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Optical bistability in a two-dimensional nonlinear superlattice, resulting from the index-modulation
mechanism, was observed in experiment for the first time. The two-dimensional nonlinear superlattice
was constructed by recording a two-dimensional refractive index grating into a photorefractive material,
a Fe-doped LiNbo3 single crystal. Optical instability was also observed in this experiment.

PACS numbers: 42.6S.Pc, 42.SO. Lc, 42.70.Nq

Optical bistability in a one-dimensional (1D) superlat-
tice containing Kerr-form dielectric nonlinearity was first

proposed by the pioneering work of Winful, Marburger,
and Garmire [1] more than ten years ago. This idea had
then been developed in a number of theoretical papers
[2-7]. Recently, Cada et al. [8] carried out an experi-
ment using GaAs/A1As periodically layered structures
and observed the all-optical logic operations. This may
have been the first experimental attempt to demonstrate
the bistable behavior in a 1D superlattice. The bistability
in such a 1D periodic medium and that in a Fabry-Perot
etalon are potentially analogous because of their disper-
sive natures in these two types of resonant structures, re-

spectively. In a 1D superlattice, it is the change of the
phase mismatch between the propagating wave vector
and the periodic structure that brings the incident wave

from a forbidden transmission state to an allowed state,
or from a low-transmission state to a high-transmission
state in the allowed band [4-7]. The bistability in a 1D
superlattice is thus attributed to the phase-mismatch
mechanism [9]. A recent theoretical work by the present
authors has revealed that a novel bistable mechanism,
i.e., the index-modulation mechanism, which is character-
istically diAerent from the phase-mismatch mechanism,
exists in a two-dimensional (2D) superlattice containing
Kerr-form dielectric nonlinearity [9]. It is known that in

1D superlattices the light s transmission in the exact
phase-matched condition (the incident wave vector
satisfies the exact Bragg condition) corresponds to the
forbidden state [6,7]. However, in 2D superlattices, when

the transmitting light satisfies the exact Bragg condition
of multiwave diAraction, whether the transmission state is

located in the forbidden band or in the allowed band, is

determined by the values of a set of parameters which are
defined as the index-modulation strengths of the 2D
periodic structure [9,10]. If the values of these parame-

ters are arranged suitably, the light will propagate in the
allowed band. Changes of these values will lead to high-
or low-transmission states for each diAracted wave, since
in the allowed band in the exact Bragg diAraction condi-
tion, the intensities of the multidiAracted waves are oscil-
lation functions of these parameters [9,10]. This element
provides the basis of the index-modulation bistable mech-
anism, which is exhibited in 2D superlattices but not in

1D cases. When the Kerr-form dielectric nonlinearity is

considered, as the theory in Ref. [9] predicts, the values
of the index-modulation strengths will be perturbed by
the interference of the transmission-diAraction light field
in the medium, forming a positive feedback element to es-
tablish bistable behaviors in the incident-diAracted rela-
tions of the 2D superlattice [9].

To experimentally demonstrate this index-modulation
mechanism, the photorefractive materials are ideal candi-
dates. In these materials, the net refractive index change,
caused by only the interference fringe of even a weak cw
light field, has an expression similar to the Kerr-form
dielectric nonlinearity. It will be potentially the same for
the existence of the index-modulation bistable mechanism
in photorefractive materials as in the Kerr-form nonlinear
media [9]. The 2D superlattice in a photorefractive ma-
terial can be constructed beforehand by recording a 2D
refractive index grating into the medium with the volume
holographic recording method. This is a convenient way
to qualitatively, though not quantitatively, demonstrate
the existence of the index-modulation mechanism in a 2D
nonlinear superlattice. In this Letter, we report the first
experimental observations of optical bistability, as well as
instability, in such a 2D nonlinear superlattice.

