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Photonic crystals, an analog of semiconductors for light waves,
are composite periodic dielectric materials that provide novel and
unique ways to control many aspects of electromagnetic radiation.
Harnessing the nonlinear properties of photonic crystals and
photonic-crystal waveguides offers an opportunity to create the
all-optical analogs of diodes and transistors that will one day
enable the first all-optical computer to be built.
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Switches, limiters,
and optical diodes
To illustrate the basic ideas of nonlinearity-induced waveguide transmission, we consider the example
of a two-dimensional (2D) photonic crystal created by a square
lattice of dielectric rods. Such a
crystal, recently fabricated in
macroporous silicon5 with a lattice
period of a = 0.57m and a rod radius of r = 0.18a , has a large
bandgap: the light with wavelengths between 2.26a and 3.31a
cannot pass through the photonic
crystal and thus is completely reflected. Removing a row of rods,
one can create a customized photonic-crystal waveguide that can be
used to guide light with wavelengths that are inside the bandgap.
The transmission efficiency of
such waveguides is high even for
sharp bends.6 Combining the

waveguides with the embedded
defects (installed or removed dielectric rods that break the perfect
periodicity of the structure), one
can create photonic-crystal circuits (see Fig. 1). The transmission
properties of these photonic circuits can be accurately described
by the effective discrete equations
with long-range interactions.7,8
Such photonic-crystal circuits can
be used as sophisticated optical filters (some examples are shown in
Fig. 1). If we do not take account
for the nonlinear properties of
photonic-crystal circuits, they
cannot be used for all-optical sigFigure 1. A photonic-crystal circuit with
nal processing. The nonlinearity of optical
a set of embedded nonlinear defects (blue):
materials is essential if we wish to create
A, symmetric and B, asymmetric optical
nonlinear devices such as optical diodes,
filters; C, waveguide bend; D, channel drop
transistors, switches, and limiters. Let us
filter; E, waveguide branch.
assume that defects in a photonic-crystal
circuit are made of a Kerr-type nonlinear
dielectric (blue rods in Fig. 1). In this case,
even the simplest system of identical nonlinear rods (device A in Fig. 1) exhibits
bistable transmission.9,10 The transmission
of an asymmetric set of nonlinear defects
Figure 2. (Top) Transmission of a waveguide
(device B in Fig. 1), which does not debend with three embedded nonlinear defects
pend on the propagation direction for
in the linear (solid) and nonlinear (dashed)
low-intensity
light, becomes highly asymregimes. (Bottom) Nonlinearity-induced bistametric
in
the
vicinity
of resonant frequenble transmission through the waveguide bend
cies for large light intensities. Properly deshown in the inset (stable branches are repsigned, such an asymmetric system can be
resented by solid curves).
used as an optical diode that exhibits unidirectional pulse propagation.9
To gain better insight into the
physics of nonlinear transmission
1
and to demonstrate the significant
0.8
potential of nonlinear devices
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based on photonic-crystal techT 0.4
nology, we briefly discuss an ex0.2
ample of a waveguide bend with
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three embedded defects made of
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vice C in Fig. 1). In the linear
regime, this bend behaves as an
optical threshold device that effi0.2
ciently transmits guided waves
with frequencies above the threshold
frequency but completely re0.1
flects the waves with lower frequencies, as is shown in Fig. 2
(top) by the solid blue curve.
0
When
the light intensity increases,
0
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Incoming light
which extends the transmission
region [a red dashed curve in

Transmitted light

or the past 50 years, the
physics of semiconductors
has played a vital role in information and communication
technologies. Advances in the development of semiconductor heterostructures and integrated electronic circuits, underlined by the
award of the first Nobel Prize of
the New Millennium to Zhores I.
Alferov, Herbert Kroemer, and
Jack S. Kilby, led to the information technology revolution that
has reshaped society. The advances achieved during the past
decade suggest that the use of a
new class of materials—photonic
crystals—provides a way to achieve similar goals with light alone.1–4 However, the
analogy between semiconductors and linear photonic crystals cannot be pushed
too far inasmuch as photons, in contrast
with electrons, are not easily tunable. For
this reason, it is crucial to turn to photonic crystals made of nonlinear materials, the
transmission changes of which depend on
the intensity of light. The unique properties of photonic-crystal waveguides and
waveguide circuits formed in nonlinear
photonic crystals would allow the creation
of ultimate fast and compact all-optical
switching devices with which light can be
used for the manipulation and control of
light itself.
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Figure 3. (a) Nonlinearity-induced reflection and (b) 100% transmission in an optical gate
created by a bent waveguide with nonlinear defect rods (three black circles) as shown in Fig. 2.
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Figure 4.Top and 3D view of a nonlinear localized mode—
discrete soliton—excited in a nonlinear photonic-crystal waveguide.

