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Preface

During the three years since the first edition of this book was published, the
study of photonic crystals has made steady progress. The propagation of elec-
tromagnetic waves in various types of photonic crystal has been investigated
thoroughly by many researchers so that the basis for practical applications
is now firmly established. On the other hand, the quantum-optical aspects
of photonic crystals remain less-well investigated although they may bring
about completely new quantum-electrodynamical effects, due to the anoma-
lous photon density of states realized in such crystals.

One of the most peculiar and impressive examples of such phenomena
is superfluorescence, which was first studied by Prof. Sajeev John and Prof.
Tran Quang. The temporal profile of superfluorescent pulses expected for
photonic crystals is completely different from that in free space or uniform
materials. Moreover, fractional relaxation of population inversion, which orig-
inates from the Rabi splitting of electronic excited states in the presence of
photonic bandgaps, was predicted.

In the second edition of this book, I have added a new chapter giving
a detailed description of this interesting phenomenon. By way of introduc-
tion, I explain the standard mean-field theory of superfluorescence in uniform
materials and the pseudo-spin density operator as an analytical tool. There-
after I follow the mean-field theory presented by the two above-mentioned
researchers. I also describe some numerical calculations on superfluorescence
assuming a quite realistic specimen, work originally performed by Professor
Joseph W. Haus and myself. I hope that the reader will enjoy this taste of
the emerging new quantum optics.

Tsukuba Kazuaki Sakoda
August 2004



Preface to the First Edition

The interaction between the radiation field and matter is the most fundamen-
tal source of dynamics in nature. It brings about the absorption and emission
of photons, elastic and inelastic light scattering, the radiative lifetime of elec-
tronic excited states, and so on. The huge amount of energy carried from the
sun by photons is the source of all activities of creatures on the earth. The
absorption of photons by chlorophylls and the successive electronic excita-
tion initiate a series of chemical reactions that are known as photosynthesis,
which support all life on the earth. Radiative energy is also the main source
of all meteorological phenomena.

The fundamentals of the radiation field and its interaction with matter
were clarified by classical electromagnetism and quantum electrodynamics.
These theories, we believe, explain all electromagnetic phenomena. They not
only provide a firm basis for contemporary physics but also generate a vast
range of technological applications. These include television, radar, optical
and microwave telecommunications, lasers, light-emitting diodes, solar cells,
etc.

Now, the interaction between the radiation field and matter is so funda-
mental that it may seem universal and invariant. But in fact it is controllable.
This discovery has been the great motivating force of intensive investigations
in optical physics during the last three decades. In this book, I will show how
it is controlled using photonic crystals, a remarkable invention realized by
the combination of optical physics and contemporary microfabrication tech-
niques. I will also show how the controlled radiation field alters the optical
properties of atoms and molecules embedded in the photonic crystals and
what kinds of new phenomena and new physics are expected to manifest
themselves.

This book was written to serve as a comprehensive textbook covering the
optical properties of photonic crystals. It deals not only with the proper-
ties of the radiation field inside the photonic crystals but also their peculiar
optical response to external fields. Only an elementary knowledge of electro-
magnetism, quantum mechanics, solid-state physics, and complex analysis is
required of the reader. Therefore, undergraduate students in physics, applied
physics, optics, electronics, and electrical engineering in the final year should
be able to read this book without difficulty. Since the main recent devel-



X Preface to the First Edition

opments, such as the enhancement of stimulated emission, second harmonic
generation, and quadrature-phase squeezing, are also treated in a detailed and
understandable manner, this book also provides important ideas for graduate
students and researchers in this field.

I would like to thank Professor Eiichi Hanamura and Professor Kuon
Inoue who gave me a wonderful introduction to this exciting field. I would
also like to thank Professor Kazuo Ohtaka and Professor Joseph W. Haus
who gave me many suggestions on important problems. I am grateful to
Professor Sajeev John for giving me the opportunity to visit his laboratory
in Toronto University in the summer of 1998. During that period, I learned
much about the quantum optics of photonic crystals. I am also grateful to
Dr. Kurt Busch who helped me to confirm that the group theory worked well
for the fcc structure. I acknowledge Professor Takao Koda for his continuous
encouragement since I was an undergraduate student of Tokyo University. 1
deeply acknowledge Professor Toshimitsu Asakura and Dr. Claus Ascheron
for giving me the opportunity to write this book. I am grateful to many of my
graduate students for their efforts in numerical calculations. In particular, Ms.
Hitomi Shiroma-Hirata, Ms. Noriko Kawai, and Mr. Takunori Ito did many
of the calculations that are shown in this book. I am also grateful to Dr.
Tetsuyuki Ochiai who made the main contribution to the study of photonic
crystal slabs presented in Chapter 8.

Sapporo Kazuaki Sakoda
February 2001
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1. Introduction

As is well known, there is the following relation between the frequency v, the
velocity ¢, and the wavelength A, of the radiation field in free space:

c = Aov. (1.1)
When we define the wave number & by,
27
k=— 1.2
o (1.2)
we obtain the relation between the angular frequency w and k:
w = ck. (1.3)

This equation is called the dispersion relation of the radiation field. If one
thinks of the radiation field in a uniform material with refractive index 7,
one can obtain its dispersion relation by replacing ¢ by v = ¢/n and Ao by
A= Xo/nin (1.2) and (1.3). The density of states of the radiation field in the
volume V of free space, D(w), is proportional to w? (Fig. 1.1):
w2

D(w) = WTC‘; (1.4)
The density of states in the uniform material is obtained by replacing ¢ by
v in this equation.! The optical properties of atoms and molecules strongly
depend on D(w). As an example, let us consider the spontaneous emission of
a photon from an electronic excited state of an atom or a molecule. Quantum
mechanics tells us that the rate of the spontaneous emission is proportional to
wD(w). Since the spontaneous emission is an origin of the energy dissipation
and the fluctuation of the radiation field, it suppresses the occurrence of
laser oscillations. This suppression is marked in the high frequency region
since D(w) is proportional to w?. This is one of the reasons why the laser
oscillation is difficult to realize at high frequencies.

Now, if we can design and modify D(w), we can substantially change
the optical properties of atoms and molecules [1]. This is a key idea of con-
temporary optical physics, and it is possible. One method is to use optical
microcavities while another is to use photonic crystals. In this book, it will be
shown how the characteristics of the radiation field are modified in photonic

! The derivation of (1.4) will be given in Sect. 5.2.
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Photonic bandgap

™~

—

Defect mode

Y

D(w) D(w)
(a) Free space (b) Photonic Crystal

Fig. 1.1. Schematic illustration of the density of states of the radiation field (a) in
free space and (b) in a photonic crystal. In the illustration for the photonic crystal,
a photonic bandgap and a localized defect mode with a delta-function like density
is included (see text)
AB
2

1D 2D

Fig. 1.2. Schematic illustration of one-dimensional (1D), two-dimensional (2D),
and three-dimensional (3D) photonic crystals. a is the lattice constant

crystals and how the optical properties of atoms and molecules embedded in
them are altered.

Photonic crystals are regular arrays of materials with different rafractive
indices. Figure 1.2 shows the simplest case in which two materials denoted
by A and B are stacked alternately. The spatial period of the stack is called
the lattice constant, since it corresponds to the lattice constant of ordinary
crystals composed of a regular array of atoms. Actually, many basic ideas
are common to both crystals and they will be utilized to build fundamental
theories of the photonic crystals, as will be shown in the following chapters.
However, one big difference between them is the scale of the lattice con-
stant. In the case of ordinary crystals, the lattice constant is on the order of
angstroms. On the other hand, it is on the order of the wavelength of the
relevant electromagnetic waves for the photonic crystals. For example, it is
about 1 pm or less for visible light, and is about 1 cm for microwaves.
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Fig. 1.3. SEM image of a 3D photonic crystal composed of an fcc array of SiOq
spheres with a diameter of 300 nm. (After [2])

Fig. 1.4. SEM image of a 3D photonic crystal made of silicon. (After [3])

Photonic crystals are classified mainly into three categories, that is, one-
dimensional (1D), two-dimensional (2D), and three-dimensional (3D) crystals
according to the dimensionality of the stack (see Fig. 1.2). The photonic
crystals that work in the microwave and far-infrared regions are relatively
easy to fabricate. Those that work in the visible region, especially 3D ones
are difficult to fabricate because of their small lattice constants. However,
various technologies have been developed and applied to their fabrication in
the last ten years, and many good crystals with a lattice constant less than 1
pm are now available. For example, Fig. 1.3 shows an SEM (scanning electron
micrograph) image of an fcc (face-centered-cubic) lattice composed of silica
spheres [2]. The diameter of the spheres is 0.3 pm. On the other hand, Fig.
1.4 is an SEM image of a 3D structure made of Si [3].
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Fig. 1.5. (a) Schematic illustration of a photonic crystal slab and (b) the scanning
electron micrograph of an actual specimen fabricated on a Si substrate. (After [4])

If we design a 3D photonic crystal appropriately, there appears a fre-
quency range where no electromagnetic eigenmode exists. Frequency ranges
of this kind are called photonic bandgaps, since they correspond to bandgaps
of electronic eigenstates in ordinary crystals. Moreover, if we introduce a dis-
order into the regular dielectric structure of the photonic crystal, we may
obtain midgap modes whose eigenfunctions are strongly localized around the
disorder. These modes are called localized defect modes. The density of states
for a 3D photonic crystal with a photonic bandgap and a localized defect
mode is schematically illustrated in Fig. 1.1(b). If the emission frequency
of an atom or a molecule embedded in the photonic crystal lies just in the
photonic bandgap, the spontaneous emission of a photon from its electronic
excited state is completely forbidden, since there exists no photon in the
gap. On the other hand, if the emission frequency coincides with the eigen-
frequncy of the localized mode and the atom is located near the defect, the
spontaneous emission is accelerated.

Another class of photonic crystals known as photonic crystal slabs [4-13] is
illustrated in Fig. 1.5. Photonic crystals of this type are usually fabricated on
a substrate made of a semiconductor or an insulator. They have been investi-
gated energetically in recent years, because many sophisticated technologies
such as electron beam lithography and thin-layer formation developed in the
field of electronics and opto-electronics can be applied to their fabrication.
Monolayers made of polymer micro-spheres [14-16] may also be regarded as
photonic crystal slabs.

In order to gain an intuitive understanding of the photonic bands and
bandgaps, we examine 1D crystals in some detail. The 1D photonic crystals
are traditionally called dielectric multilayers and their optical properties are
well-known [17]. We take the z axis in the direction perpendicular to the
surface of the dielectric layers as shown in Fig. 1.6. We only deal with elec-
tromagnetic waves propagated in the x direction and polarized linearly here.
We take the y axis in the direction of the polarization. The electric field of the
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y E

“ I I l |
X

0

Fig. 1.6. Geometry of the calculation of the photonic band structure, or the dis-
persion relation, of a 1D photonic crystal

propagated wave is denoted by a complex function E(z,t) for convenience.
The actual electric field is, of course, a real quantity. It is given by the real
part of E(x,t).

Now, the wave equation for F(z,t) is given by

> O’°E  9’E

e(z) 02 o2
where e(z) denotes the position-dependent relative dielectric constant of the
1D photonic crystal, which will be called the dielectric function hereafter.?
In (1.5), we assumed that the magnetic permeability of the photonic crystal

is equal to that in free space, since we do not treat magnetic materials in this
book. Because e(x) is a periodic function of z,

e(z+a) = e(x), (1.6)

(1.5)

e~ 1(x) is also periodic and can be expanded in a Fourier series:
> 2mm
e Hx) = Z Km €XP (i " x) , (1.7)

m=—00

where m is an integer and {x,, } are the Fourier coeflicients. Since we assume
that e(z) is real in this chapter, k_,, = &%,. It is well-known that Bloch’s
theorem holds for the electronic eigenstates in ordinary crystals because of
the spatial periodicity of the potential energy that an electron feels due to
the regular array of atomic nuclei [18]. The same theorem holds for electro-
magenetic waves in photonic crystals.®> Any eigenmode in the 1D crystal is
thus characterized by a wave number k and expressed as follows:

E(z,t) = Ex(z,t) = ug(x) exp {i(kx — wit)}, (1.8)

2 The derivation of the wave equation from Maxwell’s equations will be described
in Chap. 2.
3 The proof will be given in Sect. 2.1.
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where wy denotes the eigen-angular frequency and ug(x) is a periodic func-
tion:

ug(z + a) = ug(z). (1.9)

Hence, it can also be expanded in a Fourier series. As a result, (1.8) is modified
to

Bi(a,t)= > Emexp{i<k+27;m):ciwkt}, (1.10)

where {E,,} are the Fourier coefficients.
Now, we assume for simplicity that only components with m = 0 and +1
are dominant in the expansion (1.7):

2 2
e~} (x) = Ko + K1 exp (iﬁx> + K_1exp <—iﬁx> . (1.11)
a a

When we substitute (1.10) and (1.11) into the wave equation (1.5), we obtain

2(m — ) )2 2 D)2
K1 {k+(771(1)7r} Eno1+k2 {k+(ma+)7r} B

w? omm\ 2
~ c—; — Ko <I€ =+ a> Em (112)

For m =0,

c? 21\ 2 21\
By~ ———— k—— | E_ alk+— ) E1p. (113
0 wi—noc%?{m< a) 1tk 1( +a> 1} (1.13)

For m = —1,

2 4 2
B, ~ ¢ {m (k - ”) E_o+ nleEo} (1.14)
a

w2 — koc? (k — 27 /a)?

Therefore, if k ~ |k — 27 /a| (i.e., k ~ 7/a), and if W} ~ koc?k?, Eg and E_;
are dominant in the expansion (1.10). In this case, we neglect all other terms
and obtain the following coupled equations:

9 2
(W} — Koc®k?) Eo — k1 c? (k - ﬂ) E_1=0, (1.15)
a

2
2
—k_1K?Ey + {wi — Koc? (k . W) } E_;=0. (1.16)
a

These linear equations have a nontrivial solution when the determinant of
coefficients vanishes:

2
w,% — koc?k?, —K1c? (k — 2%)

2
—Kk_16%k2?, w,% — KoC? ( — 2%)

=0. (1.17)
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L Ny k
_2x - 0 T 2
d a a d

Fig. 1.7. Dispersion relation for a 1D photonic crystal (solid lines). The boundary
of the first Brillouin zone is denoted by two vertical lines. The dispersion lines in
the uniform material are denoted by dashed lines. They are folded into the first
Brillouin zone taking into account the identity of the wave numbers which differ
from each other by a multiple of 27r/a. When two dispersion lines cross, they repel
each other and a photonic bandgap appears

If we introduce h = k — 7/a, the solutions are given by

2
N R e F17Y e, 118
Ko |I<61 Tl",‘{ll < 4 ( )
as far as |h| < m/a. So, there is no mode in the interval

e mc
;\/Iﬁ?o*|l€1|<w<;\//€0+|l€1‘. (119)

This gap disappears when x; = 0. This result can be interpreted that the
modes with k¥ ~ 7/a and k ~ —n/a were mixed with each other in the
presence of the periodic modulation of the dielectric constant and this mixing
led to a frequency splitting.

In general, those wave vectors which differ from each other by a multiple
of 27 /a should be regarded as the same because of the presence of the periodic
spatial modulation of the dielectric constant. When the spatial modulation
is small, the dispersion relation in the photonic crystal is not so far from
w = vk, but it should thus be expressed with the wave vector in the first
Brillouin zone, [—7/a,7/a].* In addition, if two dispersion lines cross each
other, a frequency gap appears. All these things are schematically illustrated
in Fig. 1.7. There are an infinite number of frequency gaps in the spectrum.
However, we should note that this is true only as far as we deal with optical

4 This is the so-called reduced zone scheme.
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____________________ M

. FLd .
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5 r A X
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™ I

Fig. 1.8. Reciprocal lattice space of the 2D square photonic crystal with the lattice
constant a. The first Brillouin zone is surrounded by a dashed line

waves travelling in the x direction, and that there is no gap when we take
into consideration those modes travelling in other directions.

1D photonic crystals, or dielectric multilayers, have many important ap-
plications. For example, they are utilized as high-reflection mirrors and anti-
reflection coatings. However, most investigations related to the control of the
radiation field in recent years have been concentrated on 2D and 3D photonic
crystals, because they offer a rich variety of new physics of the radiation field,
as will be described in this book. One example is the photonic bandgaps that
may be realized in a certain class of 3D crystals. Another example is the
group-velocity anomaly that is realized in all 2D and 3D crystals. We con-
sider this point in some detail here.

