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A study is made of the exact solutions of a system of nonlinear difference equations that model the
propagation of electromagnetic radiation in photonic crystal waveguides and networks of interconnecting
photonic crystal waveguidgghotonic crystal circuitscontaining Kerr nonlinear dielectric media. The trans-
mission properties of a waveguide formed of linear dielectric material and containing a barrier of Kerr non-
linear material are determined and shown to exhibit anomalies similar to those due to gap solitons in layered
Kerr nonlinear optical media. Similar discussions for a nonlinear segment bisected by a waveguide composed
of linear dielectric media are given. The transmission properties of a junction formed from Kerr nonlinear
media connecting three semi-infinite waveguides formed from linear dielectric materials are also determined.
The transmission of electromagnetic energy through the junction is found to exhibit anomalies similar to those
due to gap solitons in layered Kerr nonlinear media. The transmission anomalies in the systems we study are
shown to arise from intrinsic localized modes that are found in the Kerr nonlinear media of the system.
Intrinsic localized modes are solitonlike modes that can only exist in nonlinear systems. Previous transmission
studies presented by us have concentrated on systems formed of linear media, and no previous transmission
studies have been presented by us on systems supporting intrinsic localized modes. The central focus of this
paper and new results presented are the study of resonant transmission anomalies in photonic crystal circuits
containing Kerr media and the identification of some of these resonances with intrinsic localized modes that
exist is the Kerr media.
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[. INTRODUCTION circuits. This is followed by some remarks as to where cur-

Recently there has been much interest in photonic crystdfnt Work on photonic crystal waveguide and circuit systems

waveguides and circuits in two-dimensional photonicthat Support ILM stands. Finally, an outline of the theory to
crystalsi14 The photonic crystal is a periodic array of cyl- 0€ Presented in this paper is givéincluding a summary of
inders of linear dielectric media with axes that are arrangeﬁlde,aS of resonant Spectroscoms an overview of 'the calcu-

on a two-dimensional latticesee Fig. 1a)]. Waveguides and ations found in the text. The central focus of this paper and

networks of interconnecting waveguides are introduced intd!€W results presented are the study of resonant transmission
the photonic crystal by replacing some of its cylinders byanomahes in photonic crystal circuits containing Kerr media

. RS e X . . and the identification of some of these resonances with ILM
cylinders containing impurity dielectric materials. The IMpU- 4 axist in the Kerr media.

rity cyli_nders are spac_ed at equal _intervals along arow of the It has been shown that under certain circumstances the
photonic crystal, forming waveguide channels which in tumgqomagnetic modes in photonic crystal waveguides and
can be interconnected to make circuits. The theory of thesgj,its are obtained as the solutions of a set of difference
structures, for channels composed of linear dielectric med'%quationé.—“ These equations relate the electromagnetic
has been worked out in detdaiff and more recently some fields within each of the impurity cylinders forming the
discussions of the existence of intrinsic localized modeshannels to one another. The solutions of the difference
(ILM) in channels formed from Kerr nonlinear media haveequations give the channel fields for a wide variety of propa-
been put fort~'4 The ILM are solitonlike modes that can gating and localized modes bound to the waveguide and cir-
only exist in nonlinear media. The present paper is concerneguit channels. Knowing the channel fields, the fields through-
with these more recent discussions on ILM in Kerr nonlinearout all space are obtained by evaluating an integral
systems, presenting a theoretical discussion on how ILMequatiof! and the transmission properties of propagating
could be observed experimentally using the transmissiomave solutions are determined.

properties of photonic crystal circuits composed of linear di- The difference equation approach describes the physics of
electric media and containing arrays of nonlinear sitesvaveguides and circuits in terms of the solutions to a system
formed from Kerr nonlinear dielectric medi@ hese systems of equations that are easy to solve and that are similar to
differ from previously studied Kerr systems which were those arising in the study of other physical phenoména.
composed entirely of Kerr nonlinear meditn this Introduc-  For linear dielectric waveguides the difference equations are
tion we briefly review the method of difference equationsisomorphic to those describing excitations in phonon and
used by us to treat the electromagnetic field distributions anchagnon systems. The solutions are propagating waves and
transmission properties of photonic crystal waveguides anéxponential states!' For Kerr nonlinear dielectric
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FIG. 1. (8) Schematic drawing of square lattice photonic crystal. The cylinders are of dielectric cofgstatare embedded in vacuum.
The axes of the cylinders are parallel to thdirection (perpendicular to the pagand are ordered in the-y plane(page on a square
lattice.(b) Schematic drawing of a waveguide channel with a barrier. Only the photonic crystal cylinders forming the channel are shown. The
cylinders of linear material are open and the cylinders of nonlinear material have filled cenfeSshematic drawing of an infinite
waveguide of linear media that perpendicularly bisects a Kerr segment. Only the photonic crystal cylinders forming the waveguides are
shown. The cylinders of linear material are open and the cylinders of nonlinear material have filled ¢c@n&aisematic drawing of a finite
waveguide junction connecting linear waveguide channels. Only the photonic crystal cylinders forming the waveguide and junction channels
are shown. The cylinders of linear material are open and the cylinders of nonlinear material have filled centers.

waveguides the difference equations are isomorphic to thoderational systems, the difference equation theory offers a
encountered in the study of intrinsic localized modksv ) natural approach to the study of ILM in photonic crystal

in the vibrational properties of chains of atoms with nonlin- circuits containing Kerr nonlinear media.

