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Abstract

Formation of Langmuir and spincoated films containing squarylium dye (SQ) J-aggregates and their femtosecond

optical response are described. Pump–probe measurements show that saturable absorption of SQJ-films reveal ultrafast

decay with time constants of 100–300 fs. We have applied SQJ-film to new femtosecond time-to-space conversion. A

pump (gate) pulse and a train of four probe (signal) pulses were illuminated on the same area of the film in the direction

of oblique and normal to the film-plane respectively. Demultiplexing operation for T bps optical signals was demon-

strated with femtosecond nonlinear optical response of the SQJ-film.
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1. Introduction

For nonlinear optical switching devices, inor-

ganic semiconductors such as GaAs, etc. have

generally been investigated [1]. Organic p-conju-
gated systems such as conductive polymers and

J-aggregates of certain dyes as well have been ex-

pected to exhibit ultrafast nonlinear optical re-

sponse. Already several papers were reported on

ultrafast response of cyanine dye J-aggregates

[2,3]. Cyanine dye J-aggregates is one of the most

suitable structures for ultrafast and high nonlinear

optical response, as Frenkel exciton is expected to

generate inside the J-aggregates after absorbing

photons. Ultrafast spectroscopic dynamics of cy-

anine dye J-aggregates indicates their large optical
nonlinearity and fast decay of excited states.

Squarylium dyes (SQ) shown below generally in-

dicate sharp absorptions at �630 nm and large

molecular absorption coefficients in solution; >105

cm�1 M�1. On the other hand, they generally show

intense and panchromatic broad absorption (400–

900 nm) in solid state, owing to the exciton inter-

actions.
In this paper, the formation of SQJ-aggregates

films, observation of femtosecond nonlinear opti-

cal responses and an application to femtosecond

optical switches are described.
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2. Formation of Langmuir films containing squary-

lium dye J-aggregates and their ultrafast responses

During an investigation about relationships

between molecular structures of SQ dyes and their
aggregation forms in a monolayer on water surface

[4], SQ dye with propyl and hexyl anilino groups

(SQ36, R1:C3H7, R2:C6H13, X:H in Fig. 1) par-

ticularly shows characteristic sharp and strong ab-

sorption at longer wavelength (J-band) as shown

in Fig. 2 [5].

Transient absorption change spectra were eval-

uated with pump–probe measurement using pump
pulse with 780 nm wavelength and probe pulse of

white light continuum with 200 fs duration. As

shown in Fig. 3, dispersion type absorption change

spectra with a decrease of absorbance at longer

wavelength and an increase at shorter wavelength

were observed. Decay curves of transient absorp-

tion change indicate one of the shortest relaxation

time constant of about 300 fs. This transient ab-

sorption change spectra were analyzed by Frenkel-

type exciton model of J-aggregates.

3. Spincoated films containing squarylium dye

J-aggregates

In order to fabricate devices, films must be

made on solid substrates. We have tried to make

SQJ-films with simple spincoating technique in
several conditions. We have discovered for the first

time that SQJ-films could be spincoated onto a

glass or a sapphire plate from a 1,2-dichloroethane

solution without binder polymers [6]. Optical ab-

sorbance of a typical film was 1.5–2.5. SQ films

were heated in alkaline or acidic vapor if it is

needed to assist forming J-aggregates. As shown in

Fig. 4, UV and fluorescent spectra were used to
confirm the formation of J-aggregates.

SQ derivatives used in experiments had almost

identical molecular structures. Substituted alkyl

side chain length is only different. But remarkable

differences were observed in the absorption spec-

tra. Fig. 4(a) shows the absorption spectra of the

spincoated films of the SQ derivatives with dipro-

pylamino bases (SQ33, R1&R2:C3H7, X:H), dibu-
tylamino bases (SQ44, R1&R2:C4H9, X:H) and

diheptylamino bases (SQ77, R1&R2:C7H15, X:H),

together with the spectrum of SQ33 1,2-dichlo-

roethane solution. SQ33, SQ44 and SQ77 show

almost the same absorption in solution because the

difference of alkyl chain length makes only a slight

influence to the electronic state of the dye mole-

cule. In the spectra of Fig. 4(a), SQ33 has one
broad absorption peak around 710 nm, which is

the result from the initial aggregation. On the

other hand, SQ44 shows two peaks, one is the

sharp peak of 770 nm and second is the broad one

around 650 nm. To identify the formation of J-

aggregates, the fluorescent spectrum of SQ44 film

was measured (Fig. 4(b)). When it is photoexcited

at 650 nm, fluorescence was detected at the peak
wavelength of 777 nm. With the small stokes shift

from 770 nm absorption, this absorption was

Fig. 1. Squarylium dyes.