Like the 1D crystals, the dispersion relation of a 2D crystal with a small
spatial variation of the dielectric constant can be well-represented by the
folding of the dispersion line of the uniform material, w = vk, into the first
Brillouin zone. The fact that all wave vectors are not parallel to each other in
two dimensions, however, makes a large difference. As an example, Fig. 1.8
shows the reciprocal lattice space of a 2D square lattice. The lattice constant
is denoted by a as before. The first Brillouin zone is surrounded by a dashed
line in this figure. The elementary lattice vectors are

a1 = (a,0) and as = (0,a), (1.20)

and the elementary reciprocal lattice vectors are

b = (%,0) and by = (0, 27T> . (1.21)
a a
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Those wave vectors that differ from each other by the sum of a multiple of
b; and that of by should be regarded as the same. There are three highly
symmetric points in the first Brillouin zone, i.e., the I" point, (0,0), the X
point, (7/a,0), and the M point, (7/a,7/a). I'" and X’ shown in Fig. 1.8 are
equivalent to I' and X, respectively. The wave vectors between the I' and
the X points are called the A point. On the other hand, that between the I’
and the M points is called the X' point.

Now, the anomalous group velocity takes place when the original wave
vector in the uniform material is not parallel to either b; or by. We examine
this point for the wave vectors between I'" and X', which are denoted by A’
in Fig. 1.8. Those wave vectors are

2
K = (ki,ﬂ) . 0<k, <™ (1.22)
a a
The original dispersion relation is given by
, 2r\”
w=vlk|=vy/k2+ —~ (1.23)

and this should also be regarded as a good approximation to the rigourous
dispersion relation of the photonic crystal for the corresponding wave vectors
k in the first Brillouin zone:

k = (ky,0). (1.24)

The dispersion relation for the square lattice with an infinitesimally small
modulation of the dielectric constant thus obtained is shown in Fig. 1.9. The
averaged refractive index is assumed to be 1.28 in this figure. The band that
we have just discussed is the third lowest one on the A point. This band
has a very small slope compared with the rest. This is a consequence of the
fact that the original wave vector is not parallel to the elementary reciprocal
lattice vectors as was mentioned above.

The group velocity v, of the radiational eigenmode is given by the slope
of the dispersion curve:

Ow
ok’
Hence, the third lowest band has a small group velocity over its entire fre-
quency range. We refer to the small group velocity of this type as the group-
velocity anomaly. Because we can prove that the group velocity is equal to the
energy velocity in the photonic crystal,® the small group velocity implies that
the interaction time between the radiational mode and the matter system is
long [19]. This leads to a large effective coupling between them, and various
optical processes are enhanced. I will show later the enhancement of stim-
ulated emission, sum-frequency generation (Chap. 5), and quadrature-phase

vy = (1.25)

5 See Sect. 2.5.
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1.2
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Fig. 1.9. Dispersion relation for a 2D photonic crystal with an infinitesimally small
spatial variation of the dielectric constant. The abscissa represents the wave vector
in the first Brillouin zone of the 2D square lattice. The ordinate is the normalized
frequency where a and c stand for the lattice constant and the light velocity in free
space

squeezing (Chap. 10). Light absorption is also enhanced. As for nonlinear
optical processes such as sum-frequency generation, the phase-matching con-
dition, which is an important character to obtain a large output, is given by
the conservation of the crystalline momentum (see Sect. 5.4):

ki =k + G, (126)

where k; (kf) denotes the initial (final) wave vector of the radiation field,
whereas G denotes a reciprocal lattice vector. As for the uniform material,

ke = k;. (1.27)

This equation may be regarded as a special case of (1.26) for which G = 0.
Because G is an arbitrary reciprocal lattice vector for the photonic crystals,
the phase-matching condition is relaxed compared with the uniform materi-
als. The group-velocity anomaly and the relaxed phase-matching condition
are very important aspects of nonlinear optical properties of the photonic
crystals.

This book is organized as follows. The eigenvalue problems for the radia-
tion field in the photonic crystals will be formulated in Chap. 2. An Hermitian
operator related to the electric field will be introduced, and the properties of
its eigenfunctions will be studied in detail. The retarded Green’s function of
this Hermitian operator will be derived for later use. In Chap. 3, group theory
will be formulated to analyze the symmetry of the eigenmodes, and will be
applied to some examples. The uncoupled modes, that is, those eigenmodes
which cannot be excited by external plane waves due to the mismatching
of the symmetry property, will be identified by group theory. In Chap. 4, a
numerical method to calculate the transmittance and the Bragg reflectance
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will be formulated and applied to some examples. The precise coincidence
between the calculated spectra and the band structure will be shown. In
Chap. b, a general formula for the description of the optical response of the
photonic crystals will be derived based on the method of Green’s function.
Four examples of its application, i.e., dipole radiation, stimulated emission,
sum-frequency generation, and free induction decay will be presented. The
phase-matching condition and the additional selection rule for nonlinear opti-
cal processes peculiar to photonic crystals will be given there. An example of
the numerical analysis of the sum-frequency generation will also be presented.
In Chap. 6, an efficient numerical method to calculate the localized defect
modes will be derived based on the general formula to describe the dipole
radiation in the photonic crystals given in Chap. 5. An excellent agreement
between the calculated eigenfrequencies and the experimental observation
will be shown. In Chap. 7, I will present a general and accurate numerical
method to calculate the band structure with frequency-dependent dielectric
constants. This method will be applied to a photonic crystal with metallic
components. The presence of extremely flat bands related to surface plasmon
polaritons will be shown. In Chap. 8, the optical properties of photonic crys-
tal slabs will be examined. The low-threshould lasing due to the enhanced
stimulated emission caused by the group-velocity anomaly will be discussed in
Chap. 9. In addition to the analytical formula describing the onset of lasing,
the lasing threshould will be analyzed numerically. The radiation field will
be quantized in Chap. 10. Two quantum optical properties, i.e., quadrature-
phase squeezing due to optical parametric amplification and Lamb shift of
atoms in the photonic crystal will be examined. The enhancement of the for-
mer due to the anomalous group velocity and that of the latter due to the
anomalous density of states of the radiation field will be shown.



2. Eigenmodes of Photonic Crystals

As the first step of the analysis of the radiation field in a photonic crystal, we
will formulate the eigenvalue problem of the wave equation and give a general
numerical method to solve it. Based on the complete set of the eigenfunctions,
we will also derive the expression for the retarded Green’s function related
to the electric field. In addition to the three-dimensional (3D) case, we will
treat the two-dimensional (2D) crystals, for which the vectorial wave equation
reduces to two independent scalar equations and the relevant expressions are
simplified.

2.1 Wave Equations and Eigenvalue Problems

We begin with Maxwell’s equations. Because we are interested in the eigen-
modes of the radiation field, and the interaction between the field and matter
will be discussed in later chapters, we assume here that free charges and the
electric current are absent. In this case, Maxwell’s equations in the most
general form are given in MKS units as follows.

V .- D(r,t) =0, (2.1)
V-B(r,t) =0, (2.2)
V x E(r,t) = —%B(r,t) (2.3)
V x H(r,t) = %D(r,t). (2.4)

The standard notations for the electric field (E), the magnetic field (H), the
electric displacement (D), and the magnetic induction (B) are used in these
equations.

In order to solve the wave equations derived from Maxwell’s equations, we
need so-called constitutive equations that relate D to E and B to H. Since
we do not deal with magnetic materials in this book, we assume that the
magnetic permeability of the photonic crystal is equal to that in free space,
Ho:

B(r,t) = poH(r,t). (2.5)
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As for the dielectric constant, we assume in this chapter that it is real,
isotropic, perfectly periodic with respect to the spatial coordinate r, and
does not depend on frequency. Those cases in which the dielectric constant is
complex, has a disorder, or depends on frequency, which are very interesting
and important, will be dealt with in Chaps. 5-9. Readers who are interested
in the treatment of anisotropic dielectric constants may consult [20]. We den
ote the dielectric constant of free space by €9 and the relative dielectric con-
stant of the photonic crystal by (7). The electric displacement is thus given
by

D(r,t) = eoe(r)E(r,t). (2.6)
The periodicity of e(r) implies

e(r+a;) =¢(r) (i=1,2,3), (2.7)
where {a;} are the elementary lattice vectors of the photonic crystal. Because
of this spatial periodicity, we can expand e~1(r) in a Fourier series. For this,

we introduce the elementary reciprocal lattice vectors {b;;i = 1,2, 3} and the
reciprocal lattice vectors {G}:

a; - bj = 27‘1’5@‘,

G = 11by + l3bsy + I3b3, (29)

where {/;} are arbitrary integers and &;; is Kronecker’s delta. e~!(r) is ex-
pressed as

1 .
e = %: k(G)exp (IG - r). (2.10)

Because we assumed that the dielectric function is real, k(—G) = £*(G).
When we substitute (2.5) and (2.6) into (2.1)—(2.4), we obtain

V A{e(r)E(r,t)} =0, (2.11)
V. -H(r,t)=0, (2.12)
V x E(r,t) = —MO%H(r,t), (2.13)
V x H(r,t) = 806(1“)%E(T,t). (2.14)

When we eliminate E(r,t) or H(r,t) in (2.13) and (2.14), we obtain the
following wave equations:

E%r)v X {V x E(r,t)} = —cia—zE(r,t), (2.15)

1
V x {E(T)v x H(r,t)} = — 5 Hr. 1), (2.16)
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where ¢ stands for the light velocity in free space:
1

= . 2.17
VEolo 217)

Now we seek the solutions of (2.15) and (2.16) of the form
E(r,t) = E(r)e ", (2.18)
H(r t) = H(r)e ¥ (2.19)

where w is the eigen-angular frequency, and E(r) and H(r) are the eigen-
functions of the wave equations. These eigenfunctions should thus satisfy the
next eigenvalue equations.

w

LoE(r) = %V X {V % B(r)} = % B(r), (2.20)
w2
LyH(r)=V x {5(17“)VXH(T)} :C—QH(T), (2.21)

where the two differential operators L and Ly are defined by the first
equality in each of the above equations.

Because ¢ is a periodic function of the spatial coordinate r, we can apply
Bloch’s theorem to (2.20) and (2.21) as in the case of the electronic wave
equation in ordinary crystals with a periodic potential due to the regular
array of atoms.! E(r) and H(r) are thus characterized by a wave vector k
in the first Brillouin zone and a band index n and expressed as

E(r) = Egn (1) = ugn(r)e* 7, (2.22)
H(’I’) = Hkn(r) = vkn(r)eik‘Ty (223)

where wg,(r) and vg,(r) are periodic vectorial functions that satisfy the
following relations:

Uk (T + @;) = Ukn(T), (2.24)
Vin (T + @;) = Vi (1), fori=1,2,3. (2.25)

Because of the spatial periodicity of these functions, they can be expanded
in Fourier series like ¢~!(r) in (2.10). This Fourier expansion leads to the
following form of the eigenfunctions.

Ep,(r Z Er.(G)exp{i(k +G) -7}, (2.26)

Hy,(r ZH,m Yexp {i(k+G) -r}. (2.27)

! The proof will be given at the end of this section.
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The expansion coefficients in reciprocal lattice space, i.e., Eg,(G) and
H,,(G) are denoted by the same symbols as the original ones in real space.
Substituting (2.10), (2.26), and (2.27) into (2.20) and (2.21), we obtain the
following eigenvalue equations for the expansion coefficients {Ex,(G)} and

{Hin(G)}:
— ZH(G -G (k+G)x{(k+G)x Ex,(G')} = WC—%"E;M(G),
o

(2.28)

Y k(G -G (k+G) x {(k+G') x Hgn(G)} = —“’6’2;” H.,(Q),
GI
(2.29)

where wg,, denotes the eigen-angular frequency of Eg,(r) and Hy,(r). By
solving one of these two sets of equations numerically, we can obtain the
dispersion relation of the eigenmodes, or the photonic band structure [21, 22].

This numerical method, which is based on the Fourier expansion of the
electromagnetic field and the dielectric function, is called the plane-wave ex-
pansion method. In the actual numerical calculation of the photonic bands,
the summation in (2.28) or (2.29) is calculated up to a sufficiently large
number N of G’, and an eigenvalue problem for each k is solved, which is
equivalent to the diagonalization of the matrix defined by the left-hand side
of (2.28) or (2.29). The dimension of the matrix that should be diagonalized
is 3N for {Eg,(G) : G}. On the other hand, it is 2N for {Hg,(G) : G},
since Hy,(G) should be perpendicular to k + G according to (2.12) and
(2.27), and its degree of freedom is two. The CPU time that is necessary for
the diagnalization is usually proportional to the cube of its dimension. Hence,
the CPU time for the photonic band calculation by means of the plane-wave
expansion method is proportional to N3. This fact sometimes leads to a seri-
ous constraint of the accuracy of the calculation. In fact, the convergence of
the plane-wave expansion method is not good when the amplitude of the spa-
tial variation of the dielectric constant is large, and numerical error exceeds
5% in certain cases even though we take N greater than 3000. The numeri-
cal error also depends on the dimensionality of the crystal. The convergence
of the plane-wave expansion method has been discussed by several authors.
Readers who are interested in this problem should consult [23-26].

The poor convergence of the plane-wave expansion method has been im-
proved by several means. We may use spherical waves instead of plane waves
as a basis set if the photonic crystal is composed of dielectric spheres or cir-
cular cylinders. This method is called the spherical-wave expansion method
or the vector KKR (Koringa—Kohn—Rostker) method. Although it can treat
only spherical and cylindrical dielectric structures, the convergence of the
numerical calculation is usually much better than the plane-wave expansion
method. The reader may consult [27-30].
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We should note that Eg,(r) and Hg, () have, of course, the same eigen-
frequency, since they are related to each other by (2.13) and (2.14). There is
a difference in the number of the eigenvalues between Eg,(r) and H g, (r)
since the dimension of the matrix that should be diagonalized is 3V for the
former and 2N for the latter. Actually N of 3N eigenvalues of Eg,(r) are
equal to zero. This point will be discussed again in Sect. 2.7 in connection
with the quasi-longitudinal modes of the radiation field.

Because Hg,(G) is perpendicular to k + G, it can be expressed by a
linear combination of two orthogonal normal vectors, eg; and egs:

Hy,(G) = h$leg: + hS%eqs. (2.30)
We assume without the loss of generality that
k+G
€ , € T =T 2.31
{ e1 e B } (2.31)

constitute a right-hand system. It is easy to derive the following equation
from (2.29).

2 2
ij i _ Whkn Gi
SN MG ang = CLQthn, (2.32)
G’ j=1
where Mg (G, @) is given by
Mi(G,G') = [k + G|k + G'|x(G - G')

e e —e e’
~ G2 G'2; G2 G'1 , (233)
—€Gg1 - €eqr2, €G1 - €g1

which is an Hermitian matrix:
M (G,G') = M}"(G',G). (2.34)
The eigenvectors {hg,} are thus orthogonal to each other:
2
G i=1

From this equation, we obtain
/ drH;y,, (r) - Hip (7)
v

- / dr > " H;,(G) - Hiw (G)el€ -6
1%

G G
= VZHZn(G) Hpw (G)
G
= Vénnr, (2.36)

where V' denotes the volume of the photonic crystal. On the other hand, if
k+FK,
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/ drH;}, (r) - Hy (1) = / drv,, (7) - v (r)el® =R, (2.37)
14 14

Because both k and k' are wave vectors in the first Brillouin zone, k' —
k cannot coincide with a reciprocal lattice vector. The periodicity of the
function v}, (r) - Vg (1) thus leads to the above integral vanishing. Hence,
we finally obtain

/ drH;::n(T) ' Hk'n'(r) = Vékk’énn“ (238)
\%

This orthogonality is a direct consequence of the fact that the matrix My
defined by (2.33) is Hermitian. The latter is, on the other hand, a consequence
of the fact that L defined by (2.25) is an Hermitian operator. As for Lg, it
is not Hermitian, and so its eigenfunctions are not necessarily orthogonal to
each other. This point will be described in more detail in Sect. 2.7.

