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2). Nonlinear processes with such a fast non- 
linear response are definitely electronic in ori- 
gin. 
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It is very important to create photonic devices 
(e.g., optical power limiters, switches) for 
green, NdYAG pulsed laser radiation. In Ref- 
erence 1, it was shown that 25-100-pm path- 
length liquid-crystal (LC) layers may have, for 
nanosecond, 532-nm irradiation, extraordi- 
narily high values of nonlinear absorption co- 
efficient p, and refractive coefficient n2 even in 
the transient regime, which is of considerable 
practical interest. Two competing mechanisms 
drive the value of n2 in LC media in the nano- 
second regime: (1) the orientational nonlin- 
earity (with relaxation time ofthe order oftens 
to hundreds of nanoseconds) and (2) thermal 
and density ones. Which of the mechanisms 
dominates, depends on the preparation of the 
LC layer, laser pulse duration, p, and the 
incident-beam spot size. 

For this reason, our work aims at under- 
standing how preparation of LC layers influ- 
ences this nonlinear response. We chose two 
types of LC layers: 1) isotropic, both “thick 
(1-2-mm path) and “thin” (30-125-pm path) 
and 2) planar nematic (30-125-pm path). 
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CWF24 Fig. 1. Z-scan curves for 2-mm cells 
of isotropic 5CB: (a) open aperture; (b) closed/ 
open aperture; and CB15: (c) open aperture; (d) 
closed/open aperture. 
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CWF24 Fig. 2. Nonlinear absorption coeffi- 
cient measurements (isotropic CB15): (a) Depen- 
dence of the inverse normalized transmittance 
T-’ on the incident intensity (.-for 2-mm cell, 
0-for 50-pm cell). (For easier comparison I-axis 
data were multiplied by the pathlength L in mm). 
(b) Dependence of the nonlinear absorption co- 
efficient p of CB15 on the incident intensity. 

We describe here the results of 2-scan mea- 
surementsz of two LCs of similar chemical 
composition (C5H11), but conformal differ- 
ence, i.e., 5CB (nematic/isotropic phase tran- 
sition temperature To = 35.3”C) and CB15 
(isotropic at room temperature), (Fig. 1). In 
the following, results for the isotropic (1) and 
planar-nematic (2) case are discussed sepa- 
rately. 

1) For 1-2-mm cells of isotropic LCs, values 
for n2 (n = no + n2E2) derived from 2-scan 
curves2 (Fig. 1) become n, (5CB) = 2.3-3.7 n, 
(CS,) in the temperature range 35.6”-5OoC, 
and n2 (CB15) = 2.6 n, (CS,) at room tem- 
perature, both at 2 and 10-Hz repetition rate. 
For reference, 2-scan data for CS, (n, = 
1.2.10-”) of equal pathlength were also ob- 
tained. 

Values for p were derived from the slope of 
the curves3 T-’ (I, L) - 1 - PIL, where T-’ is 
the inverse normalized transmittance, I is the 
peak incident intensity, and L is the sample 
thickness, under the assumption that the two- 
photon absorption mechanism3 is the domi- 
nant driving mechanism.4 

The main results of P-measurements are as 
follows: 
- a remarkably large value of p is found for 

“thin” layers (e.g., for CB15, P - 100- 
165 cm/GW for 25-105-pm cells at I - 
0.8-1.2 GW/cm2) in comparison with that 
from “thick” samples (p - 4.5-21.5 cm/GW 
for 1-2-mm cells of CB15 and 5CB at 45°C at 
I - 0.2-1.5 GW/cm2), 

- a dependence of j3 (cm/GW) on intensity. 
Typical curves of T-’ (I) for 2-mm and 

50-pm cells of isotropic CB15 are presented in 
Fig. 2(a). An explanation of the dependence of 
p on L may not rest on the argument of a 
shorter Rayleigh length than the sample path- 
length. Our measurements of the beam caustic 
near focus show the l/e2 beam radius ro to 
grow to twice its focal-waist value over a length 
1 = 7.5 mm. The calculated Rayleigh length 2, 
equals 3.7 mm for the measured ro = 25 pm. 
Both “thin” and “thick” cells used in this ex- 
periment were shorter than the Rayleigh 
length. 

