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We analyze coupled optical defect cavities realized indiihe-dimensional Photonic Crystals. Viewing
these as open systems where waves are permitted to leaveutieires, one obtains eigenvalue problems for
complex frequencies (eigenvalues) and Quasi-Normal-Mddgenfunctions). Single defect structures (pho-
tonic crystal atoms) can be viewed as elementary buildiagkd for multiple-defect structures (photonic crystal
molecules) with more complex functionality. The QNM deptinn links the resonant behavior of individual
PC atoms to the properties of the PC molecules via eigendrexyusplitting. A variational principle for QNMs
permits to predict the eigenfield and the complex eigengalu®C molecules starting with a field template in-
corporating the relevant QNMs of the PC atoms. Further, twHield representation and the resonant spectral
transmission close to these resonances are obtained framatianal formulation of the transmittance problem
using a template with the most relevant QNMs. The methodepp both symmetric and nonsymmetric single
and multiple cavity structures with weak or strong couplegween the defects.

I. INTRODUCTION

Photonic Crystal (PC) based devices attracted much intgrése past two decades concerning both fundamental and
applied aspects. Plenty of modeling and computationahtectes are applied and well establishec [1] 2, 3]. We conside
1-D PC structures that can provide qualitative insight aledns for interpreting the physics of higher dimensionaicstr
tures. More specifically, we consider planar layered inhgemeous media with piecewise constant refractive index as
the traditional model of 1-D PCs, i.e. periodic multilayer.

Optical multilayers in general have been a longstandingestiof investigation([4,15,16,1 7]. Nonetheless, both funda-
mental and applied research in multilayer optics is stifpartant due to the relevance of multilayer structures fdicap
systems. The introduction of specific defects in otherwesgoglic configurations enables an effective tailoring oficgd
transmission properties. Equally important, novel matergive additional degrees of freedom for the implem eoedi
desired functionalities as well as the exploration of newgital phenomenal[8| 9]. Besides, the knowledge gained from
an investigation of multilayer structures may serve as &lfas the interpretation and the qualitative understagdih
higher dimensional optical structures [1]. Thereforen@ligh multilayer optics is an old and well explored field, @elo
view on these devices may be of certain theoretical andipedatterest.

The open and finite nature of realistic structures is aclbkesby directly characterizing resonance properties vieneaes-
tigation of the quasi-normal modes and associated compexiéncies. Quasi-normal modes (QNMs) are eigenfunctions
associated with the complex eigenfrequencies arising trareigenvalue problem for outgoing waves see|[10, 11] and
reference therein for review of QNM. The real parts of the ptam eigenfrequencies are connected with the transmission
resonance frequencies (local maxima of the transmissiottfze imaginary parts with the Q-factors (or linewidth) of
the resonant transmission profile. Properties of the QNMkratated PC structures have been addressed for 1-D PC
structures inl[12, 13, 14], while for 2-D PC structures theatty is by far less often addressed and developed, with only
partial results{[15].

We specialize to finite PC structures with suitable defettstherwise periodic arrangements. These defects arerigrmi
Fabry-Perot cavities enclosed by and separated by leakgmaithat allow the exchange of energy between cavitiessé he
Coupled Optical Microcavites (CMC) already attracted aesk interest as they provide means for the implementation
of optical filters, resonators, delay lines and other devioeboth passive and active structured [16, |17,118, 19, 20].
Reference method for analyzing one-dimensional strustisra Transfer Matrix Method (TMM)[5]. A description in
the framework of different coupled mode theory approackesteen a traditional way of analydisi[21, 22, 23], as far as
interacting optical waveguides (i.e., mostly systems wigl confined optical states) are concerned. However, alysina

of open, leaky structures directly based on QNMs seems toibging. This paper considers some possibilities for the
direct characterization of open cavities in 1-D PC struesursing only the most relevant QNMs.

Composite CMC structures can be viewed as being formed fimplar single cavity structures or some other elementary
building blocks. This decomposition is usually quite aidriy and can be done in many different ways for a given stractu
However, when the individual modes are well localized invlunity of their respective cavities, a field template fbet
composite structure can be based on the superposition ofdivédual cavity modes. In literature the basic structuaee
sometimes called “photonic crystal atoms” which are theneletary building blocks for more complex “photonic crystal
molecules”. The key idea is that by combining PC atoms witbvkm properties more complex PC molecules can be
obtained with engineered properties. Based on QNMs andiatieeral principle, our procedure enables the derivation
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of the properties of the composite structures in a consteietay using the known properties of the building blocks and
certain design rules for the composite structure.