Proof of Bloch’s Theorem

Bloch’s theorem holds for the eigenmodes of the regular photonic crystals;
here we will prove (2.22). Equation (2.23) can be proved in a similar manner.
First, we express the eigenfunction of the electric field by a Fourier integral:

B(r) = / kA (k). (2.39)
We write (2.20) in a slightly different way:

2
w
V x{V x E(r)} = c—Qs(r)E(r). (2.40)
Then we expand the periodic dielectric function in a Fourier series:
e(r) = Ze(G)eiG"". (2.41)
G

Here we used the same notation for the expansion coeflicients as the origi-
nal dielectric function. When we substitute (2.39) and (2.41) into (2.40), we
obtain

/dk: kx {kx A(k)}e* ™ + %j Z/dks(G)A(k: — G)e* T =0.
G

(2.42)
Since this equation holds for all =, the integrand should vanish:
2
w
kx {kx A(k)} + 5 ZG:s(G)A(k -G)=0. (2.43)

This equation implies that only those Fourier components that are related
by the reciprocal lattice vectors constitute the eigenvalue problem, that is, a
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set of linear eigenvalue equations. Hence, only those Fourier components are
necessary to express the eigenfunction in (2.39):

Ei(r) =Y A(k— G)e'*~), (2.44)
G

When we define ug(r) as

ug(r) = ZA(k: — G)e T, (2.45)
G

it is periodic, i.e., it satisfies (2.24). Eg(r) is given by
Ep(r) = ug(r)e™". (2.46)

Since (2.43) generally has an infinite number of eigenvalues and eigenfunc-
tions, we distinguish them by a subscript n. Hence, we obtain (2.22). m

2.2 Eigenvalue Problems in Two-Dimensional Crystals

For two-dimensional (2D) crystals, the eigenvalue equations are much simpli-
fied if the k vector is parallel to the 2D plane. We examine this case here. In
the 2D crystal, the dielectric structure is uniform in the z direction (see Fig.
1.2). The electromagnetic waves travel in the z-y plane and are also uniform
in the z direction. Hence, ¢(r), E(r), and H(r) are independent of the z
coordinate in (2.13) and (2.14). In this case, these vectorial equations are
decoupled to two independent sets of equations. The first is

0 0

a—yEz(r//,t) = —,uoEHm(r//,t)7 (2.47)

0 0

%EZ('I‘//,t) = MO&Hy(r//vt)v (248)

0 0 0

%Hy(r//,t) - 8—yHr(r//,t) = sos(r//)aEz(r//,t), (2.49)
and the second is

Dl t) = <os(ry) o Ea(ry. 1) (250)

ay zr//v = &o¢ T// ot w,r//7 ’ .

0 0

%Hz(r//,t) = —an(r//)aEy(T//,t), (2.51)

0 0 0

%Ey(r//,t) - a—yEx(r//,t) = —MOEHZ(T'//,t). (2.52)

Here, r, denotes the 2D position vector (z,y). From the first set of these
equations, we obtain the following wave equation by eliminating Hy(r,t)
and Hy(r/,t).
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1 (o & 19
e(ry) {5902 " 8;/2} Eu(rpt) = ZapB(rpt) (2.53)

From the second set, we obtain the wave equation for H(r /,t):

910 01 0
dxe(ry)dx  Oye(ry)dy

1 o2
}Hz(r//,t) = CjﬁHz(T/ﬁt)- (2.54)

We seek, as before, the solutions of these equations of the form

E.(ry,t) = E(r))e ", (2.55)
H.(r),t) = H.(r))e " (2.56)
The eigenvalue equations are thus given by
( ) _ 1 0? 0? w2
o 1 0 o 1 0 w2
.C( JH.(r)) = — { —+ = } r T
S CTE R TR TECH R R

(2.58)

where the two differential operators E(Ez) and Eg)for the 2D case are defined
by the first equality in each of the above two equations. These two kinds of
eigenfunctions represent two independent polarizations; one is called the E
polarization for which the electric field is parallel to the z axis, and the other
is called the H polarization for which the magnetic field is parallel to the z
axis.

When we apply Bloch’s theorem as before, we can express E.(r) and

H.(r)) as

EZ(T‘//) =F, Jyn 7‘// ZEZ kyn G//)exp{l(k//+G//) ’I‘//} (2.59)
Gy

H(ry) = Hopoyn(ry) = ZHZW G))explitk) +G)) -7/}, (2.60)
/

where k y and Gy are the wave vector and the reciprocal lattice vector in two
dimensions. Substituting (2.59) and (2.60) into (2.57) and (2.58), we obtain
the following eigenvalue equations for the expansion coefficients:

(E)2

wk//n

> k(G -6)) ‘k//+G’//’2EZ,k/n( ") = E.p,n(G)), (2.61)
=

/
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>k (G// - G'//) (k) +Gy) - (k// + G’//) H. o n(G'))

7
Gy

w(H)2

k/n
= C/ z k//n(G//) (262)

where w,g/;zl and w,(clj% denote the eigen-angular frequencies of E /n(r /) and

H k,n(r)), respectively. When we define a matrix My, by

M, (G, G)) =k(G) = G))(k)+G) (k) +G), (2.63)
it is Hermitian:
My, (Gy. GY) = M, (Gl Gy, (2.64)
The eigenvalue equation, (2.62), is thus expressed as
(H)2
’ wk:/n
ZMk/(G//v G))H: ke yn(GY) = H, g ,n(G)). (2.65)
G/
/

As we derived the orthogonality of Hg, () in (2.38), we can prove that

o dryHZ gopn (v ) He e (1) = V(2)5k/k'/5nn', (2.66)
where V() denotes the 2D volume of the photonic crystal. This orthogonality
relation is a consequence of the fact that E(;) is an Hermitian operator. On the

other hand, ,Cg) is not Hermitian, and so its eigenfunctions are not necessarily
orthogonal to each other. This point will also be described in more detail in
Sect. 2.7.

For the detailed numerical method, see [31] and [32]. Also, see [33] for the
off-plane dispersion of the 2D crystals.

2.3 Scaling Law and Time Reversal Symmetry

There are two useful properties of the photonic bands. One property is the
scaling law and the other is the time reversal symmetry of the wave equation.
The scaling law tells us that two photonic crystals which are similar to each
other essentially have the same photonic band structure, that is, the difference
between the two band structures is simply the scales of frequency and the
wave vector. On the other hand, the time reversal symmetry tells us that
any photonic band structure has inversion symmetry even though the crystal
structure does not have inversion symmetry. The proof of these properties is
given in the following.
First, the following scale transformation to (2.15) is performed:



22 2. Eigenmodes of Photonic Crystals

1
r=7 and St=t. (2.67)
a a

The new variables r’ and ¢’ are dimensionless. When we define a new dielectric

function €5 and a new vector field Eg. by
ese(r') = g(r), and (2.68)
Ey(r',t') = E(r,t), (2.69)

E. satisfies the following wave equation.
2

- at/2

where V' stands for the differentiation with respect to r’. Hence, if the struc-
tures of two photonic crystals are similar to each other and their difference is
simply the scale of the length, i.e., the lattice constant, then their wave equa-
tions are attributed to the same dimensionless wave equation by the scale
transformation.

Now, we denote the dimensionless wave vector and the dimensionless
eigen-angular frequency in the (v',t’) space by k' and wy,,,, respectively.
Because k and w have the inverse dimensions of = and ¢, respectively, the
following transformations are necesary to return to real space:

V' x {V' x Ey(r',t')} = Eoo (1), (2.70)

Esc(T!)

a and W = ——uw, (2.71)

- o 2me

where we included the factor 1/27 according to the convention in this field.
Therefore, if we measure the wave vector in units of 27 /a and the angular
frequency in units of 2wc/a, all dispersion curves are the same for those
crystals which have similar dielectric functions. Thanks to this scaling law,
we can conduct simulation experiments for crystals with a lattice constant
of about 1 um, for example, using specimens with a lattice constant of 1 cm.
Since the fabrication of specimens with smal lattice constants is usually a
difficult task, the scaling law is very usuful to accelerate experimental studies
and to confirm theoretical predictions.

As for the time reversal symmetry, we should note that the wave equation,
(2.15), is invariant when we change the sign of the time variable. When we
define a new variable ¢’ and a new vector field E;, by

t'=—t and (2.72)

k/

E(r,t')= E(r,—t), (2.73)
E, satisfies the same wave equation as E does:

2
%V x {V x Eu(r,t')} = S

The eigenfrequency and the eigenfunction are thus given by

W= Wkn and (2.75)
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Ei(r,t') = ugn(r)exp{i(k 7 — wint’)}, (2.76)
where we included the time-dependent part. When we return to the original
(r,t) space, we have

E(r,t) = [ug,(r)exp{i(—k -7 — wr,t)}]". (2.77)
The actual electric field is given by the real part of this equation. When we
compare this equation with (2.18) and (2.22), we obtain

W lon, = Wkn and (2.78)
U_n (1) = Uy, (7). (2.79)

Equation (2.78) implies that the dispersion relation has inversion symmetry.
This property is irrespective of whether the structure of the photonic crystal
has inversion symmetry.

2.4 Photonic Band Calculation

2.4.1 Fourier Expansion of Dielectric Functions

It is necessary to calculate the expansion coefficients {x(G)} in (2.10) for the
band calculation by the plane-wave expansion method. The inverse Fourier
transform gives

1 1
K(G) = 0 /VO drg(r) exp(—iG - 7), (2.80)
where Vj denotes the volume of the unit cell of the photonic crystal. In gen-
eral, this integral should be evaluated numerically. However, if the shapes of
the dielectric components in the unit cell are simple enough, we can calculate
it analytically. In what follows, we treat two such cases. One is the three-
dimensional (3D) crystal whose unit cell contains one dielectric sphere, and
the other is the 2D crystal whose unit cell contains one circular dielectric rod.

Dielectric Sphere

We denote the radius and the dielectric constant of the sphere by r, and €,,
respectively, and the dielectric constant of the background material by &},.
1/e(r) is thus given by

1 1 1 1
— == —— S 2.81
- at(2-2)sm (281)
where S(r) is defined such that

[ 1 for|r| <7,
S(r) = { 0 for|r|>r,. (2.82)
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Substituting (2.81) and (2.82) into (2.80),

k(G) = i(sc;o + L <1 - 1) /V0 dr S(r)exp(—iG - 7). (2.83)

Ea €ph
In order to calculate the integral in (2.83), we use spherical coordinates
(r,0,p). We take the direction with § = 0 as the direction of vector G.
For G # 0, the integral is thus modified to

/ dr S(r)exp(—iG - r)

Vo

= 27r/ dr/ df r? sin § exp(—iGr cos 0)
0 0

4
= G—Z (sin Gry, — Gr,cos Gr,) (2.84)
where G = |G|. For G =0,
. 471'7’2
dr S(r)exp(—iG -r) = (2.85)
Vo 3
If we denote the volume fraction of the sphere by f, i.e., if we take
4gr3
= a 2.86
£ (256)
we obtain
1—
k(0) = L + f. (2.87)
€a €b

For G # 0, we obtain

(L sy

Circular Dielectric Rod

Because the structure is uniform in the z direction for this case, the integral
in (2.80) is equal to zero if G, # 0. So, we restrict our discussion to 2D

vectors {G ) }. If we denote the 2D unit cell by VO(Q) as before,

1 1 .
k(G ) = —VO@) /‘/0(2) dr//s(r//) exp(—=iG ) - T ). (2.89)
If we denote the radius and the dielectric constant of the circular rod by 7,
and g,, respectively, and the dielectric constant of the background material
by ey, 1/e(r ) is given by

1 1 11
_ (LN s@p), 2.90
e(ry) e (€a Eb) ) (2.90)
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where S@(r ) is defined such that

1 for
S<2)(T/):{ 0 for

S Taa
> Ty

Ty
Ty
Substituting (2.90) and (2.91) into (2.89),

1 1 /1 1 ) .
wGr) = lern Ty <sa - sb> / dr S (ry) exp(~iGy - v)).

(2.91)

(2.92)

In order to calculate the integral in (2.92), we use polar coordinates (r,p).
We take the direction with ¢ = 0 as the direction of vector G ;. For G ; # 0,
the integral is modified to

/‘/(2) dr)S(r))exp(=iG - r /)
0

/Oradr/o%dcprexp{imsm(“’;T)}
/OTadr/O%dq? rlioon(Gr)eXp{il (‘pfg)}

- 27?/ Cdr rJo(Gr), (2.93)
0

where G = |G| and J; is the Bessel function of the /th order. When we
derived (2.93), we used the following relation:

exp(iw sin ¢) = Z Ji(w) exp (il¢). (2.94)

l=—00
If we further use the following relation,
{wli(w)} = wlo(w), (2.95)

we obtain
/ @ d’!’//S(’I"//) exp(fiG// . T‘//) =
VO

If we denote the volume fraction of the circular rod by f,

2
f= (2) , (2.97)

27ga J1(Gra). (2.96)

we finally obtain for G ) # 0

1 ) 1(Gra)

(G//) = 2f (€a - g Gra

(2.98)

For Gy =0,
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K(0) = Ei + % (2.99)

as before.

2.4.2 Some Examples

We consider two examples of the band diagrams calculated by the plane-wave
expansion method here. First, we examine the band structure of a simple
cubic lattice composed of dielectric spheres. We assume that one dielectric
sphere is located at each lattice point. The following values were used for the
numerical calculation: the dielectric constant of the spheres and the back-
ground are 13.0 and 1.0, and the ratio of the lattice constant to the radius of
the sphere is 1:0.3. Figure 2.1 shows the first Brillouin zone of the simple cu-
bic lattice. Highly symmetric points are denoted by the standard notations in
this figure. Figure 2.2 shows the photonic band structure obtained by solving
(2.32) with 1174 plane waves (N = 587). The ordinate is the normalized fre-
quency where a and ¢ denote the lattice constant and the light velocity in free
space. The CPU time necessary for the whole calculat ion was about 23 min-
utes when we used a supercomputer with a vector processor. The numerical
error was estimated to be better than 5% for lower frequencies.

For this structure, there is no complete bandgap that extends throughout
the Brillouin zone. However, we can find several important properties peculiar
to the photonic crystal in Fig. 2.2. First, there are partial bandgaps for optical
waves travelling along the (1, 0, 0) direction, i.e., those waves which have wave
vectors on the A point. The frequency ranges of the partial gaps are

=~

—>

X
NS
a i
A: A T
2 - e e
2 M
kx
< >
2n/a

Fig. 2.1. First Brillouin zone of the simple cubic lattice
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2nc
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03 A X S R T M z r
Fig. 2.2. Photonic band structure of a simple cubic lattice with a dielectric sphere
at each lattice point. The ordinate is the normalized frequency. The following values
were assumed for the numerical calculation: the dielectric constant of the spheres
and the background are 13.0 and 1.0, and the ratio of the lattice constant to the
radius of the sphere is 1:0.3

a 0.395-0.426,
5o =4 05120504, (2.100)
e 0.661-0.691.

The optical transmittance can be extremely low for those waves. There is
also a partial gap on the X' point around wa/2mc = 0.7. Secondly, there are
extraordinary flat bands, such as the third lowest band on the A point and
the third and fifth lowest bands on the X' point. Since the group velocity is
given by the slope of the dispersion curve, the group velocity of these bands is
extremely small. This property is commonly observed for 2D and 3D photonic
crystals as was mentione d in Chap. 1. Because various optical phenomena are
enhanced when the group velocity of the relevant radiational modes is small,
this property may be used for the development of efficient optical devices.
The enhancement effect will be described in detail in later chapters. Thirdly,
two or three modes sometimes have the same eigenfrequency on the highly
symmetric points such as the I" and the R points. In addition, several bands
on the A and the T points are doubly degenerate as a whole. This property is
closely related to the symmetry of the crystal structure and will be examined
in detail by using group theory in Chap. 3.

Next, we consider the band structure of a 2D crystal composed of a regu-
lar square array of circular dielectric cylinders. Figure 2.3 shows the structure
of the photonic crystal and the 2D first Brillouin zone of the square lattice.
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Fig. 2.3. (a) Intersection of the 2D square lattice composed of circular cylinders.
(b) First Brillouin zone of the square lattice

We restrict our discussion to the case for which the wave vectors of the eigen-
modes lie in the 2D z-y plane. As was explained in Sect. 2.2, the eigenmodes
are classified into two categories according to their polarization for this case,
that is, the F polarization for which the electric field is perpendicular to the
z-y plane and the H polarization for which the magnetic field is perpendicu-
lar to the z-y plane. We treat the E polarization here. The following values
were assumed for the numerical calculation: the dielectric constants of the
cylinders and the background are 9.0 and 1.0, and the ratio of the lattice
constant to the radius of the cylinder is 1:0.38. Figure 2.4 shows the photonic
band structure obtained by solving (2.61) with 441 plane waves. The nu-
merical error was estimated to be about 1%. The ordinate is the normalized
frequency as in Fig. 2.2. The left-hand side of this figure shows the photonic
band structure of the E polarization, whereas the right-hand side shows the
density of states of the radiational modes that was obtained by examining
the distribution of the eigenfrequencies for 16 000 different wave vectors in
the Brillouin zone.

