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Large x „3… of squarylium dye J aggregates measured
using the Z-scan technique
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Third-order nonlinear optical coefficientsx (3) were measured for theJ aggregates of two types of
squarylium dye derivatives at resonant and near-resonant wavelengths by using theZ-scan
technique. The maximumx (3) value evaluated at one-photon resonance was 2.931026 e.s.u., which
was greater than that of phthalocyanines by 4 orders of magnitude.x (3) for one squarylium
derivative was approximately two times as large as that of the other. This can be attributed to the
difference of the number of molecules contributing to a coherent state in eachJ aggregate. ©2001
American Institute of Physics.@DOI: 10.1063/1.1410879#
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From the viewpoint of applications to optical device
organic materials have several distinguishing features:
cessability, cost effectiveness, and ease of forming large-
films. Taking these advantages into account, we have stu
organic materials for low-cost, ultrafast optical switches
tera-bitrate telecommunication networks.1–3 Basing our work
on previous studies of pseudoisocyanine bromideJ
aggregates,4,5 we have succeeded in formingJ aggregates of
squarylium ~SQ! dye derivatives in spin coated films an
confirmed that the recovery of bleached absorption occu
on a femtosecond time scale. By using the SQJ aggregate
film as an ultrafast optical shutter array, we successfully
tected the parallel outputs of femtosecond optical pulse tr
with a 1 pspulse interval, based on the concept of serial-
parallel pulse conversion.6,7 We have found that the SQJ
aggregates have a response time fast enough to be appl
terahertz optical switches; however, precise measureme
the third-order nonlinear optical coefficientx (3) has not been
performed. In this letter, we evaluatex (3) for two types of
SQ J aggregates at resonant and near-resonant wavelen
by using theZ-scan technique and make an estimation of
number of molecules contributing to a coherent state in e
J aggregate by comparing effectivex (3).

In the experiment, SQ derivatives with dipropylamin
bases~SQ33! and dibutylamino bases~SQ44! were used. The
chemical formula of the SQ derivatives and absorption sp
tra of the SQ films are shown in Figs. 1~a! and 1~b!. SQ J
aggregate films were prepared by using a spincoating me
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from 1 wt % 1,2-dichloroethane solution without any bindin
matrix. In the case of the SQ44,J aggregates were forme
spontaneously in the film. In the case of the SQ33, theJ
band appeared after the film was heated in the presenc
acetic acid vapor. Both types ofJ aggregates showed stabi
ity on the order of several months. Details of film prepa
tions were reported in our previous papers.1,2 We observedJ

il:

g,
-
FIG. 1. ~a! Chemical formula of the SQ derivative~SQ33 for n53 and
SQ44 for n54! and ~b! absorption spectra of spincoated films of SQ3
~solid line! and SQ44~broken line!.
7 © 2001 American Institute of Physics
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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bands with peak wavelengths of 768 and 775 nm for
SQ33 film and the SQ44 film, respectively. The peak hei
of the SQ33J band is higher than that of the SQ44J band
and the film thickness was 70 nm for the SQ33 and 85
for the SQ44. Therefore, a larger concentration of oscilla
strength has occurred in the SQ33 film compared to
SQ44 film due to motional narrowing.8 The linear refractive
indicesn0 of the SQ films were determined by using a mu
tiwavelength ellipsometer~J. A. Woollam, VASE! in the
wavelength range from 400 to 1100 nm, which is requir
for calculatingx (3).

The Z-scan technique was used to determine the s
and the magnitude ofx (3) of the SQ films. TheZ-scan tech-
nique was proposed by Sheik-Bahaeet al.and was described
in detail in their articles.9,10 Femtosecond laser pulses fro
an amplified Ti:sapphire laser with a repetition rate of 1
kHz were used for a light source. The duration of a pulse w
approximately 90 fs. Thermal effects due to a group of pul
was confirmed to be negligible in this case through exa
nations using different substrates with different heat cond
tivities. Irradiant power was in the range from 0.3 to 5
GW/cm2. All the x (3) values evaluated in this letter conta
approximately610% uncertainty mainly due to the fluctua
tion of irradiant power. The imaginary part ofx (3) (x I

(3)) can
be determined at the resonant wavelength, and both
imaginary and the real part ofx (3) (xR

(3)) can be determined
at the near-resonant wavelength. This restriction comes f
the prerequisite thatb/2kg<1 in the analysis ofZ-scan
data,10 whereb is the coefficient of breached absorption,g is
the nonlinear index, andk is the wave vector. For the reso
nant measurements, the center wavelength of a pulse
adjusted to the peak wavelength of eachJ band through the
use of an optical parametric amplifier and second harmo
generation. For the near-resonant measurements, amp
pulses from the Ti:sapphire laser with a center wavelengt
805 nm were used directly. Before the measurement of
SQ films,xR

(3) for the CS2 solution was measured in order
calibrate theZ-scan system.xR

(3) for CS2 was calculated to
be 1.4310213 e.s.u. at 805 nm, which is close to the pre
ously reported value, considering the fact that the molec
reorientational effect can make no contribution toxR

(3) on the
femtosecond time scale.10,11

Normalized transmittance as a function of sample po
tion Z measured about the SQ44J aggregate film at a near
resonant wavelength is shown in Fig. 2. The signal detec
with an open aperture~S51! is indicated in Fig. 2~a!. In this
case, transmittance change originated from the absorp
change of the film, therefore,x I

