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Dispersion of degenerate four-wave mixing (DFWM) efficiency near the exciton resonance
of aggregates of 1,1’-diethyl-2-2’-cyanine (pseudoisocyanine, PIC) chloride is reported.
Correlation with the spectrum of imaginary parts of nonlinearity obtained by pump and
probe techniques is discussed. Third order nonlinear susceptibility of PIC aggregates
has been calculated supposing highest density packing attainable by Langmuir-Blodgett
technique. The nonlinear figure-of-merit of aggregates was evaluated, which is intensity
dependent due to exciton annihilation. Observed intensity and wavelength dependence
of mixing efficiency is qualitatively explained in terms of absorption saturation, exciton
annihilation, and subsequent generation of an excess diagonal disorder by vibrational
energy accumulated in aggregates.
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1. INTRODUCTION

J-aggregates of polymethine dyes have become a focus of interest in
the interdisciplinary field of molecular nonlinear optics [1-5] and
Langmuir-Blodgett engineering [6-8]. Polymethine dye J-aggregates
were formed in LB layers, and storage of optical information in mono*Author to whom correspondence should be addressed.
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layers and mixed multilayers has been recently demonstrated [8,9].
Sharp and intense absorption bands at room temperature provide the
possibility of recording optical information by using the photoablative
technique [6,7] or photodissociation [8,9] (photodesordering) of
J-aggregates. Although the multicolour information storage devices
exploit intense and narrow absorption bands of aggregates, the physical mechanism of storage is mostly thermal change in steady-state
spectral characteristics. For fast signal processing based on electronic
nonlinear polarisation, the other set of features would be desirable,
and these include high photochemical stability, high nonlinear susceptibility, and fast response time, as well as the possibility of phase
matching of interacting waves. In the case of polydiacetylenes that
show high third order susceptibilities and fast response time, the
photostability is a limiting factor for commercial application of this
class of nonlinear materials. Fullerenes have recently revealed high
susceptibilities and no photodegradation at off-resonance case of
DFWM with 1064 nm picosecond pulses [10]. The )(3)values of
(6 4) x 10-8 esu for the solid state of C6o were reported by Blau et al.
[11]. Although a Z(3) value for 1064 nm of 3.3 x 10- 9 esu measured in
nanosecond DFWM experiments by Gong et al. [12] is considerably
lower, it is also among the highest measured susceptibilities having an
electronic polarisation character. The nonlinear optical characteristics
of fullerenes is still a subject of controversy, and the deduced quantities by different groups scatter within 2-3 orders of magnitude
[10-15]. Despite the high predicted theoretically [4, 16] and experimentally determined third order nonlinear susceptibilities [1,3, 16],
the capability of nonlinear processing of fast optical signals by the use
of J-aggregates has not been studied. Ying Wang [3] used absorption
spectroscopy and DFWM with 6ns pulses to estimate nonlinear absorption and power dependence of DFWM reflectance in PIC chloride J-aggregates at room temperature. The slope of only 0.7 for loglog plot of power dependence of phase conjugated reflectance was
pointed out. Using Kramers-Kronig analysis changes in refraction
were obtained. Quantitative data for nonlinear absorption were
shown to compare favourably with those for semiconductor-doped
glasses and polydiacetylene.
F. Spano et al. [4, 17] provided detailed theoretical calculations for
phase conjugated DFWM and pump-probe signals in aggregates and
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the scaling of susceptibility with aggregate size. Pure electronic response
including contribution of biexciton resonance and superradiance was
considered. A. Laubereau and coworkers [18] and T. Kobayashi and
coworkers [19] have investigated femtosecond response of pseudoisocyanine J-aggregate nonlinear absorption. Recently F. Sasaki and Sh.
Kobayashi [5] reported an anomalous intensity dependence of both
absorption changes and DFWM signal for PIC bromide aggregates at
77 K which was ascribed to coherent exciton-exciton interaction.
On the other hand, the complexity of time and intensity dependence
for absorption changes of PIC aggregates are known to be caused by
exciton annihilation and subsequent changes in aggregate spectrum
due to vibrational excitation [20-23]. Therefore, annihilation as well
as secondary vibrational energy dynamics in the aggregate affect the
nonlinearity and its time response in DFWM [1,23]. The influence of
annihilation in decay of DFWM signal was recently observed in case
of fullerenes [24]. In the present paper we report further results of
DFWM of tuneable picosecond pulses in J-aggregates of PIC in the
presence of this complex and strongly intensity dependent relaxation.