The photorefractive material used in the experiment is

an oxidized Fe-doped LiNb03 (0. 1 wt. % Fe) single
domain crystal. A beam of the blue line (488 nm, TEMpp
mode) of an argon-ion laser was split into three nearly-
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FIG. 4. During the process of erasing the 2D grating by the
illumination of the incident beam, discontinuous jumps of the
diftracted intensities recorded in l2 and l4. Notice that I2 and
14 jump simultaneously and in opposite directions.

ments that demonstrate bistable behaviors with discon-
tinuous jumps of the diA'racted intensities. The hysteresis
loops appearing here in the cycles of the figures are some-
what complicated to identify, for the redistribution of the
trapped electrons in the space charge pattern is irreversi-
ble with the changing of the incident intensity and eras-
ure occurs in this incident-diII'racted process [12]. The
experimental results may be improved by means of the
fixing methods to fix the first-constructed 2D grating into
the photorefractive sample [13,14]. In Fig. 3 it is noticed
that the lower branch of the hysteresis loop develops into
instability. As we analyzed above, the transmission-
diA raction field and the perturbed index-modulation
strengths are interacting with each other. The observed
bistable region in Fig. 2 indicates that this kind of in-
teraction reached a stable state, and the stable state could
be more than one; if this interaction did not reach a
stable state, instability was exhibited as shown in Fig. 3,

To check the results further, in an experiment we im-
proved the incident intensity and made it fixed at about 2
W/cm . The sample's erase sensitivity increased a lot un-

der such a high illuminating intensity. The 2D grating
would be erased gradually and steadily with time when it
diffracted the incident light. Then we recorded how the
difIIracted intensities were changed during this erasure
pi ocess.

Figure 4 shows the experimental results observed in

this erasure process. It is seen that the diffracted intensi-
ties are not always diminished continuously with time but
with abrupt change or discontinuity, and behavior of in-

stability was observed (see Fig. 5). This system can enter
the regions of bistability or instability by means of either
adjusting the incident intensity or changing the values of
the index-modulation strengths.

The behaviors of instability result from the fact that
the transmission-diAraction field in the medium and the
perturbed index-modulation strengths cannot evolve to a
convergent and self-consistent state with time. This hap-
pens when the parameters are in certain ranges. To veri-

fy that the index-modulation mechanism may lead to in-
stability, here we borrow the model that we have used in

the preceding theoretical work [9]. In the model, a self-

Erasing Time
FIG. 5. During the erasure process, instability observed in

diAracted wave I2. Inset: Sine-wave periodic pulsations in the
region of instability.

consistent solution of the iteration method is applied to
achieve the stable state between the field and the per-
turbed index-modulation strengths; i.e., with numerical

computation, the solution converges in a finite number of
iterations. However, we find that when the incident in-

tensity increases to certain values, the solution does not
converge, but either pulses periodically [see Fig. 6(a)] or
shows chaos [see Fig. 6(b)] with infinite numbers of
iterations. Details about the instability in a 2D nonlinear
superlattice can be investigated by solving a set of cou-
pled partial differential equations that involve the field

and the material's parameters, which we plan to discuss
in a later paper.

In conclusion, we have observed experimentally for the
first time the bistability and the instability of the index-
modulation mechanism in a 2D nonlinear superlattice
that was constructed by recording a 2D refractive index

grating into a photorefractive material, a Fe-doped Li-
Nb03 crystal. The experimental results here are just
qualitative, and we find that the bistable hysteresis loops
and the discontinuous jumps of the difT'racted intensities
are not as large as those of the theoretical calculations.
These discrepancies may be due to the deviations of the
experimental conditions from those in the theoretical
model in these facts: (i) The writing and the incident
beams are of nonuniform Gaussian profile, not the plane
waves in the theoretical consideration. (ii) The nonlinear
dielectricity in photorefractive materials is not exactly the
same as that in the Kerr-form media. (iii) The volume

holographic writing of a grating into a photorefractive
material is in fact a dynamical process, the 2D grating
deviated from an exact periodic one [13]. (iv) The
material s absorption, eA ectively afII ecting the light
transmission process, is not considered. We recommend
that further experimental investigations to verify the
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I IG. 6. In the theoretical model of four-wave diffraction in a 2D square superlattice containing Kerr-form dielectric nonlinearity

(see Ref. [9]) at constant incident intensity Io, the varying of the dilTracted intensity I2 obtained numerically in iterative processes.
Divergent solutions appear instead of convergent self-consistent solutions between the perturbed index-modulation strengths and the
transmission-diII'raction field, such as (a) periodic pulsations at ID=2.23 and (b) chaos at ID=2.66. The setting ol other parameters
about the 2D superlattice follows exactly that in Ref. [9].

theory quantitatively may be carried out by using etching
techniques, patterned epitaxy, etc. , to fabricate 20
periodic structures in dielectric media with Kerr-form
nonlinearity. This is also where the interest of such prac-
tical bistable devices lies.
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