ear interatomic interactiorfs1015-25This means that, under ~ Recently, as indicated above, a number of theoretical
the proper conditions, ILM exist in photonic crystal treatments have been presented discussing the conditions
waveguides and circuits made from Kerr nonlinear medianeeded for ILM to exist in photonic crystal waveguides and
Due to the isomorphism that exists in the difference equatiorircuits made entirely from Kerr materidist* (See Ref. 25
method between photonic crystal systems and nonlinear vior a detailed review of this work.The focus of the theory
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presented in this paper is to advance these discussions tiee barrier. Without the assistance of the ILM intermediate
consider how ILM could be observed experimentally in lin- state the transition across the barrier would be much less
ear dielectric photonic crystal waveguides and photonic crysprobable and the transmission resonance would not be
tal circuits that contain barriers, segments, and junctions opresent.
Kerr nonlinear media. It is suggested that ILM could be ob- An alternative rationale can be given for the transmission
served in anomalies found in the transmission of electromagmethod used by Chen and Mills in their study of gap solitons
netic energy through these types of systefiikis introduces and adopted here in our treatment of intrinsic localized
a new aspect to our treatment of the transmission charactemodes. In physics a variety of different types of resonant
istics of photonic crystal waveguides and circuits as our prescattering phenomena are observed. The resonances treated
vious work focused on the transmission properties of sysby Chen and Mills and by us are closely related to one of
tems formed from linear dielectric media. The transmissiorthese types as described by a text that is commonly used at
properties of systems containing Kerr nonlinear media thamany universities. In Sec. 1.4 of the text by Friedffcber-
supported ILM were not addressed by us in our previougain types of resonances that occur in atomic scattering are
work.) A number of transmission anomalies are found in thediscussed. In referring to these resonances Friedrich states
nonlinear systems treated in this paper, and these anomaligsat “Resonances appe@avhen --- a slight modification of
are shown to be directly related to ILM that only exist in the the Hamiltonian would lead to a bound state.” Because the
Kerr nonlinearity of the materials forming the barrier or state is not quite bound in the system its lifetime is Igtigs
junction scattering sites. The anomalies observed are similajives rise to the resonant cross sectibat not infinite (as
to (but not the same ashose associated with gap solitons in per a real bound stateOur system is not an atomic physics
layered nonlinear optical medt&-?8 The ILM are a general system, but we think that the same principle is applicable.
property of the nonlinear difference equations of theConsider the nonlinear layered media systems of Chen and
waveguides, and the results given here can be generalized kills and our nonlinear photonic crystal waveguide systems.
systems described by similar sets of nonlinear differencén the limit that these are of infinite extent, it is demonstrated
equations, i.e., phonon, magnon, and other systems treatélaht solitons and ILM exist in these two systems. Next make
by tight-binding Hamiltonian formulations. An interesting a slight modification to these infinite systems. This is done
aspect of the photonic crystal circuits is that they exhibitby locating a soliton or ILM and modifying the systems in
ILM transmission anomalies in systems of higher topologicalthe regions surrounding these modes. Go to a distance far
dimension than that of layered optical meéfz’® from and on either side of the the peak in the mode electro-
The method of study used in our discussions of ILM magnetic field distribution and cut off the ends of the non-
transmission anomalies in Kerr nonlinear photonic crystalinear media. Finally, replace the cut off nonlinear media of
circuits is similar to that used by Chen and Miflsn the  the old ends of the system by new ends formed from linear
study of gap soliton transmission anomalies in Kerr nonlin-optical media, e.g., let the Kerr nonlinearity be zero in the
ear layered optical media. The systems treated by Chen artdio end regions. Only the portion of the nonlinear systems
Mills, however, are quite different than ours and the solitoncontaining the bulk of the highly localized field distributions
modes studied by Chen and Mills are quite different from theof the soliton and ILM is retained. Since the field distribution
ILM (solitonlike modey studied by us. In this paper, the of the modes is small in the parts of the systems that have
transmission through and electromagnetic fields in a photobeen changed, these changes should be small perturbations
nic crystal circuit containing Kerr nonlinear media is solvedon the modes. The excitations which were formerly bound
exactly. Transmission coefficient and field distribution plotssolitons and ILM should now be states of long but finite
are generated numerically from these solutigiitbie formu-  lifetimes. They are resonant states that can couple to inci-
las of the exact solutions are very large and messy so thegent, transmitted, and reflected waves in the linear media
are not listed here. A systematic way for generating the forattached to the sides of the nonlinear Kerr segments. The
mulae of the exact solution is given in the texfransmis- presence of the formerly bound soliton and ILM should show
sion anomalies are identified in the numerical data. The exaatp as resonant anomalies in the transmission coefficients of
electromagnetic field distribution in the Kerr media at thethe nonlinear segments for conditions under which the infi-
transmission anomalies is determined from the exact solunite nonlinear systems would support solitons or ILM, re-
tions. Approximate solutions for the ILM electromagnetic spectively. This is then another way of viewing the increased
fields in infinitely long Kerr nonlinear waveguides and pho- transmission effects caused by the presence of the soliton or
tonic crystal circuits made completely of Kerr nonlinear me-ILM whose presence in the barrier facilitates resonant tun-
dia(from Refs. 7 and Bare then matched with the exact field neling.
distributions of the systems treated in this paper at the trans- Resonant scattering occurs in a variety of phenomena ob-
mission anomalies. In this way the transmission anomalieserved in atomic, solid state, nuclear, and high energy phys-
are determined to be due to ILM in the barriers, segmentdgcs. Closely related to our barrier transmission problems are
and junctions. transmission resonances in electronic tunnel junctions and
In this approach, the resonant transmission is explained aksephson junctions. Resonances can be observed in elec-
a type of hopping phenomenon. The fields incident from aronic tunnel junctions when electrons tunneling through the
waveguide of linear dielectric media onto the Kerr nonlinearjunctions interact with spins, atoms and molecules, or even
barrier tunnel to the resonantly excited ILM in the barrierlattice vibrations in the non conducting junction
and then tunnel from the ILM in the barrier to transmitted materials’®-3* Such resonant interactions show up as anoma-
waves in the waveguide of linear media on the other side ofies in the current voltage characteristics of the junction, and
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these are essentially transmission anomalies. The Josephselectric fields polarized parallel to the axes of the cylindrical
effect may be regarded as a resonant transmission anomadielectric rods of the photonic crystéee Fig. 1a)]. The
The observation of most of these effects is through the dephotonic crystal lattice constant &, the radii of the dielec-
termination of the currenttransmission characteristics as a tric cylinders isR, and the lattice sites in the-y plane at
function of potential(energy or frequengyand this is the which the cylinder axes are located are labeled by integers
property generally used to fix the resonance. In the work ofn, m) in the usual manné®8-9The axes of the cylinders are
Chen and Mills and here, as added proof of the resonargarallel to thez-direction.
scattering, the wave function within the barrier is presented A waveguide is formed in the photonic crystal by replac-
in addition to the transmission properties. This is to satisfying a straight line array of cylinders with cylinders contain-
the reader that not only does a resonance exist at the fréag impurity dielectric medid'* The replacement cylinders
guency, dielectric constants, and Kerr parameters that ware equally spaced and their closest separation may be fur-
would expect to see a soliton or ILM mode resonance, buther than nearest-neighbor along the direction of the wave-
for this parametrization the barrier material supports a fielqguide channels, e.g., the closest separation between adjacent
distribution that is very close to that of the soliton or ILM in replacement cylinders may be second or third or etc. neigh-
the infinite systems where these, respectively, exist as bourtsbr along the channel directién?2°If the electric field in-
states. In this paper we also show that off-tuning the systerside the impurity material of any given impurity cylinder
from the ILM resonance conditions not only stops the transforming the channel can be approximated as a constant over
mission resonance, but off resonance the fields in the Kerthe impurity material of that cylindegisee Refs. 5-11 and 25
barrier are on longer distributed in the form of an ILM and for a discussion of this poiptthen the modes of the wave-
the maximum field intensity in the barrier is greatly reducedguide are described by a set of difference equatighsimi-
from its value at resonance. It is not unreasonable to us thaar set of difference equations is generated in a treatment of
these criterion are sufficient to classify the anomalies prephotonic crystal waveguides based on the so called coupled
sented in Chen and Mills and in this paper as transmissionesonator optical waveguide modéf:3 The general form of
resonances arising from ILM. As a final note, we point outthe difference equations for such a straight waveguide of
that optical resonance transmission properties have recentyfopes/r in the x—y plane made from Kerr nonlinear media
been applied to the study of eX%}SO”iC resonances in twois ther?
dimensional photonic crystal slaps.The transmission of _ 2
light is foundl?n these StL)J/dieS to be affected by coupling to —"ns™ A0,0/(1 +N[Enrnd)Enrns t a(1,9) Equyr,n+ Ds
excitons in the slab. These resonances are of a different type + + 2
than those treated by Chen and Mills and by us here, but the B -+ K0, (B el B s
use of resonance transmission ideas is similar. +|En-vr (-0 En-r (n-)]- 1)