2. EXPERIMENTAL

DFWM experiments were carried out with tuneable 20ps pulses of
optical parametric oscillator (OPO) pumped by second harmonic of
modelocked Nd:YAG laser radiation [25]. The OPO output was frequency doubled in KDP crystal that ensured up to 25 gJ energy per
pulse at wavelengths 560-580nm. The DFWM experiments with
J-aggregates (for a detailed description see also [1]) were similar to
those often performed with other nonlinear materials [10, 14]. The diagram of experiments is shown in Figure 1. The OPO output beam was
divided into three beams in such a way that they were approximately
equal by energies at the sample cell and had the same polarisation.

.

The beams 1-3 were crossed in the cell so that 1 and 2 were
antiparallel, and the angle between 1 and 3 was 10 The proper
timing of pulses in the cell was obtained by delay lines DL1 and DL2.
The cross section of all three beams was about 3 mm 2 in diameter at
the sample. The phase conjugated beam was reflected by 60% mirror
and pulse energy was measured by a photodiode. Another photodiode

R. GADONAS et al.

FD1

LS

DL1
FIGURE

Experimental setup. LS-laser and amplifier system, OPO-optical parametric oscillator, F-filter, SHG-second harmonic generator, A-attenuator,
M1...M4-beam splitter, FD-photodiode, M-100% reflectance mirror, S-sample,
DL1, DL2-delay line.

was used to measure the reference signal. The energy of all three
beams was changed within more than one order of magnitude by
neutral density ink attenuator.
Aggregate samples of 1, l’-diethyl-2,2’-cyanine chloride (pseudoisocyanine, PIC, Filmfabrik Wolfen GmbH) were prepared by dissolving
PIC in water at 10-a M concentration and mixing with equal amount
of 0.4 M aqueous solution of NaC1. Measurements were carried out
using thin 0.12 mm glass cells. The absorption spectrum of PIC J-aggregates in aqueous solution at concentration of 5" 10 -’ M is depicted in
Figure 2. The J-aggregate band has its maximum at 573 nm. The width
of the narrow band is 60 cm- on the red side, whereas the blue wing is
inhomogeneous broadened with a width of 160 cm-1.

3. RESULTS AND DISCUSSION

Considering steady state absorption of aggregates and parallel
polarisation of all interacting beams, it is evident that we have a
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FIGURE 2 Absorption spectrum of PIC in aqueous solution
concentration of 0.2 M NaC1.
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nonlinear optical process governed by spatial modulation of population of real excitations. The phase relaxation time for J-aggregates at
room temperature was found to be 70 fs [18], which is short compared to pulse duration. Therefore no significant contribution of coherent interplay between light and matter polarisation is expected.
Absorption saturation as well as changes in refractive index due to
real excitons with no phase memory cause the process. Moreover, at
the incident light intensities used in our experiments the exciton anni-
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hilation plays a significant role in decay of exciton population especially close to resonance [ 18, 20, 21, 26]. Three dimensional diffusion
of excitation in the ensemble of aggregates is considered here and the
annihilation is written in the form as it follows from the classical
binary collision theory. In this theory the annihilation is described by
the quantity 7(0 which is connected straight with the pair-correlation
function 9(r,t), i.e., (t)= ,r2(r)9(r,t), where 2(r) is the annihilation
probability. This theory is adequate for the description of the annihilation processes in the absence of motion-limited diffusion, whereas a
time-dependent function should be used for the one-dimensional exciton diffusion within the aggregate. If the annihilation process is
becoming dominant it causes fast accumulation of excess vibrational
energy, which in turn is known to strongly influence J-aggregate
absorption [22,23]. It results in bleaching as well as broadening of
J-band which recovers within a time of 18ps [18]. There has been
until now no data on response of refractive index changes to vibrations. Furthermore the transition from the excited state has to be
taken into consideration in four wave mixing spectroscopy with femtosecond time resolution [27].
The intensity dependence of phase conjugated signal reveals additional features of interaction. In Figure 3 the intensity of converted
signal IIFWM is depicted vs. the intensity of the three interacting beams
at the wavelength corresponding to maximum conversion (2ex
575 nm). The ascent of linear regression in logarithmic scale is 1.5 only
instead of 3 expected for non-saturated case (under off-resonance conditions). It shows that annihilation and secondary processes contribute to nonlinearity at 574 nm resulting in decrease of the ascent.
Qualitatively, the role of annihilation can be taken into consideration
in the following way. Suppose the signal is due to diffraction of beam
3 on the transmittance grating formed by beams 1 and 2 and originates from population of excited states in aggregate (see Fig. 1). When
relatively long 20 ps pulses of megawatt power are applied, the annihilation results in an equilibrium exciton population density that can be
estimated using Paillotin’s approach [28].