(3) can be obtained. The in
crease of transmittance nearZ50 corresponds to the
bleached absorption. The solid line is the fitting curve fro
the theoretical calculation10 and, as a result,x I

(3) for the
SQ44J aggregates was evaluated to be20.831027 e.s.u. In
Fig. 2~b!, a signal with a closed aperture (S50.4) divided by
a signal with an open aperture is shown. In this case tra
mittance change, which is monitored through a small ho
reflects the variation of radiation angle of a beam pass
through a film, namelyxR

(3) . Normalization by an open ap
erture signal is used to extract the actual effect ofxR

(3) . The
relation of peak and valley indicates the negative sign
xR

(3) . Possible reasons for asymmetry of theZ-scan signal
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include the aberration caused by the wide bandwidth of fe
tosecond pulses passing through the convex lens and
large absorption of SQ film.xR

(3) of the SQ44J aggregate
can be calculated from the difference between peak and
ley value of the normalized transmittance, which results
24.231028 e.s.u. Thex (3) values evaluated here are large
by approximately 3 orders of magnitude, than the reson
x (3) of vanadyl phthalocyanine, which is a well known o
ganic nonlinear optical material with a largex (3).12

The maximum transmittance change of the SQ44J ag-
gregate film measured at the resonant wavelength as a f
tion of the peak irradianceI 0 is shown in Fig. 3. Maximum
transmittance increases in proportion toI 0 and reaches ap
proximately 2.6 times of the initial value atI 0

51.64 GW/cm2, then saturates. The numbers of molecu
existing in the ground and in the excited state become eq
when the transmittance change saturates. Therefore,
number of molecules simultaneously excited by a single p
ton can be calculated through a comparison between the
ecule and photon density in the saturated state. Molec
excited by a single photon are in a coherent state inJ aggre-
gates and the number of them determines the optical non
earity, although it is not necessarily equal to the total num
of molecules that compose theJ aggregates. Molecular den
sity of the SQ44 film is calculated to be 1.1

FIG. 2. Normalized transmittance of the SQ44J-aggregate film measured
with I 055.2 GW/cm2 at 805 nm.~a! Result withS51. Solid line is a fitting
curve.~b! Result withS50.4 divided by that withS51.
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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31016 molecule/cm2 from the optical density, therefore, th
number of molecules excited by a single photon in the SQ
J aggregates is calculated to be 4.2 molecules/photon.

Evaluated x (3) values for the SQ33 and the SQ4
J-aggregate films at resonant and near-resonant wavelen
are summarized in Table I.x (3) of the SQ33J aggregates is
greater than that of SQ44 as expected from the large con
tration of oscillator strength. In particular,x I

(3) of the SQ33J
aggregates at the resonant wavelength is22.931026 e.s.u.,
which is two times as large as that of the SQ44J aggregates
and approximately 4 orders of magnitude greater than tha
vanadyl phthalocyanine. The degrees of enhancement ofx (3)

caused by molecular interaction in the SQJ aggregates, if
any, should be similar in both SQ derivatives. Therefore,
difference between the effectivex (3)s, which are defined by
x (3)/absorption coefficienta, observed for the two types o
SQ derivatives originates from the difference in the num
of coherently cooperating molecules in eachJ aggregate. By

FIG. 3. Maximum change of normalized transmittance (S51) of the SQ44
J aggregate film as a function of the peak irradiance obtained usingZ-scan
measurement at the resonant wavelength.

TABLE I. Imaginary and real part ofx (3) of SQ33 and SQ44J aggregate
films measured using theZ-scan technique at resonant and near-reson
wavelengths.

Resonance
ux I

(3)u

Near-resonance

ux I
(3)u uxR

(3)u

SQ33 2.93 1026 1.33 1027 3.73 1028

SQ44 1.43 1026 0.83 1027 4.23 1028
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comparing the effectivex (3) of SQ33 to that of SQ44 at the
resonant wavelength, the number of molecules in a cohe
state in the SQ33J aggregates can be estimated. The cal
lated result is 7.7 molecules/photon. In the case of the
derivative forming J aggregates in a Langmuir–Blodge
film, which has a similar molecular structure to SQ33, t
number of coherent molecules is reported to be
molecules/photon.13 Taking the factor of 1/2 into account
which was not considered in Ref. 13, the number is close
the value of 7.7 estimated in this study. This suggests that
number of coherent molecules excited by a single photo
independent of the film morphology and that the optic
properties of SQ films are determined by the microstructu
of J aggregates.

We evaluatedx (3) for two types of SQJ aggregates a
resonant and near-resonant wavelengths. The largestx (3) es-
timated by using theZ-scan technique was22.931026

e.s.u., which was greater than that of phthalocyanine by
proximately 4 orders of magnitude. We estimated the num
of molecules contributing to a coherent state inJ aggregates,
which was in the range from 4 to 8. The SQJ aggregates is
a rare material that exhibits a largex (3) and an ultrafast
optical response at the same time. SQJ aggregates are prom
ising materials for high-performance, low-cost optical d
vices.

This study was supported by the New Energy and Ind
trial Technology Development Organization~NEDO! within
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