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Use of Fano resonances for bistable optical transfer through photonic crystal films
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Bistable or multistable transmissions are classically the result of the introduction of nonlinear layers into a
resonant Fabry-Perot cavity. A single inhomogeneous film, with a periodic lateral structure, can also give rise
to a bistable transmission for significant intensity ranges, due to Fano resonances, a strong frequency-
dependent transparency variation related to the transfer via guided modes. A self-consistent simulation tool
which allows for the computation of multivalued transmission is developed and the peculiar shape of the
hysteresis loops associated with Fano resonances is studied.
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I. INTRODUCTION

Optical bistability generally occurs at carefully chos
frequencies, when a nonlinear Fabry-Perot-type reson
cavity transmits high intensity light.1 The initial ingredient
needed to produce a multivalued transparency is a sharp
in the spectral transmission, so that it is commonly believ
that the design of a bistable filter should start with the ins
lation of two reflectors, creating a high-finesse resonant c
ity. This ‘‘Lorentzian’’ bistable device, governed by the car
ful alignment of two reflecting films, has received mu
attention, and the hysteresis cycle which develops in th
nonlinear structures has been described, both theoretic
and experimentally.2–4

The nonlinear behavior of inhomogeneous structures a
in particular, periodic ones has been investigated by sev
authors.5–7 Fabry-Perot resonators and ‘‘Kerr’’ materials a
the basic ingredients of several cleverly engineered st
tures, all expected to open the road to the optical contro
optical signals.8 The optical transistor9 transfers a signa
modulation from a first to a second light beam. An optic
discriminator10 is transparent to a light pulse only when i
amplitude exceeds a fixed threshold. An optical limito11

saturates its output intensity so that it becomes indepen
of the incident intensity for strong signals. A pulse shap
can be designed, for instance, with a Fabry-Perot interfer
eter tuned for transparency for a specific pulse wave pac
and detuned by the presence of the pulse itself.12 An optical
trigger13 delivers a strong light pulse upon reception of
command optical signal. An optical oscillator11 produces a
beating signal from a stationary, constant amplitude beam
light. All these signal-processing tools require a nonline
behavior of the material which completely or partially fil
the resonator cavity.

Logical gates can also be developed from a nonlin
resonator,14 and the optical memory switching between tw9

or several stable states15 has been demonstrated.
In the present work, we wish to emphasize the use of n

spectral features, found in single photonic-crystal films,
possibly produce bistability. These spectral features are
ally referred to as ‘‘Fano’’ resonances16 and have been show
to dominate the reflection or transmission spectra of co
gated dielectric films.17
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The paper is organized as follows. First, we introduce
extension of the transfer-matrix technique required to
scribe nonlinear, multivalued transmissions. Then, a
briefly discussing the origin of the asymmetric Fano tra
mission profiles in the linear-response regime, we will d
scribe the mechanisms of bistability based on the spec
displacement of Fano line shapes with the transiting int
sity, due to the nonlinear response.

II. SELF-CONSISTENT TRANSMISSION COEFFICIENTS
OF A PHOTONIC-CRYSTAL FILM

We first briefly sketch the self-consistent procedure wh
allows to determine the intensity-dependent and poss
multivalued transmission through a nonlinear, thre
dimensional, photonic-crystal film. The computing strate
is designed to reduce the nonlinear approach to a conver
sequence of simpler, linear computations. Similar idea18

were used for the calculation ofinfinite nonlinear photonic-
crystal band structures,19 where the technique is reminisce
of the self-consistent treatment of many-particle ground s
in quantum mechanics.20

We consider a film of three-dimensional photonic crys
containing nonlinear materials. The type of nonlinearity co
sidered here is restricted to the ‘‘optical Kerr effect,’’ whe
the volume refractive index of the material is modified li
early with the square of the local electric field:

n~rW !5n0~rW !1n2~rW !uEW ~rW !u2. ~1!

Reading this expression,n0(rW) is the refractive index in the
absence of transiting light,n(rW) is the refractive index modi-
fied by the illumination, andEW (rW) is the local electric field.
The nonlinear refraction coefficient of the Kerr material
the locationrW, expressed in units of m2 V22, is denoted by
n2(rW).

The nonlinear transmission is a self-consistent proce
the cavity transparency controls the transmitted wave wh
in turn, controls the value of the Kerr medium refractiv
index. This, by acting on the optical path, reacts back on
transparency.
©2004 The American Physical Society06-1
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The transmission coefficient of the film, summed over
transmitted beams, is a functional of the inhomogeneous
fractive index:

T5T @n~rW !#, ~2!

and, in the present work, we use a transfer-ma
technique21 to proceed with its construction. Moreover, th
square of the electric field is a nonlocal functional of t
index distribution, while it depends on the square modulus
the incident fieldEW 0,

uEW ~rW !u25E@n~rW !,uEW 0u2#. ~3!