dn
dt

r(1-n)I-kn

-

N

(1)
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FIGURE 3 Dependence of DFWM signal in arbitrary units in a) linear scale b)
logarithmic scale upon the reference intensity which is proportional to the intensity of
the interacting beams at wavelength 575 nm (in exact resonance). In Figure 3b the linear
regression with a. correlation coefficient of 0.93 is drawn into the experimental points.

Here n is dimensionless exciton population (volume density normalised to monomer concentration), I is incident light intensity in
photons/cm 2, r is absorption cross section in cm 2, k is annihilationfree decay rate in s-1, is annihilation constant in cm3/s, and N is
monomer concentration in cm-3.
In our intensity range at 574 nm excitation the annihilation is dominating path of relaxation [20,23]. It is evidently considering that at
incident light intensity 100MW/cm 2 corresponding to 2.6x1015
photons/cm 2 per 20 ps pulse the fluorescence quantum yield is almost
totally quenched and the decay is not resolvable even with 4 ps pulses
[20]. Therefore, within the pulse the population density is limited due
to nonlinear increase in decay rate caused by annihilation. The
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FIGURE 3 (Continued)

simplest estimation on the values of equilibrium population may be
obtained as the stationary solution for Paillotin’s equation. Neglecting
annihilation-free decay term in Equation (1), which is slow compared
to exciton generation and annihilation, it gives

nmax cN4

L" hv

(2)

Here c is molar concentration of dye, NA is Avogadro number, I is
intensity in W/cm 2, T is sample transmittance, L is cell length in cm,
and hv is the photon energy in J. Not surprisingly at 100 MW/cm 2 we
estimate nma
0.015, which corresponds to 1 excitation per 60 monomer molecules. The square root dependence of nma on I is a key to
qualitative explanation of the decrease in power P. The decrease in
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amplitude of transmittance grating compared to situation n I at no
annihilation and no population saturation results in decrease in ascent.
Although the saturating intensity for exciton population defined as

/sat

1. hv

(3)

gives the value of about 2 MW/cm 2, at this power the integral number
of photons absorbed in 20 ps pulse results in population less than
0.04, that is the pulses are too short to reach saturation. On the other
hand, at/sat the annihilation limits the population at the level of 0.002,
that is far below saturation. Thus, in aggregates due to exciton annihilation no saturation of exciton population occurs [23]. For the complete wavelength-dependent analysis, effects such as electron-phonon
coupling as well as transitions from n-exciton states to (n + 1)-exciton
states (n > 1) should be taken into account.
In our DFWM experiments the backward reflected phase conjugated signal was observed in the range 565-581 nm, and its magnitude as well as intensity dependence were found to be strongly
wavelength dependent. The wavelength dependence of conversion efficiency defined as

er 11 +IDFWM
12 q- 13

(4)

is shown in Figure 4. The measured efficiency values range from 10 .6
to 4.10 .5 at 100 MW/cm 2 peak power of incident interacting pulses.

For comparison, the spectrum of aggregate absorption changes
together with that of the change in the refraction index are depicted in
Figures 5a and 5b. The curves in Figure 5 were measured at different
conditions (pulse duration, intensity, etc.) therefore it is difficult to use
them to deduce quantitative characteristics. They are depicted to support the qualitative explanation of the measured data.
It is important to note that the maximum efficiency observed at
575 nm is slightly red shifted compared to the absorption maximum
(573 nm). It is in rather good correlation with the electronic part of
light induced absorption changes (low intensity with no annihilation
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FIGURE 4 Wavelength dependence of conversion efficiency eff in PIC J-aggregates
100 MW/cm peak power.
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and vibrational contribution) shown in Figure 5a. The latter was
ascribed to the bleaching of single exciton transition [31] (region
2 > 573 nm in Figure 5a) together with transient absorption (region
2 < 573 nm) related to transition to two-exciton state [19,30,31]. The
single exciton bleaching reaches the highest value at 575 nm, which
results in high mixing efficiency via transmittance grating. Not only
the position of the maximum but also good correlation of the dispersion curve of mixing efficiency with that of bleaching in the long
wavelength wing of J band (2> 573nm). Nevertheless, it does not
allow us to draw conclusion about dominant role of absorption saturation in this range. It is difficult to evaluate the role of nonlinear
refraction although its contribution is also present at least at
2 > 575 nm. We do not know what is the result of the interference of
amplitude and phase grating in this region. The related shape of dispersion curve corresponding to pure electronic component of transient spectrum is not known. Data of Yink Wang [3] calculated by
Kramers Kronig analysis and reproduced in Figure 5b correspond to
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FIGURE 5 a) Spectrum of PIC-J-aggregate absorption changes together with the b)
spectral dependence of the change in the index of refraction (An) obtained through a
Kramers-Kronig analysis (the latter was taken from [20]).

