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Abstract

Third-order optical nonlinearities of several cyanine dyes were measured under resonant conditions by the femto-

second degenerate four-wave mixing (DFWM) technique. Temporal profiles of the DFWM signal were measured with a

time resolution of 0.3 ps, and were found to consist of at least two components, the coherent instantaneous nonlinear

response and the delayed response with a decay time constant of several hundred picoseconds. The latter can be at-

tributed to molecular rotational relaxation of these dyes. The values of electronic component of the optical nonlinear

susceptibility, vð3Þ
e xxxx, for these dyes were �2� 10�12 esu at the very low concentration of 1� 10�5 mol dm�3. The

electronic component of molecular hyperpolarizability, ce, was calculated to be �1� 10�28 esu for each dye.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Organic compounds have been attracting much

attention for their applications in all-optical de-

vices, because of their large optical nonlinearities

and fast response. However, the third-order opti-
cal nonlinearities of organic materials reported so

far have been several orders of magnitude smaller

than the criterion for practical use. One possible

solution to obtain large optical nonlinearities is to

use nonlinear optical materials under resonant

conditions. However, instead of obtaining large

optical nonlinearities, their response could be very

slow. The response due to thermal effects is usually

in the millisecond time region and optical switch-

ing at THz cannot be realized under such condi-
tions. Furthermore, optical materials could be very

easily damaged due to the absorption of laser light.

Therefore, third-order optical nonlinearities under

resonant conditions have not been payed much

attention for a long time [1–8].

However, the use of picosecond and femto-

second lasers made it possible to time-resolve the

electronic nonlinear optical response from other
slow responses such as thermal gratings, population
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gratings, and molecular reorientation gratings [4].

While the very high peak power of femtosecond

laser pulse easily causes nonlinear optical phe-

nomena, very low pulse energy reduces damage

to the samples. In the present study, the author

measured the third-order optical nonlinearities
of cyanine dyes under resonant conditions by

the femtosecond degenerate four-wave mixing

(DFWM) technique, and it was clarified that the

studied cyanine dyes have very large electronic

nonlinear susceptibility, vð3Þ
e , and electronic com-

ponent of molecular hyperpolarizability, ce, under
resonant conditions.

2. Experimental

The cyanine dyes studied were purchased from

Hayashibara Biochemical Laboratories, Inc., and

used without further purification. The structural

formulae of these cyanine dyes are shown in Fig. 1.

Wavelengths at absorption maxima of these dyes
are shown in Table 1.

The experimental setup for the DFWM mea-

surements is shown in Fig. 2. The folded box-

CARS type geometry with the three linearly

polarized beams of fundamental output of a rege-

neratively amplified Ti:sapphire laser (Spectra-

Physics, Spitfire, 130 fs, 1 kHz, 1 W) was used for

the DFWM experiment. The wavelength of the
laser was adjusted to the absorption maximum of

each dye. The laser beam was largely attenuated by

ND filters in order to avoid saturation; the ener-

gies of beams 1 and 2 were less than 100 nJ/pulse,

and that of beam 3 was less than 10 nJ/pulse.

Cubic dependence of the DFWM signal intensity
on the laser power was observed. A half-wave

plate was positioned in beam 2 and rotated 45� in
order to measure vð3Þ

xyxy . An alcoholic solution of

the dye (concentration: �1� 10�5 mol dm�3) in a

1-mm-thick quartz cuvette was simultaneously ir-

radiated with beams 1 and 2, and then with beam 3

after a suitable delay time. Beam 4, the produced

DFWM signal, was detected by a CCD after
passing through a monochromator. The output of

the CCD was acquired by a personal computer.

The time resolution of the system was �0.3 ps
(FWHM).

Fig. 1. Structural formulae of cyanine dyes studied.