The building scheme of this functional being assumed to
known, the nonlinear transmission is virtually obtained,
the square modulus of the electric field can be extracted f
the following nonlinear equation:

uEW ~rW !u25E@n0~rW !1n2~rW !uEW ~rW !u2,uEW 0u2#. ~4!

This relation requires that the square of the modulus of
electric field should be brought to self-consistency: int
duced in the right-hand side expression, this quantity sho
behave as a ‘‘fixed scalar field’’ for Eq.~4!. From a more
technical point of view, an iterative approach can be appl
starting with a reasonable approximation of the refract
index and its associated squared electric field, introducin
in the right-hand side of Eq.~4! to attempt to refine it, re-
peating this refinement step iteratively, until adequate c
vergence is reached. In case of slow, or even lack of con
gence of this process, acceleration schemes are kn
which extrapolate the new field from several past itera
For instance, the corrector step

uEW ~rW !uout
2 5auEW ~rW !uout

2 1~12a!uEW ~rW !u in
2 ~5!

with an appropriate value ofa has been found adequate
our simulations.

The initial field used to start the iterations could be t
field obtained with the unmodified refractive indexn0(rW).
However, this procedure would not allow to describe bista
transmission, as the convergence would always occur o
the same field state. This is not advisable, as several s
tions of Eq.~4! may exist for the same value of the sour
parameters, i.e., the same incident intensity. Some of th
states are stable~a slight change of the incident intensi
leads only to a slight modification of the transmission!; some
others are unstable~a small change of the incident intensi
causes a drastic modification of the transmission!. Under
convergence, the iterative process can only lead—
definition—to stable states. This allows to handle bistabi
situations in a quite elegant way: starting with a very lo
intensity, the transmission coefficient is iterated, taking, a
starting refractive index, the ‘‘dark’’ limitn0(rW). This con-
verges to a new, corrected refractive indexn(rW), which is
used as a starting point for the next, increased intensity.
converged transmissions then follow the branch of sta
states varying continuously from the low-intensity limit, u
til this state eventually ceases to exist in a bistable hyster
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loop. Then, as will be shown in examples below, for ev
higher intensities, the system is forced to converge to ano
transparency state and suddenly jumps to a very diffe
transmission coefficient. This new state is maintained as
only stable convergence limit when the incident intensity
further increased, but also, when bistability occurs, when
intensity is decreased to already explored values. The hy
esis loops can then be described if the various incident
tensities are explored in slowly increasing or decreasing
quences and if the self-consistent iterations are carried ou
such a way that the starting refractive index of the iteratio
for a new incident intensity is the final, converged val
found in the previous, slightly different, incident intensit
For most incident intensities, the number of iterations is v
reasonable~10 is a typical number!, except at the switching
thresholds, where a few hundreds iteration steps are o
required.

III. EVALUATION OF THE ELECTRIC FIELD AND
TRANSMISSION FUNCTIONALS

We now turn to a brief account of the evaluation of t
functionals in Eqs.~2! and ~3!, in the case of a photonic
crystal film with a given distributionn(rW) of the refractive
index.

The transmission coefficient functionalT is computed in
the framework of the transfer-matrix formalism, by fir
splitting the film into a finite numberN of thin layers, creat-
ing N11 interfaces, located at the abscissaszp , p
50,1,2, . . . ,N. On each of these interfaces~a region of zero
length!, where the refractive index is assumed to be that
the incidence regionA«, the fields are given the form o
plane waves,

EW ~rW ,zp!5(
gW

NpgW
1 hW gWe

ikgW z(z2zp)ei (kW //1gW )rW

1(
gW

NpgW
2 hW gWe

2 ikgW z(z2zp)ei (kW //1gW )rW

1(
gW

XpgW
1

xW gW
1

eikgW z(z2zp)ei (kW //1gW )rW

1(
gW

XpgW
2

xW gW
2

e2 ikgW z(z2zp)ei (kW //1gW )rW ~6!

for the electric field, and

HW ~rW ,zp!52
A«

cm0
(

gW
NpgW

1
xW gW

1
eikgW z(z2zp)ei (kW //1gW )rW

2
A«

cm0
(

gW
NpgW

2
xW gW

2
e2 ikgW z(z2zp)ei (kW //1gW )rW

1
A«

cm0
(

gW
XpgW

1 hW gWe
ikgW z(z2zp)ei (kW //1gW )rW

1
A«

cm0
(

gW
XpgW

2 hW gWe
2 ikgW z(z2zp)ei (kW //1gW )rW ~7!
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for the magnetic field. Only the continuous components p
allel to the film surface need to be known. In these expr
sions the summation covers the reciprocal-lattice vectorgW
associated with the two-dimensional periodicity parallel
the photonic-crystal film. The Bloch wave vectorkW // is se-
lected in the two-dimensional Brillouin zone when defini
the incident wave, and, for a harmonic wave with angu
frequencyv, the local normal wave vector is

kgW z5A«
v2

c2
2ukW //1gW u2. ~8!