ILM modes have only recently been observed in some
non optical experimental systeRis* and these have been Hered=a(ri+sj) for fixed integersr ands is the displace-
one-dimensional. Some work on optical systems has verynent vector between nearest-neighboring impurity contain-
recently appeared as discussed in the “note” following thigng cylinders along the waveguide channeliuns over the
paragraph. Photonic crystal waveguides and circuits wouldhtegers, andg,, s is the electric field amplitude at the
be good candidates for the observation of optical ILM. In(nr,ns) waveguide channel site. The coupling coefficients
addition, due to the branchings and interconnecting nature of(0,0) and «(r,s) are determined from the periodic geom-
photonic crystal circuits, these systems would be good foetry and dielectric properties of the pure photonic crystal
the study of ILM in more topologically complex systems without waveguide channelg; is a constant related to the
than simple linear chains systems. dielectric properties of the cylinders forming the waveguide

(Note: Since this paper was originally submitted for pub-channel, and is a parameter characterizing the Kerr nonlin-
lication some experiments on ILM in parallel waveguide ar-earity of the material in the waveguide channel. In particular,
rays have been made and presented in Physical Revieilv\=0 the material forming the waveguide is linear dielec-
Letters3* The geometry and propagation characteristics otric media, characterized by. For a detailed discussion of
light in these systems is quite different from those studiedhe relationships between theés the y, and the dielectric
here by us. In addition, many months after our original subconstants of the system, impurity medium, geometry, and
mission a feature article has appeared in Physics Today deatectromagnetic Green’s functions of the photonic crystal,
ing with the experimental observation of intrinsic localized see Refs. 5-9 and 25.
modes in a variety of discrete nonlinear syst€nncluding In this paper we are interested in the properties of the
some optical systems different than those considered here biyM solutions arising from generalizations of E(l) to a
us. Our present paper focuses on proposing a method for thrimber of topologically different systems. These are inde-
observation of intrinsic localized modes in photonic crystalpendent of the nature of the physical system being described
circuits. These are a type of discrete nonlinear system. Wand should be applicable to electromagnetic, phonon, and
refer the reader to the Physics Today article of Ref. 35 for anagnon systems characterized by equations of the form of
detailed review of experiments already done on other type oEq. (1) and its topological generalizations.

discrete nonlinear systems including other optical systems.
I1l. TRANSMISSION ANOMALIES IN WAVEGUIDES

Il. WAVEGUIDE EQUATIONS CONTAINING A BARRIER OF KERR NONLINEAR SITES

Consider a square lattice photonic crystal formed from Consider a waveguide along tlkeaxis of a square lattice
linear dielectric media and its electromagnetic modes withtphotonic crystal. The waveguide channel sites are labeled by
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(n,0) for n an integer. The propagation of energy in such a En,O:xe“‘” (7)

waveguide formed of a linear dielectric and containing a

single barrier composed of a series of consecutive chann&®" 1= P:

sites containing Kerr nonlinear dielectric material is studied. E,o=a. (8)

Energy in a traveling waveguide mode that is incident on the '

barrier from its left-hand side is reflected and transmittedOr “P<n<=p. Substituting into Eqs(2)«5) gives a set of

through the barrier. During this process the incident waveequations that are solved essentially exactly for the transmis-

interacts with bound modes within the barrier material, leadSion coefficient|x/u|? at a fixed stop band frequeneyas a

ing to a tunneling process in which the bound mode is arfunction of g for fixed A. Within the portion of the wave-

intermediate state assisting the transmission of energguide channel made from linear media it is found that

through the barrier. This is the photqnic_: crystql queguide 1=g[1+2b cosk] 9)

analogy of the reflection and transmission of light incident

on a finite periodically layered Kerr nonlinear medium con-so thatg, is simply related td and the wave numbek, of

taining gap solitond®-28 The gap solitons are found to give the extended waveguide modes.

rise to resonant anomalies in the transmission through the As an illustration, Eqs(2)<5) are evaluated using nu-

layered mediund®—28 Such anomalies are also seen in trans-merical values for the difference equations coupling con-

mission through the waveguide barrier. stants for a particular model of a pure square lattice photonic
The media of the waveguide channel is linear dielectriccrystal that was studied in Refs. 8 and 9. The pure photonic

except for a barrier consisting ofp21 consecutive wave- crystal used to generate these coefficients is based on a

guide channel sitesee Fig. 1b)]. These sites are composed square lattice photonic crystal of dielectric cylinders with

of Kerr nonlinear media and are labeléd,0) for —p<n =0.377%., €=9, surrounded by vacuum. A waveguide is

< p. Outside this region, the channel sites0) forn<-por  introduced into the photonic crystal by replacing a complete

n>p are formed of linear medium. The difference equationsow of cylinders along thex-axis by cylinders containing

for this system are obtained by generalizing from Ef.  impurity material. The impurity material in each cylinder is
(Refs. 6,8 so that centered on its axes, is of square cross section with sides

oriented along thex- and y-axes, and has a cross-sectional
Eno=nla(0,0E 0+ a(1,0(Er-10* Envid]  (2)  areaS=(0.02a.)2 For the waveguide to support modes at the
stop gap frequencya./27wc=0.440(a frequency at the cen-
ter of one of the stop bands of the photonic crystalwas
E+p+1),0= YL a(0,0EL(p41),0+ a(1,0EL(p42) 0] shown in Refs. 8 and 9 thd&t=0.0869. The value ob, for
5 fixed w, is the same for extended waves in waveguides made
+ A1,0E:po+ "“(1'0)|Etp,0| Eipol: (3) from linear mediaA=0) as for ILM in waveguides made of
Kerr media(\ #0). In the linear portion of the waveguide
E.po= Na(0,0E.p o+ Na(0,0|Espo*Espo+ a(1,0Esp-10  Eq.(9) determinesy, needed to support a wave of wavenum-
2 ber k in the channel at fixed. This g, sets the dielectric
AL, 0[Es o101 B0 + N(L,0Bs(puz 00 (4) constant needed to support the incigflant, reflected and trans-

and

forns-p-2 orn=p+2,

and mitted extended waveguide modes. In the Kerr nonlinear
barrier, substituting Eq$6)—8) in Egs.(2)—(5) givesu andv
Eno= M a(0,0E, o+ \a(0,0)|E, o|*E o+ (1,0 (Eq-10 in terms ofk, Ax?, andg. Hereg is related to the dielectric

2 2 contrast in the Kerr portion of the waveguide channel.
+ Ene1 0+ Na(1,0)(|Ey d“En1,0* [Ene1,d “Enea,0)] To solve for the fields in the nonlinear barrier media, we
(5  proceed as follows. First, the valuesko&ndb are fixed, and

g, is determined from Eq9). Next, the values ok andx are
fixed. Equationg2)—5), then determine successivehy,, 6,)
then (a,-1,6,-1) and so on down to the end of the barrier
media. The amplitudes andv are solved for as the last of