In the context of CMCs, we address the splitting of eigenfeetties by using a variational principle together with the
related QNMs of the individual cavities. QNMs of the compesitructure (super-modes) can be approximated by this
approach. Further, we use the characterization of the CM@=rins of quasi-normal modes to describe approximately
the resonant response to an external excitation in the éremyudomain and the related field profiles. The approximate
frequency domain description follows from a suitable vidoizal formulation|[24] for the transmission problem, ugthe
most relevant QNMs in establishing appropriate field tert@sld25].

Il. THEORY

We consider 1-D optical structures in the frequency domaideun external excitation. The optical field(x) excited
by the external influxF;,. = Ajnce’™nv/A)* with w € R and A;,. given, for vacuum speed of liglt satisfies the
Helmholtz equation
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on an intervalr € [L, R], and transparent influx boundary conditions
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C =R
atthe boundaries = L, R. The exterior regions < L andz > R are assumed to be homogeneous with refractive indices
n;n andng,, respectively. For structures with piecewise constamaogize index an exact solution can be obtained via a
standard and well known transfer matrix methad [5]; a brigflanation is given in AppendXJA. This serves as reference
for the approximate models discussed below.

Properties of passive, open optical structures with enexghiange between the constitutive elements and the envinoin
are captured adequately by a formulation of an eigenvalakl@m for complex frequencies. A finite structure can be
viewed as an open system with transparent boundaries whithitgthe leakage of energy to the exterior, seeHig. 1 A).
The electric field in the interiar € (L, R) satisfies the Helmholtz equation:
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with outgoing wave boundary conditions
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This constitutes an eigenvalue problem for the frequen@s the complex eigenvalue and the field profjér) as
eigenfunction (Quasi-Normal Mode) |111,)12] 1.3, 26]. Theeaigplue problem is nonlinear because the eigenvalue appear
in the boundary conditions explicitly [26]. QNMs can be usedolve the initial-value problem of energy leakage out
of a given open structure. The applicability of QNMs for sans of the transmission problems with given influx relies
on specific pseudo-orthogonality and completeness piiepest QNMs when used as a basis set for an eigenfunction
expansion/[12, 13].
A variational formulation of the QNM eigenvalue problem danbased on the functional [24]

R 2
@ = 5 [ (@0 - Srewe) e ©
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the first variation of,, (QQ) vanishes for arbitrary variations ¢f, then@ satisfies equatiolif3) with equatiofik (4) as natural
boundary conditions. The value of the functiolal (5) witk gioper eigenfunction/ eigenvalue p@ir, Q) inserted is zero,
ie.

L£,(Q)=0. (6)

This property can be shown analytically by computing theigkderivative of the first term in th€X(5).

We specialize to the analysis of optical defect modes exjsti the bandgap of the underlying periodic structure. To
avoid using the full set of QNMs and the completeness praseof QNMs to determine approximations of the optical
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FIG. 1: The coupled optical defect structures considerédigpaper are finite periodic multilayer structures cadirgisof two materials
with high indexng and low indexny,. The layer thicknesseasy, dr, are chosen to be quarter-wavelength for the target wavilleng
(related to a reference frequengy). Optical defects are introduced as changes of the layekrnibsses or refractive indices in the
otherwise periodic sequence. The whole structure is eedlog two semi-infinite media of indices,, andn,.:. A composite multiple
defect structure A) can be decomposed into usually simpigiesdefect structures B) and C).

transmission and of the related field profiles, we apply aati@mal principle and a specific field template that consibts
QNMs associated only with the optical defects. Details @f fnocedure can be found in_[25] and in Apperdix B.

A natural question arises whether the present approachegetieralized to a situation with oblique light incidence of
plane waves. This in principle constitutes a 2-D problemictvitan again be reduced to a modified 1-D setting. De-
pending on the polarization, the Helmholtz equatidhs (1) @), and the respective integrals in the functiordls [B3)(
receive additional quadratic terms that act like offsetgte refractive index (without the frequency factors). Dloeind-

ary conditions need to be modified as well; here the respeetawe vector components appear as roots. Corresponding
modifications would have to be incorporated into the furrdie [3), [BR). Therefore, an extension is probably possibl
but it certainly exceeds the scope of this paper.