The polarization vectors can be written as

hW gW5
~kW //1gW !

ukW //1gW u
3eW z , ~9!

and

xW gW
6

57
kgW zc

vA«

kW //1gW

ukW //1gW u
1

ukW //1gW uc

vA«
eW z . ~10!

Maxwell’s equations allow to produce the scattering mat
Sp , which relates the outgoing waves (r 2 with coefficients
Np

2 andXp
2 , andt1 with coefficientsNp11

1 andXp11
1 ) to the

ingoing waves (i 1 with coefficientsNp
1 and Xp

1 , and i 2

with coefficientsNp11
2 andXp11

2 ) for each layer,

F t1

r 2G5FS11 S12

S21 S22GF i 1

i 2G . ~11!

For multilayer films, these scattering matrices a
assembled21 using the following stable expressions@Eq.
~12!#. If a layer which scatters the light with the scatterin
matrix S2 is added on the emergence side of a layer wh
scatters the light with the scattering matrixS1, the global
scattering matrixS is constructed as

S115S2
11~12S1

12S2
21!21S1

11 ,

S125S2
121S2

11~12S1
12S2

21!21S1
12S2

22 ,

S215S1
211S1

22S2
21~12S1

12S2
21!21S1

11 ,

S225S1
22@11S2

21~12S1
12S2

21!21S1
12#S2

22 . ~12!

The scattering matrix which represents the wave admis
from the incidence region, and the one which expresses
exit to the emergence region should not be left out of
global film Smatrix. Once this photonic-crystal filmSmatrix
is known for the given refractive indexn(rW), the value of the
transmission functionalT @n(rW)# is found as the ratio of the
transmitted current,
15510
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J~ t1!5
scell

2m0v (
gW

kN11gW z@ uNN11gW
1 u2

1uXN11gW
1 u2#QS «N11

v2

c2
2ukW //1gW u2D , ~13!

to the incident current

J~ i 1!5
scellA«cosu

2m0c
@ usgW 50

s u21usgW 50
p u2# ~14!

carried by a single incident wave, with incidence angleu and
a mixing of s ~TE! andp ~TM! polarizations with respective
amplitudessgW 50

s andsgW 50
p .

The functional which defines the square of the elec
field throughout the structure is easily evaluated in
framework of the above transfer-matrix formalism. The id
is to compute the (x,y) components of the electric and ma
netic fields on all layer boundaries from the plane-wave
efficientsNp

1 , Xp
1 , Np

2 , andXp
2 , and interpolate these con

tinuous field components inside each layer. Then Amp
law, in Maxwell’s equations, allows to make the electric fie
information complete, by providing the explicit value of th
discontinuousz component of the field. For very thin layer
the square modulus of the electric field may be conside
independent of the depthz in the layer. For a given interface
at z5zp , the calculation of the field coefficients requires tw
partial scattering matrices~see Fig. 1!: the first one (S) rep-
resents the scattering by all the layers of the film between
interface and the incidence region, and the second oneJ)
represents the scattering by all the layers of the film betw
the interface and the emergence region. Denoting bybp

1 and
bp

2 the coefficients of the waves~respectively, from inci-
dence to emergence, and from emergence to incidence
gions! on interfacezp , we have

FIG. 1. Geometry for the calculation of the square modulus
the electric field of a photonic-crystal film as a functional of t
inhomogeneous refractive index. The field components paralle
the film are computed at the boundary between two joining lay
of the film. This requires the evaluation of two partial scatteri
matricesSp andJp .
6-3
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VIRGINIE LOUSSE AND JEAN POL VIGNERON PHYSICAL REVIEW B69, 155106 ~2004!
Fbp
1

r 2 G5FSp
11 Sp

12

Sp
21 Sp

22GF i 1

bp
2G ~15!

and

F t1

bp
2G5FJp

11 Jp
12

Jp
21 Jp

22GFbp
1

i 2 G . ~16!

