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Observation of the one-exciton to two-exciton transition in a J aggregate 
Henk Fidder, Jasper Knoester, and Douwe A. Wiersma 
Ultrafast Laser and Spectroscopy Laboratory, Materials Science Centre, University of Groningen, 
Nijenborgh 4, 9747 AG Groningen, The Netherlands 

(Received 28 December 1992; accepted 8 February 1993) 

We report on the first observation of the one-exciton to two-exciton transition in 
J aggregates. A theoretical analysis supports our interpretation. 

We report on the first observation of a one-exciton to 
two-exciton transition in a molecular assembly: the J ag- 
gregate. One-exciton (or Frenkel) states have been studied 
extensively in this aggregate as well as in other molecular 
systems. Two-exciton states, however, have received con- 
siderably less attention. This is surprising because these 
states play an important role in molecular solids as door- 
way states in the exciton-exciton annihilation process,’ 
and, as was recently shown, in determining the size depen- 
dence of optical nonlinearities.* Exploration of the one- 
exciton to two-exciton transition and the two-exciton dy- 
namics, therefore, seems extremely relevant for extending 
our fundamental understanding of molecular solids and for 
advancing the field of molecular electronics. In this Com- 
munication we show that two-color picosecond pump- 
probe experiments provide a convenient means to study 
these states. 

The experiments were performed on the J aggregate of 
pseudo-isocyanine-bromide (PIC-Br) in a glass of 1: 1 eth- 
ylene glycol/water at 1.5 K. The aggregates were made by 
cooling a 5 X 10V3 M solution slowly to 77 K. The ps 
pump-probe experiments were done by using two R6G dye 
lasers, synchronously pumped by the same mode-locked 
argon ion laser. Typical pulse widths of the pump and 
probe pulses were about 4 ps; the jitter between the two 
lasers was 40=!= 10 ps. 

Figure 1 displays the main result of our experiments. It 
shows the differential absorption spectrum (difference of 
the probe absorption spectra with and without pumping) 
for zero delay and a pump wavelength of 576.0 nm, which 
is near the peak of the “red” J band (see insert). We first 
note that the strength of this signal strongly depends on the 
pump wavelength and correlates very well with the aggre- 
gate absorption. Furthermore, at the pump wavelength the 
intensity of the signal drops with a time constant shorter 
than 20 ps, in agreement with the known exciton dynamics 
of the J band.3 Both these facts prove that the spectrum in 
Fig. 1 is due to exciton transitions in the J aggregate. Two 
features stand out in Fig. 1: a strong bleach at the excita- 
tion wavelength and an equally intense, but slightly blue- 
shifted, increased absorption. In the remainder of this 
Communication we will show that this increased- 
absorption signal can be assigned to a one-exciton to two- 
exciton transition. In fact, we demonstrate that the differ- 
ential absorption signal displayed in Fig. 1 can be 
completely reproduced using the same microscopic param- 
eters that have been obtained from an earlier analysis of the 
one-exciton transition in J aggregates4 of PIC-Br. 

In order to analyze the pump-probe experiment on the 

J band, we will treat the aggregates as chains of interacting 
two-level molecules described by the Frenkel exciton 
Hamiltonian with Gaussian diagonal disorder (mean mo- 
lecular transition frequency R, standard deviation D) . The 
molecular transition dipoles p are taken parallel to each 
other. This model is well accepted; previously, we have 
shown that it explains the low temperature linear optical 
properties of J aggregates.4 The eigenstates of this model 
occur in bands characterized by the number of excitations 
that are shared by the molecules on the chain (ground 
state, one-excitons, two-excitons,...), as displayed in Fig. 
2.%’ Multiexciton states can only be probed by nonlinear 
optical experiments. The pump-probe experiment is, to 
lowest order in the laser intensities, a third-order optical 
technique.* However, we will use a more intuitive picture 
and treat it as a sequence of two linear absorption experi- 
ments, of which the second occurs from the state prepared 
by the pump pulse (sequential pump-probe). In this view, 
the pump pulse creates one-excitons, which during the 
pump-probe delay may relax to the ground state and (or) 
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FIG. 1. Differential absorption spectrum (-) of PIC-Br aggregates at 
1.5 K, when pumping at 576.0 nm. The dotted line is the spectrum 
calculated from Eq. (l), using the parameters discussed in the text. The 
insert displays the (linear) absorption spectrum at 1.5 K. 
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FIG. 2. Schematic representation of the lower part of the level scheme for 
Frenkel-exciton systems. The arrows indicate allowed transitions. 

redistribute over the one-exciton band by scattering on 
phonons. Information on the state of the system after the 
delay is obtained from the absorption of the probe beam. 
Strictly speaking, the sequential pump-probe picture is 
only valid if the delay is long compared to the pulse dura- 
tions. 