A. Coupled cavities

We start with the QNMSw1, @1), ..., (wn, Q@n) for refractive index distributions (), ...,nx(z) of simpler (not
necessarily single cavity) structures. Solutions of tlyee¥alue problem for the composite structure are assumied to
well approximated by linear combinations of the QNMs beiaggdo the simpler structures. Therefore, we choose the
field template

N
Q= Z apQp )
p=1
which represents a restrictiofy,(Q) — L. (a1,...,an) of the solutions of the original problem. Stationarity oéth
functional [) transforms on the restricted set to the ciiors
OL,,
aT(al,...,ap,...,aN):O, forp=1,...,N, (8)
'4
that can be written as an algebraic quadratic eigenvalusgro[27]
(WM +wN+P)a=0 )
for the complex eigenfrequenciesof the composite system. The eigenvectars: [a1,...,ay]’ are the unknown

coefficients in the linear superpositidd (7) of the singleitgaQNMs. The elements of the matricéd = [Mx]nx N,
N = [Nik]nxn, P = [Pi]nxn are [34]
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Equation [®) enables the approximate solution of the eigleievproblem for the composite structure. It directly links
the resonance behavior of the individual constitutive &ets (PC atoms) to the resonance properties of more complex
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structures (PC molecules), i.e. describes the eigenfrexysplitting. Both resonant frequencies and the relatdddfprs
can be estimated. Influences of the external and interndineonent (type, length and strength of the “mirrors” in the
structure) or perturbations of various parameters cantgetty analyzed.

Usually the decompositions of the composite structurethigprecise choice of the elemen}s in () is to some degree
arbitrary. Supporting arguments can be based on resultsditect computations, on physical intuition, but also oa th
following observation. For field§); with associated frequenay and refractive index; that satisfy[(B),[(#), equatiohl(9)
can be written as

Sa=0, (13)

where
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If the trial field includes the exact solution for the compesitructure with the property = w; then [IB) is satisfied.
Expression[[14) suggests that the refractive index digiohsn,; of the simpler structures in the decomposition should
be chosen as close as possible to the exact structure (hefraxciexn).

B. First order perturbation correction for complex eigenfrequencies

We look for corrections of the complex eigenfrequenciesafgiven structure when small, localized perturbations ef th
permittivity are present. A first order perturbation coti@a for the complex eigenvalue can be obtained by ugihgr{g) a
a known QNM eigenpaifwo, Qo) of the unperturbed problem with refractive index distribote (z). It is reasonable to
assume that a small perturbation of the original structaesdeither change substantiality the position of the cerpl
eigenfrequencies in the complex plane nor the shape of thesponding QNMs. We consider a permittivity perturbation
in the form

n?(z) = nd(z) + ni(x) (15)

For small (in effect) perturbationgz) we look for a first order correctian, to the eigenfrequeney = wo+w;. Variational
accuracy guarantees that the eigenfrequency is determpiedirst order if the eigenfunction is known up to zerotheard
(solution of the unperturbed structure). Upon restricifpto the zeroth order field approximatiah, (eQo) — L(a),
the stationarity condition on the restricted set

oL
(@) =0 (16)

gives an equation for the eigenfrequency correction. Kegphly the first order terms i; and using the propertffl(6)
satisfied by the eigenpaiw, Qo) of the unperturbed problem, the correction to the complggmrequency reads

R
w2 /L ni(m)dim
w1 = —g o B ; . (17)
0
2? n%(:z:)@%dz + E (nang|I:L + noth8|x:R)
L

Obviously this procedure is closely related to the theorlI&]; it may be viewed as a “coupled mode theory” with only
one mode in the templatEl (7). It is possible to extend thisyoweand to derive both corrections to the eigenvalue and to
the eigenfunction up to arbitrary order using a variatiquraiciple. An iterative procedure for higher order coriecs

will be reported elsewhere.

I11. RESULTSAND DISCUSSION

A series of examples of CMCs serves to validate the describetthods. First, we apply the variational principle of
Section[IA for approximating supermodes in a double-gasttucture using known QNMs of the individual single
cavities. Second, the variational form of first order pdsadion theory for QNMs (SectidnTlIB) is used to analyze shift
of cavity resonances subjected to local perturbationseféfractive index. Third, the method of Appenfix B is apglie
to estimate the transmission on the basis of a few, mostaeteyNMs. Finally, we consider multiple-defect structures
designed to operate in weak and in strong coupling regiméso lere our variational approximation method links the
resonant transmission to the underlying QNMs.
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FIG. 2: Schematic representation of the computationalagggres. The method starts either with the QNM analysis (ppeddi{A)
of a given composite refractive index distribution, or witle QNM analysis of its constituents, at first not considgi@my external
excitation. As described in Secti@ 11, the simpler QNMs ld tonstituents can be used to approximate the true supesnoddhe
composite structure. Localized internal changes of réfraindices may be taken into account. Both types of QNMsesas input
for the variational QNM transmission model of Appenfix B tbe composite structure under external excitation.