In these expressions,r 2, i 1, t1, and i 2 contain the wave
amplitudes in the incidence and emergence regions, as d
mined by the full-film scattering matrix and the incide
wave. The requested interface coefficients are then ea
obtained:

bp
15~12Sp

12Jp
21!21Sp

11i 1 ~17!

and

bp
25Jp

21bp
1 . ~18!

These considerations actually extend the widely used e
tromagnetic transfer-matrix technique to make it suitable
handling nonlinear layers and provide its incident-intens
dependent transmission coefficient. As will be seen in
remaining part of this paper, the same extension is also
strumental in providing detailed information on the bistab
behavior of inhomogeneous dielectric films.

IV. FANO ASYMMETRIC TRANSMISSION PROFILES

The lateral corrugation of a bidimensional periodic fil
has a very significant impact on the transmission spect
~from now on, ‘‘lateral’’ means parallel to the film surfaces!.
In a homogeneous film, standing waves lead to symme
Lorentzian structures. If the film exhibits a periodic variati
of the refractive index in the lateral directions, new spec
structures show up due to the possible hybridization
guided and radiative modes. These structures are recog
able, as they produce characteristic asymmetric profile
the transmission or reflection spectra. These asymme
lines indicate Fano resonances,16 described as typical featur
of periodically corrugated films.17

Figure 2 shows the photonic structure of a thin dielec
film, with a thicknessd and a nondispersive dielectric con
stant «. With a flat, homogeneous film, two classes
‘‘modes’’ can be distinguished. The first comprises t
guided modes, characterized by an evanescent behavi
the outer field and sharp dispersion relations below the l
line v5kyc. These dispersion relations are asymptotic t
new light linev5kyc/A« which describes the wave propa
gation in an infinite medium of dielectric constant equal
that of the film («). For a given value of the parallel wav
vectorky , a finite number of guided modes is found, whi
corresponds to the installation of standing waves in the th
ness of the film. These standing waves essentially differ
the normal componentkz of the wave vector (kz

2c25«v2

2ky
2c2). This component controls the internal inciden

angle so that higher frequencies lead to more normal i
dence, until the total internal reflection angle is passed o
and the modes become radiative.
15510
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In the frequency domain above the vacuum light lin
there is no guided mode, as the waves outside the film
cover a real wave vector, and are able to carry an elec
magnetic current and draw energy from the slab. The tra
mission is maximum for resonance frequenciesvm which
closely verify

vmd

2pc
5m

1

2A«
~19!

for ky'0. These resonances all have the same lifeti
which leads to a Lorentzian profile with a half-widthG0 that
can be expressed by

G0d

2pc
5

1

p~11«!
. ~20!

This turns out to be rather large, even for films made from
very high refractive index material. For«513, for instance,
the line width turns out, in reduced units, to be 0.023, wh
represents a significant fraction of the distance, in redu
frequency, between successive resonances.

The two types of modes we have just described—guid
and radiative—are strictly independent in a flat, infinite h
mogeneous film. They appear in different regions of t
plane (v,ky) and cannot exchange energy or decay into e
other. The situation changes when refractive index inhom
geneities appear in the film. The above guided and radia
modes are not pure electromagnetic eigenmodes of the
which means that they are now able to hybridize. For a
erally periodic slab, an incident wave with a specific late
wave vectorky can excite guided modes, because this late
wave vector can be augmented during transmission with
reciprocal-lattice vector, bringing the final state into the
diative region. Figure 3 shows the same information as
Fig. 2, but adequate translations have been applied in o
to account for the addition of reciprocal-lattice vectors to t
lateral wave vectorky ~‘‘Umklapp’’ process!. The applied

FIG. 2. Dispersion relations of the modes TE of a flat, homo
neous film of constant thicknessd, in vacuum. Here, the dielectric
constant of the film is chosen to be«513. One distinguishes the
guided modes, under the vacuum light linev5kyc, and the dif-
fused, radiative modes above the vacuum light line.
6-4
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corrugation is a one-dimensional modulation of periodd of
the dielectric constant. The radiative zone then receive
number of new states which correspond to diffracted gui
modes. Located in the regionv.kyc, these modes will be
coupled to radiative modes by the periodic corrugation. Fo
weak periodic inhomogeneity, however, the coupling is we
and the lifetime of these guided modes is kept long.

The TE reflectance spectrum of a corrugated film,
posed to a plane wave of angular frequencyv, under an
incidenceu530°, is shown in Fig. 4. The periodd of this
superlattice is made of two layers of identical thickness
with respective dielectric constants«510 and«513. For an
incidence angleu, the angular frequency controls the later
wave vectorky by the relation

v5
kyc

sinu
, ~21!