It is clearly seen that there are three bandgaps that extend throughout
the 2D Brillouin zone whose frequency ranges are

va 0.247-0.277,
5o = | 0-415-0.466, (2.101)
e 0.623-0.676.

These are, of course, not complete gaps since those eigenmodes of the H
polarization and those with off-plane wave vectors have eigenfrequencies in
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Fig. 2.4. Photonic band structure of a 2D square lattice composed of circular
cylinders. The ordinate is the normalized frequency as before. The following values
were assumed for the numerical calculation: the dielectric constants of the cylinders
and the background are 9.0 and 1.0, and the ratio of the lattice constant to the
radius of the cylinder is 1:0.38. (After [34])

the above gaps. Therefore, the complete inhibition of spontaneous emission of
photons from atoms embbeded in the photonic crystal, for example, cannot be
expected. However, it can be partially inhibited. The partial inhibition may be
effective when the transition dipole moment of the embedded atoms is aligned
perpendicular to the z-y plane. Situations of this kind may be realized with
artificial layered structures such as quantum wells made of semiconductors
[35].

As in Fig. 2.2, there are several extremely flat bands in Fig. 2.4. These
bands can be used to enhance various optical processes such as stimulated
emission, second harmonic generation, and quadrature-phase squeezing. For
all of these optical processes, the incident electromagnetic field is usually pre-
pared with a laser. Hence, the incident beam has a well-defined propagation
direction, and we can propagate it along the xz-y plane very easily. There-
fore, the 2D band structures, such as Fig. 2.4, have not only mathematical
interest but also practical importance. Especially where the laser oscillation
is concerned, it takes place at such a frequency and in such a direction that
the optical gain due to the stimulated emission is a maximum and the optical
loss by transmission at the surface of the crystal is a minimum. It is well rec-
ognized that the transmission coefficients for thoses modes with small group
velocities are usually small. The lasing thus readily takes place for the flat
bands. This point will be examined in detail in Chap. 9.

As for the localized defect modes, the presence of the partial bandgaps
shown in Fig. 2.4 is enough for their existence. In fact, McCall et al. [36]
observed a defect mode in this 2D crystal by removing a single cylinder.
The defect modes usually have quite large quality factors and they can be
used as good resonators. Since the interaction between the radiational field
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and matter depends strongly on the field strength and the interaction time,
the large quality factor also enhannces the optical interactions. An efficient
numerical method to deal with the defect modes will be given in Chap. 6.

2.5 Phase Velocity, Group Velocity, and Energy Velocity

In the previous three sections, we learned how to calculate the dispersion re-
lations of the radiation modes in the photonic crystals. We can also calculate
their wave functions. In addition to the eigenfrequencies and eigenfunctions,
there are several parameters that characterize the radiational waves. One of
them is the wave velocity. In contrast to the case of particles for which the
velocity has a single meaning, waves have three different kinds of velocities,
i.e., the phase velocity, the group velocity, and the energy velocity. These ve-
locities are equal to each other in uniform materials with dielectric constants
which are real and independent of frequency.

The phase velocity is defined as the velocity of the propagation of an equi-
phase surface. This velocity has a definite meaning, for example, for plane
waves and spherical waves for which the equi-phase surface can be defined
without ambiguity. In the photonic crystal, however, the equi-phase surface
cannot be defined rigorously, since its eigenfunction is a superposition of
plane waves, as can be seen in (2.26) and (2.27). This means that the phase
velocity cannot be defined appropriately in the photonic crystal.

On the other hand, the group velocity, which is the velocity of the prop-
agation of a wave packet, can be defined as usual:
0w
- Ok
The energy velocity is defined as the velocity of the propagation of the electro-
magnetic energy. The propagation of the electromagnetic energy is described
by Poynting’s vector. The time-averaged Poynting’s vector S, (r) is given
by

v, (2.102)

Sin(r) = Re [Egn (r)e—“knt] x Re [H o (r)e— <knt]
_ %Re [Egn(7) x H, (7)) (2.103)

On the other hand, the time-averaged electromagnetic energy density U, (1)
is given by

Ui () = 22 (Re (B (r)e w1 + 2 R [ (r)e- o001}
1
=1 {505(r) |Egen(7)]> + 1o |Hkn(r)|2} . (2.104)
Thus, the energy velocity v, is defined as
(Skn(r))
Ve = — ) 2.105
W) (2109

where (- - -) means the spatial average.
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Now, the group velocity is equal to the energy velocity even though the
dielectric constant is modulated periodically. The proof, which we follow,
was given by Yeh [37]. If we substitute (2.18), (2.19), (2.22), and (2.23) into
Maxwell’s equations (2.13) and (2.14), we have

V X U (1) + 1k X Uken (1) = 1H0WknVien (T), (2.106)
V X Vg (1) + ik X Vg (1) = —igoe(T)wrntpn (T). (2.107)

Suppose that k is changed by an infinitesimal amount §k. This results in

changes in wgn, Wen, and vg,, which are denoted by dwgy,, gy, and dvg,.
From (2.106) and (2.107), we have

V X dug, + 16k X ug,, + ik X dugn,
=iug (5wlm'vkn + wkncS'ukn) R (2.108)

V X 6vgy + 10k X Vg, + 1k X 0VEy,
= —igpe (WrnUkn + WknOUkn) - (2.109)
If we calculate vy, - (2.108) + Uk, - (2.109)*, we obtain
Vi - (V X 0Uky) + Ukr, - (V X d0F,) + 210k - (Ugy, X V),,)
+ik - (dupn X Vi, + Ugn X 0VE,)

. * *
= 1wgn, (H0Viy, - OVkn + E0EURr - OUL,)

+i0Wkn (uo |1J,.m|2 + g0€ \ukn|2> ) (2.110)

If we calculate duj,, - (2.107) and dvg,, - (2.106)*,
ie0ewkndUy,, « Ukn = —0U, - (V X Uk,) — ik - (Vg X dug,), (2.111)
ioWkn OVEy, * Vg, = —0Vky - (V X ug,) +ik - (uy, X 0vg,).  (2.112)

Using (2.111) and (2.112), (2.110) is written as
VL - (V X 0Ugy) + Ugn - (V X dv,) + 210k - (Ugn X vE,)
+oug, - (V X Ogn) + 60 - (V X uj,)
+ik - (0ugn X VL, — 0Vg, X Ukn + Vin X 0Uy, — UL, X OVky)
= 0wk, (,uo |v,m|2 + eoe |ukn|2) . (2.113)
The right-hand side of (2.113) is purely imaginary. Hence, we take the imag-
inary part of (2.113) by calculating (2.113) — (2.113)*:
Vg, - (VX 0Ugy) — dUgy, - (V X v,)
tUkn - (V X &Ultm) - 5’1];;” : (V X ukm)
+oug, - (V X Okpn) — Vgn - (V X duy,)
+0Vper - (V X u;::n) - u;’;n ’ (V X 6vkn)
+4i6k - Re[ugy, X v},,]
= 2i0Wkn (MO ‘Ukn|2 + goe |Ukn‘2) . (2.114)
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If we define a periodic function F' by

F = Sugy X vy, + 00E, X Ukn + Vgn X 0UL, + UL, X 0Vkn, (2.115)
(2.114) is modified to

V - F +4idk - Re [ug, X vi,] = 20wk, (,uo [V |® + €0e |ukn|2) ,(2.116)
where we have used the following vector identity:

V.- (AxB)=B-(VxA)—A-(VxB). (2.117)
If we perform an integration over a unit cell, we have

(V- F) + 4idk - (Re [ugy, x v,])

= 2idwpn <Mo [vkn|” + €0e |ukn|2> : (2.118)
Because of the periodic nature of F,
1 1
<V-F>:—/ drV~F:—/ dSF, =0. (2.119)
Vo Jv, Vo Js,

In this equation, Vj is the volume of the unit cell and Sy is its surface. F),
denotes the outward normal component of F' on Sy. We used Gauss’s theorem
to derive the second equality in (2.119). Using the definition of v,, (2.105),
we finally have

0wy, = Ve - Ok. (2.120)
From the definition of the group velocity, (2.102), we have
Ve = Vg. (2.121)

2.6 Calculation of Group Velocity

As we learned in the last section, the group velocity of the radiation modes
has very important role in light propagation and optical response in the
photonic crystals. Hence, the calculation of the group velocity is an essencial
task for the understanding of their optical properties. Since the group velocity
is defined as the derivative of the angular frequency with respect to the wave
vector (see (2.102)), we may calculate it by numerical differentiation. That
is, we may actually evaluate the following limit:

lim Wk+Ak,n — Wkn
Ak—0 Ak

This numerical differentiation needs a limiting procedure for which we have
to know a series of eigenfrequencies as a function of the wave vector.

There is quite a convenient method to avoid this procedure and give an
accurate evaluation of the group velocity. We use the Hellmann—Feynman

Vg =

(2.122)
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theorem for this purpose, with which the readers may be familiar as it re-
lates to quantum mechanical calculations. In the case of quantum mechanics,
the Hellmann-Feynman theorem is stated as follows. First, we assume an
Hermitian operator H that depends on an external variable , and denote it
by H,. We also assume that we know the orthonormal set composed of the
eigenfunctions of H,, which we denote by {|an);n=1,2,---}:

Hy lan) = Aan |an), (2.123)
(an]an) = 1. (2.124)

In the above two equations, we used the standard notation of “bra” and “ket”
vectors. A,y is the eigenvalue of H, for state |an) and (---|---) denotes
the inner product. Now, our problem is to calculate the derivative of A,
with respect to a. Because the state vector (or the eigenfunction) |an) is
normalized to unity (2.124), the following holds.

a%)\an = 8% <om\f[a|an>

= 9 (an|ﬁa |an) + <om 0

Oa Oa

oH,,
oo

0
= )\ana—a (an]an) + <0m

an> . (2.125)

Once we know the analytical expression of oH,, /Oa, Oy /Oa can readily be
obtained using this equation without the limiting procedure in (2.122).

Now, we will see how to use the Hellmann—Feynman theorem for the calcu-
lation of the group velocity. Here, we show the method for the E polarization.
The dispersion relation is obtained by solving the eigenvalue equation (2.61).
When we define a column vector Ay n by

Ak/n(G//) = ‘k//—l-G//’Ez,k//n(G//), (2.126)
(2.61) is transformed to
(B2

My, Ageyn = 5= Ay 0, (2.127)

where My, is a k j-dependent matrix whose (G, G'//) component is given by
the following equation:

My, (G, G)) = [k + Gy [ky + G| (G - G, (2.128)

The k j-dependent vector Ak, gives the eigenfunction E, g //n(r /) as
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Ar,n(Gy) )
E.kyn(ry) Z’k///+G//‘exp{1(k//+G//)-7'//}, (2.129)

and it is normalized to unity, i.e., |Ag,»| = 1. In (2.129), h is the normaliza-
tion constant.

Here, we assume that £(r) is real. Then, k(—G /) = k*(G ) and My,
is an Hermitian matrix. Therefore, we can apply the Hellmann—Feynman
theorem to the present problem, and we obtain

(2)2 (B) 5,,(B)
- aMk/ i _ 1o} wk/n 2 k/n awk//n (2 130)
ki Ok, TR T Oky | 2 2 Ok’ '

where t denotes the transposed matrix and
oMy, (G, G’//)

Ok
hRetl k) + G|
Ik, G, (ky+Gy)+ ’ L a (k//+G'//) (G = GY).

(2.131)

Therefore, the group velocity v, (w n) can be readily evaluated once the eigen-
vector A, and the eigenvalue wk / ¢” are obtained by the band calculation
based on the plane-wave expansion method.

2.7 Complete Set of Eigenfunctions

When we derive the Green’s function related to the electric field and dis-
cuss the optical response of the photonic crystals, we need a complete set
of eigenfunctions concerned with the electric field. However, Lg defined by
(2.20) is not an Hermitian operator, hence its eigenfunctions {Eg,(r)} are
not complete or orthogonal. Here, we define a differential operator that is
Hermitian and examine the properties of its eigenfunctions [38-40]. We in-
troduce a complex vectorial function Q(r, t) and a differential operator H:

t) = +e(r)E(r,t), (2.132)
Q(r, t)} : (2.133)

HQ(r,t) =

Then, (2.20) leads to

( 12 gtz + ’H) Q(r,t) = 0. (2.134)
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We assume the periodic boundary condition for Q(r,t) as usual. We will
verify that H is an Hermitian operator. Then, its eigenfunctions form an
orthogonal complete set.

Now, the inner product of two complex vectorial functions Q4(r) and

Q2(r) is defined by

(Q1,Q-) = /VerI(r) - Qa(7), (2.135)
where V is the volume on which the periodic boundary condition is imposed.
As a vector identity, the next equation holds.

V. (AxB)=(VxA)-B—A-(VxB). (2.136)
Using this identity, we obtain

(w Qi ] Q@
<HQ17Q2>—/Vd [VX {VX =(r) H =(r)

:/ds HV QT(T)}X Qz(r)]
s e(r) e(r) n
+/Vdr{V x ng((:))} : {V x Qi({;))} (2.137)

where S denotes the surface of V and the first integral on the right-hand side
is the surface integral of the normal component of the integrand. This surface
integral is equal to zero because of the periodic boundary condition. Then,
applying the identity (2.136) again, we obtain

- Qi (r) " « Qa(r)
(HQ1,Q2) _/SdS[ e(r) {V e(r) Hn

Qi(r) Qz(r)
+ Vdrm [VX{VX s(r)H
= (Q1,1Q2), (2.138)

where we have again used the fact that the surface integral is equal to zero.
This equation implies that H is an Hermitian operator.

Next, we can easily show that Qg;) (r), given by

L, \ k+ G, .
e (1) = C\/s(r)m exp{i(k+ G,) -7}, (2.139)

where G, is a reciprocal lattice vector and C' is a normalization constant,
satisfies

V x { ! (L)(r)} =0. (2.140)

/E(’I") kn
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Then, from the definition of H,
HQ (r) = (2.141)

This equation implies that Q%f (r) is an eigenfunction of H and its eigen-
angular frequency is zero. There exists one such solution for each k and n.
In general,

V- {emEL )} = v - {Vemap )}
7é0. (2.142)

We call Qg;l) (r) a quasi-longitudinal solution. Strictly speaking, the Qg;l) (r)
defined by (2.139) are not orthogonal to each other, but their orthogonal-
ization can be readily accomplished by Schmidt’s method. That is, we can
take linear combinations of the Qg;l) (r) to form an orthonormal set. We de-
note the orthogonalized quasi-longitudinal solutions by the same symbols.
Because the Qg:z) (r) do not satisfy (2.11), they are unphysical solutions for
the present problem. However, they are important mathematically, since we
cannot obtain a complete set without them.

On the other hand, there exist quasi-transverse solutions that correspond
to the transverse plane waves in a uniform crystal. They satisfy the following
equation:

T W(T)2 T
HQL,, (1) = “E2-Q) (r). (2.143)

The eigen-angular frequency w,g) is generally non-zero. From (2.143) and

(2.133),

2

Ml = ¢ _y. )
v {Vemaep ) = V- [ x v x

kn 6(?”)
0. (2.144)

Note that Qg;) or QECI;L) are not purely transverse nor longitudinal because
of the spatial variation of e(r). The terms “quasi-transverse” and “quasi-
longitudinal” are used here to emphasize that (2.144) and (2.140) reduce,
when £(r) is a constant, to the usual relations concerned with transverse and
longitudinal waves, respectively.

Now, we normalize these eigenfunctions as follows:

/ drQie)* (r) - QU (1) = Vasdkk Grnn, (2.145)
v
where a, 3 = T or L. Note that QE:;L)(T‘) and E,:T‘L)( ) (= r)/\/e(r

are dimensionless by this definition. The completeness of the elgenfunctlons
leads to
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T T * L L)*
Z Q( ) ( ) + Z Q( ) ( ) (,,,/)

—VTs(r—1), (2.146)

where ® denotes a tensor whose elements are given by the product of the
elements of two vectors, i.e., (A ® B);; = A;Bj, and I is the unit tensor.
0(r) is Dirac’s delta function.