The flowchart in FiglR2 compares schematically our methot thie TMM reference. While the TMM can be considered
as a direct method for computing the spectral reflection eartbtission and the associated fields, the QNM analysis in-
volves some intermediate procedures. On the one hand, QNb&f-snodes and complex eigenfrequencies of a composite
structure can be used for our variational QNM transmissiodleh On the other hand, it is occasionally reasonable to
divide a complex structure into simpler constituents. Tthenanalysis can start from the QNMs and eigenfrequencies of
those constituents and approximate QNM supermodes andfedggeencies of the composite structure. Further, also the
spectral transmission and fields of the full device can beapmated with the QNMs of the constituents. In both cases,
a perturbation analysis is possible.

In contrast to the traditional, easily implementable TMKMe fpresent — admittedly somewhat more involved — varia-
tional QNM description establishes a sound link betweetaaefeatures in the spectral power transmission, and peci
resonances of the (composite) open cavities in the mudtilafience, where applicable, the approach provides a means
for interpreting the TMM results.

A. Doublecavity structure

Consider a layer arrangement coded H9.) 2 H (L H)M:, whereM; = 4 is the number of layer pairs in two mirrors
that enclose a single cavity, withy = 3.42, n;, = 1.0, between two semi-infinite media of the same refractivexnde
nin = Nout = 1.0. The defect is introduced as a central layer of thickngss= 2dy with high refractive index
ny. A complex QNM eigenfrequency associated with the defeptésent in the bandgap region of the related periodic
structure. This eigenfrequency has an imaginary part thaeveral orders of magnitude smaller (absolute value) than
all other eigenfrequencies in the QNM spectrin [25]. Usutdls is a sign of a strong localization of the field, i.e. for
efficient energy trapping in the vicinity of the defect.

The combinatiof H L)M2H (LH)M2 L2H(LH)™* of two of these single cavity structures constitutes a raykir ar-
rangement with two defects and three mirrors (two enclosmirgors of “length” My, one separating mirror of length
Ms>). The defects form two Fabry-Perot-like resonant cavitieh two corresponding QNMs and eigenfrequencies, see
Fig.[d A). These eigenfrequencies correspond to two trassorn resonances Figl. 3 B). The resonant response of the
double-cavity structure (the PC molecule) can be viewedesisgbgenerated through eigenfrequency splitting from the
resonance of the single cavities (the PC atoms). By charggngumbe\/, of pairs in the central mirror one can control
the interaction strength between the two cavities, whexeséiparation of the complex frequencies reflects weak angtro
coupling. If the physical distance of the defect layers isknthe overlap of the individual QNMs is substantial, whic
results in a strong separation of eigenfrequencies. Istorgdhe distance of the cavities leads to close eigenfrezes
and results in the formation of a transmission pass-banth &\ield templatd{7) that consists of a linear superpasiifo

the two QNMs associated with the individual left and rightitas, the procedure of Secti@nTl A permits the estimation
of both eigenfrequencies and QNMs of the PC molecule. Adogrib Fig.[3 this is an excellent approximation even for
quite moderate cavity separatioht, with rather strong interaction.

In contrast to the composite structure, the permittivitpfipes that constitute the PC atoms do not show a particular
symmetry (cf. Fig[dl). Hence the QNMs associated with théviddal cavities do not exhibit a special symmetry. When
the decomposition is performed properly, however, thaimsyetric and skew-symmetric linear combinations approxma



_gx10° A B)
= o = = = -=M=8 ... M=7-c-o-M-= M_=
Laol ° M,=8 o M,=7 M,=6 M,=5 | ,=8 2 ,=6 ,=5
’ S 1r [N \
P 34t 2 IR
3 * = [YYY] = * é : || :
E 36 £ 05 s
(x) —eigenfreq. approx = 1
-3.8¢ '
)
h 0.9999 1 1.0001 71.0001
Re (w/ooo)
<)
0.5} 1 0.5¢
E < — E D —_
J9) 0 ) 0 ui
o4 o
-0.5¢ -0.5
0 2 4 6 8 0 2 4 6 8
x[um] X[um]

FIG. 3: A): complex eigenfrequenciesfor the double cavity structure, direct computations andTCproximations for different

lengthsM of the separation region; B): transmittance, QNM approxioma sedB; C), D): QNMs (supermodes) for the double cavity
structure withM> = 5, direct computation (continuous) and CMT approximatioasfted).
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FIG. 4: Transmittance A), D); direct TMM computations and Tkhodel (superimposed curves). Expansion coefficieptior ap-
proximations (AppendikB) to the transmission problemhé template[{Bl1) includes either the two exact supermodteafomposite
structure insets B), E) or alternatively the QNMs assodiatih the individual left and right cavities C), F). The upgots A), B), C)
correspond to a moderate cavity separafiéyn = 5, the lower plots D), E), F) to a setting witl, = 8, i.e. with weaker interaction.

the symmetric and skew-symmetric supermodes of the conepsisiicture, see Fifl 3 C) and D).