FIG. 3. The Umklapp process~diffraction! can bring guided
modes into the radiative zone (v.kyc) and allow their hybridiza-
tion with radiative modes.

FIG. 4. Transmittance of a slightly corrugated film. The rad
tive modes which correspond to a transmission through the ho
geneous, unperturbed film appear as a slowly varying backgro
The guided modes shifted back to the radiative region by the
periodicity give rise to very sharp, asymmetric structures.
15510
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here denoted as ‘‘incidence line.’’ The incidence line, abo
the vacuum light line, is shown in Fig. 3, where it cross
many resonant states. The crossings are labeleda,b, . . . ,i ,
and identify transmission structures on the spectrum of F
4. The featuresa, b, d, i are related to the line crossing
with the same label on the dispersion relation diagram. Th
broad resonances are associated with the direct transfe
radiative standing waves characteristic of a flat homogene
film. The other features, denoted asc, e, f , g, andh arise
from the guided modes, folded back by periodic diffractio
and hybridized to radiative waves because of the perio
inhomogeneity. The line shape is still very narrow; for
weak periodic perturbation, the acquired decay rate of
guided modes is kept low and the linewidth of the cor
sponding profiles remains narrow.

Note that these transmission mechanisms actually g
rise to asymmetric transmission profiles. This asymmetr
profile finds its origin in the very different phase variatio
of the guided and diffused waves when sweeping the
quency. When the periodic permittivity corrugation coupl
the two types of waves, the transiting radiation is the int
ference of the guided and radiative waves with the sa
point (v,ky) in the radiative continuum. The phase of th
guided wave varies very quickly around its resonance
quency, whereas the phase of the scattered wave,
resonance, experiences nearly no phase change. One
obtains constructive and destructive interference conditi
on a very narrow frequency interval, explaining the pecul
asymmetric transmission profile.22

Both types of spectral lines~Lorentzian and asymmetri
cal! can be exploited to create transfer functions which
hibit bistable characteristics.23,24 As symmetric, Lorentzian
characteristics, generated in Fabry-Perot structures, hav
ready been studied for producing hysteresis cycles in tra
mission, we will focus the discussion here on the new p
sibility implied by Fano resonances in corrugated films: t
use of asymmetric line shapes to produce multivalued tra
mission coefficients.

V. HYSTERESIS NEAR SYMMETRIC AND ASYMMETRIC
SPECTRAL LINES

In this section, we use the computational scheme de
oped in Sec. II in order to show that asymmetric Fano re
nances can lead to transmission hysteresis cycles and u
line the variability of these cycles.

A. Symmetric lines

The ‘‘standard’’~i.e., best known! hysteresis cycle appear
in a planar Fabry-Perot cavity which contains a nonline
layer. The multivalued transmission occurs when se
consistency is reached between the independent constr
that, first, the square modulus of the electric field adapts
the refractive index of the nonlinear layer (nnl), as in Eq.
~3!, because the refractive index controls the optical path
the cavity and, consequently, the cavity tuning and the
mitted field

n2uEu25G~nnl! ~22!

-
o-
d.
6-5
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VIRGINIE LOUSSE AND JEAN POL VIGNERON PHYSICAL REVIEW B69, 155106 ~2004!
and, second, the square modulus of the electric field on
nonlinear layer depends on the refractive index accordin
the Kerr law, Eq.~1!. The latter condition can also be writte
as

n2uEu25nnl2n0 . ~23!

For a simple, homogeneous, one-dimensional Fabry-P
system with a thin nonlinear layer, the field and the refract
index reduce to simple scalar variables, and the solution
this system of nonlinear equations can be viewed on a gr
such as that presented in Fig. 5. On this graph, the s
consistent condition@Eq. ~4!# is satisfied where the straigh
line meets the resonance curve, i.e., three times, two
which are stable. Changing the incident intensity mean
proportional change of amplitude of the resonance cu
G(n). If the intensity is too weak or too large, the high-ind
solution disappears and the system turns back to monost
This leads to a well-defined range of intensities where
system is bistable.