The dependence of p (cm/GW) on I is de- 
picted in Fig. 2(b) (for 1-2-mm-path, isotropic 
CB15). To account for the observed depen- 
dence p (cm/GW) on I and L, another pro- 
cesses, e.g., excited state absorption (following 
the two-photon absorption) also needs to take 
place.4 

CWF24 Fig. 3. Images by the CCD-camera of 
beam cross-sections at the far field for the differ- 
ent orientation of the planar nematic layers 
(5CB): (a) Without sample. (b) For the incident 
polarization perpendicular to the LC director (I = 
1GW/cm2, L = 105 pm); (c), (d), (e). For the 
incident polarization parallel to the LC director 
(I = 0.36,0.4 and 0.75 GW/cmZ, L = 105,25 and 
105 pm). 

It should be noted, that in spite of the large 
values ofnonlinear absorption observed in our 
experiments, the value of n2 for the prevailing 
measurement conditions, namely the pulse 
length, is that of a transient orientational non- 
linearity mainly. Thermal contributions to n2 
may be ruled out, as any heating-induced den- 
sity change moving at the sound speed can, 
during the entire, 7-11s pulse length, progress a 
distance of only - 7 pm, which is significantly 
smaller than the beam radius at focus. 2-scan 
measurements of the same LCs, using the same 
laser source, but at X = 1.06-pm, i.e., in the 
absence of the nonlinear absorption, yield al- 
most the same values for n2 as at 532 nm. 

2) As to oriented layers with planar align- 
ment (Fig. 3), for incident polarization parallel 
to the LC director we observed cumulative 
negative nonlinearity. With increasing inci- 
dent intensity, this nonlinearity manifested it- 
self in the form of asymmetric side-scattering 
evolving in time into concentric, elliptical dif- 
fraction rings in the far field [Figs. 3(d), 3(e)]. 
The absolute value and sign of n2 depended 
both on the incident intensity (for I = 0.36 
GW/cm2 n2 - -20 n,(CS,); p - 115 cm/ 
GW) and the time of observation (within 0.5- 
several seconds) after the onset of periodic, 
pulsed illumination. 

We explain these results by the dichroism of 
two-photon absorption: larger p for the case 
when incident polarization is parallel to the 
director orientation. Driven by the two- 
photon-absorption excited-state ab~orption,~ 
energy is provided for heating through radia- 
tionless recombination channels, which for 
sufficient buildup time allows for either con- 
vectional flow of the nematic fluid5 or for lo- 
calized phase change of the nematic order into 
the isotropic state. Either process causes the 
realignment of the LC director with slow time 
constant. 
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Nonlinear glass containing dispersed metal 
nanoparticles are promising for all optical 
switching devices and for optical computer 
systems because of their ultrafast nonlinear 
response. The nonlinear response time mea- 
sured in femtosecond pump-probe experi- 
ments is as short as 0.7 ps, which appears to be 
sufficient for nonlinear optical device ap lica 

which is one of the figures of merit of nonlin- 
ear materials, is of the order of lo-” esu cm. 
It is necessary to increase this value to at least 

esu * cm for laser diode operation. We 
had proved that 1~(~)1/a is given by; 

tions. On the other hand, the value of (x P -  3)l/a, 

Where Ix:.)~ is the nonlinear susceptibility of 
metal particle and 14 is the local field effect 
factor, which depends on n, refractive index of 
the matrix, and on E;, the imaginary part of 
the dielectric constant of the metal particle. To 
increase the I x ( ~ ) ~ / L x ,  our approach was to in- 
crease the refractive index of the matrix. 