Further, the variational method of Appenfilk B allows to @werize the contributions of individual QNMs to the spaltr
transmission. Fidl4 compares two different settings: Emepiate[BIL) for the transmission field can be based either on
the two (exact) supermodes of the PC molecule, or on the QNidpated by the PC atoms. The difference is in the
choice of basis functions for the decomposition of the fighdbe transmission problem. Then, the frequency deperaenc
of the expansion coefficients obtained by our variationaMikansmission model as describedh B is depicted. In the
case corresponding to FIg. 4 B) and E) the QNM supermodeslifbse associated with the composite structure) are used
while for the Fig[# C) and F) the basis fields are the QNM modssciated only with simpler single cavity structures.
In both cases the resulting approximations for the trarsionisare indistinguishable (on the scale of the figure) froen t
TMM reference.

Especially interesting is the weak coupling regime. Hergectt TMM computation can well generate fields and spectral
transmission/reflection for each real frequency. The rasboharacter of the wide transmission band, however, can no
be resolved in that way. In contrast, once the QNMs are at,hHedoresent variational (CMT) model allows to relate
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The double cavity structure is encoded as
(HL)*H(2L)(HL)®*H(2L)(HL)*H. The individual layers with alternately highff) and low refractive indexI) are quarter-
wavelength withngy = 1.5, n. = 1, nin = nowr = 1. Two low index layers with larger half-wavelength thickaes form the

two defects. Perturbations are introduced as local chavfgiee permittivityn? = n3 (1 4 p) in the middle of the defect layer with a
thickness ofl, = dp/5 andp € (0,0.05).
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FIG. 6: A), C): complex eigenfrequencies for the double tastructure of Fig[lb, direct computations and first ordettyrbation
theory approximations; B), D): spectral transmittance,MQhpproximation (Appendik1B) based on exact QNM supermodes],
TMM reference; asymmetric A), B) and symmetric perturbagi), D).

the transmission peaks to resonances of either the indilithvities or of the full composite multilayer, by examigin
the respective expansion coefficients. In precisely gfiang the contribution of each basis field, the QNM approach
provides a means for an interpretation of the features ispleetral transmission.

1. Perturbation of the double cavity structure

The perturbation theory from Sectibl B is applied to amalgigenfrequency shifts due to small local perturbatidns o
the cavity refractive index. Below we look at both symmetied asymmetric perturbations of the symmetric original
structure. The perturbation correction for QNMs estimadasonably, in first order, both real and imaginary partsief t
complex eigenfrequencies. This can be traced further togdmsof the transmission, i.e. to the position of resonance
frequencies and the related Q-factors. Elg. 5 introducespecific configuration.

First we consider an asymmetric perturbation, where theacéfe index of only one of the defects is raised locally.
According to Fig[®, this leads not only to shifts in the pigsit of the eigenfrequencies (A) ), but also to dramatic gean

of the transmission response (B)). The perturbation ctioes [IT) are obtained here with the QNMs (supermodes) of
the original composite structure. FId. 6 A) shows the paththe eigenfrequencies in the complex plane for varying
strengthp of the perturbation, where the influence of the refractideinchange has been evaluated by expresSidon (17) on
the one hand, and, for comparison, by direct TMM calculation the other hand. As expected, the straight lines given
by the first order perturbational expression are tangetttigthe reference paths. In this case the range of a reasonable
approximation level is rather limited, because the pe#dtiom destroys the overall symmetry of the structure.
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FIG. 7: A): complex eigenfrequencies for the double cavitucture of Fig[h, direct TMM computations and CMT approations,
in the case of asymmetric perturbations. B), C), for or aysbstion strengtlp = 0.05: QNM profiles obtained with CMT (dashed
lines) and direct computation (continuous).

If, in contrast, both cavities are perturbed in a symmeltriGy, the results of the perturbational procedure are ateur
over a much larger range of perturbation strengths, as sdeig.[@ C). Now the eigenfunctions of the perturbed struedur
retain their symmetry, i.e. the assumption that the QNM efdhiginal structure forms an acceptable approximation to
the perturbed configuration is apparently better justifiedr both the symmetric and the asymmetric perturbation, the
variational procedure of Append® B, in FIg. 6 B) and D) apglivith the supermodes of the perturbed composite structure
in the template, gives accurate results for the spectnastnission through the double cavity structure.