A simple expression for the pump-probe signal from 
disordered chains is obtained through perturbation theory 
in D/V, where I’ is the nearest-neighbor intermolecular 
interaction. In particular, we will use the (multi)exciton 
energies to first order in D/V and the unperturbed (homo- 
geneous) wave functions. The dominant relevant transi- 
tions then occur between the ground state and the k= 1 
one-exciton, and between the k= 1 one-exciton and the 
(kl,k2) = ( 1,2) two-exciton. The corresponding oscillator 
strengths and transition frequencies are &, ~0.81Np*, 
,4i2cl 1.27Np2 and R,, R,, respectively.5Y6 Here, N denotes 
the number of (coherently coupled) molecules on the 
chain and CIk denotes the frequency of the kth one-exciton 
to first order in the disorder. Taking only these transitions 
into account and neglecting any dynamics during the de- 
lay, we find for the differential absorption: 

ha(wl,w2) aP(q)( -2+Wexp [ -(UiG)2] 

2 

delay= 90 ps 

+p3Pb21,,) * 
1 

(1) 570 573 576 579 

Here, o, and o2 denote the central frequencies of the pump 
and the probe pulses, respectively, and W is the standard 
deviation (FWHM/2.35) of the convolution of the Gauss- 
ian power spectra of the two pulses. Furthermore, P( CI,) is 
the probability distribution for al, which is a Gaussian 

centered around the homogeneous frequency @= KI 
+2Vcos [r/(N+ l)] with a standard deviation DJ= D[3/ 
2W+l)l . “* P(w) gives the well-known motionally nar- 
rowed linear absorption spectrum.9 Finally, P(a2 ] a,) is 
the conditional probability distribution for CI,, given the 
value of 0,. It can be shown” that for N%l, P(fi,]n,) is 
Gaussian in CI, with a standard deviation DC=: D( 5/6N) I’ 
2 and center @+y(R,--RT), where @=n+2Vcos [2?r/ 
(N+ 1 )] (the homogeneous k = 2 one-exciton frequency) 
and y=2/3. Equation ( 1) has been derived assuming that 
the J band is broad compared to the spectral width of the 
pump and probe pulses, which, in turn, are broad com- 
pared to the homogeneous widths of the excitonic transi- 
tions. The first (negative) term in Eq. ( 1) describes 
bleaching and stimulated emission (equally large) of one- 
exciton transitions, whereas the second (positive) term de- 
scribes extra absorption due to the transition from the one- 
to the two-exciton band. For J aggregates ( V< 0) pumped 
close to resonance, this absorption occurs to the blue side 
of the bleaching. In order to use Eq. ( 1) in practice, where 
the disorder and the chain length are too large to justify the 
perturbative approach, we replace N by the exciton delo- 
calization length Ndel <N. This procedure is heuristic, but 
works surprisingly well in, for instance, explaining the D413 
dependence of the width of the J band on the disorder.4 In 
Fig. 1, Eq. ( 1) is compared to the observed differential 
absorption spectrum. The input parameters have been 
taken from our previous analysis of the linear optics 
of the J aggregate: Ndel=50, D=64 cm-‘, and 
v= -720 cm-‘;4*1’ furthermore, W=5.5 cm-‘. The ex- 

delay= 0 ps 

delay= 55 ps 

Wavelength (nm) 

FIG. 3. Differential absorption spectra for various pump-probe delays at 
1.5 K, after pumping at 575.3 nm. Note that the intensity scale is arbi- 
trary. In reality, the increased absorption signal intensity has decreased by 
a factor 4 from 0 to 90 ps pump-probe delay. 
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cellent agreement between the experimental and calculated 
trace strongly supports our contention that the increased- 
absorption signal is due to transitions between the one- 
exciton and two-exciton band in the J aggregate. We fur- 
ther conclude that the homogeneous width of this excitonic 
transition cannot exceed 5 cm- ‘, putting a lower limit of 1 
ps on the two-exciton lifetime. 

Figure 3 shows a series of scans performed for several 
pump-probe delays after pumping at 575.3 nm (on the 
high energy side of the J band). In the zero delay scan a 
new bleach peak is observed at about 576.1 nm. This peak 
may be caused by bleaching of the k= 1 one-exciton, re- 
lated to pumping of some k=3 one-exciton states in the 
high energy tail of the J band. When the pump-probe de- 
lay is increased the signal intensity decreases rapidly and 
the bleach feature becomes overwhelmed by the rise of 
another increased-absorption signal. It is tempting to at- 
tribute this effect to intraband relaxation. However, con- 
comitant with this increased absorption signal a bleach 
signal is expected at the low energy edge of the J band. A 
possible reason for the absence of this additional bleach 
signal is the use of a spectrally broad probe pulse 
(FWHM= 12 cm-‘). It is also conceivable that full nu- 
merical calculations will show that the extra bleach, ex- 

pected on the basis of the above perturbative treatment, 
cannot be observed. 

Additional nonlinear optical experiments and numeri- 
cal calculations are planned to further explore one-exciton 
to two-exciton transitions in molecular assemblies. 

This research was supported by the Netherlands Foun- 
dation for Scientific Research (NWO). 
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