a different case where vibrational contribution is obvious, the spectrum
of absorption changes has a character of homogeneous bleach-

ing corresponding in reasonable extent to vibrationally "hot" aggregate (see discussion below).
The contribution of transient absorption with maximum at 565 nm
to conversion efficiency seems to be considerably weaker. Although no
absorption changes due to exciton population appear at 573 nm, the
measured FWM efficiency is high enough. This is due to transmittance modulation caused by population of vibrational degrees of freedom and aggregate dissociation (disordering) by excess vibrations.
The latter phenomena may be characterised as the loss of coherent
link between monomers in aggregate due to population of such vibrational degree of freedom as internal rotation made of individual
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monomers. At intensities used in our experiments, it results in bleaching of J-band with maximum absorption changes at 573 nm [1]. The
transient spectrum with the contribution of vibrationally excited
aggregate species is shown in Figure 5a. It can explain the efficient
mixing around 573 nm as caused by nonlinearity originating from
secondary vibrational excitation.
Due to limited intensity range of our experiments, which is caused
by irreversible changes of aggregate properties at high energy side and
the scattering noise at low energy side, the same simple and rough
analysis of power dependences of signal was used also within J-band.
The correlation coefficient of linear regression in logarithmic scale
within the whole studied wavelength range was above 0.85. Thus, to
show variation in intensity dependence of signal with wavelength, the
power parameter P was introduced supposing

IDFWM OC (./Ref) P

(5)
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where IRef is the reference signal. Although this assumption has no
physical reasons in resonance, where the dependences deviate from
exponent, the P parameter can be regarded as an overall measure of
sensitivity of the signal to intensity variations of three interacting
beams. The dispersion of P is shown in Figure 6. The overall power is
strongly dependent upon the resonance condition. Whereas at the
wings of the J-aggregate it is close to 3, in the exact resonance
(573 nm) the value is 1.25, and 1.5 in case of maximum conversion
(575 nm). As can be seen from the error bars in Figure 6, with the
exception of the wings the intensity dependence is not adequately
described by a simple power law. The deviations from single exponent
especially in resonance conditions, as discussed above, are due to
higher exciton population densities, and contribution to mixing of
annihilation and secondary effects [1,27]. To calculate nonlinear susceptibility the adequate physical model is necessary. In resonance case
it is difficult without full quantitative characterisation of changes in
absorption and refractive index related to both electronic and vibrational excitations as well as their time behaviour. Therefore the simple
approach often used in off-resonance nonlinear optics where material
response is simplified to third order susceptibility was applied in
almost off-resonance case in the long wavelength J-band edge. In the
latter case the third order intensity dependence of reflected signal was
experimentally found [1].
In this case we used a simple relationship given in [4] to estimate
near-resonance 2(3)

47C4#o
I4 n4,ao (Zs) L2ItII3

(6)

Taking into account
(3
Jesu

8.1.1018 )(Ks

(7)

we calculated for the third order susceptibility at 579 nm a value of
1.2.1011 esu. Although this value of 7/3 describes adequately the

power dependence of DFWM signal using formulae for off-resonance
case, it should be regarded only as an oversimplified characteristic of
aggregate as a nonlinear medium. In other words, it means suscepti-
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FIGURE 6 Power P dependency of converted signal intensity on the intensity of the
interacting beams (here called the reference intensity due to the fact that the three
interacting pulses have nearly the same intensity for highest DFWM efficiency).

bility of an off-resonance nonlinear medium that would ensure the
measured phase conjugated reflectivity or energy exchange. The resonance situation is much more complicated as it was discussed. Nevertheless, the above evaluations make possible comparison of aggregates
and other nonlinear media.
To compare the third order nonlinear constants of different materials
is not so simple. Apart from susceptibility, nonlinear figure-of-merit is
introduced as an important parameter of a medium. There are different
definitions of figure-of-merit. The choice of an adequate definition depends on the nonlinear process considered and the character of material
response to light. With respect to the latter, figures-of-merit can be
divided into those for resonance and off-resonance cases. For the resonance DFWM process involving real excitation, free excitons and impurities, interband transitions in semiconductors, absorption saturation in
organic compounds, the so-called general figure-of-merit

