Vol. 86 (1994) ACTA PHYSICA POLONICA A No. 1-2

Proceedings of the International Conference “Quantum Optics II1”, Szczyrk, Poland, 1993

OPTICAL PROPERTIES OF NONLINEAR
PERIODIC STRUCTURES
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The optical properties of nonlinear colloidal crystals in a distributed
feedback configuration have been studied experimentally. Optical switch-
ing and bistability, optical limiting, and temporal instabilities have been
observed in the transmission of these structures. The results of these ex-
periments are compared to the theoretical predictions for the transmission
properties of nonlinear periodic structures.

PACS numbers: 42.65.Pc, 42.70.Nq

1. Introduction

There has been considerable recent interest in the study of nonlinear media
whose linear index of refraction varies periodically along the direction of propaga-
tion. We will assume that the index of refraction of such a structure can be written

n(z) = ng + ny cos(2mz/A) + n2|EJ?, 1)
where ng is the bulk refractive index, n; is the index modulation, ny is the non-
linear index of refraction, and A is the spatial period of the index modulation.
For very low intensities when the frequency of the incident light is tuned to ap-
proximately w = me/ngA the light will match the Bragg condition of the periodic
structure. Under this condition light is not allowed to propagate through the pe-
riodic structure and will therefore be strongly reflected. The width of this region
where light is reflected, which is referred to as the stop gap, is approximately
Aw = 2k¢/ng, where & = wn; [2Ang is the coupling constant of the periodic struc-
ture. The dashed line in Fig. 1 shows the low intensity transmission of a periodic
structure calculated for £L = 4.0, where L is the length of the structure. At high
intensity the transmission of such a structure can be dramatically modified by the
nonlinear contribution to the index of refraction. In this paper we describe our ex-
perimental observations of optical limiting and optical bistability with a colloidal
crystal that acts as a nonlinear periodic structure [1, 2]. In addition to these exper-
imental results, Sankey and co-workers [3, 4] have observed optical switching using
a corrugated silicon-on-insulator waveguide as the nonlinear periodic structure.
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Fig. 1. The dashed curve shows the calculated transmission of a periodic structure
with kL = 4.0. The solid curve shows the low intensity transmission of a colloidal
crystal plotted as a function of wavelength. The arrows indicate the wavelengths of the
incident light at which the transmission plots in Tig. 3 were obtained.

In stcady state the transmission of a nonlinear periodic structure is predicted
to exhibit optical switching, optical bistability, and optical limiting [5-9]. The
characteristics of the modified transmission and its dependence on parameters such
as the coupling constant of the periodic structure, the detuning of the frequency
of the incident light from the center of the stop gap, and the incident intensity
have been found by solving the coupled amplitude equations that describe the
propagation of the forward- and backward-propagating waves in these structures
[5]. If the refractive index of the periodic structure is assumed to be given by
Eq. (1), and it the field of frequency w is assumed to have both a forward- and
backward-propagating component, the coupled amplitude equations can be written

as
dE;

L = By 4% (| + 2 B) By, | (22)
dE . ; . '
—d-;}'- = —-u\:E'fe‘gApz = iy(2|E;)? + |Eb|?) Ey, (2b)

where A = § — [3y is the detuning from the center of the stop gap, fo = 7/4,
B = new/c, and ¥ = wny/A. Figure 2 is a plot of the transmitted intensity of
a nonlinear periodic structure as a function of incident intensity for the case of
kL = 4.0 and a negative intensity dependent index of refraction. Figure 2 shows
the behavior at three different detunings within the stop gap. For ABL = —4.3
the system is predicted to exhibit simple switching as shown in Fig. 2a. When the
frequency of the incident field is tuned deeper into the stop gap (ABL = —2.0),
the transmission is predicted to be bistable as shown in Fig. 2b. For detunings
which are even deeper in the stop gap (ABL = 2.0), the transmission is seen to be
multistable as shown in Fig. 2c.

Along with the steady state characteristics, the temporal dependence of the
transmission has been studied extensively. Under certain conditions some of the
bistable states predicted by the steady state theory are found to be unstable to
temporal fluctuations. Numerical calculations have shown that for a field with
a frequency near the Bragg frequency and a nonlinear periodic structure with a



Oplical Properties of Nonlinear Periodic Struclures 129

10
(a) b c) .
_ o ® ] [T@
3
S 5 g
~ 100 S
3 |
0 — 0 —
0 5 200

Fig. 2. The predicted transmitted intensity (Iou:) is ploticd as a function of the incident
intensity (Im) for the case of KL = 4.0 and three different detunings. (a) Simple switching
for ABL = —4.3, (b) bistability for AL = ~2.0, (c) multistability for AGL = 2.0. The
solid curves indicate stable states, while the dashed curves indicate unstable states. The
arrows indicate where switching between transmitting states occurs.

large &, the upper branch of the bistability curve predicted by the steady state
theory is unstable and the transmission of the nonlinear periodic structure exhibits
periodic self pulsing for intensities above the switching intensity [10-12]. If the
incident intensity is increased to many times the switching intensity the temporal
fluctuations become chaotic. A linear stability analysis performed by de Sterke [13]
confirmed that there are many regions where the high-transmission state predicted
by steady-state theory is temporally unstable. He found that as the frequency of
the incident field is tuned deeper into tlie stop gap, the system tends to become
more unstable.

