
phase-modulation, the perpendicular cross-phase-
modulation per unit irradiance is the same for the 
effect of the TE polarization on the T M and vice-versa. 
This was confirmed within experimental error. 4 , 5 It was 
also found that the ratio of perpendicular cross-phase-
modulation to self-phase-modulation (TE) was signifi
cantly larger than the isotropic Kleinmann value of 2:3. 
A ratio of 0.86±0.05 was obtained 4 and a ratio of 
0.95±0.05 was obtained,5 both of which compare favor
ably with the GaAs prediction of 0.95.2 Figure 1 shows 
the deduced orientational dependence of n 2 in 
A l 0 . 1 8 Ga 0 . 8 2 As at the half-bandgap based on the spectral 
broadening measurements.4 

The polarization dependence of n 2 in a multiple 
quantum well system is considerably more complex 
since even the linear refractive index exhibits uniaxial 
birefringence. It was found that just beneath the half-
gap the ratio of perependicular cross-phase-modula
tion to self-phase-modulation took the values 
0.50±0.05 for the effects of the TE polarization (in the 
plane of the wells) on the T M and 1.00±0.05 for the 
effects of the T M polarization on TE. 5 Note that these 
two quantities are different, in contrast to the bulk case. 

In conclusion, the polarization dependence of nonlin
ear refraction in an AlGaAs waveguide at the half-
bandgap has been measured. This information is essential 
for a full description of nonlinear propagation, particu
larly the interaction between orthogonal polarizations. 

References 
1. A. Villeneuve et al., "Demonstration of all-optical demultiplexing at 1555 

nm with an AlGaAs directional coupler," Electron. Lett. 29, 721 (1993). 
2. D.C. Hutchings and B.S. Wherrett, "Theory of the anisotropy of ultrafast 

nonlinear refraction in zinc-blende semiconductors," Phys. Rev. B 52 
8150 (1995). 

3. W.A. Schroeder et al., "Intrinsic and induced anisotropy of nonlinear 
absorption and refraction in zinc-blende semiconductors," J. 
Opt.Soc.Am. B 12, 601 (1995). 

4. D.C. Hutchings et al., "Polarization dependence of ultrafast nonlinear refrac
tion in an AlGaAs waveguide at the half-band-gap," Opt. Lett. 20, 991 (1995). 

5. A. Villeneuve et al., "Unitary ratio of cross-to self-phase modulation in 
Bulk AlGaAs and AlGaAs/GaAs MOW waveguides at half the band gap," 
Appl. Phys. Lett. 67,760 (1995). 

Holographic Grating 
Formation in dye- or 
Fullerene-C60-Doped Liquid 
Crystals 
I. C. Khoo, Pennsylvania State University, University 
Park, Pa. 

L iquid crystals possess many unique physical, optical, 
and electro-optical and nonlinear optical proper

ties.1 In particular, nematic liquid crystals (NLC) are 
characterized by large birefringence that spans a broad 

spectral range, and large susceptibility to ac, dc, and 
optical fields. Researchers at the Pennsylvania State 
University recently2 discovered a nonlinear electro-
optical effect in dye- or fullerene C 6 0-doped NLC films. 
They have demonstrated, by theory and experiments, 
the possibility of using low power lasers of a few milli
watts, in conjunction with a small dc field to induce 
persistent realignment of the liquid crystal director axis 
(the equivalence of the c-axis or symmetry axis of a 
birefringent crystal), and therefore a "stored" refractive 
index change in these films. 

Figure 1 schematically depicts the processes and sce
nario involved in the observed phenomena. An incident 
optical intensity, e.g., a sinusoidal function from two 
coherent interfering beams, generates positive and neg
ative ions via some photochemical processes in the 
excited states of the dopants. This process gives rise to 
spatially varying conductivity and space charges. 
Several mechanisms of space-charge formation have 
been identified: conductivity inhomogeneity, ionic 
redistribution processes similar to those occurring in 
photorefractive crystals, and the conductivity and 
dielectric anisotropies of NLCs in combination with the 
applied dc fields and director axis re-orientations. 
These space charges give rise to a space charge field, and 
also liquid flows and shear stresses, resulting in local 
distortion of the director axis, and therefore a refractive 
index change. Under prolonged action by the optical 
and dc fields, the induced index change acquires a per
sistent component. 