We make one remark on (2.146) here. Readers who are familiar with
non-relativistic quantum mechanics may wonder why the tensors introduced
in the above equation are necessary to express the completeness. In non-
relativistic quantum mechanics, the wave function that describes an electron
is a complex scalar function. We denote the eigenfunctions of a Hamiltonian
operator H by {¢,;n =1,2,---}. We normalize them as

/ dr;, (r)fn: (1) = Vinm. (2.147)
1%
The completeness is thus expressed as

Z Pn(r =Vé(r—r'). (2.148)
From this equation, we obtain for any complex function f(r)

1 =3 X oulr) [ droie)s). (2:149)

This equation means that any complex function can be expanded with
{¢n(r)}. This is what the completeness implies for a set of scalar functions.
As for a set of vectorial functions, they should also be able to expand any
vectors in 3D Euclidean space. As an example, consider the unit vectors ey,
ey, and e3 which are parallel to the z, y, and z axes, respectively. They are
a complete set in 3D Euclidean space, since any vector v can be expanded
with them:

v= Z en(en - v). (2.150)

We can Xritg this quation in a slightly different manner. We define three
tensors, Tq, Ty, and T3 as

o 1 0 O

Ti=e ®e = 0O o0 0 |, (2.151)
0 0 O

- 0 0 O

T2 =ex ey = 0 1 0 5 (2152)

o
o
o
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- 0 0 O
T3 =e3R®e3 = 0 0 0 . (2153)
0 0 1
Since
3
e <>
d T,=1, (2.154)

n=1

(2.150) is rewritten as

3
v = Zl%nv = Z e, ®e,v. (2.155)

n=1

From this equation, we can see that
3
<<
denwe,=1 (2.156)
n=1

is the condition for the completeness in the 3D Euclidean space. As a conclu-
sion, (2.146) is the condition for the completeness both in functional space
and in Euclidean space.

As for the 2D crystal, we examine the case of the E polarization here.
The H polarization can be treated in a similar manner. First, we define a
function Q.(r,t) and a differential operator H®@ such that

Qxz(ry,t) = yJe(r))Ex(r)), (2.157)
1 o2 02 1
H® = - ( - ) : 2.158
e(ry) \9z* = 0y? e(r)) ( )
Then (2.53) leads to
1 62 @)
aap THY ) Qu(r),t) =0. (2.159)

We can verify as before that #(?) defined by (2.159) is an Hermitian operator.
Its eigenfunctions {Q k,n(r/)} thus form an orthogonal complete set. We
normalize these eigenfunctions as follows:

* ’ ’ — (2) ’ ’
/\/(2) dr//Qz}k/n(r//)Qz,k/n (’I"//) Vv 6k//k//6nn ) (2'160)

where V() is the 2D volume on which the periodic boundary condition is
imposed. The completeness of the eigenfunctions leads to

D Qukeyn(r))Q g, n(r)) = VI(r) — 7)) (2.161)
k://n

in this case, since {Q. k,n(r/)} are scalar functions.
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2.8 Retarded Green’s Function

In later chapters, we will deal with various optical processes in photonic
crystals. For that purpose it is essential to calculate the electromagnetic field
radiated from oscillating polarization fields. This task can generally be per-
formed by means of a retarded Green’s (tensor) function G(r,r’,t) [38-40]
that satisfies the following two equations.

2
< 12 gtz + ’H) Gyt — ) = To(r — r')3(t — 1), (2.162)
<>
G(r,7',t)=0 for t<0. (2.163)

e
Green'’s function in frequency space G(r, 7', w) is defined by the Fourier trans-
<>
form of G(r,r’,t):

— 1 e “— .
G(r,r',t) = 2—/ dw@G (r, 7', w)e L. (2.164)
T J-—c0
Then,
w2 g ’ g ,
67—7-[ G(r,r',w)=16(r — 7). (2.165)

Then, from (2.141), (2.143), and (2.146), we can obtain its explicit expression:
o , o0 < , -
G(r,r' w) = / dt G(r, 7', t)e”

_ 2 o (1) ® QL (1)
v %n: ( wkn) + 15) (w —I—wkn) + 15)

(L)=
+Q’“”<(i+f§) (r )1. (2.166)

Here, § is a positive infinitesimal that assures the causality, i.e., (2.163). For
t > 0, the inverse transform of (2.166) gives

kn
G(" ] t (T)

1 1 —iwt
X o () e dw
C\w—wy, +15 w+w,y, +id
o > alin =l ’)/e_wd
orV kn A7) ke AT i6)2

:—Z{S’m“”m Q) () © Qi) ()
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Fig. 2.5. Contour of the integration in (2.167) for ¢ > 0. For ¢t < 0, the contour
should enclose the upper half plane

+Q"(r)® Q}j}*(r’)}, (2.167)

where the contour C' is shown in Fig. 2.5. For ¢ > 0, we close the path of
integration in the lower half of the complex w plane. For ¢t < 0, we close it in
the upper half plane, and we obtain (2.163).

As for the E polarization in the 2D crystal, we define the retarded Green’s
function of (2.159) by

1 0?
- (c28t2 +7—t<2)> G(2)(r//,r'//,t—t') =d(ry—r)o(t—1t), (2.168)

G(Q)(r//,r’//,t) =0 for t<0. (2.169)

In this case, the Fourier transform of the Green’s function, (](2)(7*//, r'//, w), is
given by

(oo}
g(Q)(r//,r’//7w) = / dtG(Q)(r//,r’//,t)ei‘“t

— 00

_ c? Z Qz,k/n(r//)Q;k/n(r///)
e

kyn (w - w,iE/ZL + 1(5) (w + w,(szl + 15)

(2.170)

This satisfies the following equation:

W2
<02 — H(z)) Q(Q)(r//,r’//,w) =d(ry —r)). (2.171)

The inverse transform of (2.170) leads to
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E)
Slnw t
2 kyn *
G )('r//,r’//, = V(2) 2 : B Zk/n(r//)Qz,k/n(r///) (2.172)
kyn k/n

for t > 0. These Green’s functions will be used in later chapters to analyze
the optical response and the defect modes in photonic crystals.



3. Symmetry of Eigenmodes

The symmetry of the eigenmodes of photonic crystals plays an important
role in their optical response. In this chapter, we will formulate the group
theory of the radiation field in the photonic crystals in order to classify the
spatial symmetry of their eigenfunctions. An efficient method for the sym-
metry assignment that excludes unphysical quasi-longitudinal modes, which
was discussed in the last chapter, will be presented. The existence of such
eigenmodes that cannot be excited by external plane waves because of the
mismatching of the symmetry will be shown. This method will be applied to
some examples.

3.1 Group Theory for Two-Dimensional Crystals

The symmetry of the eigenfunctions of the photonic crystals plays an impor-
tant role in their optical response. In fact, Robertson et al. [41, 42] showed
clear evidence of the presence of such eigenmodes in two-dimensional (2D)
photonic crystals that cannot be excited by an external plane wave due to
the mismatching of their spatial symmetry. We refer to these modes as un-
coupled modes. On the other hand, the symmetry of the eigenmodes leads
to an additional selection rule for nonlinear optical processes and absence
of diffraction loss in the photonic crystal (see Chaps. 5 and 8). The classi-
fication of the eigenmodes according to their spatial symmetry by means of
group theory is thus necessary and often very powerful to understand the op-
tical properties of the photonic crystals. In particular, when we compare the
transmission spectra observed experimentally with the calculated photonic
band structure, the knowledge of the uncoupled modes is indispensable.

Since it is easier to deal with scalar waves, we begin with the group theory
for 2D photonic crystals [43]. As was shown in Sect. 2.2, the vectorial wave
equations derived from Maxwell’s equations are reduced to two independent
scalar equations as long as the wave vector lies in the 2D z-y plane. These
two waves are called the F polarization for which the electric field is parallel
to the z axis and the H polarization for which the magnetic field is parallel
to the z axis, respectively. The eigenfunctions satisfy the following eigenvalue
equations:
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Fig. 3.1. Symmetry operations for the square array of dielectric cylinders

2

w
ﬁg)Ez(T//) = C?EZ(T//)’ (3.1)
@) w’
EH Hz(r//) = ?Hz(r/)v (32)

where operators Eg) and L'(I?,) are defined by (2.57) and (2.58).
Now, all 2D photonic crystals have translational symmetry with respect
to the elementary lattice vectors, a1, and ay:

e(r +lay) +may)) = e(r), (3.3)

where [ and m are integers. In addition to this translational symmetry, the 2D
photonic crystal often has other spatial symmetries. As an example, consider
the square array of dielectric cylinders discussed in Sect. 2.2. We take the x
and y axes as in Fig. 3.1. It is apparent that the structure is invariant when
we change x to —z:

e(—a,y) = e(z,y). (3-4)

If we denote the symmetry operation that changes = to —x by o,, we say
that the structure is invariant under the mirror reflection o,. Equation (3.4)
may be rewritten as

[o.€](r)) = s(am_lr//) =¢e(ry). (3.5)

The convention of group theory is to use not o, but o ! in the middle term
of this equation. The reason will become clear in the following. The structure
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Table 3.1. Products of the operations in the C4, point group. This table shows the
product R; R2 where R; denotes an operation in the first column and Rz denotes
an operation in the first row

—1 2 ’ "

Cw | E Cy C, C; Ox Oy oy oy

—1 2 ’ 17

E E Cy C, Cy O oy g4 oq4
—1 1" ’

Cy Cy Cso E C, oy oy O oy

c;tlet E Cy Cy ol oy oy Oz

2 2 -1 17 /
04 C4 C4 C4 E Oy Oz [oF) [oF)
O O ol ol oy E Cy Cy Cy !

" ! —1
oy oy oy oy Oz Co E C, Cy
ol ol oy Oz oy crtoGy E Co
ol ol O oy ol Cy on Lo, FE

is also invariant under the mirror reflection o, that changes y to —y. There
is another set of mirror reflections under which the structure is invariant.
They are o, which changes (z,y) to (y,x), and o)/, which changes (x,y) to
(—y, —x). The structure is also invariant when it is rotated by 90, 180, or
270 degrees counterclockwise about the origin. These symmetry operations
are denoted by Cy, Co(= C%), and C; ' (= C3). C,, generally means rotation
by 27 /n radian.

Together with the identity operation E that keeps the structure as it is,
all these symmetry operations constitute the Cy, point group:

Cyp = {E,04,051,02,%,%,0;,03}. (3.6)

Namely, (1) any two subsequent symmetry operations in Cly, are equivalent
to a single operation in it, (2) any three symmetry operations { Ry, Ra, R3}
have the property that Ry(RsRs3) = (R1R2)R3, and (3) the inverse of any
symmetry operation in Cly, is also an operation in it. These conditions may
easily be confirmed. As for item (1), Table 3.1 shows the products of two
operations in Cy,. If the following relation holds, we say that R; is conjugate
with RQI

Ry = RRyR™'  for some R € Cy,. (3.7)

(0z,0y), (04, 0Y), and (Cq, C; ') are conjugate with each other since we have
the following relations:

oy = Cyo,Cy Y, (3.8)
o = CyohCy Y, (3.9)
Cyt = 0,Ch0; " (3.10)

We may regard the two conjugate operations in each set to be substantially
the same since they may interchange with each other by changing the coor-
dinate system. For example, when the x axis is interchanged with the y axis,
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then o, becomes o, and o, becomes 0. 0, and o, are sometimes denoted
by o, and ¢/, and ¢/] are denoted by og.

Now, any rotation or mirror reflection in two dimensions can be repre-
sented by a 2 x 2 matrix. As for the Cy, point group, we have

e 1 0 = -1 0

I%E - 0 1 )a RCz - 0 -1 )7
e 0 -1 b 0 1

Re, = 1 0 ) Repr = -1 0 )

e -1 0 g _ 1 0 (3.11)
o0 = 0o 1) Rev= 0 -1 )

We denote the matrix represgntation of a 2D symmetry operation R of an
arbitrary point group M by R in this section. Since R does not change the

length of vectors, R is an orthogonal matrix:
Ang

> &
RR' =1, (3.12)

hg hmg Eng
where R! is the transposed matrix of R, and I is the unit matrix. For an
arbitrary function f of r/, the action of R on f is defined by

[Rf)(r)) = fR 7). (3.13)

The subsequent action of operations R; and Rs is thus given by

<—>7
[RiR2f](r ) = [Ri[Raf]l(ry) = [Raf](RT 7))
=SR] = = S|
= f(R2 Rl T‘//) = f((RlRQ) T‘//). (314)
Hence, %w orde{r_> of R; and Ry when they operate on f is consistent with
that of Ry and Ry when they operate on r,. This is a consequence of the

hg
definition (3.13), where R™! is operated on r .
In general, we assume that the 2D photonic crystal is invariant under any
symmetry operation R that belongs to the point group M:

[Re](r)) =e(R'r))=¢e(r)) (VR EM). (3.15)
Using this equation, we can prove that R commutes with ﬁg) and Eg):

RLPR T =P, (3.16)

RLY R =9 (3.17)

This implies that the conventional classification of the eigenmodes according
to the irreducible representations of the k-group My can be applicable to
the present problem.!

! See [44] and [45] for details of the application of group theory to solid-state
physics.
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Proof of (3.16) and (3.17)
We denote ﬁ by

5 Ri1,  Rio
R = . 3.18
< R217 R22 ) ( )
From (3.12), we have
R%, + R, RuRoy + RioRo \ _ (1, 0 (3.19)
Ro1 R11 + RaoRia, R%, + R3, 0, 1 /)° '

For an arbitrary function f(r /),

0 0
R R fry) = R fiiiry)

ox
0 0
=R Rllff. + RQlif
or | & Y |«
r,-/ R'r'/
0 0
= Rllafi + RQlai'g}; (320)
Ty Ty
Thus,
- 9 9
Ra—xR = Rn% + R215‘T/ (3.21)
Similarly, we have
0 1 _, 0 9
Ra—yR = R12% + R22@~ (3.22)
Hence,
1 9 ? 9 ’
RLPR =R R™! (RR_1> + (RR_l)
e(r)) O dy
_ 1 2 2y 9%
~ e | ) 5
02 > pay O
+2(R11R21 + R12R22) 920y + (R21 + Rzz) 8y2}
) (3.23)

Here, we used (3.19). Equation (3.17) can be verified similarly. m

Now, the k-group My is defined as the subgroup of M that keeps the
wave vector k invariant.? Consider this point with the square lattice as an

2 Rigorously speaking, we should deal with the spatial group instead of the point
group to treat our problem in a mathematically correct manner. However, as long
as we treat symmorphic spatial groups, it makes no difference to the results.
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Fig. 3.2. First Brillouin zone of the 2D square lattice

example. Figure 3.2 shows its first Brillouin zone. The elementary lattice
vectors {a;;,ay,} and the elementary reciprocal lattice vectors {b;, by}

are
a 0
al//:( 0 >, CLQ//:< a ), (324)

by = < 271(‘)/a >’ by = < 27?/a ), (3.25)

where a is the lattice constant of the square photonic crystal. The I', X, and
M points in Fig. 3.2 denote (0,0), (£7/a,0), and (£7/a, +7/a), respectively.
These two X points and four M points are equivalent to each other, since
the difference between them is just a linear combination of the elementary
reciprocal lattice vectors. First, consider the I" point. We can readily see that
all symmetry operations in the Cy, point group keep the I point invariant.
Hence, by definition,

Mp = Cyy. (3.26)
In the case of the X point,
MX = {E, CQ, Oy, O'y} = Cgv. (327)

Here, we should note that operations Co and o, keep the X point invariant,
since

§c2< W(/)a >=ﬁ%( Wéa )z( _g/a >z< ”éa ) (3.28)

As for the others,
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My = Cuy, (3.29)
Ma ={E,oy} = Cin, (3.30)
Mz ={E,0a} = Cip, (3.31)
My = {E, 00} = Cin. (3.32)

Group theory tells us that any eigenfunction, E. gn(r)) or H. kn(r)),
is an irreducible representation of My. For example, the Cy, point group
has four one-dimensional irreducible representations Ay, A, By, B> and one
two-dimensional irreducible representation E. Here,“one-dimensional” im-
plies that the eigenmode is not degenerate and “two-dimensional” implies
that the eigenmode is doubly degenerate. Each irreducible representation
has its own spatial symmetry which is expressed by its character, x. Con-
sider this point with a B; mode as an example. We denote the character of
the B; representation by xp, and assume that fp, (r/) is attributed to the
By representation. We refer to fp,(r)) as a basis of the By representation.
Group theory tells us that for any symmetry operation R of the Cy, point

group,
Rfp,(ry) = xB,(R)fB, (7)), (3.33)

and

XB: (R) =

{ 1 for R=FE, Cy, 04, 0y, (3.34)

_ -1 / "
-1 for R=Cy, C;°, o), 0.