Fig. 2 (top)]. The resulting transmission as
a function of input intensity [see Fig. 2
(bottom)] demonstrates a sharp nonlinear
threshold character with an extremely low
transmission of waves below a certain
threshold intensity [see Fig. 3(a)], and the
possibility of switching to a state with
nearly 100% transmission above the
threshold intensity [see Fig. 3(b)], so that
the bend behaves as a tunable all-optical
gate. Thus, effective nonlinearity-induced
bistable transmission can be realized in
basically linear photonic crystals with
some nonlinear elements that can be used
to control the resonant light transmission
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by a variation of the input light intensity.
Other types of nonlinearity-induced
bistable light transmission and switching
have also been explored recently.9, 10

Discrete solitons as
information carriers
Although the photonic-crystal circuits discussed above exhibit many interesting
nonlinear transmission properties, their
fabrication is hampered by the need to
embed nonlinear impurities into an otherwise linear photonic crystal. This impediment can be obviated by fabrication of a
complete photonic crystal from a single

piece of nonlinear dielectric material.
Moreover, this approach makes possible
unique opportunities, such as the creation
of nonlinear photonic-crystal waveguides.
In this case, the nonlinear response of an
optical material can lead to the self-localization of light in the form of nonlinear
localized modes or discrete solitons,11 and
it would allow for the creation of almost
ideal waveguide circuits for discrete soliton networks.12 A simple example of the
nonlinear photonic-crystal waveguide that
carries nonlinear localized modes is
shown in Fig. 4. Here the waveguide is created by the introduction of a row of additional rods of smaller radius into an otherwise perfectly periodic photonic crystal.
All the rods are made from the same nonlinear dielectric material. The modes excited in such a waveguide can be localized
along the waveguide direction and can remain trapped in the transverse direction
because of Bragg reflection. Such a localized mode corresponds to a discrete spatial
soliton.
By appropriate design, such as modification of the guiding properties of the corner bend of the waveguide, reflection losses that occur along very sharp bends (e.g.,
less than 90°) in 2D discrete soliton networks can be almost eliminated.12 We
could effectively achieve this result by introducing nonlinear defects at the bend
corner, similar to the transmission shown
in Fig. 2. In addition, by use of vector–incoherent interactions at network junctions, soliton signals can be routed at will
on specific pathways.13 In this way, the discrete solitons can be navigated anywhere
within a 2D network of nonlinear waveguides. The possibility of realizing useful
functional operations such as blocking,
routing, logic functions, and time gating
has recently been discussed in Refs. 12 and
13. By appropriate engineering of the intersection site, we could also improve the
switching efficiency of the junctions in 2D
discrete-soliton networks, which would allow us to design routing junctions with
specified operational characteristics.

Quadratic photonic crystals
Nonlinear optics is traditionally discussed
in terms of separate effects of quadratic
[second-order or (2)] and cubic [thirdorder or  (3)] nonlinearities. For example,
 (2) the nonlinearity of noncentrosymmetric nonlinear crystals is responsible for
such important optical effects as frequen-
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cy conversion and optical parametric amplification, whereas  (3) nonlinearity is
usually associated with the intensity-dependent refractive index (i.e., due to the
Kerr effect), self-phase modulation, selffocusing, and optical solitons. Research in
recent years has demonstrated that these
two classes of optical effects could actually
merge. In particular, it has been shown
that  (2) nonlinearity could lead to strong
ultrafast self-phase modulation through
the cascading effect when the fundamental
wave and its second harmonic are nearly
phase matched. Such cascade nonlinearities are known to allow for many of the
important optical effects—including soliton generation and propagation—that resemble the light self-action effects in  (3)
media possible at much lower input powers.14 These novel possibilities have led to
increased interest in the application of  (2)
materials in all-optical signal processing.
Frequency mixing and generation is
the important area in which photonic
crystals can play a crucial role in cascading
effects. For the quasi-phase-matching
(QPM) technique, (a method for achieving phase matching between two or more
optical harmonics), the importance of periodic structures is well known. A traditional QPM technique relies on 1D periodic modulation (with a period equal to
the beat length) of the nonlinear secondorder susceptibility, to compensate for
mismatch between the wave vectors of the
collinear fundamental and second-harmonic waves. Using nonlinear photonic
crystals with 2D or 3D periodic modulation of  (2) susceptibility allows one to extend this concept into higher dimensions,
as was recently predicted theoretically 15
and demonstrated experimentally,16 for
the first example of a 2D QPM nonlinear
structure with hexagonal symmetry created in lithium niobate. Such a quadratic
nonlinear photonic crystal allows for efficient (>60%) second-harmonic generation that uses multiple reciprocal lattice
vectors of the lattice. More importantly,
such 2D (2) nonlinear structures can also
provide an efficient means of simultaneous
phase matching of several wavelengths,17
which paves the way for experimental verification and practical implementation of
the theoretical concepts based on parametric multistep cascading.18,19
Figure 5 shows an expanded view of
the 2D quadratic nonlinear photonic crystal fabricated by Broderick et al.16 Each