Perturbation of a CMC by localized refractive index changesThe double cavity structure is encoded as
(HL)*H(2L)(HL)*H(2L)(HL)*H. The individual layers with alternately higt#) and low refractive index) are
quarter-wavelengthwithy = 1.5, np = 1, n;,, = nowe = 1. Two low index layers with larger half-wavelength thickaes
dp form the two defects. Perturbations are introduced as Idtahges of the permittivity? = n? (1 + p) in the middle

of the defect layer with a thickness @f = dp /5 andp € (0, 0.05).

For the asymmetrically changed double cavity configuratibhig.[d A) we observed that the perturbational expression
(@) grossly over- or underestimated the QNM eigenvaluesction. This was attributed to the fact that the underlying
field template could not respond to the broken symmetry optiréurbed structure. It is thus intriguing to try a modified
template that combines separate QNMs of the two individaaties, i.e. to apply the theory of Sectionll A. Necessaril
with this procedure one encounters a certain error alreadiné approximation of the QNM supermode eigenfrequencies
of the unperturbed, symmetric structure (observe thatdbiserns a configuration with relatively low refractive éxd
contrast and strong interaction). Still, according to Fd\), the eigenfrequency shifts predicted by the CMT forsrali
cover the whole range of perturbation strengths consideeed with reasonable accuracy, at least as far as real parts
are concerned. Plots B) and C) of Hig. 7 show that the eigetifums of the perturbed structure are indeed not even
approximately symmetric.

B. Multiplecavity structures

First, we look at the multiple cavity structure (the PC maleg that is formed by repeating the former single cavityetr
ture (the PC atom) according to the following design rulep&tion of the unit cellPCA; = (HL) (2H)(LH)M:,
here withM; = 4, generates the molecul®C A4, L], whereJ is the number of PC atoms. The refractive indices are
the same as given in Figl 5 for the previous example. The plpénd B) in Fig[® show the complex frequencies and the
resonant transmission for PC molecules with= 2 andJ = 3, respectively. Obviously these PC molecules operate in
the weak coupling regime, as is reflected in the proximityhefeéigenfrequencies (A) ) and in the characteristic trasssmi
sion pass-band (B)). The transmission, estimated acaptdithe recipes of AppendixI B with directly computed QNM
supermodes of the molecule, is in the excellent agreeméintie TMM reference. The number of relevant QNMs in the
composite structure is equal to the number of PC atoms; neatlins of this number permit a constructive tailoring of
the transmission pass-band. For additional tuning of #restnission that might be of interest, such as ripple supjues
(to optimize for a flat-top response), one could adjust thengtth (number of layer pairs) of the mirrors, or add a certai
degree of asymmetry to the final design [[1L6, 25].

Second, we consider the molecule formed by repeating thecatiPC A, = (HL)M(2H)(LH)M2 L(2H)(LH):,
with M; = 4 and M, = 2 (a strongly coupled double cavity structure), coded26 A,, L] ;. In Fig.[8 the complex
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FIG. 8: A), B): complex eigenfrequencies and transmissimmwieakly coupled multiple cavity structur¢®C' A, L]s; C), D):
frequencies and transmission for PC molecylB§' A,, L]; formed by repeating a double cavity unit cell in the strongptimg
regime.

eigenfrequencies (C)) and the spectral transmission ( B $faown. This procedure represents the design of a multiple
channeled filter with narrow bandpass transmission. By @r@gljustment of the inter cavity separation (i.e. of the
coupling strength), the relative position of the transimisghannels can be controlled. Additional unit cells citmite to

the eigenfrequency splitting in such a way that the splieefgequencies are close. Therefore, no additional tresssom
bands appear but the width of the transmission pass-bandsrisved.

Finally, a combination of the PC aton#&C' A, and PC' A, leads to an even more complex composite structure. The PC
molecule is given by the sequenf&’'M = [PCA;, L, PC Ay, L, PCA;]. Fig.[@ shows eigenfrequencies A) and the
corresponding QNMs B)-E). The individual contributionsezfch atom to the supermode profiles of the molecule are
clearly visible. The eigenfrequencies andws are the product of a weak coupling between the atéf@s4; (the single
cavity structures), according to the shape of the corredipgrQNMs D), E). The eigenfrequenciges andw, originate
from PC A, and are affected by?C A; only in the form of an increased confinement (i.e. a lower hltewalue of the
imaginary parts of the eigenfrequencies). The transmsi&iothe composite structure exhibits a characteristiclmom
nation of both constitutive atoms. The high transmittaneakis are caused by the resonances associatedPdiity,
while the transmission resonancesitf’ A; are modulated (here they are suppressed) by the presei@& 4. In this
case, light can not establish an efficient propagation patin the left PC A; to the right one, because the frequencies
supported byPC A, are inside the attenuation regionBE' A,, see Fig[B.