For other one-dimensional irreducible representations, the same kind of equa-
tion holds. For the two-dimensional representation E, there are two eigen-
functions that have the same eigenfrequency. We denote them by f,(El)(r /)
and f,(;) (r /). We refer to them as a basis set of the E representation. In gen-
eral, the operation of R on these functions transforms them into the following
linear combinations.

RfY (ry) = Anfy (r)) + Anf) (), (3.35)

Rfl(??)(’l”//) = AQlfél) (’I"//) +A22fg)(’l‘//) (336)
Group theory tells us that

Tr(A) = Ay + Ay = XE(R) (3.37)

The characters of these irreducible representations are listed in Table 3.2.
Generally speaking, the conjugate operations such as o, and oy, or, Cy and
Ccy ! have the same character. Hence, in Table 3.2, o, and oy are denoted
by o,, o/, and ¢/ are denoted by o4, and Cy and C 1 are represented by
Cy4. The symbol “2” before C4, o,, and o4 in the first row of this table
implies that there are two such elements that are conjugate with each other
and have the same character. As for the Cs, and Cy; point groups, the
irreducble representations and their characters are listed in Tables 3.3 and
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Table 3.2. Character table for the C4, point group

Ci | E 2Cy Co 20, 204
Aq 1 1 1 1 1
Ao 1 1 1 -1 -1
B 1 —1 1 1 -1
By 1 -1 1 -1

E 2 0 -2 0 0

Table 3.3. The character table for the Cs, point group

Co | E Cy oy 0

Ay 1 1 1 1

Ao 1 1 -1 -1

B, 1 -1 1 -1

Bs 1 -1 -1 1

Table 3.4. Character table for the C;j, point group

Cin | E o
A 1 1
B

1 -1

3.4, respectively. All irreducible representations are one-dimensional for these
two groups.

For the assignment of the irreducible representation to each mode, it is
very convenient to use so-called compatibility relations that tell us the mutual
relations between the irreducible representations for adjacent k vectors. We
examine this for the I and A points as an example. As mentioned previously,
the I" point has the Cjy, symmetry and the A point has the Cyj symmetry.
Since the I" point can be regarded as a special case of the A point, the irre-
ducible representations for the I" point can also be regarded as those for the A
point. The o, (0,) mirror reflection for the former is identical to the o mirror
reflection for the latter. When we compare the character tables of these two
point groups, we readily find that the A; and Bj irreducible representations
of C4, have the same characters as the A irreducible representation of Cij
for symmetry operations F and o,(c). Hence, we can conclude that the A;
and By modes on the I" point should connect to the A mode on the A point.
Similarly, the Ay and By modes on the former should connect to the B mode
on the latter. On the other hand, a so-called reduction procedure is necessary
to relate the doubly degenerate £ mode on the I' point to one-dimensional
irreducible representations on the A point, since the £ mode is a reducible
representation for the C1p point group. The rule for the reduction is simple.
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Table 3.5. Compatibility relations for the square lattice

X A
I: A A A
Ao B B
B B A
By A B
E A+B A+B
M: A, Bs A -
Az, B B -
E A+ B -
X: A, B - A
Az, Ba - B

For example,

the number of the A representation on the A point

> xe(R)xa(R)

ReCyp
= . 3.38
the number of elements in Cyp, ( )

Hence, it is calculated as below, and we obtain one A representation.

E o
r E 2
A A 1 1

2x1+0x1)/2=1—1xA

Similarly, we see that the number of the B representation is also one. As a
result, we can conclude that the doubly degenerate E mode on the I point
connects to one A mode and one B mode on the A point. Similar relations
can be obtained for the rest of the highly symmetric points. The results are
summarized in Table 3.5.

The assignment of the spatial symmetry to each mode can, of course,
be accomplished by examining its eigenfunctions by numerical calculation.
However, there is another simple but powerful method to do that [43]. This
method also provides the information in a very intuitive manner on how many
eigenmodes with a particular symmetry should appear in the band diagram.
The method is similar to that used for the assignment of the symmetry of
molecular orbitals composed of atomic orbitals. In order to show the detail
of this method, consider the extended zone scheme for the reciprocal lattice
space, which is shown in Fig. 3.3 for the square lattice.
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Fig. 3.3. Reciprocal lattice space of the 2D square lattice in the extended zone
scheme. Highly symmetric points I', X, and M are denoted by dots. The number
in each pair of parentheses is given in ascending order of the angular frequency of
the plane wave in free space. For example, the angular frequencies that correspond
to ', 7® and I'® are 0, 2m¢/a, and 2\/§7Tc/a, respectively. Note that, for
example, there are four equivalent I” @ and I'® points that are connected to each
other with reciprocal lattice vectors

Highly symmetric points I', X, and M are denoted by dots, and they
are numbered in ascending order of the angular frequency of the correspond-
ing plane wave in free space. First, consider the I' points, which have the
symmetry of Cy,. We begin with I"®) that has the second lowest angular
frequency among the I" points. There are four equivalent I"(?) points that are
connected to each other with the reciprocal lattice vectors. They have the
same eigenfrequency when the spatial variation of the dielectric constant is
absent. When an infinitesimally small periodic perturbation is introduced to
the dielectric constant, these four plane waves are mixed and their particular
combinations will be the eigenmodes of the radiation field. This implies, in
the terminology of group theory, that those four plane waves are the reducible
four-dimensional representation of the radiation field. In order to determine
what kind of symmetries the eigenmodes can have, we need to perform the re-
duction procedure. For this purpose, it is enough to see how many I"®) points
will be invariant when the symmetry operations of the Cly,, point group are ap-
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Table 3.6. Characters of the lowest three representations at the I' point of the
square lattice

Civ E 204 C? 20, 204
rw Ng 1 1 1 1 1
PR |11 11 1
x(R) |1 1 1 1 1
r® Ng 4 0 0 2 0
xR |1 - - 1 -
x(R) |4 0 0 2 0
r® Nr 4 0 0 0 2
xR |1 - - - 1
x(R) |4 0 0 0 2

plied.? Table 3.6 lists the number of the invariant I" points, Ng, the character
for one I" point, x( (R), and the character as a whole, x(R) = Ng x x'")(R).
X(l)(R) is the quantity that characterizes the overlapping of the initial and
the transformed atomic orbitals, or, for the present problem, the overlapping
of the initial and the transformed polarization vectors. This quantity plays an
important role when we make the symmetry assignment for the 3D crystals.
However, for the 2D crystals, it is always equal to unity as long as we treat
the electric field E, for the E polarization and the magnetic field H, for the
H polarization, since no 2D symmetry operation changes E, or H,.

The reduction procedure is similar to that used to obtain the compatibility
relations. For example, in the case of the B; representation,

the number of the B; representation on the re point

> x(R)xs (R)

o ReCyy
the number of elements in Cy,

(3.39)

Hence, it is calculated as below, and we obtain one B; representation.

E 204 CZ 2Jv 20d

X(R) 4 0 0 2 0
xB, (R) 1 -1 1 1 -1
{4x1 4+ 0 + 0+4+2x1x2+0}/8=1—1%x5B,

3 For this case, the word “invariant” should be considered exactly. Nr does not

include the number of the wave vectors that are transformed to their equivalent
points, but is the number of those wave vectors that R keeps at their original
positions.
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Table 3.7. Irreducible representations given by the superposition of electromag-
netic plane waves in free space whose wave vectors are regarded as those in the
reciprocal lattice space of the square lattice. The number in the square brackets
denotes the number of the equivalent k vectors

Symmetry Point Representative wa/2mc in Irreducible
k vector free space representations
o ro 7/a(0,0) [1] 0 Ay
r® m/a(2,0) [4] 1 Ai+Bi+E
r® m/a(2,2) [4] V2 A1+ By + E
r 7/a(4,0) [4] 2 A+ B +E
o MY r/a(1,1) [4] 1/v2 A+ B+ E
M®  7/a(3,1) [8] V10/2 A1+ As + Bi 4 B2 +2E
Cay x® 7/a(1,0) [2] 1/2 A+ B,
x® w/a(1,2) [4] V'5/2 A1 + As + B1 + Bs
X®  7/a(3,0) [2] 3/2 A+ B
X®  w/a(3,2) [4] V13/2 A1+ Ay + Bi 4 B2

We also obtain one A; mode and one F mode. The irreducible representations
can be obtained for other I' points in a similar manner. The results are
summarized in Table 3.7. The reduction procedure is the same for the M
points, because they also have the Cy, symmetry. On the other hand, the X
points have Cy, symmetry. Hence, their irreducible representations can be
obtained by consulting the character table of the C5, point group shown in
Table 3.3. The results for the M and X points are also listed in Table 3.7.

We have so far treated the case of the dielectric function with an infinites-
imally small periodic modulation. When the spatial variation of the dielectric
function becomes large, in such a manner that its symmetry is maintained,
then the angular frequency of the eigenmode will change, but the symmetry of
the eigenfunctions will remain unchanged. This is because the rigorous eigen-
function of the photonic crystal with a particular type of symmetry should be
formed as a linear combination of unperturbed wave functions with the same
symmetry. Otherwise, the rigorous eigenfunction would have no symmetry,
and this contradicts the general rule that any eigenfunction of a photonic
crystal should be attributed to one of its irreducible representations. There-
fore, the mode assignment of the actual photonic bands can be accomplished
by means of the comparison with those in free space. This task is easy, espe-
cially for the low frequency region where wa/2mwc < 1, and examples will be
given in the following sections.
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3.2 Classification of Eigenmodes in the Square Lattice

Figure 3.4 shows the photonic band structure of the 2D crystal composed of
a square array of circular air cylinders made in a uniform dielectric material
with a dielectric constant of 2.1. The filling factor, or the volume fraction
of air cylinders, is 0.25. The dielectric constant of the air rod was taken
to be unity. 2D photonic crystals of this type were fabricated and studied
experimentally [46]. The dispersion curves were obtained by the plane-wave
expansion method described in Sect. 2.2. In order to obtain the symmetry
assignment shown in Fig. 3.4, it was sufficient to know the symmetry of a
few modes by examining their eigenfunctions by numerical calculation. The
rest of the assignment was conducted by consulting Tables 3.5 and 3.7. If we
compare the symmetries in the band diagram and those in Table 3.7, their
correspondence is apparent. For example, the lowest mode on the I' point
with an eigenfrequency of zero comes from the I'"™) point in Table 3.7. The
second to the fifth modes on the I" point come from the I'"® point. Group
theory tells us that two of them are non-degenerate A; and By modes and
one of them is doubly degenerate F mode, which is actually observed in Fig.
3.4. Similar correspondence is found for the sixth to the ninth modes on the
I' point and for the rest of this figure. Hence, we may conclude that group
theory is quite powerful for the symmetry assignment for the photonic band
structure.

For the present problem, the contrast of the dielectric constant, 2.1:1.0,
is not very high, and thus the dispersion curves are not so far from those in
a uniform material with an averaged dielectric constant, which was shown in
Fig. 1.9. This is why the extremely good correspondence shown above was
obtained. However, even if the contrast of the dielectric constant is high, such
as 10:1, we usually also obtain a good correspondence for wa/2mc < 1.

There is a very interesting phenomenon related to the symmetry of the
eigenmodes that was first reported by Robertson et al. [41, 42]. This is con-
cerned with the B modes on the A and the X points. These modes are
antisymmetric about the mirror plane spanned by the x and z axes (the
symmetry operation is o,) or by the vector (1, 1) and the z axis (the sym-
metry operation is 04). We examine the case of the F polarization first. We
assume that an external plane wave polarized in the z direction is incident
on the photonic crystal and propagated in the x direction. Hence, its electric
field has only the z component of the following form:

E, = E,gexp{i(kx — wt)}. (3.40)

Because this field does not depend on the y coordinate, it is symmetric under
the mirror reflection o,. On the other hand, the B modes on the A point
are antisymmetric. Therefore, their effective coupling on the surface of the
photonic crystal is equal to zero, and the incident plane wave cannot excite
the B modes. Hence, we refer to those B modes as uncoupled modes or
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Fig. 3.4. Dispersion relation of the 2D square lattice composed of circular air-rods
formed in the dielectric material with a dielectric constant of 2.1 for (a) the E
polarization and (b) the H polarization. The filling factor is 0.25. (After [47])
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inactive modes. The same phenomenon takes place when the incident plane
wave is pointed to the (1, 1) direction or the I' to M direction. It cannot
excite the B modes on the X point. Hence, the B modes on the X' point are
also uncoupled modes. As for the incident plane waves polarized in the z-y
plane, the same arguments can be made by considering the H polarization.
For example, the incident plane wave that is propagated in the z direction
now has the z component of the magnetic field of the following form:

H, = H,pexp{i(kz — wt)}, (3.41)

which is symmetric under the mirror reflection o,. By a similar discussion to
that given above for the E polarization, we can conclude that all B modes
of the H polarization on the A and the X' points are uncoupled modes.

Robertson et al. [41, 42] found by experimental observation that these B
modes do not contribute to the light propagation. This was also confirmed by
numerical calculation of the transmission spectra [43, 48]. The same feature
was predicted by the vector KKR method for an fcc lattice [30]. The presence
of the uncoupled modes is peculiar to 2D and 3D photonic crystals. For 1D
crystals, all eigenmodes are symmetric when it is propagated in the direction
perpendicular to the dielectric layers. In Chap. 4, some examples of opaque
frequency regions in the transmission spectra due to the uncoupled modes
will be presented.

3.3 Classification of Eigenmodes
in the Hexagonal Lattice

Figure 3.5 is another example that shows the symmetry operations for the
hexagonal array of circular dielectric cylinders. The structure is invariant
when it is rotated by multiples of 60 degrees. Those rotations are denoted
by Ce, C3(= C2), Ca(= C2), O3 (= C3), and Cg ' (= C§). The structure is
also invariant when the o, or o, mirror reflection is operated. It is readily
seen that there are two other mirror reflections denoted by ¢/, and o/ that
are equivalent to o,. These three mirror planes intersect each other at angles
of 60 degrees. ‘7;// and O'Z/I/ are, on the other hand, equivalent to o,. Together
with the identity operation F, these symmetry operations constitute the Cg,
point group:

Cop = {E,C’6,Cﬁ_l,C’3,Cgl,Cg,ol,a;,ag,ay,a;,ag i (3.42)

We can easily prove that the elements in the following sets of operations are
conjugate with each other:

(Uﬂm O';, 0—;’)’ (Uya o, 0'//); (067 Cgl), (Cg, C;l) (3.43)

v %y
Hence, we may write

Cov = {E7206a203702730xa30y}- (3.44)
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Fig. 3.5. Symmetry operations for the 2D hexagonal array of dielectric cylinders

Here, we represented Cs and Cy ! by 2C, and so on.

Figure 3.6 shows the first Brillouin zone of the hexagonal lattice. The
elementary lattice vectors {a,,as,} and the elementary reciprocal lattice
vectors {by/, by} are

a a/2

H 0 2 V3a/2 (3.45)

Fig. 3.6. First Brillouin zone of the 2D hexagonal lattice
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27 /a 0

R , 3.46
—21/v/3a 2 (3.46)

b =
Y 47r/\/§a

where « is the lattice constant. There are three highly symmetric points: The
I point, (0, 0), the K point, (47/3a,0), and the M point, (7/a, —m/v/3a).
Those points between the I' and the K points are denoted by 7', and those
between the I' and the M points are denoted by Y. Examining the symmetry
of these points, it is apparent that

Mp = Cg,. (3.47)
As for the K point,

MK = {E,203,30'y} = Cgv, (348)
since we have

47 /3a —2m/3a 47 /3a
Cs = = +byy
0 21 /\/3a 0
4dr/3
Y (3.49)
0

On the other hand, for the M point,

MJW = {E70230—3/4/30—;I = 021)7 (350)
since we have
m/a —7/a m/a
CQ / = / — / — bl//
fw/\/ga ﬂ/\/ga —ﬂ/\/?:a
= /e . etc. (3.51)
0

Table 3.8. Character table for the Cg, point group

Ceow | E 2Cs 2C3 Cy 30y 30g
Aq 1 1 1 1 1 1
Ao 1 1 1 1 -1 —1
B: 1 -1 1 -1 1 -1
Bs 1 -1 1 -1 -1

Eq 2 1 -1 -2

Eo 2 -1 —1 2 0
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Table 3.9. Character table for the Cs, point group

Cs, | E 2C3 30,
Ay 1 1 1
Ao 1 1 -1
E 2 -1 0

Table 3.10. Compatibility relations in the hexagonal lattice

T X
I: Aq A A
As B B
B A B
By B A
E,, B | A+B A+B
K: Ay A -
Ao B -
E A+ B -
M: A, By - A
Aa, Bs - B

Table 3.11. Irreducible representations for the electromagnetic waves in free space,
whose wave vectors are reduced in the first Brillouin zone of the hexagonal lattice

Symmetry  Point Representative wa/2mc in Irreducible
k vector free space representations

Céo ro 2 /a(0,0) 0 Ay

F(Z) 27‘(’/0,(1,—1/\/3) 2/\/§ A1+BQ+E1+E2

F(3) 271'/&(27 0) 2 Ay + B+ E1+ Es
Cs, K® 2m/a(2/3,0) 2/3 A+ FE

K®  21/a(2/3,2//3) 4/3 A1+ E

K®  on/a(5/3,-1/v/3)  2V7/3 Ay + A +2E
o MO n/a(l,—1/v/3) 1/vV3 A+ By

M® 7/a(1,v/3) 1 A1+ By

M® m/a(3,1/v/3) 7/3 A1+ Ay + B+ By

As for the others,

Mz = {E,JZ} = Clh, (3.52)
MT = {E,O'y} = Clh- (353)
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A (a)

A, (b)

0.0
M r K

Fig. 3.7. Photonic band structure of the 2D hexagonal lattice for (a) the E polar-
ization and (b) the H polarization

The character tables for the Cg, and the C5, point groups are shown in Tables
3.8 and 3.9. The compatibility relations can be obtained as before. The result
is summarized in Table 3.10.