Nonlinear periodic structures can also support soliton formation. When the
frequency of the incident light is tuned outside the stop gap, soliton formation is
possible due to the dispersion of the periodic structure and the nonlinearity of the
media. These solitons display characteristics that are similar to those supported in
nonlinear optical fibers. In this limit the nonlinear periodic structure is predicted
to be useful for pulse compression {14]. When the frequency of the incident light is
tuned within the stop gap, soliton formation is also possible and in this case the
soliton is often referred to as a gap soliton [15-19]. A gap soliton is excited under
conditions when the transmission is predicted lo bistable. A striking characteristic
of gap solitons is that they can propagate through the nonlinear periodic structure
with velocities that are much less than the group velocity of light in such medium.

2. Experiment

For our experimental observations of optical limiting and optical bistability
we used a colloidal crystal as a nonlinear distributed feedback structure [1, 2].
A suspension of uniform size, uniformly charged polystyrene spheres can form a
periodic array. The suspensions that were used in our experiments were of ei-
ther 86 nm or.120 nm diameter polystyrenc spheres in water. The periodic arrays
were prepared by diluting the suspensions with water. By decreasing the particle
concentration the lattice spacing increases, which shifts the stop gap to longer
wavelengths. The solutions were diluted such that the stop gap overlapped either
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the 514 nm line of an argon-ion laser or the 570-590 nm tuning range of a Rho-
damine 6G dye laser. The particle concentrations used in our experiments were in
the range of 7-12% by volume. For these concentrations the periodic array that
is formed is a face-centered cubic structure. Once the proper concentration was
achieved the suspension was placed in a 100-pm-thick cuvette. The lattice that is
produced is oriented such that the [111] plane is oriented parallel to the faces of
the cuvette. We utilize this plane for the distributed feedback.

The nonlinearity of the colloidal crystal results from the electrostrictive ef-
fect. The electrostrictive effect results in a compression of the lattice that decrcases
the spacing between the crystal planes. The electrostrictive effect will also increase
the particle density, which will increase the average index of refraction. The de-
crease in the lattice spacing has the greatest affect on the modification of the
transmission of the colloidal crystal. Therefore if a field of frequency w is incident
to the colloidal crystal and the intensity is increased, we expect the detuning AS
from Bragg resonance to decrease as a function of intensity. Near Bragg resonance
the largest electrostrictive effect is expected to result from the spatially varying
*electric field inside the distributed feedback structure [20]. This contribution is
expected to be much larger than the electrostriction resulting from either the ra-
dial field gradient produced by the Gaussian nature of the laser beam, or the field
gradient resulting from the slowly varying field amplitude along the length of the
structure. For the case of two counterpropagating beams in a colloidal crystal,
the ficld gradient resulting from the spatially varying field was calculated to be
two orders of magnitude greater than the radial gradient for a spot size of ap-
proximately 10 pm [21]. The theoretical study by Russell [20] showed that the
field inside a periodic structure oscillates in space on the order of one grating pe-
riod when the frequency of the field is near Bragg resonance. The maxima of the
* oscillations overlap with the high-index layer of the periodic structure when the
frequency of the incident light is tuned to the low-frequency cdge of the stop gap.
For this detuning the electrostrictive force in our system will be a minimum since
the polystyrene spheres are in the high-index layer. Ilowever, as the frequency of
the light is increased toward the high-frequency edge of the stop gap, the intensity
maxima move away from the high-index layer until, at the high-frequency edge of
the stop gap, the minima overlap the high-index layers. The clectrostrictive force
is therefore intensity and frequency dependent, and will increase as the detuning
from the low-frequency edge of the stop gap is increased.

3. Results and discussion

To study optical limiting, light from an argon-ion laser was focused to. a
spot size of 45 um at the colloidal crystal. For the optical limiting experiment,
86 nm diameter spheres were used. The stop gap of the structure was tuned so
that the low intensity transmission was approximately 30% at a wavelength of
514 nm. The sample was diluted so that the wavelength of the incident light was
on the high frequency side of the stop gap. Since the nonlinearity results from
electrostriction we expect the stop gap to shift to higher frequencies when the
incident intensity is increased. Optical limiting was observed for incident intensi-
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ties above approximately 100 kW/cm?. The transmitted intensity was limited to
approximately 10 kW/cm?. In addition, the response time of the nonlincarity was
measured to be approximately 500 pus.