For laterally corrugated systems, the number of para
eters to be obtained self-consistently is too large, an
graphic approach becomes intractable. One then has to r
to a numerical treatment. This is the case with the nonlin
Fabry-Perot system represented in Fig. 6, leading to the s
metric resonance shown in Fig. 7. Due to the inhomogen
of the reflectors, the field inside the cavity and the refract
index on the nonlinear layer are not constant and their va
at each point in the active layer must be self-consistent
erywhere. The result, however~see Fig. 8!, leads to charac-
teristics very similar to those of a classical planar Fab
Perot: at low incident intensity, the system is high
reflecting and very few light crosses the cavity. The refr
tive index of the nonlinear layer keeps very close to the d
value n0, which, by positive feedback, maintains the lo
transmission. With increasing incident intensity, however,

FIG. 5. Typical situation leading to a bistable transmission
one-dimensional Fabry-Perot cavity is created in a homogene
medium of dielectric function«513. The TE incident wave, with a
wavelength of 1.5mm, defines an incidence angle of 20° and h
an amplitude such thatn2uE0u2510211 V2 m22. The cavity con-
tains an homogeneous Kerr layer, 0.075mm thick, inserted between
two identical empty layers with a thickness finely adjusted
0.380442mm.
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fraction of the light transiting to the emergence side of t
device starts changing the refractive index, which causes
tuning of the cavity towards a higher transmittivity. Then,
avalanche effect takes place and the system switches
high-transmittance, high-index state. Still increasing the
tensity maintains the system in this stable state. Then,
decreasing intensities, the transmission remains in this h
transparency state as long as it exists, showing a hyste
effect. The width of the bistable intensity range depends v
sensitively on the incident frequency. A memory effect
associated with the hysteresis cycle, as the system rem
bers its crossing of the hysteresis switching points by stay
in the final transmission state. The large contrast of transm
tance near the low-intensity switch point was also noticed
the case of planar devices. The transmission hysteresis
described here will actually represent the ‘‘classical’’ hyst
esis shape, to which the new shapes described in the fol
ing section will be compared.

us

FIG. 6. Fabry-Perot cavity closed by two three-dimensio
photonic-crystal films~woodpile structure of perioda) acting as
reflectors. Electromagnetic energy crosses this structure by op
tunnel effect, feeding the resonant cavity which contains a nonlin
layer. Each reflector film is made of four woodpile periods of to
thickness 4a, of bars with a square sectiona/4 and a dielectric
constant«513. The empty cavity length is 2a and incorporates a
central nonlinear Kerr layer of thicknessa/20. The lateral period of
these reflectors isd5a/A2.

FIG. 7. Transmittance at normal incidence, showing a symme
cal resonance, for the Fabry-Perot cavity of Fig. 6. The limiti
case of a dark~zero-intensity! refractive index is used.
6-6
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USE OF FANO RESONANCES FOR BISTABLE OPTICAL . . . PHYSICAL REVIEW B 69, 155106 ~2004!
B. Fano asymmetric lines

Figure 9 shows a totally different system. The film can
described as an homogeneous slab cut in a linear mate
perforated with a triangular lattice of cylindrical holes. Th
geometry is designed to create well-defined Fano resona
in the transmission spectrum. The thickness of the perfora
film is interrupted by a layer of nonlinear, Kerr material b

FIG. 8. Transmittance at normal incidence as a function of
incident intensity obtained for the cavity described at Fig. 6. T
existence and width of a hysteresis loop very sensitively depend
the incident frequency, here chosen equal tovd/2pc50.301 570,
labeleda in Fig. 7.

FIG. 9. Geometry of the photonic-crystal bistable film studied
this section. Reflectors are absent but a strong two-dimensiona
riodic corrugation of the refractive index is created along the fi
surfaces.
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the structure was in no way optimized for minimizing fab
cation problems: our aim is here, primarily, to explore t
variability of hysteresis loop shapes.

A small, detailed part of the transmission spectrum of t
corrugated film is shown in Fig. 10. The linear part of t
film is made from a material with a dielectric constant«
513 and the total slab thickness is represented byd. The
triangular lattice of holes is such that the distance betw
two neighboring holes is exactlyd and the radius of the hole
is set tor 50.48d. The nonlinear material is apparent as
layer of thickness 0.05d and a dark refractive indexn0
52.5 located in the cylindrical hole~this could match As2S3,
with a nonlinear refraction coefficient n251.4
310221 m2 V22). The line shape obtained in Fig. 10 d
scribes a relatively abrupt change from high to low transm
tance. The linewidth is still reasonably small, though the c
rugation responsible for the addition of radiative compone
to the guided modes is particularly strong. To some exte
this can be tuned to even narrower lines by weakening
corrugation contrast: by decreasing the initial film refracti
index, filling the holes with a larger index material, or redu
ing the hole radius.

The film transmittance as a function of the incident inte
sity for selected frequencies is shown in Fig. 11. The hys
esis in Fig. 11~a! spans a rather wide range of intensiti
which, if needed, can be reduced by narrowing the Fano
profile, as explained above. The interesting point in this h
teresis loop is that it is reversed, compared to the ‘‘norm
situation created by a symmetric line. The low-intensity st
is highly transmitting, keeping a high and rather const
value until the system jumps into a lower transmission sta
This is maintained for high incident intensities and, once
transition has taken place, for decreasing intensities.
contrast between the two transmittance states is larges
low intensity, just above the transparency threshold. T
width and location of the hysteresis loop changes sensitiv
with the incident frequency.