In studying Egs.(2)—«5) it is convenient to defineg ; ) N o
; the successive solutions, and the transmission coefficient is

=ya(0,0) andg,= 0,0). These parameters, respectively, o . . ) i
70,0 9=%2(0,0 b b 4 computed. In the barrier media there is a region of solutions

measure the strength of the on site coupling in the Kerr di-"_ """, : : - . :
electric and the linear waveguide channel. The ratio exhibiting optical bistability. In this region we have always

=a(1,0)/a(0,0) characterizes the relative strength of thechosen amongst the multiple field solutions so as to stay on

nearest-neighbor to the on site coupling. In this notation forthe same branch of the transmission hysteresis curve. The
example, Eq. (5) becomes E,o=0lEno*+NEnd%Eno solution outlined above parallels that commonly used to

compute the optical transmission through a linear layered
+b(En—1,O+En+1,0)+)\b(|En—l,0|2En—l,O+|En+l,0‘2En+1,0)]-

. ; . media®®
. A solution of Eqs.(2}—(5) for eIe'ctromagneUc waves in- In Fig. 2 a plot is presented of the transmission through a
cident on the barrier from the left is of the general form

barrier of five sitep=2) versusg for a mode of frequency
E, o= uekn + perikn (6) wa,/2mc=0.440(i.e., b=0.0869 and wave numbek=2.5.
' In this case the barrier does not display optical bistability.
for n<-p, Results are shown for a number of values of the Kerr param-

for —-p+1<n=<p-1. In Egs.(2«5) y in the barrier may
differ from v of the linear sites, and the nonlinearity of the
barrier is characterized by+ 0.
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waveguide characterized by the same parameters of dielec-
tric constant, lattice parameter, Kerr parameter. For the two
transmission peaks we treat, it will be found that the fields in
the Kerr media at resonance transmission are almost identical
to the fields of the ILM in the infinite Kerr waveguide. Fur-
thermore, the ILM field distribution outside the Kerr media
in our transmission problem would be very small. The bulk
of the ILM field intensity is contained within the Kerr media
in our transmission problem. The upper of the two resonance
transmission peaks evolves from one of the resonance trans-
mission peaks in the linear systéatg=0.877 Ax>=0.0). As
the Kerr nonlinearity becomes large enough it will be seen
that the field distribution of the upper resonance approxi-
mates that of an ILM and the Kerr part of the dielectric
develops into a field self-localizing trap, i.e., not only is the
field distribution of the ILM observed in the barrier but the
FIG. 2. Transmission coefficient for a barrier of 5 sites veigus position dependent dielectric constant that self-localizes the
(related to the dielectric contrast in the Kerr barrifar an incident  |LM in the infinite Kerr system is reproduced in the Kerr
wave with wac/2mc=0.440 anck=2.5. Curves are shown for®  parrier. In the case of the upper resonance the ILM fields are
=0.0, 0.00125, 0.0025, and 0.00375 labeled i, ii, iii, and iV, not as tightly localized as in the case of the lower of the two
respectively. resonant peaks and the association with the ILM is less clear

eter such thakx?=0.0, 0.00125, 0.0025, or 0.00375 whare CUt: It is an indication, however, that ILM can evolve from
is the amplitude of the transmitted wave. The caze=0.0 resonant modes of the linear system. The evolution of the
corresponds to linear barrier media, and two resonances atPPer of the two peaks from the linear resonance is slow and
observed in its transmission data onga®.877 and another the fields in the Kerr barrier only begin to look ILM-like at
atg:0.949_ These are due to e|ectr0magnetic modes, bour{arge nonlinearities in which the dielectric constant is
to the barrier, that assist the incident electromagnetic energghanged significantly by the field dependent Kerr contribu-
in tunneling though the barrier. In thex?=0.00125 case, tion. For the upper peak the self-localizing effects of the Kerr
these two peaks appear to shift to lower valge®.859 and  contribution to the dielectric constant are never as great as
g=0.945 and a third peak appearsgat0.774. We shall see they are for the lower of the two peaks. The lower of the two
below that the appearance of the resonance in Xk& resonant peakgat g=0.0.774,\x?=0.00125 is better char-
=0.00125 data aj=0.774 is related to an odd parity ILM. acterized as an ILM resonance for two reasons:
Increasinghx? to Ax?=0.0025, the two upper peaks shift to (1) As the Kerr parameter is increased the transmission
lower values ofy=0.832 andy=0.941 and the thirdlowes) resonance is seen to suddenly appear and then just as sud-
peak is greatly decreased. Some additional peaks, not fourdenly disappear. This is a different behavior from that of the
in the linear transmission data, are also observed off scale inpper of the two resonant modes being discussed in this
the data. These are not of interest to us here. Bd  paragraph. Itindicates that the resonance arises only from the
=0.00375 the two upper peaks are g@t0.839 andg  self-localizing effects of the field distribution on the nonlin-
=0.937, with the lower peak at=0.839 greatly decreased in ear dielectric constant of the system with no other assistance.
magnitude from its value at small&x?. The third lowest (2) The field intensities of the fields in the Kerr media at
peak is hardly seen. Through this series of increasixfgit  the lower resonance are essentially the same as the ILM in
is interesting to consider the lower of the two upper transthe infinite Kerr waveguide. Seeing that both of the transmis-
mission resonances. This occursgat0.877 forAx?=0.0, g sion resonances treated here occur at waveguide parameters
=0.859 for \x?=0.00125,9=0.832 forAx?=0.0025, andg  which sustain ILM and at resonance have the same field
=0.839 forAx?=0.00375. The field intensity within the bar- intensity distributions in the Kerr barrier as ILM in the infi-
rier at the maximum of these transmission resonances igite Kerr waveguides, we compare the maxima of the field
closely related to that of the odd parity ILM in an infinite intensities in the Kerr media to the intensities of the incident
Kerr waveguide. This is also the case with the resonance théields on the Kerr barrier. At resonance the fields inside the
briefly occurs in thenx?=0.00125 system aj=0.774. Inthe  Kerr barrier are seen to be much larger than the intensity of
following we shall concentrate our discussions on these twahe field of the waves incident on the barrier. For conditions
resonance peaké&he one arising from thegy=0.877,\x>  off resonance this will no longer be the case. In fact, the field
=0.0 resonance and the one arising from ¢j¥0.774,\x? intensities in the Kerr media no longer are of the form of
=0.00125 resonangand show that they are related to odd ILM but have very small field intensities. Rather than pre-
parity ILM. senting numerous plots showing this, however, we prove this
The discussion concerning these two peaks will proceegoint by studying the ratio of the maximum field intensity in
as follows: Both peaks are resonances in the transmissiadie barrier to the field intensity of the incident wave on the
coefficient of the system. By solving for the field intensity barrier at and near resonance. This then is the line of argu-
distribution inside the nonlinear media in our transmissionment that we shall now give below. We shall first present the
problem a comparison is made with the field distribution offield intensities at resonance and then proceed in the order
the related ILM that would exist in an infinitely long Kerr listed above with the rest of our arguments.