For the optical bistability experiments, suspensions of 12 nm diameter par-
ticles were used to form the colloidal crystals. In this case the samples were diluted
to a concentration such that the stop gap of the crystals overlapped the 570-590 nm
tuning range of a Rhodamine 6G dye laser. The low intensity transmission of the
colloidal crystal that was measured with the dye laser is shown as the solid line in
Fig. 1. The coupling constant  of this crystal is estimated to be approximately
400 cm~! and xL = 4.0. The switching characteristics of the colloidal crystal for
various detunings within the stop gap are shown in Fig. 3. The detunings for which

3.0 3.0
(a) 2 =5825nm . (b 2 ~5823nm !J
$ Y
N 2.0 .l 20 j
ug /
E 1.0 o’
S 10 o+ - -
e;: -~ -
‘g 00 - T T 0.0 —F"I'.’I T T
c
) [} 40 80 0 20 40 60 80
c
E (¢) X =581.5nm 06 4 (d) A =580.5nm o)
E 1.0 1 D -
8 04
0.5 - )
0.2
@ .
o L.
nt®
00y ] 00-eet® T . -
0 20 40 0 5 5 20

10
incident intensity (kW/cm®)
Tig. 3. Transmitted intensity plotted as a function of incident intensity for four different

wavelengths. The arrows indicate where the transmission switched between different
transmitting states.

the data shown in Fig. 3 were taken are marked in Fig. 1 by the letters a, b, c,
and d. When the frequency of the incident light is tuned near the low-frequency
edge of the stop gap, a nonlinear change in the transmission is obscrved as the
incident intensity is increased as shown in Fig. 3a. When the frequency is tuned
deeper into the stop gap the transmission shows a discontinuous increase beyond
a critical incident intensity. This case is shown in Fig. 3b. For frequencies near the
center of the stop gap, the transmitted intensity exhibits hysteresis and bistability
as shown in Fig. 3c. If the frequency of the incident light is tuned even decper into
the stop gap, additional high-transmission branches are observed. In Fig. 3d the
transmission is seen to be multistable for incident intensities in the range of 18 to
20 kW/cm?. The switching characteristics shown in Fig. 3 are similar to the char-
acteristics predicted by the coupled amplitude equations for the case of a negative
intensity dependent index of refraction shown in Fig. 2. As shown in Fig. 2, the



132 M.S. Malcuit, C.J. Herbert

switching intensity is expected to increase as the frequency of the incident light is
tuned to higher frequencies. llowever, as shown in Fig. 3, we see that the switching
intensity for the colloidal crystal decrcases as the frequency of the incident light
is increased. We believe that the detuning dependence of the electrostrictive effect
discussed above, which results from the rapidly varying field inside the periodic
structure, may help to explain the decrease in the switching threshold intensity.
Temporal fluctuations of the transmitted intensity were also observed when
the incident intensity was increased beyond the point where bistabilily was ob-
served. Figure 4 shows the transmitted intensity plotted as a function of time for
an incident intensity of approximately 80 kW/cm?. For Fig. 4a the wavelength
of the incident light is 579.6 nm, which is on the high-frequency side of the stop
gap. As the wavelength of the incident light is tuned deeper into the stop gap the
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I'ig. 4. Transmission of the colloidal crystal plotted as a function of time for an incident
intensity of 80 kW /cm? when the wavelength of the incident laser tuned to (a) 579.6 nm,
(b) 579.2 nm, and (c) 579.0 nm.

frequency of the temporal fluctuations of the transmitted intensity increases as
scen in Figs. 4b and 4c. In addition to the frequency of the oscillations increasing
as the wavelength is tuned towards the blue, the threshold intensity at which the
oscillations are observed decreases. These observations are in qualitative agree-
ment with the linear stability analysis performed by de Sterke [13] that predicted
that the oscillation frequency should increase and the threshold intensity should
decrease when the frequency of the incident light is tuned deeper into the stop
gap of a nonlinear periodic structure. Ile assumed that the nonlinearity resulted
from an intensity dependent index of refraction with a fast response time (faster
than the transit time through the sample). The response time of the nonlinearity
of the colloidal crystal is approximately 500 ys, which is much longer than the
transit time. Therefore direct comparison cannot be made between his model and
the colloidal crystal system.
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4. Conclusions

We have observed optical limiting, and optical switching that is due to an
electrostrictive nonlinearity in a colloidal crystal. Simple switching was observed
near the low-frequency edge of the stop gap, while bistability occurs near the
center of the stop gap. When the frequency of the incident light was tuned near
the high-frequency edge of the stop gap multistable switching was observed. In
addition, if the incident intensity is increased beyond the intensity where switching
was obscrved, the transmitted intensity was observed to fluctuate periodically. The
frequency of the oscillations increased at detunings deeper into the stop gap. These
experimental observations were found to be in qualitative agrecement with the
theoretical predictions for the transmission characteristics of a nonlinear periodic
structure.
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