As we did for the square lattice, we can obtain the irreducible represen-
tations that are expected to appear in the band diagram of the hexagonal
lattice by examining the set of plane waves in free space with the same unper-
turbed eigenfrequencies. The reduction procedure to obtain the irreducible
representations is completely similar to that used for the square lattice. The
results are shown in Table 3.11. The assignment of the symmetry to each
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mode is easily performed by consulting Tables 3.10 and 3.11 if we know the
symmetry of a few modes by solving the eigenvalue problem by numerical
calculation. Figure 3.7 shows an example of the band diagram and the sym-
metry assignment that was obtained for the hexagonal lattice composed of
circular air-cylinders formed in a uniform dielectric material with a dielectric
constant of 2.72. The filling factor is 0.65. Photonic crystals of this type were
fabricated and studied in [49].

3.4 Group Theory for Three-Dimensional Crystals

Now, we proceed to the case of 3D photonic crystals [50, 51]. The eigen-
functions of the electric field E(r) and the magnetic field H(r) satisfy the
following eigenvalue equations:

1 w

LeE(r)= €(T)V x {Vx E(r)} = C—QE(T), (3.54)
LyH(r) =V x {E(lr)v x H(r)} - %H(r). (3.55)

We denote a symmetry operation that belongs to the point group M of the
crystal by R as before. R acts on any scalar function f(r) such that

Rf(r) = f(R'7), (3.56)

<>
where R is now the 3 x 3 matrix representagon of the operator R. Because
R is a rotation, inversion, or their product, R is an orthogonal matrix:

< g
RR =T, (3.57)

<
where t denotes the transposed matrix and I is the 3 x 3 unit matrix. This
implies that

hg hg
Rf =R (3.58)
We note that
detR = £1, (3.59)
since from (3.57) and
g <>
detR = det R, (3.60)
we have
hg >
(detR)? = det (R R*) = 1. (3.61)

When R acts on a vector field, it changes both the position vector and the
field vector:

RF(r) = RF(R~'r). (3.62)
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e(r) is invariant when it is operated by R:

Re(r) = 5(<f_{>*1r) =e(r) for VRe M, (3.63)
Then, we can verify by direct calculation that R commutes with Lg and Lp:
RLpR™ = Lg, (3.64)
RLyR™' =Ly, (3.65)

Therefore, the usual classification of the eigenmodes according to the irre-
ducible representations of the k-group My can be applied to Eg,(r) and
Hk:n (’I")

Proof of (3.64) and (3.65)
We denote ﬁ by

Ry, Ri2, Ras
ﬁ = Ro1, Rz, Ras : (3.66)
R31, Rs2, Rss
For an arbitrary vector field F(r),
R(VX)R™'F(r)
= R(Vx)R'F(Rr)

(Ro2R33 — Ra3R32)(0y F3 — 0, I%)
+(R13R32 — Ri2R33)(0. F1 — 0. F3)
+(R12R23 — Ri3R22) (0, F> — 0y )

(Ra3R31 — Ro1R33)(0y F3 — 0, F5)
+(R11R33 — Ri3R31)(0.F1 — 0. F3) |, (3.67)
+(R13R21 — Ri1R23) (0, F> — 0y )

(Ro1R32 — RooR31)(0y Fs — 0. F»)
+(Ri2R31 — Ri1R32) (0. F1 — 0, F3)
+(R11R22 — R12R21)(0:F» — 0y F1)

I
=vk>

where 0, F3 denotes 0F3/0y, etc. When we denote the determinant of the
<> <>
(¢, 7)th cofactor of R by A,;, and define a matrix A by
A, Ao, Az
<> <>
A=R| Ap, Ay, A |, (3.68)
Az, Agz,  Asg
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(3.67) can be rewritten as
R(VX)R™LF(r) = AV x F(r). (3.69)

It is a fundamental theorem of linear algebra that

3
Aij = Z Ry Aj; = (det ﬁ)&-j. (3.70)
=1
We thus have

R(VX)R'F(r) = (det R)V x F(r). (3.71)
Since this equation holds for arbitrary vector fields, we obtain
R(VX)R! = (det R)V x . (3.72)

Finally, we obtain

RLER ™' = R%R_l {R(Vx)R'}?
=Lp. (3.73)

Here, we used (3.61). Equation (3.65) can be proved in a similar manner. m

We denote the characters of the irreducible representations of the electric
and the magnetic fields by x¥)(R, kn) and x)(R, kn), respectively:

REj,(r) = X' (R, kn) Eg, (r), (3.74)

RH ., (r) = x")(R, kn)H ,, (v). (3.75)
From one of Maxwell’s equations, the following relation holds:

V X Egn(r) = iwgnpoHgn (7). (3.76)
Thus, we have,

R(VX)R'REk,(r) = iwknpto RH g (). (3.77)
Substituting (3.72), (3.74), and (3.75), we obtain

(det R)x BV (R, kn)V x Ejp(r) = iwgnpox ™ (R, kn)Hp (r).  (3.78)
Comparing (3.76) and (3.78), we obtain

YD (R, kn) = (det R)xE)(R, kn), (3.79)
where

+1 roper transformation),
det R = (prop ) (3.80)
—1  (improper transformation).
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This difference between (&) and yH) originates from the fact that the elec-
tric field is a true vector whereas the magnetic field is an axial vector. Equa-
tion (3.79) implies that the irreducible representation for the magnetic field
is generally different from that for the electric field. On the other hand, the
character for the electric displacement Dy, (r) is the same as that for the
electric field because the following relation holds:

(RDgn)(r) = (Re)(r)(REkn)(r)
= x'B)(R, kn) Dy, (v). (3.81)

Therefore, Dy, (r) and Eg,(r) are attributed to the same irreducible rep-
resentation. Because Dy, (r) and H g, (r) are purely transverse waves even
with the spatial variation of the dielectric function, we can constitute their
eigenfunctions with transverse plane waves alone. We can use this fact to
obtain the irreducible representations of the eigenfunctions.

3.5 Classification of Eigenmodes
in the Simple Cubic Lattice

We consider the details of the reduction procedure for the transverse vector
fields with a simple cubic lattice composed of dielectric spheres as an example.
Figure 3.8 shows its symmetry operations. First, the structure is invariant
under the rotations about the x, y, and z axes by 90, 180, and 270 degrees.
These rotations are denoted by Cy, Cs, and C 1 as before. C; and Cy 1
are conjugate with each other. We should also note that the Cj rotation
about the = axis is conjugate with that about the y and the z axes. Hence,
these three Cy and three C; ' rotations have the same characters and may
be denoted by 6C4. Similarly, three C5 rotations are conjugate with each
other and denoted by 3C5. There are two other sets of rotation axes that
are denoted by C} and Cj5. Six C} operations are conjugate with each other.
As for the C5 rotation, eight operations are conjugate. The structure is also
invariant under the spatial inversion I. The rest of the symmetry operations
are given by the product of I and the operations described above: 61Cy, 3I1C5,
61C%, and 8IC3. Among these, ICy and ICY are usually denoted by o and
04, respectively. They are mirror reflections about the horizontal plane and
the diagonal plane. Together with the identity operation F, these symmetry
operations constitute the Oy, point group:

Oh = {E, 604,302, 30&,803,[, 6[04, 3Uh, 60'(1,8[03}. (382)

The character table of the Oy, point group is shown in Table 3.12.

The first Brillouin zone of the simple cubic lattice is depicted in Fig. 2.1.
We examine the symmetry of its highly symmetric points. It is apparent that
the I' point has the O} symmetry:

Mr = Op. (3.83)
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Fig. 3.8. Symmetry operations for the Oy, point group

Table 3.12. Character table for the Oy point group

O, | E 6Cy 3C: 6Cy 8Cs I 6ICy 30, 60g 8ICs
Ay 1 1 1 1 1 1 1 1 1 1
Azg 1 -1 1 -1 1 1 -1 1 -1 1
Ey 2 0 2 0 -1 2 0 2 0 -1
Ty 3 1 -1 -1 0 3 -1 -1

Tog 3 -1 -1 1 0 3 -1 -1 1

A | 1 1 1 1 1 -1 -1 -1 -1 -1
Asu | 1 -1 1 -1 1 -1 -1 -1
E, 2 0 2 0 -1 -2 0 -2 0

Thu 3 -1 —1 -3 —1 1

T 3 -1 -1 1 -3 1 1 -1

The symmetries of other points are

Mg = Oy,

Mx = {E,2Cy,Cs,2C%,2C%  1,2ICy, 01,204,204} = Dap,
Mur = Dyp,

Ma ={E,2Cy,Cs,20,,204} = Cy,

Mr = Cyy,

My ={FE,2C5,304} = Csy,

My ={E,Cl, 04,04} = Coy,

Mz ={FE,Cy,20,} = Coy,

Mg ={E,C} 04,04} = Cay.

The symmetry operations for these points are illustrated in Fig. 3.9. The
character table for the D4 point group is given in Table 3.13. The character
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Fig. 3.9. Symmetry operations for the highly symmetric points in the first Brillouin
zone of the simple cubic lattice

tables for the Cy,, Cs,, and Cy, point groups are given in Tables 3.2, 3.9,
and 3.3, respectively. Our next task is to obtain the compatibility relations.
The procedure is exactly the same as that for the 2D crystals described in
the previous sections. The final results are summarized in Tables 3.14 and
3.15.

In Sects. 3.1-3.3, we obtained the possible combinations of irreducible
representations that appear in the band diagrams of the 2D crystals by per-
forming the reduction procedure for the reducible representations composed
of plane waves. We would like to do the same thing for the electromagnetic
eigenmodes in the 3D crystals. However, there is an apparent difference be-
tween the present and the previous problems. That is, we now have to deal
with vector fields instead of scalar fields. Hence, we should first examine how
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Table 3.13. Character table for the Dy, point group

Dy | E 204 Cy, 2C, 2CY I 2ICy on 20, 204
A, | 1 11 1 11 11 1 1
Agy | 1 1 1 -1 -1 1 1 1 -1 -1
By, | 1 -1 1 1 -1 1 -1 1 1 -1
By |1 -1 1 -1 1 -1 1 -1

E, | 2 0 -2 0 0o 2 0 -2 0 0
A | 1 11 -1 -1 -1 -1 -1
Ay | 1 1 1 -1 -1 -1 -1 -1 1 1
B, |1 -1 1 1 -1 -1 1 -1 -1 1
B | 1 -1 1 -1 1 -1 —1 -1
E., | 2 0 -2 0 0 -2 0o 2 0 0

we can constitute the reducible representations with related plane waves and
how we can reduce them to obtain the irreducible representations.

We begin with the case of the magnetic field. Because we assumed
throughout this book that the magnetic permeability is constant, the mag-
netic field is purely transverse. Hence, its eigenfunction can be expressed as
a linear combination of transverse plane waves. For the infinitesimally small
spatial modulation of the dielectric constant, the eigenfunction is a particular
combination of the plane waves with the same eigenfrequency in free space
that satisfies Bloch’s theorem. In other words, the eigenfunction is composed
of the plane waves with equivalent k vectors in the extended Brillouin zone.
We have to take into account the presence of two independent polarizations
for each k vector. We can thus constitute the reducible representation of the
eigenfunction of the magnetic field. Our final task is to reduce it to obtain
the irreducible representations. The reduction procedure for the 3D crystals
is slightly different from that for the 2D crystals because of the presence of
the two polarizations.

We examine the reduction procedure with the X ) point as an example.
It has the Dy, symmetry as was shown before. There are two equivalent
X @) points in the first Brillouin zone whose coordinates are m/a(0,0,1) and
7/a(0,0,—1). First, we have to count the number of exactly invariant X )
points, Ng, when operation R in Dy, is applied. This is listed in Table 3.16.
It can readily be seen that non-zero Ni appears for the rotations about the
z axis and the mirror reflections whose mirror plane contains the z axis. In
other words, the wave vector should be on the rotation axis or on the mirror
plane for N to be non-zero.

The next task is to find the character for one X point, x((R). In
general, we denote the plane waves with the two independent polarization
vectors by f1(r) and fa(7):
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Table 3.14. Compatibility relations for the simple cubic lattice

A X A

F : A1g A1 A1 Al
Azg B By A2

Eg AL+ By AL+ By FE

Ty Ax+E Ay+Bi+Bx A+ FE
Ty Bo+FE A1+A2+By A1+ FE

Ay As As Ay
Agy B> B A
E, A+ B As + B E

T A1+E Ai+Bi+B A+ FE
T Bi+E Ai1+Ax+B1 A+ FE

A Z S
X Alg A1 A1 Al
Aag As Bs Bs
Blg B, Al Bo
BQg By Bs Al
Eg E As + By A+ By
Ay Ay As Ao
Asy Aq By B
Blu BQ A2 Bl
Ba, By B, Ao
Eu E Al + BQ Al + B2
e, €
€
e'1
0
e 1
€ € < // > €
k k
(@) (b)

Fig. 3.10. Variation of the polarization vectors by (a) rotation and (b) mirror
reflection
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Table 3.15. Compatibility relations for the simple cubic lattice (continued from
Table 3.14)

X Z T
M: Ay Aq Ar Aq
Aag By B A
By By Ay By
Bay Ay B, B
E;, A+ B> Az + Bs E
Ay Ao Ao As
Aoy By B Aq
By By Ay B
Ba, Ay B By
E. A+B A+ B F
A S T
R: Ay Ar Ar Aq
Aag A B By
E, E Aq + Bo A1+ By

Tig A+ FE Az + B1 + Bo A+ FE
Toy A+ E A1+ A+ B B+ FE

Aty A A A
Aay A B, B
E. FE As + By Az + Bs

Tiw A1+E Ai+Bi+By A1+ FE
Tow A2+ E A1+A+By Bi+FE

Table 3.16. Characters of the lowest two representations at the X point of the
simple cubic lattice. (After [51])

Duy, E 20, C? 20, 20Y I 2ICy on 20, 204
x® Nr 2 2 2 0 0 0 0 0 2 2
PR |2 0o -2 - - - - -0 0
x(R) |4 0 -4 0 0 0 0 0 0 0
x® Nr 8 0 0 0 0 0 0 0 4 0
X(l) (R) | 2 _ —_ _ _ _ _ _ 0 —_
x(R) |16 0 0 0 0 0 0 0 0 0
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Table 3.17. Character for the rotation and the mirror reflection

R Cs C4 03 C2 ag
PR |1 0 -1 -2 0

fi(r) = ere®™, (3.93)
Fa(r) = ese™7. (3.94)

Here, we do not restrict our argument to the X () point. The following dis-
cussion is common to all wave vectors. When the rotation about the axis
that contains the wave vector k is operated, according to the definition of
the operation (3.62), these vector functions are transformed as follows (see
Fig. 3.10(a)):

R fi(r) _ [ cos 6, —sinf Ja(r) . (3.95)

fa(r) sinf,  cosf fa(r)

Note that k- is invariant even when the rotation is operated. By definition,
X(l)(R) is given by the trace of the 2 x 2 matrix in the right-hand side of
(3.95), i.e.,

XY (Ry) = 2cos¥. (3.96)

As for the mirror reflection o, whose mirror plane contains the k vector, the
two plane waves are transformed such that (see Fig. 3.10(b))

of S b0 hur) ) (3.97)

fa(r) 0, 1 Fa(r)

Note that k - r is also invariant when the mirror reflection is operated. We
thus obtain

YV (o) = 0. (3.98)

The results are summarized in Table 3.17. The character for the two
equivalent X points as a whole, x(R), is then given by

X(R) = Ng x x'V(R), (3.99)

and it is listed in Table 3.16. The character of the reducible representa-
tion composed of the plane waves corresponding to the eight equivalent X (2)
points with the second lowest unperturbed angular frequency, whose repre-
sentative wave vector is given by 7/a(0,2,1), can be obtained by following
the same procedure. The results are also summarized in Table 3.16. Our final
task is the reduction of the reducible representation to find the irreducible
representations contained in it. This can be accomplished by consulting the
character table of Dy, (Table 3.13). In the case of the E, representation, for
example,



72 3. Symmetry of Eigenmodes

the number of the F, representation on the X @ point

REZD X(R)xEg,(R)

- the number of elements in Dy,

(3.100)

By this calculation, we find that we have one E; and one E, irreducible
representations for the X (! point. We can obtain the irreducible represen-
taions for other symmetric points in a similar manner. The final results are
summarized in Table 3.18.