Transmission

235105-6



TRANSMISSION ANOMALIES IN KERR MEDIA... PHYSICAL REVIEW B 69, 235105(2004)

0.1 T T T T of the ILM in an infinite Kerr waveguide. This is also ob-
served in the asymmetry of the field intensity with respect to
0.08 F ® i the center of the barrier. In nonlinear media the fields and
dielectric constants determine each other self-consistently so
that boundary conditions can be especially important in de-
termining the fields in the nonlinear media. From the plot of
ME, o2 it is seen that the nonlinearity from the Kerr term is
+ $ large enough in this case to create a self-localizing contribu-
tion to the field dependent dielectric function, and the dielec-
© tric function in the barrier is essentially the same as that in
the infinite Kerr waveguide supporting an ILM.
+ + A stronger case for ILM resonant tunneling can be made
° for the transmission intensity maximum @t0.774 in the
2 » 0 1 > AMx2=0.00125 data. This does not appear to be related to ei-
(a) Barrier Site ther of the two resonances in the?=0.0 plot. In Fig. 3b)
the barrier field(exhibiting a field maximumh|Eaximunl
0.25 : : ' ' =0.207% is presented at this resonance and compared to odd
parity ILM results with \|Eaximunl>=0.207 for the infinite
o Kerr waveguidé In this case, the value @ for the ILM to
exist in the infinite waveguide, from the theory of Ref. 8, is
g=0.772. This is close tg=0.774 of the transmission data.
In general the field profiles arglvalues of the transmission
data and infinite waveguide results in FigoBare in much
closer agreement than are those in Fig).3This indicates
that an ILM is involved in the resonant scattering process in
Fig. 3b). In addition, from the plot oh|E, ¢|? it is seen that
0.05 |- & & . the self-localization from the field dependent dielectric con-
tribution is more evident than for the case in Figa)3 That
oL . . s | is why the resonance in Fig.(ly is a better examp_le of
2 -1 0 1 2 resonant scattering from an ILM than is the one in Fi@).3
(b) Barrier Site Again the dielectric function in the barrier essentially agrees
, , , with that found in an infinite Kerr waveguide supporting an
FIG. 3. Plot ofA|E,, |? versusn in the Kerr barrier of Fig. 2 for: M
(&) g=0.832,\x*=0.0025,(b) g=0.774,\x*=0.00125. The fields It is interesting to note that the barrier field intensities of
from the transmission data are indicated by diamonds and the fleld'§igs 3 at the transmission resonances are very large com-
from the infinite waveguide results in Ref. 8 are indicated by ) - L . . -
crosses. The fields ifb) cannot be distinguished on the scale of the pared to the !ntensmes In th_e linear Channe'_l'éle fields in
plot. the Kerr nonlinear c.hannel _S|tes t.hat are adjacent to channel
sites formed from linear dielectric media are of the same
In Fig. 3a) a plot is given of\|E, ¢ versusn for the  order of magnitude as the fields in the linear media of the
fields in the barrier of Kerr nonlinear medium at tlge  waveguide channelsThis can be seen from the peak inten-
=0.832,\x?=0.0025 transmission maximum. The maximum sities at the center of the barrier which fall off rapidly to the
field intensity in the Kerr medium is in the centgr=0) rod  barrier edges. These intense field distributions at resonance
of the barrier and corresponds 0E, o2=0.083. Compari- are a general property associated with the resonant excita-
son of this field distribution is made with that of the odd tions of nonlinear modes in the barriers and junctions dis-
parity ILM for \|Ep¢?=0.083 in an infinite Kerr cussed in this papefThe finite segment discussed in Sec. IV,
waveguide® A reasonable agreement is found between thelue to its geometry, is an exception to thi&nother inter-
fields from the barrier transmission data and the ILM resultsesting property of the solutions of the difference equations is
This indicates that the odd parity ILM is involved in the that changingy> 0 for fixed Ax? tends to shift the transmis-
resonant transmission process. The theory in Ref. 8, howsion peaks presented in Figs. 2 as functiong @long the
ever, givesg=0.822 as the value af needed for an odd g-axis but does not change their ordering alonggkeis or
parity ILM with a maximum peak intensity\|Emaximunl? the general ILM nature of the barrier field intensity distribu-
=0.083 to exist in the infinite Kerr waveguide. This differs tion. This has been checked forthat are roughly double
from the valueg=0.832 at the transmission maximum in the those used in this paper. This is nice as the parameter in our
barrier transmission data. The discrepancy in the field distritheory which is most sensitive to the geometry of the wave-
butions andg values between the barrier transmissionguide channel ib.
anomaly and the ILM results from Ref. 8 accounts for the As a further proof of the resonant nature of the transmis-
resonance transmission coefficient being less than one. Tteon anomalies we have made a study of the ratio of the
incident and transmitted field boundary conditions at themaximum field intensity in the Kerr barrier to the field in-
edges of the barrier do not allow for the generation of a fieldensity of the incident wave in the linear media of the inci-
distribution in the nonlinear barrier that better simulates thatlent channel. This is denoté,,.,2/|u|?, whereE,, is the
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TABLE 1. Barrier resonance and off-tuning study of 1 T T T T
|Ema><12/|u‘2- i ' ii
Resonance g MC |Emad?/|ul?  On or off resonance o8 :E
0.832 0.00125 6.5 off S osf
Upper 0.832 0.00250 16.9 on é’
0832 000375 27 off g o4l =.|
0.815 0.00250 6.7 off = ".I
Upper 0.832 0.00250 16.9 on 02 | '\\
0.850 0.00250 6.1 off PN
0.774 0.00000 1.7 off !
Lower 0.774 000125 155.6 on ® og6 088 09 052 094 09 098 1
0.774 0.00250 2.6 off (a) 9
0.764 0.00125 1.4 off . . : .
Lower 0.774 0.00125 155.6 on
0.784 000125 103 off 0.03 | H 7
maximum field intensity in the barrier andis defined in Eq. b $
(6). We have computed this ratio at resonance and then off ~ £0.02 | T
tuned the parameters of the system from the resonance and §
observed the decrease in this ratio. Results of this study are =
presented in Table I. The two resonances occug=2.832, oot | * +
AXx?=0.0025 anay=0.774,\x?=0.00125. In the table we first
fix g and vary\x? about the resonance. This would corre-
spond to varying the Kerr parameter or the field intensity of © °
the time-dependent fields traveling in the waveguide. The ] L L L L
decrease in|Eyad?/|ul? is most pronounced for they b) 2 T G site | 2
=0.0774,\x?=0.00125 (lower resonance Similarly, in a