We like to emphasize here that the QNM analysis can be veffylu®e an interpretation of results and for an accurate
prediction of the outcome of transmission experimentshasva in the previous paragraphs. Here, the approach estab-
lishes a sound foundation of the concept of photonic crystakcules, that cannot be provided easily by direct TMM
solutions.

A few remarks about the application of the present methodhfersupport of a design process might be adequate. This
concerns specific composite structures (molecules) tmbeaviewed as being made up from constituents (atoms) with
one or a few well defined high-Q resonances. As a atsrtingt phie atoms QNMs are computed and where reasonable
optimized. Already here already QNM-methods can be apjfl&d29].

Once the QNMs of the constituents are known, the eigenfregjes (including imaginary parts, which represent the-qual
ity of the future transmission resonances) and fields oftipesnodes of the composite structure can be determindg easi
through the variational CMT formalism of Sectildh II. The seaing about the relation between the physical positioning
of individual cavities and the placement of complex supatenfsequencies, or the placement of transmission peaks on
the freqency axis, respectively, applies, that was givéheaend of SectiofTITA. This procedure precisely quantifies
common understanding of how the composite resonances eptieagis probably also underlying most traditional design
attemptsl|[5| 16,17, 16] for optical multilayer filters. The exales of composite multiple cavity structures in this paper
have been chosen explicitly to realize certain functidigsisuch as pass-band flat-top transmission or multipleratiad
transmission filters, realized by properly combining poexsly known properties of the simpler photonic atoms.
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FIG. 9: A): complex eigenfrequencies —w, of the PC molecul¢PC A., L, PC A2, L, PC A+] formed by combination of the single
and double cavity atoms of Figl 8. The insets show the cooredipg QNMs, wherev:, w2, ws, andw, are related to profiles B), D),
E), and C). F): spectral transmission for the compositectire.

IV. CONCLUSIONS

In this paper we consider the open and finite nature of a spetifss of PC structures by directly characterizing their
resonance properties via an investigation of the quasirabmode spectrum. A variational principle for QNMs allows
to approximate the eigenfrequencies and QNMs of compositépie cavity structures by eigenfrequencies and QNMs
of simpler structures. Further, a constructive, recentlyedbped wayi [25] of relating a quasi-normal mode desaniptd
transmission properties of optical defect microcavitiredD PCs is applied. Detailed remarks about alternativeiagis
methods can be found in_[25].

We specialize to defect structures that support transamissiodes in the bandgap of otherwise periodical structures.
Numerical examples show that the method is applicable ftm bpmmetric and nonsymmetric layer arrangements and
both weak and strong coupling between defects.

A form of coupled mode theory for finite, open 1-D PC strucstisgproposed, that uses directly the most relevant QNMs.
Closely related, an expression for a first order perturbatiorrection of the complex eigenfrequencies is derived by
means of variational restriction. In contrast to other rodththat use different types of basis fields and rely either on
a tight-binding approximation [17, 20] and/or on supercedithods|[18, 19], with our approach the finite nature of the
individual building blocks in the composite structure ilfuespected.

Further, we analyzed a series of characteristic examplemtifple cavity structures and were able to point out chi@ac
istic features in the composite structures as originatiomfsimpler structures. The results suggest that the nofitme
photonic crystal molecules can be founded on the QNM arséssconsidered here. Together with our variational approx-
imation method, the QNM analysis offers a resourceful mefioo the interpretation of complex phenomena associated
with the resonance properties in 1-D PC structures.

Provided that suitable QNM basis fields can be made avaitabémalytical or numerical means, possible generalization
to 2D and 3D structures could be based on suitable functiepa¢sentations of the frequency domain Maxwell equations
for higher dimensions [30].
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APPENDIX A: TRANSFER MATRIX METHOD AND QNM ANALYSIS

For structures with piecewise constant refractive indestritiution inside a finite spatial domain a method for sajvin
both the transmittance and eigenvalue problems is the wellvk transfer matrix method (TMM)|[5]. Solutions of the
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Helmholtz equation are given as combinations of left- agttrtraveling waves in thg-th layer
Ej(x) = Ajethi@=li-0) 4 Bie~iki(@=l-1) (A1)

for x € [l;_1,[;] in a region of constant index; wherek; = n;w/c is the wave number in this layer. To connect the
fields inside all layers we impose continuity conditionse interfaces:

Ej(lj) = Ej11(l;),and 0, E; (1) = 0. Ej41(15). (A2)

These conditions lead to a system of equations that can beseted in matrix form. Ordered multiplication of the
relevant matrices connects amplitudes in each layer ofttbetare, as well as the amplitudes in the incidence andubutp

regions:
Ain mii(w) mia(w) Aout
= ) A3
( Bin, ) ( ma1(w) maz(w) Bout (A3)
The transmittance problem with incoming wave from the leélved withB,,; = 0 for specifiedA;,, (amplitude of the
incoming wave) with given real frequeney € R. The amplitude transmission and reflection coefficienteapressed
as
Aout 1 Bin m21(w)

t(w) - Azn - m7 and r(w) B Azn B m (A4)