Figure 5. Hexagonally poled lithium niobate crystal and the first Brillouin zone.
The period of the crystal, 18.05 m, is uniform over the whole sample.16

hexagon in a plane is a region of domaininverted material; the total inverted area
comprises 30% of the overall sample area.
Poling was accomplished by applying an
electric field through liquid electrodes on
opposite faces at room temperature. This
kind of quadratic photonic crystal has a
period that is suitable for noncollinear frequency doubling of 1536 nm, and it also
allows for efficient quasi-phase-matched
second-harmonic generation by use of
multiple reciprocal lattice vectors of the
crystal lattice. The second-harmonic light
can be simultaneously phase matched by
multiple reciprocal lattice vectors, resulting in the generation of multiple coherent
beams.
Strictly speaking, such structures do
not fit the classical definition of a photonic crystal1 because they do not possess a
bandgap in the limit of small intensities.
However, the frequency spectrum gap is
not crucial for the observation of many
properties of nonlinear photonic crystals
such as harmonic generation, and quadratic nonlinear crystals seem to be most
suitable for the observation of numerous
effects based on phase-matched parametric interaction. The technique is extremely
versatile and allows for the fabrication of a
broad range of 2D quadratic crystals, including quasi-crystals.

Concluding remarks
Many frontiers in this field remain to be
explored. The use of nonlinear photonic
crystals in all-optical devices and circuits is
being actively researched from the viewpoint of both exciting fundamental
physics and important industrial applica-

tions. We are fascinated by the enormous
potential offered by the photonic-crystal
concept: Many of the effects studied 10-15
years ago in nonlinear physics and nonlinear guided-wave optics can base their
unique and unexpected manifestations on
these novel materials. In particular, photonic crystals seem to be an ideal material
for which many properties of discrete optical solitons can be engineered in a simple
way. The slow group velocity of light in
photonic-crystal circuits can dramatically
increase the accumulated nonlinear phase
shifts that are required for the efficient
performance of an all-optical switch,20
which should lead to a decrease in the size
of many photonic devices that operate at
much lower power. These advantages
could be employed to design extremely
small all-optical logical gates that could
use readily available materials. It might
also be possible to combine several thousands of such devices onto a chip of a few
square centimeters.
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shared many of their ideas with us.
The references to this article appear on
page 62, OPN’s reference page.
Sergei Mingaleev and Yuri Kivshar are with the Nonlinear Physics Group at the Research School of Physical Sciences and Engineering of the Australian National University in Canberra (http://www.rsphysse.
anu.edu.au/nonlinear).

July 2002

■

Optics & Photonics News 51

FEATURE ARTICLE REFERENCES

References
Note: References to Optics & Photonics News feature articles
are published exactly as submitted by the authors.
9.

10.

Quantum Cryptography

26

11.

William P. Risk and Donald S. Bethune
1.
2.
3.
4.
5.

M. Martinelli, Opt. Commun. 72, 341 (1989).
N. Gisin, et al., Rev. Mod. Phys. 74, 145 (2002).
D.S. Bethune and W.P. Risk,Appl. Opt. 41, 1640
(2002).
G. Ribordy et al., Electron. Lett. 34, 2116 (1998).
D. Stucki, N. Gisin, O. Guinnard, G. Ribordy, and H.
Zbinden, http://www.lanl.gov/abs/quant-ph/0203118

Impact of Optics Letters

34

Anthony J. Campillo and Anthony M. Johnson
1.

2.
3.
4.
5.
6.
7.

8.