second set of variations< is fixed andg is varied about the FIG. 4. (a) As in Fig. 2 but forwa,/2mc=0.440 anck=2.5 with
resonance(This could be accomplished experimentally by \x2=0.0 (labeled ) and A\x?=-0.0025 (labeled ij. (b) Plot of
applying a time-independent uniform field to the Kerr mate--\|E, 2 versusn in the Kerr barrier of Fig. @) for g=0.8983 and
rial in the barrier region. This would give a uniform shift to Ax?=-0.0025. The fields from the transmission data are indicated
g arising from the Kerr term in the dielectrjcThe decrease by diamonds and fields from the infinite waveguide results in Ref. 8
in |Emad?/|ul? is most pronounced for thg=0.774, \x>  are indicated by crosses.
=0.00125 resonance. These results are in agreement with our
view that theg=0.774,\x?=0.00125 resonance is the better 8 for odd parity ILM with \|Emaximun/2=—0.030 in the infi-
example of an ILM transmission resonance. Similarly, offnite Kerr waveguide. The Ref. 8 data for an infinite Kerr
tuning effects are present in the upper resonance and for theaveguide are in good agreement with data from the trans-
other data in this paper. For brevity we shall limit the pre-mission study for the field intensity in the Kerr barrier. As
sentation of data on the off-tuning of the resonance to thevith the discussion of the Fig.(8 data, theg needed to
waveguide barrier and the junction barrier treated in Sec. Vsupport the ILM in the infinite nonlinear waveguide differs
The other systems studied in this paper have similar rescfrom that found for the barrier transmission data. The theory
nance properties. in Ref. 8 requireg=0.843 for the ILM to exist in the infinite
The results in Figs. 2 and 3 are for a system with0. In  Kerr waveguide and the barrier resonance data gives a value
this region of\ the system does not exhibit optical bistabil- g=0.8983. The discrepancy may be due to the finite size of
ity. By changing the sign ok in the parametrization of Figs. the barrier. Again, off tuning the resonance greatly decrease
2 and 3, a region of optical bistability is obtained. Figures 4the|E,,,,J2/|u|? ratio in the Kerr barrier and demonstrates that
present results corresponding to those in Figs. 2 and 3 but fahis is a true resonant scattering effect.
\ of opposite sign. Plots are shown for solutions lying on the In Figs. 5 and 6 plots are presented, respectively, for the
upper branch of the bistable transmission coefficient curvetransmission coefficient and the barrier fields for a Kerr bar-
In Fig. 4@ the transmission versusg for \x? rier of seven site§p=3). These results are for a region in
=-0.0025 is presented and a transmission anomaly is olwhich there is no optical bistability. Figuréd shows trans-
served atg=0.8983. Theg=0.8983 peak corresponds to a mission coefficient results plotted versggor Ax?=0.0 and
resonant transmission assisted by an odd parity ILM with0.00025. A fourth peak, not present in the linear data, is
M| Emaximun?==0.030. To see this in Fig(B) —\|E,0|? ver-  observed in the nonlinear data nepr0.7914. This peak is
sus n in the Kerr barrier is plotted forg=0.8983, A\x>  of significant amplitude only within the range

=-0.0025, and a comparison is made with results from Ref0.000125< Ax?< 0.000375, and is associated with the pres-
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FIG. 5. Plots of the transmission coefficient for a barrier of F|G. 6. Plots of\|Eg,|? versusn for the nonlinear barriers of
seven Kerr sites versug at wac/2mc=0.440 andk=2.5. In (&  seven sites sites considered in Fig. 5. Results are presentéd)for:
results are shown foxx?=0.0 (labeled ) and 0.00025labeled ij. Ax2=0.00025 andj=0.7914(diamond$ with a comparison made to
In (b) results are shown forx*=0.0(labeled ) and 0.0015labeled  odd parity ILM results from Ref. gcrossey and(b) Ax2=0.0015
ii). and g=0.7601(diamond$ with a comparison made to odd parity

ILM results from Ref. 8(crosses
ence of an odd parity ILM in the Kerr barrier. In Fig(®
transmission data plotted versgss shown forxx’=0.0 and theory of Ref. 8 requireg=0.7435) It is seen that the ILM
0.0015. A fourth transmission peak g#0.7601 is observed 515 from Ref. 8 would give a reasonable fit to each of the
in the nonlinear data. It does not appear to be related t0 thg, neaks in the field distribution from the transmission data.
two transmission peaks in the linear transmission, but froMyg he (o peaks both have fields that are distributed parallel

cpnsi;iergtri]on of its fifldd%istribytion in the li)arrier It is ass0-jn gnace, it appears the the tunneling in this case is due to a
ciated with a pair of odd parity ILM in the Kerr barrier. pair of odd parity ILM.

Figures 6 presemnt|E, o/ versusn for the fields in the barrier
at the fourth(lowes? resonance peaks in Figs. 5. A compari-
son of these field distributions is made with that of odd parity |\, TRANSMISSION ANOMALIES IN WAVEGUIDE

ILM field data of Ref. 8 for an infinite Kerr waveguide. In peooENDICULARLY BISECTING A KERR NONLINEAR

Fig. 6a) the field distribution of the resonance ai? SEGMENT
=0.00025 andy=0.7914 is plotted and compared with the
ILM data from Ref. 8 computed fol|Eaximunl>=0.160. As an example of another system in which ILM can be

(Note, the ILM exists in the infinite Kerr waveguide with this resonantly excited, consider a infinite waveguide of linear
amplitude providedy=0.7919) A reasonable agreement be- media along thec-axis that perpendicularly bisects a finite
tween the two sets of results is found, and this indicates thagegment of Kerr nonlinear waveguide channel oriented along
the ILM is involved in a resonant transmission process at thishe y-axis [see Fig. 1c)]. Guided wave modes in the linear
anomaly. In Fig. @) the field distribution of the resonance at waveguide channel are reflected and transmitted in the linear
Ax?=0.0015 andy=0.7601 is plotted. A comparison is made waveguide channel as they interact with the Kerr segment.
of the right peak in the field distribution data with ILM data We will consider the calculation of the transmission and re-
from Ref. 8 computed fok |Eaximunl2=0.273.(For an ILM  flection coefficients of this scattering.

of this amplitude to exist in an infinite Kerr waveguide the In this case the waveguide equations are given by

235105-9
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Eno=7la(0,0E 0+ a(1,0(Er-10+ Env1 0] (10)
for [n|>1,
Eon=Aa(0,0E,+\a(0,0)|Eq 1 °Eg
+a(1,0)(Egp1+ Eopi)* Aa(1,0)([Egp 1 Egp s 5
+ [Eopnea|*Eone1)] (11 %
for p-1>|n|>0, =
Ei1,0= n[@(0,0E.; o+ a(1,0E.; o
+ ya(1,0)[Eg 0+ NEo,d*Eo,dl, (12) . . .
Eo 0= Y a(0,0Eq o+ Aer(0,0|Eg d’Eo @ % 0.05 o1 0.15 02
+a(1,0)(Eg 1+ Ep-) ]+ na(1,0(E_1 o+ E; o) 0.3 — . T T . T
+ YN e(1,0)[|Eg 4 *Eo,1 + |Eo -1 *Eo,-1], (13 ozs | |
0,50 = (0, 0E0 s+ A0, 0| 1B s+ (1, 0o s Ll ! |
+ (1, 0)[Ep,sp=1/°Eg sp=1]- (14) s
A solution of this system is obtained by substituting §0.15 i 7
Eno=u€"+pe (15) 01k |
for n<O0, ° °
Ep o= Xxekm (16) 005 T * * |
for n>0, andEg,=a, for p=|n|. Here Eq.(15) represents 0 ; i '1 o 1' i ;
incident and reflected waves tq the left of the Kerr segment, (b) Barrier Site
and Eq.(16) represents transmitted waves to the right of the
Kerr segment(Note, in the following calculations we im- £, 7. plot of(a) the transmission coefficient of the perpen-

pose the symmetry,=a_, on the segment modes. Other gicularly bisected nonlinear segment versaax? and (b) the field
solutions witha,=-a_, will not be considereg.This gives & in the nonlinear segment versasor the cusp at=0.1584. In(b)
system of nonlinear equations that are solved for the fieldhe fields from the transmission data are given by diamonds and
amplitudes {u,v,a,} in terms of g=ya(0,0, b field from the ILM infinite Kerr waveguide results are given by
=a(1,0)/a(0,0), and\x2. crosses.