Table 1

Wavelengths at absorption maxima (for methanol solution),

concentration, electronic component of third-order nonlinear

susceptibility, vð3Þ
e , and the electronic component of molecular

hyperpolarizability, ce, of cyanine dyes

Dye kmax
(nm)

c (10�5

mol dm�3)

vð3Þ
e (10

�12

esu)

ce (10
�28

esu)

NK-123 717 0.92 1.7 1.0

NK-126 759 1.37 3.0 1.1

NK-747 770 1.15 1.4 0.8

NK-1144 813 1.26 1.5 1.0

NK-2014 778 1.18 2.5 1.4

NK-2612 783 1.06 1.5 1.0
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The rotational relaxation time constant of one
of these dyes, NK-2014, was measured on the basis

of the optical Kerr effect (OKE). A small part of

the fundamental output (�780 nm) of the laser
was used as the pump pulse and the residual

part was focused in a 5-cm-thick H2O cuvette to

generate a subpicosecond continuum pulse. The

wavelength region from 670 to 720 nm of this

continuum was selected and used as a probe beam.
Two polarizers were placed in the path of the

probe before and after the sample; their planes of

polarization were orthogonalized to each other.

The linearly polarized pump beam, which was

polarized at 45� with respect to probe beam, cre-
ates the first excited singlet state (S1 state) of the

dye and therefore anisotropy in the solution. The

anisotropy decreases with rotational relaxation of
the dye molecules (and partly with relaxation from

the S1 state).

The fluorescence lifetime was measured by a

combination of a Ti:sapphire laser (Spectra Phys-

ics, Tsunami) and a streak camera (Hamamatsu,

Streak Scope C4334).

3. Results and discussion

Typical transient grating signal profiles of one

of the dyes as a function of the beam 3 delay time

for the parallel and perpendicular configurations

are shown in Fig. 3. These responses have at least

two decay components, the coherent instanta-

neous nonlinear response and the slow response.

The intensity of the DFWM signal due to the

solvent and quartz cuvette was completely negli-
gible. As shown in Fig. 3, when beams 2 and 4

were polarized perpendicular to beams 1 and 3, the

DFWM signal intensity was largely decreased

compared with the case when all four beams were

Fig. 3. Typical temporal profiles of a DFWM signal of NK-

2014 in ethanol for the parallel (solid line) and perpendicular

(broken line) configurations. The axis is the delay time of beam

3 relative to beams 1 and 2.

Fig. 2. Experimental setup used for DFWM measurements.
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polarized parallel. The intensity of the DFWM

is proportional to the square of vð3Þ. The ratio

vð3Þ
e xyxy=v

ð3Þ
e xxxx of �0.22 was determined for NK-2014

after the sensitivity correction for polarization.

This measured ratio is slightly smaller than the

value of 1/3 expected for a nonresonant, instan-
taneous electronic process in an isotropic medium,

because the DFWM process is resonant.

As shown in Fig. 3, the decay rate of the slow

component of vð3Þ
e xxxx is a little smaller than that of

vð3Þ
e xyxy , which suggests the existence of very slow

components, i.e., thermal grating and/or distribu-

tion grating of the S1 state, in vð3Þ
e xxxx. However, the

influence of the very slow components was very
small; the contribution of these components was

estimated to be only several percent of the peak

intensity.

The decay time constant of 224 ps was obtained

for the slow component of vð3Þ
e xxxx of NK-2014. This

time constant is in good agreement with the rota-

tional relaxation time of 248 ps measured by the

OKE method. On the other hand, these values are
shorter than the 595 ps, fluorescence lifetime of

this dye; the slow decay component of vð3Þ
e xyxy can be

attributed not to the population grating of the S1
state but to the molecular reorientation. The con-

tribution of the reorientation in vð3Þ
e xxxx was esti-

mated to be �8/9 for NK-2014 in ethanol.
The value of the molecular hyperpolarizability,

c, was obtained from the DFWM signal intensity
by comparison with the value for THF (vð3Þ ¼
3:7� 10�14 esu [9]). The third-order nonlinear
susceptibility was calculated from

vð3Þ
sample ¼ ðnsample=nrefÞ2ðIsample=IrefÞ1=2aL

� expðaL=2Þð1� expð�aLÞÞ�1vð3Þ
ref ; ð1Þ

where I is the DFWM signal intensity, a is the
linear absorption coefficient, n is the linear re-

fractive index, and L is the sample length.