At higher frequencies, closer to the dark total transm
sion point ~see Fig. 10!, the hysteresis loop encompasses
narrower intensity range@see Figs. 11~b! and 11~c!#, until it

e
e
on

e-

FIG. 10. Transmittance at normal incidence, in a spectral ra
showing an asymmetrical resonance, for the inhomogeneous film
Fig. 9. The limiting case of a dark~zero-intensity! refractive index
is used.
6-7
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FIG. 11. Transmittance given as a function
the incident intensity, for the frequencies select
at a-d in Fig. 10. For some of these frequencie
a hysteresis cycle develops.
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12.
completely disappears@see Fig. 11~d!#. In this latter case,
however, the transmission remains a sensitive function of
input intensity, fully transmitting weak signals, but cuttin
off much of their power above a well-defined threshold. T
limitor action is already present when the hysteresis is
effect. In this case, the limitor device actually integrates
memory function; if the intensity is driven to high enoug
values, the system lowers its transmittance, and keep
memory of this when brought back to lower illuminations

FIG. 12. Geometry of the second bistable film. In this structu
a nonlinear layer is inserted between two identical homogene
linear films. The whole composite film is then perforated on
nodes of a triangular lattice.
15510
e

s
n
a

a

The structure shown in Fig. 12 leads to a different res
Here the nonlinearity is located outside the perforations,
the geometrical parameters are the same as in the prece
example. The total film thickness isd and the dielectric con-
stant is «513, except in the nonlinear layer of thickne
0.05d. The perforations again correspond to cylindrical ho
with a radiusr 50.48d arranged on a triangular lattice suc
that the distance between neighboring holes isd.

The transmission spectrum presents two ‘‘polarization
of Fano resonances, which we will refer as ‘‘descending’’
‘‘ascending.’’ The first, descending transmission resona
~see Fig. 13! first experiences high values before sudde
dropping down to lower transparency with increasing f
quencies. The second, ascending resonance~see Fig. 14! var-
ies in the opposite way and gets depressed to a low trans
sion before switching to high values.

1. Hysteresis from a descending Fano resonance

A descending Fano resonance is shown in Fig. 13, as
of the transmission spectrum of the film in Fig. 12. The no
linear behavior is quite different when the incident frequen

,
us

FIG. 13. Descending Fano resonance, obtained at normal
dence in the transmission spectrum of the film described in Fig.
6-8
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USE OF FANO RESONANCES FOR BISTABLE OPTICAL . . . PHYSICAL REVIEW B 69, 155106 ~2004!
is locked on frequencies like those indicated bya or b. A
frequency ina is located well below the resonance, so that
increase of the nonlinear index~for increasing intensities!
will lower the center of the Fano resonance, which is th
driven to be swept by the incident frequency. A mechani
similar to that encountered with a symmetric resonance le
to the hysteresis loop shown in Fig. 15. This hysteresis l
is rather unusual, as it shows a crossing of the two transm
sion states inside the bistability range. The branch wh
continues the low-intensity state remains rather cons
when the intensity is varied, a behavior reminiscent of tha
a linear system. This ‘‘linear’’ state ceases to exist for a la
threshold intensity, where the transmission switches in t
lower value. Then, coming back from the high-intens
monovalued limit, we follow a new state with a transmissi
depending sensitively on the incident power. This hystere
loop actually defines a switch between a ‘‘linear’’ and
‘‘nonlinear’’ state. The memory effect associated with t
hysteresis loop allows to keep a stable record of this pr
erty. In other words, the system can be put reversibly
nonlinear response state, which will be maintained until v
untarily removed from this state.

A frequency likeb is located near the center of the Fa
resonance. Then, with increasing intensity, the change of

FIG. 14. Ascending Fano resonance, obtained at normal i
dence in the transmission spectrum of the film described in Fig.

FIG. 15. Hysteresis loop for a descending Fano resonance, w
the incident frequency is set off-resonance,vd/2pc50.9068, la-
beleda in Fig. 13.
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nonlinear refractive index directly follows the incident inte
sity and the transmission is monovalued~see Fig. 16!. The
transmission coefficient decreases when the incident in
sity increases, following the descending part of the spec
profile.