In Fig. 7 results are shown, respectively, for the transmis-
sion coefficient versus=\x? and the fields in the segment fields, centered about th®, 0) site, in the segment are nar-
versus position in the Kerr segment. In these plpts3,  rower. Equation(13) couples the waveguide modes to the
wa/2mc=0.440, b=0.0869,k=2.5, andg=0.772. Figure g, fields so that their broadening in the segment at the
7(a) presents results for the transmission coefficient of th@esonance shows up as a cusp in the transmission coefficient.
guided waves. The cusp in the transmission coefficiert at The observation of a cusp rather than a peak in the trans-
=0.1584 is associated with an odd parity ILM in the finite mission is not unprecedented. In electron tunnel junction
Kerr segment with\ |Epayimuni®=0.235. To see this, in Fig. spectroscopy such resonant cusps are often found in the cur-
7(b) a plot is given of the field intensity in the Kerr segment rent versus voltage characteristics of the systé#.They
as a function of site labeh, for thet=0.1584 transmission are observed in electronic tunnel junctions as anomalies in
data. A comparison is made with the fields, obtained from thehe higher derivatives of the current with respect to the volt-
theory of Ref. 8, of an odd parity ILM in an infinite Kerr age. The resonant transmission in our case follows from the
waveguide With\|Eaximunl”=0.235. Theg needed to sustain ohservation of a transmission anomaly associated with the
the ILM in the infinite waveguide ig=0.760 and this com- resonant excitation of an ILM mode in the target material.
pares favorably with thg=0.772 of the resonant transmis- These are also the conditions that are counted in the obser-

sion data. The difference must come from the finite length of/ation of resonant transmissions in electron tunnel junction
the Kerr segment of the transmission data. spectroscop§?3!

The cusp in the transmission data tat0.1584 corre-
sponds to a maximum of the ratj, .1/ Eq ¢ of the fields in V. TRANSMISSION ANOMALIES IN KERR NONLINEAR
the Kerr segment taken as a functiontef\x?. It appears MEDIA JUNCTIONS
that, at thet=0.1584 resonant excitation of the ILM, the
fields in the Kerr segment broaden their spatial distribution. An infinite and a semi-infinite waveguide meet at a junc-
Off resonancei.e.,t + 0.1584 the spatial distributions of the tion that forms a “T”’ The infinite waveguide is along the
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y-axis and the semi-infinite waveguide is along the positive

x-axis[see Fig. 1d)]. The media of the waveguide channels
is linear dielectric except in the neighborhood of the junction

vertex where the channels are Kerr nonlinear media. The
nonlinear sites consist of the site at the center of the junction

vertex and thep (wherep is a positive integgrconsecutive
sites of each waveguide channel out from the vertex site.

The waveguides and their junction are characterized by a
set of difference equations that are generalizations of Egs.

(1). For the semi-infinite channel along tieaxis,
Enr0= 70@(0,0[1 +\p|Epy ol *JEnr 0
+ Yn-10(r, 0)[ 1 + Nyl En-1yr ol “IE =110
+ Yne1a(r, 01 + Nt Erenyr ol IE sy 0, (17)

wheren=1,2,3;--. Here the Kerr parameters ang char-

PHYSICAL REVIEW B 69, 235105(2004)
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FIG. 8. Plots of the transmission coefficient for a junction with

acterizing the dielectric constants of the waveguide channd]=2 as a function of for wa./2mc=0.440 ancd=2.7. In this case

sites are defined by,=\ andy,=y if |n|<p but\,=0 and
Y= if [n|>p. (Here we use the same notation fpand y,
of the Kerr and linear media sites as used in Sec. Il ang |
For the channel along the axis,

EO,nr = yna(0,0)[l + 7\n|EO,nr|2]EO,nr
+ '}’n—la’(ryo)[l + )\n—1|EO,(n—l)r|2]E0,(n—1)r
+ Ynera(r,0)[1 + 7\n+1|EO,(n+1)r|2]E0,(n+1)ra (18)

wheren=+1,+2,+£3;-:, and at the junction of the two
channels

Eo.0= ¥0(0,0[1 +X\o|Eg d?IEq 0
+ya(r,0)[Eq, + Eg -+ E; o] + 71)\10“,0)[|Eo,r|2E0,r
+ |EO,—r|2E0,—r + |Er,0|2Er,0]- (19)

A solution to Egs.(17)<19) for a wave incident on the

V.

there are one incident channel and two outgoing channels. Results
are show forAx?=0.0, 0.00075, and 0.00125 which are labeled,
respectively, i, ii, iii. A large third resonance peak is observed in the
g=0.00075 data aj=0.766.

solution proceeds by starting at the outgoing ends of the

junction and working back along the difference equations

through the junction to the end of the single incoming Kerr
channel.

In Fig. 8 the transmission coefficient for a junction with
p=2 is plotted vsg for b=0.0869(i.e., wa./27c=0.440, k
=2.7 for variousAx?=0.0, 0.00075, and 0.00125. The?
=0.00075 data exhibits a third peak @t0.766 that is not
related to the peaks found in the&®=0.0 and 0.00125 data.
In Fig. 9 a plot is presented of the fields in the Kerr media of
the junction as a function of the site indices for thg?
=0.00075 data at thg=0.766 resonancéNote that the field
amplitudes are the same in each of the outgoing junction

junction from the semi-infinite channel along the negativechannelg. A comparison plot is made of the ILM fields in an

y-axis has the form

Eno= Eopn=xe*" (20)
for n>p,
Eop = Uek™ +pe (21)
for n<—p,
Eno=bne (22)
for 0<n=<p, and
Eon=a,e% (23

for -p=n=p. In the case studied here, the transmitted
waves in the positive andy channels are chosen to be of the
same form. Substituting into EqEL7)<19) gives the trans-
mission coefficients at fixed stop band frequeney(i.e.,
fixed b=a(1,0)/ «(0,0)) as a function ofy for fixed \.