Rutile TiO, films containing dispersed Au 
nanoparticles (Au/TiO, films) were prepared 
by a multitarget sputtering method at a sub- 
strate temperature of 60OoC. The processing 

CWF25 Fig. 1. AFM image, a square 500 nm a 
side, of an Au nanoparticles on which TiO, was 
sputtered for various times at 600°C. The thick- 
ness ofsputteredTi0, films was (a) 0 nm‘ (b) 12.5 
nm‘, (c) 30 nm‘ and (d) 60 nm‘. 
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CWF25 Fig. 2. l ~ ( ~ ) l / a  of Au nanoparticles, 
on which TiO, was sputtered for various times at 
600% as a function of TiO, layer thickness. Au 
nanoparticles were sputtered for 40 min. at 
600°C. 

conditions were chosen to obtain single crystal 
TiO, film of the rutile type. This material has a 
refractive index of 2.7, a particular high value. 
However, we observed that the amount of Au 
nanoparticles is reduced by bombardment 
during the TiO, sputtering process. Figure 1 
shows AFM images which illustrate the Au 
nanoparticles shape due to bombardment dur- 
ing the TiO, sputtering. The hexagonal shape 
in Figure l(a) corresponds to crystallized Au 
nanoparticles. The shape became circular and 
their size decreased during sputtering, as can 
be seen in Figs. l(b)-l(d). We measured the 
I X ‘ ~ ’ ~ / L X  of bombarded samples by a degenerate 
four wave mixing method to check the effect of 
bombardment. The results are summarized in 
Fig. 2 (opened circles). The value of 1 ~ ( ~ ) l / a  
was only slightly dependent on the amount of 
bombardment. 

Next, we irradiated light on bombarded Au 
nanoparticles using a dye-YAG laser (A = 700 
nm). This wavelength corresponding to the 
plasmon absorption peak of Au nanoparticles. 
The value of I X ( ~ ) ) / I X  for Au-TiO, films after 
light irradiation is plotted in Fig. 2 (closed 
circles). Although the Au nanoparticles were 
not covered, the 1~(~)1/a increased abruptly to 
above 4 X esu cm and the maximum 
value reached 2 X IO-* esu * cm. In addition, 
we prepared Au/TiO, film of covered Au 
nanoparticles to investigate the local field ef- 
fect, and measured 1 [/a. In this experi- 

esu * cm after light irradiation. This increase 
suggests that the quali of Au nanoparticles, 
which strongly affect [A),, is improved by the 
laser irradiation. 

ment, the value of Ix(3 ro / / a  reached 1 X lo-’ 
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Semiconductor Optical Amplifier (SOA) has 
many potential applications in future all- 

-19 20 - & -21 18 g 

g . 2 1  12 $ 
F - 2 3  16 
$? -25 14 ,” 

.29 10 I 
-31 8 ”  

200 240 280 320 360 400 
Total c m n l  efthe 2-SeCtlOn SOA (m) 

CWF26 Fig. 1. Measured FWM signal and 
gain as a function of the total current the 
2-section SOA. 
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CWF26 Fig. 2. Measured FWM power 
(circles) as a function of the wavelength separa- 
tion. 

optical transmission systems. Four wave mix- 
ing (FWM) in SOA has been proposed as a 
technique for performing wavelength conver- 
sion due to its high conversion efficiency and 
fast speed response in wavelength division 
multiplexing (WDM). A two-section SOA has 
been developed to increase its gain perfor- 
mance while facilitating the heat dissipation in 
the chip. The two sections are joined by a pas- 
sive waveguide region. The amplifier wafer was 
grown by MOCVD (metal organic chemical 
vapor deposition) growth process on a (100) 
oriented InP substrate using two growth steps. 

The measured FWM signal power as a func- 
tion of the current in the 2-section SOA for two 
incident signals is shown in Fig. 1. Also plotted 
is the measured gain (fiber-to-fiber) as a func- 
tion of the total current. In this case both sec- 
tions are driven by equal amount of current. 
The data is shown for the FWM signal at a 
frequency of 2w,-w, where wo and w, are the 
frequencies of the pump and probe respec- 
tively. Another parameter that affects the 
FWM power is the wavelength separation be- 
tween the pump and the probe signal. The 
measured FWM power as a function of this 
wavelength separation is shown in Fig. 2. Also, 
shown (solid line) is the calculated curve using 
typical material parameter values. 

FWM can also be used for all optical clock 
recovery and optical demultiplexing in high 
speed transmission systems. For these systems 
both the pump and probe signals are pulsed. 
We have performed FWM experiments using 

CWF26 Fig. 3. The measured (circles) and 
calculated (solid line) FWM pulse amplitude. 
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