The third-order hyperpolarizability, c, is related
to vð3Þ by

c ¼ vð3Þ=T 4N0; ð2Þ

where N0 is the number density of the dye mole-
cules. For the calculations, the formula for the

spherical molecules, T ¼ ðn2sample þ 2Þ=3, was used.

The electronic component of the nonlinear

susceptibility, vð3Þ
e xxxx, of these dyes was as high as

�2� 10�12 esu at the very low concentration of
1� 10�5 mol dm�3 as shown in Table 1. The mo-

lecular hyperpolarizability, ce, was calculated to be
�1� 10�28 esu; all dyes studied have an almost
same value of ce. If the contribution of the mo-
lecular reorientation is included, c should have
a value several times larger than ce.
Typical nonresonant values of c (measured by

THG method) are 8:0� 10�37 esu for methanol,
3:85� 10�36 esu for benzene, and 4:4� 10�36 esu
for CS2 [10]. The present value of ce, �1� 10�28
esu, is eight orders of magnitude larger than these
nonresonant values. Maloney and Blau [5] re-

ported a c value of NK-126 (DTTC in their paper)
based on DFWM measurements using a sub-

nanosecond YAG laser. Their nonresonant value

is 4:9� 10�44 V�2 m5 (it corresponds to 3:5� 10�30
esu) at 1.06 lm. Dai et al. [6] also measured c of
similar tricarbocyanine dyes under off-resonant

condition, and obtained values of 1:76� 10�31 and
1:07� 10�31 esu at 1.06 lm.
Maloney and Blau [5] also reported the reso-

nant c values of several dyes. Three of them were
measured at the absorption maxima wavelengths.

Their values, 8:6� 10�43 V�2 m5 (6:2� 10�29 esu)
for BDN, 2:7� 10�42 V�2 m5 (1:9� 10�28 esu) for
A9860, and 1:9� 10�42 V�2 m5 (1:4� 10�28 esu)
for IR5, seem to be in good agreement with the
present value of �1� 10�28 esu for the cyanine
dyes studied though their laser pulse (160 ps) is

three orders wider than the present one (130 fs).

Ikeda et al. [7] measured c of asymmetric tricar-
bocyanine dyes under resonant conditions but not

at the wavelength of the absorption maxima, and

obtained values of 3:0� 10�28 and 5:4� 10�28 esu
at 532 nm; these values are a little larger than the
present values. Since the three research groups

employed nanosecond (subnanosecond for Malo-

ney and Blau) YAG lasers with a cross-polariza-

tion configuration for the DFWM measurements,

their c values should include a large contribution
of molecular reorientation. Nevertheless, the c
values of the present study are higher than or

almost equal the previous ones probably because
the author adopted a parallel configuration instead

of a perpendicular configuration for the DFWM
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measurements, and the wavelength of the laser was

adjusted to the absorption maximum of the dye.

By employing a femtosecond laser, the author

has determined the electronic and molecular re-

orientation contributions of vð3Þ
xxxx together with vð3Þ

xyyx

at the same time.
Though Goldberg et al. [8] measured the reso-

nant vð3Þ of some cyanine dyes using femtosecond

DFWM, they did not observe the coherent in-

stantaneous nonlinear response; they said that the

DFWM signal with several picosecond decay time

constants corresponds to a population grating.

Since the dyes they studied have very short S1
states lifetimes, the rotational relaxation cannot
significantly affect the DFWM response.

The present value of vð3Þ
e xxxx of solutions of these

cyanine dyes is close to those of the bulk polydi-

acetylenes. Since the concentration of these dyes

can be increased by 2 more orders, vð3Þ
e can reach

on the order of 10�9 esu. Actually, the author

prepared sol–gel silica coating films containing a

cyanine dye; the films have vð3Þ
e xxxx values of much

larger than 10�9 esu, and their response measured

by the femtosecond DFWM technique was faster

than 1 ps under resonant conditions [11].
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