If we choose conditiong!;, = B,,; = 0, i.e. restrict the exterior solutions to purely outgoingves, the eigenvalue
problem with outgoing wave boundary conditions is addreésd#ith these conditions the system of equations can be
nontrivially satisfied if

mu(w) =0. (AS)

Analytic continuation of the transfer matrix into the complplane enables us to find solutions BEIA5) as complex
eigenvalues [31]. Note that these are in fact complex poles of the traasioin and reflection response functions. By
substituting the eigenvalue into the field representalfdl) (ve obtain the corresponding eigenfunction, up to a cempl
constant. Since equatidn{A5) does in general not permihatytcal solution, we apply a numerical iteration procesu

of Newton type[32]. In cases when that method fails to cogeetue to closely spaced eigenvalues, we use a more
powerful technique for determining complex solutions,dzhen the argument principle method from complex analysis
34

APPENDIX B: VARIATIONAL QNM MODEL OF THE TRANSMISSION PROBLEM

We specialize to finite periodic structures that possessingssion properties with a bandgap, i.e. with a region®f fr
guencies of very low transmission. Breaking the perioglioftthe structure can give rise to defect resonances inbile t
bandgap. Approximation of the spectral transmission anti@fssociated field profiles for these resonances is the aim
of our analysis. Therefore, we choose a field template fotrthresmittance problem as

E(z,w) ~ En¢(z,w) + Z ap(w)Qp(z), (B1)

wherep is an index countingV relevant QNMs, i.e. those with the real part of their comgfi@quency in the given
frequency range. We showed in terms of the successful apiplicof the templatd{B1), that the transmission resorance
associated with the defects are excited by the “mirror” figlg, of the periodic structure without defect, which for
frequencies inside the bandgap is an almost completelcteflevave with only a weak tail that extends into the interior
of the structure. Therefore, this templdiel(B1) quantifiesrotion of a forced resonance response that appears becaus
the incident wave possesses a real frequency close to thpaeaf the complex eigenfrequency of a suitable QNM
supported by the defect structure.

This is only an approximate model for the transmittance lemhin specific frequency regions, since neittigy, s nor

Q satisfy all of equationd1J42). The residuals can be vidas contributions from other QNMs in the complete set
supported by the defect structure, that are not includefii).( To find the decomposition coefficienig, we use a
variational form of the transmittance problemi[24]. Thensmittance problem corresponds to the equation and natural
boundary conditions, arising from the condition of statioty of the functional

R 2 .
L(E)= l/ ((&E)2 — w—n2(x)E2) dx — w (n E2| - +n 75E2| ._R) + 2i£n4 AincEla=1r (B2)
L xT C2 2C m Tr= ou xr= c m mc r=IArL-
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If £ becomes stationary, i.e. if the first variation@fF) vanishes for arbitrary variations @&, thenE satisfies[{]l), and
@) as natural boundary conditions. Restricting the fuomzl [B2) to the field templat€{B 1), becomes a function of the
coefficientsa,, for given £,y and@,. The stationarity conditions then read

L
g—aq(al,ag,...,a]v)(), g=1,...,N. (B3)

The optimal decomposition coefficients are obtained adisolsiof a linear system
Aa= —b, (B4)

wherea = [a1,az,...,an]T is the vector of coefficients to be determined by solving ty&en of equationd(B4).

A andb are calculated according tb (BT IHZ 1B3); explicit expressiare given in.[25]. For given frequengyone
thus approximates the field profile for a transmission probleith a specific incoming wave. Spectral information
(transmittance, reflectance) can be obtained by repedtiagptocedure for a series of frequencies. The transmitanc
reads

2
1 Nout

N
T(w):m o~ Emf(R,w)Jr;ap(w)Qp(R) . (B5)

We showed inl[25] that the mirror field is necessary for apjpnating the incoming part of the transmission field on the
whole spatial region occupied by the structure. Howeveddlitional approximation that is analytical in form can be
obtained without the mirror field when only the spectral sraittance profile is considered. In cases where the underlyi
periodic sequence forms a good mirror, i.e. provides a hidlleatance over the bandgap region, the mirror field could
be omitted from the field template. This is possible becahsanrtirror field contribution in the relevant terms bf{B4)
becomes negligible for the field at the end of the structurera/lonly outgoing waves are present. Then this approach can
be seen as an alternative projection technique for a QNMresipa.
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