The transmission coefficient,|x2ul?, is computed using

infinite waveguide made entirely of Kerr mediahe ILM
solutions are from Ref. 7 for the case in whiafE, g2

0.25
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o
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a

Intensity
]

©
o

0.05

3
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o

-1 0
Barrier Site

similar methods to those used to study the barrier problem. g, 9. plots of\|Eg 1|2 (diamonds for the junction transmis-

Values ofb andk are fixed and), = y«(0,0) is obtained from
Eq. (9). Specifying a value fohx?, Egs.(20)—«(23) are sub-
stituted into Eqgs.(17)«19) and the resulting equations
solved foru andv in terms ofg=ya(0,0), A\x?, andb. The

sion versus at theg=0.766 resonance of thex?=0.00075 data.
For comparison, ILM results from Ref. (¢rossegfor the junction
of three semi-infinite Kerr nonlinear waveguides with
M Emaximun°=0.194 are also shown.
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TABLE I1. Junction resonancfEnmay/|ul? on and off resonance pulse is self localized by the dielectric profile it induces in

tuning. the Kerr media.
Five interesting aspects of these transmission processes

g AX? |Emad®/|ul? On or off resonance  are: (1) Photonic crystal circuits offer a more topologically

diverse set of targets exhibiting soliton related transmission
0.766 0.00050 0.70 off resonances than do layered medi. The ILM-like solu-
0.766 0.00075 101.40 on tions can be used to develop large field concentrations in the
0.766 0.00100 0.32 off Kerr target materials(Note: The field in the Kerr nonlinear
0.760 0.00075 208 off channel sites that are adjacent to channel sites formed from
0.766 0.00075 101.40 on linear dielectric media is of the same order of magnitude as

the field in the linear media of the waveguide channdlkis
may be of interest for application&3) The resonances ob-
served in the transmission data of the nonlinear barriers and
. junctions can evolve, as the Kerr parameter increases from
=0.194. The value o needed to support the ILM in the zero, from bound state resonances in the linear counterparts
infinite waveguide is from Ref. 7 given by=0.778. This  of these systems. Additional resonances are also found that
compares favorably witlg=0.766 of the resonance in Fig. 8 do not originate from bound states in linear counterparts of
and indicates that the transmission resonance is related to tliige Kerr nonlinear barrier and junction syster@.The gen-
excitation of an ILM in the nonlinear media of the junction. eral features of the plot of the transmission coefficient versus
A feeling for the distribution of the field intensities in the g are determined to a great extent ky?. For fixed\x?, the
Kerr barrier at and off resonance can be obtained by comparameteb just scales the resonance peaks alonggthgis.
puting the ratio of the maximum field intensity in the Kerr (5) The transmission data offers an experimental method of
barrier to the field intensity of the incident wave on the bar-observing ILM modes in a new type of optical system. The
rier in the linear dielectric waveguide. In Table Il these re-resonances arising from the ILM can be off tuned by varying
sults are presented for the resonance (g£0.766\x*>  the field intensities of the propagating waves in the wave-
=0.00075 and for a sequence of off tuned systems. The offguide channels or by the application of a uniform time-
tuning is done first by fixingy=0.766 and varying.x?> about  independent electric field to the Kerr media.
the resonance and then by fixing®=0.00075 and varying It is hoped that the results presented here will stimulate
about the resonance. It is found thé&t) The fields in the interest in nonlinear waveguides and circuits of waveguides
Kerr barrier at resonance can be much larger than the incin photonic crystals. The treatment involves a simple theory
dent field intensity, an@d2) small changes inx? for fixedg ~ which can be quickly and easily solved for many circuit ge-
or small changes iy for fixed Ax? can quickly off tune the ometries. It provides initial ideas of what properties may
system from resonancéChanges in\\x? andg can be made exist in such systems. Recently, some experiments have mea-
as per our discussion of the Kerr barrier in Sec)Mhese  sured intrinsic localized modes in nonoptical systéri¥and
effects are large at small changes in the system parameter forost recently in an array of optical waveguidé$®Photonic
the junction resonance and give strong proof of the correcterystal circuits offer a system in which to observed ILM
ness of our association of the=0.766,\x*=0.00075 reso- optically. Just as optical gap solitons were predicted in opti-

0.770 0.00075 8.52 off

nance with the excitation of an ILM. cal layered media before they were originally observed ex-
perimentally (see Ref. 25 for a review of this worklt is
VI. CONCLUSIONS hoped that the current work will lead to observation of ILM

in photonic crystal circuits.

The transmission properties of a number of different Kerr  To conclude, we emphasize a few points upon which our
nonlinear targets within a system of linear dielectric photonicpresentation has been based. The resonances studied here are
crystal waveguides have been studied. These include bartidentified with ILM as:(1) They occur when the Kerr media
ers, bisected barriers, and junctions. For these calculationbarrier (finite junctiong satisfies conditions approximating
the frequency of the guided waves in the linear channels arthose under which a system of infinite Kerr waveguides
fixed and the transmission through the targets are computeglould support ILM excitations(2) Off tuning the resonant
as a function of the dielectric constant of the target materialgonditions of the Kerr media of the barriginite junctiong
(9), the transmitted wave amplitude and the Kerr param- so that the infinite Kerr systems would no longer support
eter (\). Resonances are observed in the transmission dataM turns off the transmission enhancement and changes the
due to bound states in the barrier media. These occur in botfields in the Kerr media of the barrigfinite junctiong so
linear and Kerr target materials. The Kerr targets in generathat they no longer resemble those of ILi8) At resonance
exhibit more resonances than the linear media. Some of theske Kerr contributions to the dielectric constants in the Kerr
are identified with ILM structures in infinite Kerr barrier (junction) is a large self-localizing contribution ap-
waveguides and junctions formed from three semi-infiniteproximating that found in infinite Kerr systems containing
Kerr waveguide. The best correspondences with ILM solu{LM. (4) At resonance the field intensities outside the Kerr
tions are made for systems with lar§fE aimunl> This re-  barrier (junction) are small(i.e., replacing the linear dielec-
sults in large changes of the target dielectric properties due tic media outside the barrier or junction with Kerr dielectric
the Kerr nonlinearity. In such cases, the shape of the pulse isould be a small perturbation changing the resonant state to
determined by the nonlinearity to a great extent, and the bound statg. The results presented in this paper are for
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small Kerr systemgsmall number of Kerr sitgsand for  extend over a greater number of sites than do odd parity ILM
small Kerr parameters,. We have chosen small systems in are less probable to be found in small systems, and have not
order to make the calculations easier. Nonlinear systems terlieen observed in the treatment given here. As found in the
to be difficult to treat due to the great variety of complexwork of Chen and Mills, large barriers can exhibit a complex
behaviors they can exhibi{This can be true for systems behavior involving a variety of multiple pulses. In addition,
described by seemingly simple sets of nonlinear equationghe variety of multiple solutions can be a complication. We
e.g., remember the study of chaos. Remember, also, that evlave chosen to limit the size of our system as we thought it
simple sets of nonlinear equations can display multiple soluuseful in an initial presentation regarding single ILM pulses
tions) Beginning our search on a system with a small num-in a discrete nonlinear system.

ber of sites and for small nonlinearities allows us to more
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