear signature of the 
repulsive statistics of the nearest level spacing, i.e., it is of a Wigner-Dyson-type. From our 
data, unfortunately, we can not judge that the statistics is exactly of that type, for which Psp 
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would diminish linearly. We finally note that the data satisfies our assumption made when 
deriving Eq. 8 that the energy spacing distribution function varies with λ slower than the 
phonon spectral density. 

V. SUMMARY AND CONCLUDING REMARKS 

The energy level statistics in PIC-Cl J-aggregates is studied near the exciton band bottom, 
the region which dominates the aggregate optical response and low-temperature transport. 
The low-temperature fluorescence spectra obtained after a narrow selective excitation within 
the J-band are used. A typical fluorescence spectrum, obtained in this manner, consists of a 
narrow peak at the excitation wavelength and a less intense red-shifted feature. The latter 
may result from the phonon sideband emission as well as from the exciton fluorescence after 
downward intra-band relaxation.  

In our case, the absorption and fluorescence spectra exhibit a long red tail originating 
from the aggregates in the neighbourhood of the substrates. We developed a procedure based 
on the analysis of differential spectra for two close excitation wavelengths, which allows us 
to eliminate the contribution of the phonon sideband as well as significantly diminish the 
contributions of the surface bound aggregates. The spectrum extracted in this way is mostly 
due to relaxation-mediated fluorescence. Moreover, this signal mainly is driven the intra-
segment exciton transitions, i.e., by transitions of excitons within p-s doublets of states, 
localized on the same segment of the aggregate. Its shape is determined by a product of the 
phonon spectral density and the conditional probability distribution of the nearest-level 
spacing; the latter therefore can be recovered from the relaxation-mediated spectrum, if the 
phonon spectral density is known. 

It turned out that the Debye model of the phonon spectral density (~∆Ε3) fits the 
experimental data in the best way. With this in mind, we recovered the conditional 
probability of the exciton nearest-level spacing distribution from the relaxation-mediated 
fluorescence spectrum and found that it is of the Wigner-Dyson type, which is a clear 
signature of level repulsion. 

Finally, it should be stressed that the method used here for studying the statistics in the 
Lifshits tail of the DOS, based on FLN spectra, has a wider applicability than the simple 1D 
Frenkel exciton system considered here. The reason is that the key ingredients – the nature of 
the states in the Lifshits tail and the scenario of phonon-induced relaxation of excitons are 
shared by a large variety of systems, including quantum wells and wires [60-62]. 
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