An obvious application of the observed effect is 
holographic (phase) grating generation. In the reported 
preliminary studies, it was shown that gratings can be 
recorded in these NLC films with a nonlinear sensitivity 
as high as other materials such as doped glasses3 or 
photorefractive crystals.4 One important point to note 
is the transparency of these lightly doped films, e.g., the 
25 μm thick C 6 0-doped film used in the study absorbs 
<1% of the writing beam; this means that further 

Figure 1. Spatial distribution of various fields and parameters 
involved in the nonlinear electro-optical effect occurring in an 
aligned nematic film illuminated by an optical field. (a) Photoinduced 
conductivity change; (b) liquid flow velocity and space charges; (c) 
dc space charge field; (d) director axis re-orientation (n is normal to 
dotted line; θ is the re-orientation angle). 
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improvement in the nonlinear sensitivity is clearly pos
sible. These lightly doped NLC films allow applications 
involving write-read with the same laser wavelength, 
and thicker or multiple films for volume holographic 
storage. 

Stored phase gratings can also be turned off and on 
with an applied ac field using the linear electro-optical 
effect.1 It is shown that an ac voltage (~90 V, 200 Hz) 
will completely align the director axis of the entire LC 
cell, and thus turn off the grating in ~100 μsec. When 
the ac field is removed, the grating recovers in 
~10 msec. It is also observed that use of an ac field at 
intermediate strength, and at frequencies between 
1-1000 KHz could improve the grating diffraction effi
ciency. The actual mechanism responsible for this fre
quency dependence, however, remains a subject of fur
ther investigation. 

The research group at Penn State is currently investi
gating the fundamental processes and the applications 
of the observed effect. Studies are being conducted with 
a variety of NLC structures including single or multiple 
films, NLC-cored fiber faceplate, thin film waveguide, 
and polymer dispersed solid state NLC films. 
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Quasi-Phasematched Optical 
Parametric Oscillators in 
Periodically Poled LiNbO3 

L.E. Myers, M.L. Bortz, M.A. Arbore, R.C. Eckardt, 
M.M. Fejer, and R.L. Byer, Ginzton Laboratory, 
Stanford University, Stanford, Calif., and W.R. 
Bosenberg, Lightwave Electronics Corp., Mountain 
View, Calif. 

Q uasi-phasematching (QPM) is an alterna
tive to birefringent phasematching that is 

especially useful for optical parametric oscilla
tors (OPOs). 1 QPM can be implemented in 
ferroelectrics, such as LiNbO 3 , by building into 
the crystal a grating of domain-reversed 
regions. Because the grating is controlled by 
the design of a lithographic mask, phasematch
ing can be achieved independent of inherent 
material properties. Thus, QPM permits non-
critical phasematching of any wavelength at 
any temperature, within the transparency 
range of the material. In addition, QPM inter
actions can use the largest element of the non
linear susceptibility; for example, periodically 
poled LiNbO 3 (PPLN) has gain ~20 times larg
er than the most efficient birefringently phase
matched process in LiNbO 3 . 

Our first QPM OPO was in a PPLN wave
guide, pumped with a 100-nsec pulse Q-
switched Ti:sapphire laser.2 This device had 
single-pass parametric gain of up to 2.6 at 
1.55 μm. The measured oscillation threshold 
was 5.5 W peak, and over 700 mW peak sig
nal/idler power was generated. The output 
tuned from 1.4-1.7 μm by varying the pump 
wavelength. The high gain of PPLN combined 
with tight focusing over long interaction 

lengths of waveguides offers the potential for a useful 
low-threshold device. With optimized designs, we pre
dict threshold for a singly resonant OPO of ~100 mW, 
which is accessible to direct diode pumping. 

A significant advance in ferroelectric materials for 
QPM occurred with the development of room-tempera
ture electric field poling.3 This technique permitted fab
rication of thick PPLN crystals and led to our demon
stration of a bulk QPM OPO. 4 The key results of this 

Figure 1. Upper plot: O P O tuning a s a function of grating period. Lower left: 
Portion of PPLN chip with multiple grating sec t ions . Lower right: Magnif ied view 
of the 29-μm period sect ion . Tuning was achieved by translat ing the crystal ~1 
c m through 2 4 different grating sec t ions . Cont inuous tuning can be obtained 
by fine tuning with temperature. 
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