As compiled by ISI’s Science Citation Index and reported in http://www.in-cites.com/research/2000/
December_18_2000-2.html.The impact factor is
the total number of citations received in a year for
all papers published in the prior two years divided
by the total number of papers published in the previous two years.
See: http://esi-topics.com/optoelectronics/
index.html
Obtained using Optics InfoBase. Data in Tables 1-4
current as of 4/26/02.
“The counting house” (News Feature), Nature,
415, 726-729 (14 February 2002).
Obtained using the Science Citation Index Extended website.
Optical Phase Conjugation, R.A. Fisher, Ed.,Academic Press, 1983.
J. Feinberg and R.W. Hellwarth,“Phase-conjugating
mirror with continuous-wave gain”, Opt. Lett., 5
(12), 519-521 (1980).
K. O. Hill,“Photosensitivity in Optical Fiber Waveguides: From discovery to commercialization”, IEEE
Sel.Top. Quant. Elec., 6, 1186-1189 (2000).

12.
13.
14.

A. Hasegawa,“Soliton-based optical communications: an overview”, IEEE J. Sel.Top. Quant. Elec., 6,
1161-1172 (2000); see for example OFC 2002 Postdeadline Paper FC3, D. G. Foursa et al.,“2.56 Tb/s
(256x10 GB/s) transmission over 11,000 km using
hybrid Raman/EDFAs with 80 nm of continuous
bandwidth.”
J. C. Knight,T. Birks, B. Mangan and P. St. J. Russell,
“Photonic Crystal Fibers”, Opt. Phot. News, 13 (3),
26-30 (March 2002).
Sci-Bytes.What’s New in Research: December 17,
2001, see http://www.in-cites.com/research/2001
/december_17_2001-3.html.
H.A. Haus,“Mode-locking of lasers”, IEEE J. Sel.Top.
Quant. Elec., 6, 1173-1185 (2000).
P. G. Kryukov,“Ultrashort-pulse lasers”, Quant. Electr., 31, 95-119 (2001).
A. Baltuska, Z.Wei, M. Pshenichnikov, and D.Wiersma,“Optical pulse compression to 5 fs at 1-MHz
repetition rate”, Opt. Lett., 22, 102-104 (1997).

Nonlinear Photonic Crystals:
Toward All-Optical Technologies
Sergei Mingaleev and Yuri Kivshar
1.
2.
3.
4.
5.

6.

7.

J.D. Joannopoulos, R.D. Meade, and J.N.Winn,“Photonic Crystals: Molding the Flow of Light” (Princeton University Press, Princeton, 1995).
C.M. Soukoulis, ed., Photonic Crystals and Light Localization in the 21st Century (Kluwer Academic,
Dordrecht,The Netherlands, 2001).
K. Sakoda, Optical Properties of Photonic Crystals
(Springer-Verlag, Berlin, 2001).
S.G. Johnson and J.D. Joannopoulos, Photonic Crystals: the Road from Theory to Practice (Kluwer
Academic, Boston, 2002).
T. Zijlstra, E. van der Drift, M.J.A. de Dood, E.
Snoeks, and A. Polman,“Fabrication of two-dimensional photonic crystal waveguides for 1.5 µm in silicon by deep anisotropic dry etching,” J.Vac. Sci.
Technol. B 17, 2734 (1999).
S.Y. Lin, E. Chow,V. Hietala, P.R.Villeneuve, and J.D.
Joannopoulos,“Experimental demonstration of
guiding and bending of electromagnetic waves in a
photonic crystal,” Science 282, 274 (1998).
S.F. Mingaleev and Yu.S. Kivshar,“Self-trapping and
stable localized modes in nonlinear photonic crystals,” Phys. Rev. Lett. 86, 5474 (2001).

How do YOU share
your excitement
about OPTICS ?
OPN wants to publish
demonstrations,
workshops, experiments,
or techniques that
explain OPTICS to
the public, teachers,
students, children,
and other scientists.
Share your ideas in a short article, photos, or note.
E-mail: opn@osa.org • Phone: 202-416-1424 • Fax: 202-416-6131

62 Optics & Photonics News

■

July 2002

48

8. S. F. Mingaleev and Yu.S. Kivshar,“Effective equations
for photonic-crystal waveguides and circuits.” Opt.
Lett. 27, 231 (2002).
9. S. F. Mingaleev and Yu.S. Kivshar,“Nonlinear transmission and light localization in photonic crystal
waveguides,” J. Opt. Soc.Am. B, in press (September’s Focus Issue, 2002);ArXiv:cond-mat/0201266.
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