Fig. 2. Absorption spectra of squarylium dye (SQ36; R1:C3H7,

R2:C6H13, X:H) J-aggregates Langmuir film (––) with that of

chloroform solution (- - -).
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attributed to the SQJ-band. The absorption at 650

nm should be from monomeric species. When

these monomeric species were photoexcited, effi-

cient energy transfer from monomeric species to

J-band occurred.
The formation of SQ33 J-aggregates was ob-

served to be promoted by heat and/or acid treat-

ment. However, SQ44 and SQ77 spectra do not

change under the same treatment. Molecular

morphology and kinetics of SQ derivatives in the

film are shown to be governed by their alkyl chain

length. Once SQJ-aggregates formed in the spin-

coated films, they are stable at room temperature.

4. Ultrafast optical response with time constant of

�100 fs

For spincoated films of SQJ-aggregates, ultra-

fast nonlinear optical responses were investigated

Fig. 3. (a) Linear absorption and transient absorption change spectra of SQJ-aggregates Langmuir film. (b) Temporal change of

absorbance at most bleached wavelength for SQ solution (�) and the Langmuir film (d).

Fig. 4. (a) Absorption spectra of SQ33 (bold line), SQ44 (solid line), SQ77 (broken line) spincoated films and SQ33 1,2-dichloroethane

solution (dotted line), (b) Absorption (bold line) and fluorescent (dotted line) spectra of SQ44 spincoated film with the photoexcitation

at 650 nm.

L.S. Pu / Optical Materials xxx (2002) xxx–xxx 3

ARTICLE IN PRESS



with pump–probe measurements [7]. By using a

broadband mode-locked titanium: sapphire laser,

we have been succeeded in observing the optical

response with time-resolution of better than 60 fs.

Time-resolved transmission data were obtained

with different excitation wavelengths, resonant one
to the excitonic absorption band and off-resonant

one. In the case of resonant excitation, relaxation

times of the absorption saturation were evaluated

to be 140 fs (fast-component) and 950 fs (slow-

component). The slow component of optical re-

sponse will become serious impediment to a

switching operation at terahertz rate. If the exci-

tation wavelength is detuned from the excitonic
resonance to the longer wavelength, the slow

component is expected to give a smaller contri-

bution while the fast response is left. Closely in-

specting the result of previous experiments, we

have found that when combined with detection at

780 nm of induced transmittance, 820 nm would

be a good tradeoff, where one could obtain the fast

response with an allowable reduction of switching
efficiency. The result of the measurement by off-

resonant pumping is shown in Fig. 5, along with a

trace of cross-correlated sum frequency generation

signal, which has HWHM of 45 fs. As expected,

the slow component to persist for longer period of

time disappears and relaxation curve shows ul-

trafast response with time constant of 98 fs [8],

although it requires more energy. This optical re-

sponse with the off-resonant pumping should

comprise only instantaneous optical response by

electronic polarization of J-aggregates. Although

more detailed evaluation of the optical response of
J-aggregates should be needed to understand the

mechanism more clearly, the importance of our

result lies in the observation of almost perfect re-

covery (�97%) of optical response after 1 ps.

5. All-optical two-dimensional serial-to-parallel

pulse converter

New concept of parallel demultiplexer utilizing

an organic film is described. Spincoated films of

SQJ-aggregates exhibit femtosecond relaxation of

the bleached absorption at 775 nm. Transmission

of signal pulse increases when a gate pulse exists

and it reduces within 1 ps. Therefore, the large

area SQJ-film can be regarded as ultrafast optical
shutter array.

With these organic ultrafast optical shutters,

multi-output demultiplexing operations for T bps

pulses were performed [9]. A setup for demulti-

plexing operation is shown in Fig. 6. A series of 4

fs pulses of 1 ps interval (corresponding to 1 THz

repetition rate) were irradiated onto SQJ-film for

signal pulses synchronized with a femtosecond
gate pulse at a finite angle. Ti:sapphire laser was

used for a femtosecond laser source. Because

spatial thickness of femtosecond pulses are <100

lm, each signal pulse meets a gate pulse at a dif-

ferent area on a SQJ-film. At each crossing area,

the SQJ-film works as an optical shutter and each

signal pulse is detected from the different area of

the film, as successive pulses do not pass through
the same area of the film. Absorption change of

the SQJ-film recovers almost completely within

1 ps. Demultiplexed signals were detected by CCD

camera as a differential image of signal pulses

between with and without a gate pulse. For the

experiment of one-dimensional outputs, demulti-

plexing operation of four pulses has been achieved

using SQJ-film. Output profile of differential image
of CCD is shown in Fig. 7. Four clear output

signals were observed at different area on CCD.

Fig. 5. Temporal change of transmittance and a cross-corre-

lation trace of sum-frequency generation between the pump and

the probe pulses (- - -), and a calculation to fit the result (––).
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Each signal has sharp rising edge and slightly

gentle decay tail. This corresponds to the fact that,

in the case of bleached absorption of SQJ-film, the

absorption reduction occurs within a few fem-

toseconds but the relaxation to half a maximum

requires for about 300 fs. A little roughness ob-
served in the profile should stem from the inter-

ference among the diffraction lights by apparatus

edges.
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