Z(3)

FM=
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is used [32]. Here e is the (linear) absorption coefficient in cm-1, and
: is the lifetime of elementary excitation induced by the resonant
transition that contributes to Z (3). Thus considering the upper limit for
response time being annihilation-free lifetime of J-aggregates (400 ps
[20]), and the lower limit at strong annihilation case resulting in
nearly pulse-limited response [1], we obtain figure-of-merit ranging
within 0.003-0.11 esu cm/s range for DFWM at 579 nm. By the order
of magnitude it is close to FM for C6o-fullerenes. We estimated for
C6o at 1064 nm FM > 0.03 esucm/s from the data [24], and 0.005 at
633 nm from [13]. Although the values of figure-of-merit for polydiacetylenes are considerably higher (we estimated 30 esu cm/s for
PDA/BMCU gel from the data [33]), the PIC J-aggregates seem to be
an attractive molecular nonlinear medium.
The 1:(3)measured corresponds to low concentration aggregated dye
solution (monomer concentration c-5.10 .4 M). It is evident that
nonlinearity is higher for concentrated solutions, since the lifetime as
well as annihilation constant does not change considerably, at least
until c- 10-2 M. Therefore it is possible to predict that the figure-ofmerit does not change much. The limit monomer density would be in
molecular solid possessing aggregate properties. Langmuir-Blodgett
technique is known to ensure J-aggregation in monolayer, therefore,
to estimate the possible highest nonlinearities, we extrapolated our
data to molecular Langmuir-Blodgett solid. Following the assumption
that the molecular solid containing J-aggregates would be characterised by a monomer packing density equal to that deduced from
Langmuir-Blodgett room temperature isotherms, we normalised the
t:(3) value to the volume partition of active PIC molecules in solution.
The size of the PIC molecule in the solution was measured by
taking the isotherms of the monomolecular layer produced on the
water surface of a Langmuir-Blodgett trough. For the area of the PIC
molecule we calculated 0.48 nm 2. The height of the PIC molecule was
estimated to 0.15 nm taking into account the length of the C--H
bond as well as the torsion angle of the PIC molecule (50.6 in
ethanol). The volume per molecule at closest packing amounts’ to
0.072 nm 2. The water molecules that are not active in mixing process
take up an essential part of the volume. Therefore the active PIC
molecules take only 2.25 x 10-5 volume part of solution. Taking this
into account, we estimate (5 + 2). 10 .8 esucm/s for third order non-
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linear susceptibility of molecular LB solid containing J-aggregate at
579 nm. Although the above estimation is rather rough, these high
values can be considered as an approach to estimate the nonlinear
susceptibilities of bulk material under the situation of high dilution in
solution.
The quantitative description of nonlinear four wave mixing in Jaggregates needs further studies to separate real and imaginary parts
of polarisation response, including not only single exciton resonances
but those of multiply excited species, annihilation as well as secondary
effects such as reversible aggregate disordering. In general, a better
understanding of the nature of huge polarizibility of heterogeneous
partially ordered molecular systems within and near exciton resonance is needed. We are in progress with further theoretical and experimental studies of the dispersion and intensity dependence of the
DFWM in aggregates.

4. CONCLUSION
The dispersion curves of the DFWM efficiency have been discussed
with respect to the absorption, optical density changes, and
Kramers-Kronig relation. The dispersion of efficiency of converted
signal intensity follows the maximal changes of the optical density
more than the resonance conditions. The power law dependence of
the converted signal is shown to have a minimum at exact resonance
taking into account the exponent of the interacting intensities as an
overall parameter. Annihilation and secondary vibrational excitation
processes are responsible for the detected deviations from third order
dependency in the resonance case. Secondary changes in absorption
(refraction) observed within excitation pulse at high intensities provide an additional four wave interaction mechanism. Simultaneous
action of electronic and secondary vibrational nonlinearities at high
intensity results in a more comiglex dependence of DFWM signal on
excitation intensity. The third order nonlinear susceptibility of thin
PIC J-aggregate layers was estimated from the converted signal intensity normalised to the volume partition of active PIC molecules
in solution to 5" 10 -8 esu.
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