2. Hysteresis from an ascending Fano resonance

As shown in Fig. 14, Fano resonances can also be asc
ing. The transmission of the film at the frequencies deno
by a andb are shown, respectively, in Figs. 17 and 18. T
frequency labeleda is slightly off-resonance and leads to
hysteresis cycle with a shape very similar to the one gen
ated for a symmetric line. The frequency labeledb also leads
to a hysteresis loop. For gradually increasing intensities,
transmission keeps constant, until the high-intensity end
the cycle is reached. Then the transmission changes abru
to a high value. The contrast between the low and high tra
mission values is particularly interesting. Then, increas
again the incident intensity leads to a new constant transm
sion. The transmission profile in this state is a step functi
Such a filter specifically starts transmission when the in

i-
2.

en

FIG. 16. Monovalued transmission for a descending Fano re
nance, when the incident frequency is set close to the center o
resonance,vd/2pc50.907 15, labeledb in Fig. 13.

FIG. 17. Hysteresis loop for an ascending Fano resonance, w
the incident frequency is set off-resonance,vd/2pc50.898 89, la-
beleda in Fig. 14.
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VIRGINIE LOUSSE AND JEAN POL VIGNERON PHYSICAL REVIEW B69, 155106 ~2004!
dent intensity reaches a specific well-defined value, wid
adjustable by changing the incident frequency. Because
the hysteresis effect observed when decreasing the inci
intensity, this transfer function is combined with a memo
effect. This means that once the transition to high trans
ency has taken place, the system cannot jump back to
low transmission state or oscillate between the two sta
even if the incident intensity fluctuates in a non-negligib
manner.

VI. CONCLUSION

This paper has shown that a bistable transmission ca
obtained not only with nonlinear Fabry-Perot cavities gen
ating symmetric transmission profiles but also with cor
gated photonic-crystal films generating asymmetric Fa
resonances. Bistability manifests itself by the appearanc
a hysteresis cycle in the diagram showing the transmissio
a function of the incident intensity. The shape of the hys
esis curves associated with Fano resonances can, how
be very different from those arising from symmetric spect
lines. They are also very sensitive to the choice of the in
dent frequency.

In order to describe the hysteresis curves in a quantita
way, an alternative theory and alternative simulation to
were needed. The self-consistent methodology introduce
the present paper has proven particularly adequate to
scribe multivalued transmission coefficients in the case
monochromatic incident waves. The nonlinear problem
seen as a converging sequence of linear transmission c
lations. This theory is equally applicable to planar, on
dimensional photonic-crystal films and to more comp
three-dimensional structures. It is presently based on the
scription of the transmission coefficients by transfer matri

*Electronic address: virginie.lousse@stanford.edu
1S.D. Smith, Appl. Opt.25, 1550~1986!.
2H.M. Gibbs, S.L. McCall, and T.N.C. Venkatesan, Phys. R

Lett. 36, 1135~1976!.

FIG. 18. Hysteresis loop for an ascending Fano resonance, w
the incident frequency is set close to the center of the li
vd/2pc50.898 92, labeledb in Fig. 14.
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in a momentum-space~i.e., coupled-modes! formalism. The
ideas developed in this work can easily be applied to ext
other formalisms and other wave representations into
nonlinear domain.

The spectral line shape of the resonances, either sym
ric or asymmetric, should be chosen narrow, so that a v
weak change of the nonlinear refractive index allows fo
complete scan of the line shape at the incident frequen
This puts constraints on the precision to be achieved in
geometry of the structured film and on the definition of t
incident frequency. The incident wave must be very high
monochromatic, with a four-to-six figures accuracy and s
bility. The most difficult requirement may be the constra
on the accuracy of the geometric structure. However, th
requirements can be significantly relaxed if nonlinear ma
rials with larger values of the nonlinear refraction coefficie
n2 become available. Much research is currently conduc
with this objective.

The widely adjustable shape of the hysteresis loop ge
ated by Fano resonances may have a great impact on
design of optical signal processing devices. The transmis
filters described in this paper often exhibit two process
functions simultaneously. The first one is a triggering ca
bility, which abruptly switches the transparency towards h
or low values, according to the chosen Fano profile; the s
ond is a memory function, which tends to maintain the l
visited states. This combination of functions is highly des
able for certain processing systems, like the so-called ‘‘a
ficial neuron.’’ This optical logical component is inherently
bipolar switch which delivers an output signal when the
put intensity reaches a well-defined level. However, the o
put signal is only delivered to specific neighboring neuro
which are determined by a training program. The coordi
tion of the neurons in the network has to be memorized. T
combination of the trigger and memory functions, as d
scribed in this paper, can potentially be included in the
sign of an all-optical artificial-neuron network. This is, how
ever, only an example. It is still difficult today to assess t
exact structure of a massively parallel optical informati
processing system.
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