From the relation given in (3.79), we can obtain the irreducible represen-
tations for the electric field. In order to distinguish the representations for
the magnetic field and the electric field, we denote the former by superscript
(H) and the latter by superscript (E). So, for example, we have EéH) and
quH) representations for the X point. Now, the character for the electric
field accompanied by the magnetic field of the E, representation is given by

XP(R) = (det R (R). (3.101)

When we compare X(E)(R) given by this equation with the characters for
the Dy, point group listed in Table 3.13, we can readily find that y¥)(R)
agrees with the character for the E, representation. Similarly, we obtain the
E, representation for the electric field accompanied with the magnetic field
of the F, representation:

xW. EM = E®), (3.102)
EM «— E®. (3.103)

We see that the same sets of irreducible representations appear for both mag-
netic and electric fields. This is not a coincidence, but a necessity. In order to
prove this general property it is enough to think of the procedure to obtain
the irreducible representations for the electric displacement that is transverse
even with the spatial modulation of the dielectric constant like the magnetic
field. We can readily understand that the procedure is exactly the same as
for the magnetic field. We thus obtain the same set of irreducible represen-
tations for Dy, (r), and hence, for Ey,(r) as for Hpg,(r). Therefore, the
superscripts (F) and (H) are dropped in Table 3.18 because the irreducible
representations as a whole are common to both fields. "™ should be dealt
with separately because its wave vector is equal to zero and there is no dis-
tinction between the transverse and longitudinal plane waves. Actually, these
are constant polarizations to all 3D directions with zero eigenfrequency, and
we have to treat them equally. Then, the degree of freedom, i.e., the number
of independent polarizations is three for this particular case. When we fol-
low the argument given above for this case in a similar manner, we see that
X(Rg) = 2cosb + 1, x(o) = 1, etc., which leads to the Tj, representation.
As an example, Fig. 3.11 shows the symmetry assignment of the magnetic
field of the simple cubic lattice whose band structure was shown in Fig.
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Fig. 3.11. Photonic band structure and the irreducible representations for the
magnetic field of the eigenmodes of the simple cubic lattice with a dielectric sphere
at each lattice point. The ordinate is the normalized frequncy. The following values
were assumed for the numerical calculation; the dielectric constants of the spheres
and the background are 13.0 and 1.0, and the ratio of the lattice constant a and the
radius of the sphere is 1:0.3. All one-dimensional eigenmodes at the A point, i.e.,
A1, As, B1, and B2 modes, and A; and As modes at the X point are uncoupled
modes. (After [51])

2.2. For the actual procedure of the symmetry assignment, we had to know
the irreducible representations of only several eigenmodes by studying their
wave functions numerically, and then the compatibility relations (Table 3.14)
that connect the irreducible representations for adjacent wave vectors with
each other and Table 3.18 were utilized in order to accomplish the rest of
the assignments. The irreducible representations of the electric field can be
derived using (3.79).

Now, we examine the uncoupled modes on the A and X' points. For the A
point, its symmetry is Cy,, and each of its one-dimensional representations
has a particular value of the character for the two o, mirror reflections; o, on
the z-z plane and ¢, on the y-z plane. This implies that the eigenmodes on
the A point should be symmetric or antisymmetric for both ¢, and ¢,. On
the other hand, the magnetic field of a plane wave that is linearly polarized
to the x or y direction must be symmetric for one mirror reflection and anti-
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symmetric for the other. Therefore, there is a symmetry mismatch between
those one-dimensional eigenmodes and the incident plane wave. Then, we can
identify them as uncoupled modes. As for the X point, its symmetry is Cs,,,
which has the following two mirror reflections; o, on the z-y plane and oy,
on the plane spanned by the z axis and the (1,1,0) vector. Among the four
one-dimensional representations, A; is symmetric and A, is antisymmetric
for both mirror reflections. Hence, they are uncoupled modes. On the other
hand, B; and By modes are symmetric for one mirror reflection and anti-
symmetric for the other. Then they have the same symmetry as the linearly
polarized plane wave, and they can be excited by the incident plane wave,
although they are coupled to only one polarization. Then, for example, we
expect total reflection for both polarizations at wa/27¢ = 0.6 when the inci-
dent plane wave is pointed to the I'-M direction, i.e., the (1, 1,0) direction in
spite of the non-zero density of states. Since the frequency range where only
the A; mode exists is quite large, it will not be difficult to confirm this total
reflection experimentally. In addition, the assumed specimen is transparent
for one polarization and opaque for the other polarization at wa/27c ~ 0.47,
0.53, and 0.66. This feature is also an important consequence of the symmetry
of the lattice and its eigenfunctions.

3.6 Classification of Eigenmodes in the fcc Lattice

Photonic crystals with the face-centered-cubic (fcc) structure have attracted
great interest, since specimens of good quality with a small lattice constant,
e.g., less than 1 um, can be obtained. The representative specimens are ar-
tificial opal crystals composed of the fcc lattice of dielectric spheres made of
silicon dioxide [2, 52-54]. Fcc-like structures are also realized by Yablonovite
[55, 56]. In this section, we will examine the symmetry properties of the fcc
photonic crystals, and present the compatibility relations and the irreducible
representations of the electromagnetic field that are expected to appear in
the photonic band diagrams from the group-theoretical argument.

The first Brillouin zone of the fcc lattice is shown in Fig. 3.12. The el-
ementary lattice vectors {ai,as,a3} and the elementary reciprocal lattice
vectors {by, ba, b3} of the fcc lattice are given by

0 1 1
a a a
a; 5 1 , Qg D) 0 , asg 2 1 > (3 0 )
1 1 0
-1 1 1
21 21 2
by =— 1 , by = — -1 , by = — 1 . (3.105)
a a a
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Fig. 3.12. First Brillouin zone of the fcc lattice

Table 3.19. Character table for the D34 point group

Dsq | E 205 3C, 1 2ICs 3o,
Ay, | 1 1 11 1 1
Agy | 1 1 -1 1 1 -1
E, | 2 -1 0o 2 -1 0
Ay, | 1 1 -1 -1 -1
Agy | 1 1 -1 -1 -1

E, | 2 -1 0 -2 1 0

It can be easily found that the symmetries of the highly symmetric points
are as follows.

Mp = Oy, (3.106)
My = Dsq, (3.107)
My = Dag, (3.108)
Ma = Chy, (3.109)
My = Csy, (3.110)
My =Mz =Mg=Mpy=Mg=_Cqy. (3.111)

The character tables of the Oy, Cy,, Cs,, Ca, point groups were already
presented. The characters for the D3y and Doy point groups are shown in
Tables 3.19 and 3.20. The compatibility relations can be obtained in a similar
manner as was done for the simple cubic lattice. The results are listed in
Tables 3.21 and 3.22.
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Table 3.20. Character table for the Dy4 point group

Doy | E 2IC, Cy 2C5 204
Aq 1 1 1 1 1
Ao 1 1 1 -1 -1
B, 1 -1 1 1 -1
Bs 1 -1 1 -1 1
E 2 0 -2 0 0

Table 3.21. Compatibility relations for the fcc lattice

r A b)) A U Iw
Ay | A A A A A
Azg B, B Ao B A
E, | A+ Bl A +B» E A+B 24

Tlg A+ F As + By + By A+ F A+2B A+2B
ng By + F Ay + Ay + By A+ F 2A+ B A+2B

Alu A2 AQ A2 B B
A2u BQ Bl A1 A B
E, Az + B2 As+ By E A+ B 2B

T AL+ FE A1+ By + Bs A+ F 2A+B 2A+ B
Tou B+ FE A1+ As + By A+ F A+2B 2A+ B

X A Z S
A1y Ay Ar Ay
Az A B: B
By B Ay B
By By B Ay
E, E Ax+ By As + By
Aty Ay Ao As
Aay Aq B B
By B> Ao By
Ba, Bi B Ao

E, E A1+ B A1+ B2
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Table 3.22. Compatibility relations for the fcc lattice (continued from Table 3.21)

L A Q UL KL
Aqg Ay A A A
Aoy | As B B B
E, E A+B A+B A+B
Ay A A B B
Azy Ay B A A
E, E A+B A+B A+B
w Z Q 'w wU
Ax Ay A A A
A As B B B
By Ay A B B
B> Ay B A A

E | Bi+B, A+B A+B A+B

U S I uw UL
Ay Ay A A A
Ao Ao B B B
B Bi A B A
B B B A B
K ) KL KW
Ay Aq A A
Ao Ao B B
B B, A B
Bo B, B A

The irreducible representations of the electromagnetic eigenmodes that
are expected to appear in the photonic band diagram from the group-
theoretical argument can be obtained by simply following the same procedure
as we did for the simple cubic lattice. The only difference is the choice of the
wave vectors with which we make the basis plane waves. The results are listed
in Table 3.23.
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4. Transmission Spectra

The transmission spectra of photonic crystals reflect their band structure di-
rectly. They are often used for the experimental characterization of real spec-
imens. In this chapter, we will formulate the plane-wave expansion method
for the numerical calculation of the transmittance and the Bragg reflectivity
of 2D crystals. It will be demonstrated that the bandgaps and the uncoupled
modes lead to opaque frequency ranges. It will also be shown that the small
group velocity peculiar to the 2D and 3D crystals, that is, the group-velocity
anomaly, is equivalent to a large effective refractive index. The refraction law
on the surface of photonic crystals will be given.

4.1 Light Transmission and Bragg Reflection

Several methods are known for the numerical calculation of the transmission
spectra of photonic crystals such as the spherical-wave expansion method
[27, 30, 57, 58], the transfer matrix method [59], and the finite-difference
time-domain (FDTD) method [60]. Although the spherical-wave expansion
method is only applicable to those crystals composed of dielectric spheres
and cylinders, its convergence property is quite good. The transfer matrix
method can be applied to any periodic structures and many excellent calcu-
lations have been performed. The FDTD method may be the most general
one, which is based on the numerical time-integration of Maxwell’s equation.
Although it is time-consuming (i.e., the computational time is long) and needs
a large memory capacity, fairly accurate calculation is possible thanks to the
tremendous development of computing facilities.

On the other hand, the plane-wave expansion method [48, 61] is based on
the Fourier expansion of the internal field and the dielectric function, and is
applicable to any 2D photonic crystal as long as the wave vector of the inci-
dent plane wave lies in the 2D z-y plane. Although its convergence becomes
poor and it is not practical when the contrast of the dielectric constant is,
say, larger than 4:1, it is very intuitive and has an advantage that the Bragg
reflectivity can be obtained at the same time. Complex dielectric constants
can be dealt with as well as real dielectric constants. The low-threshold lasing
due to the group-velocity anomaly in 2D photonic crystals was demonstrated
by this method [62]. An example of the configulation for the calculation is
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Fig. 4.1. Configuration for the calculation of the transmission and the Bragg re-
flection spectra (top view). See text for detail. (After [61])

shown in Fig. 4.1. The external plane wave in region 1 is incident on the
left (front) surface of the specimen located in region 2, which consists of N
layers of circular rods with a radius r, and the background dielectric. The
dielectric constant of the rods and the background are denoted by e, and
€p, respectively. The lattice constant is denoted by a; in the = direction and
az in the y direction, and the distance between the surface and the first
layer of the rods is denoted by d. When we deal with a square lattice, we
assume the same value for a; and as. The dielectric constants of regions
1 and 3 are ¢; and e3, respectively. The total thickness of the specimen is
L= (N—-1)as+2(R+d).

Since photonic crystals may be regarded as periodic gratings, the elec-
tromagnetic field in region 1 is the superposition of the incident plane wave
and the reflected Bragg waves, whereas that in region 3 is composed of the
transmitted Bragg waves. Here, we regard the specular reflection and the
straight transmission as the reflected and the transmitted Bragg waves of
the zeroth order. The 2D wave vector of the incident plane wave is denoted
by k;y = (ki1sin®, kicos) = (ks, ki,), where 0 is the angle of incidence.
ki = \/e1w/c, where w is the angular frequency of the incident field. The
wave vectors of the reflected and the transmitted Bragg waves of order n,

k:£7 and k:g;;), are given by
k) = kY = k(Y = ke + G, (4.1)

Gn = 2mnja; (n=0,41,42,--), (4.2)
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B2 — (k)2 itk > kY],

k) = (4.3)
—iy/(k$)2 — k2 otherwise,
k2 — (K82 if ks > KV,
kiy =4 V2 itk = Tk (4.4)

i/ (k{7)2 — k2 otherwise.

Here, k3 = \/e3w/c. Because of the spatial periodicity along the x axis, the
reflected and the transmitted Bragg waves receive a momentum along the x
axis which is a multiple of 27 /a; in (4.3) and (4.4).

As was explained in Sect. 2.2, the vector wave equations derived from
Maxwell’s equations can be reduced to two independent scalar equations
when the wave vector lies in the z-y plane, or in other words, when the fields
are independent of the z coordinate. These two modes are called the E po-
larization, for which the electric field is parallel to the z axis, and the H
polarization, for which the magnetic field is parallel to the z axis, respec-
tively. Because of the continuity condition for the tangential component of
the electric or the magnetic field at each boundary, the fields in regions 1 and
3 are also characterized by these polarizations. In the next two sections, the
details of the plane-wave expansion method will be explained. Those readers
who are not interested in the details of the calculation may skip them and
proceed to Sect. 4.4.

4.2 Field Equations

4.2.1 FE Polarization

First, we consider the E polarization. The electric field in region 2 (Fs,)
satisfies (2.57):
1 ( 0? 0?

(.4)2
’CEE2z(T’//)E {8(’]"//) ax2+ay2> +62}E22(’I"//):0 (45)

The differencial operator Kg is defined by the first equality in the above
equation. The electric fields in region 1 (E;,) and region 3 (Es5,) are given
by

o0

Er.(r)) = Egexp (ik;y - 7)) + Z R®) exp (ik:ir/;) ), (4.6)
n=—oo
Bs.(ry) = > TP exp{ik{} - (r)— L))}, (4.7)

where FEj, R%E), and 7, éE) are the amplitudes of the electric field of the in-
cident wave, the reflected Bragg waves, and the transmitted Bragg waves,
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respectively. L, = (0,L). Now, we introduce a boundary-value function
fE(xvy) :
fE(xay)
=L S ® =) (s + BP) e (i6002), (49
=7 Yin Y) | ono Lo n EXp (Ry "X ), .

where 0,,,, is Kronecker’s . Then, fg is equal to F7, or F3, on each surface
of the specimen:

fe(2,0) = Er.(2,0)  and  fg(z, L) = Es.(z, ). (4.9)
Next, we define ¥ by

Ve(r,y) = Ex(2,y) — fo(2,y). (4.10)
Then, from (4.5), (4.9), and (4.10), we obtain

Keve = —Kgefe, (4.11)

Yg(x,0) =Ygz, L) =0. (4.12)

By means of this mathematical trick, we have converted the boundary con-
ditions for Fs, into the field equation of ¥ g [63]. Then, we can relate the
internal field in region 2 to Ey at the first stage of the calculation, thereby
we can exclude the free oscillation and obtain the solution of the forced os-
cillation with the incident plane wave as the excitation source. The choice of
fE is arbitrary as long as (4.9) is satisfied.
Now, we expand ¥ g(z,y) and 1/e(x,y) in Fourier series:
o0 oo
pla,y) = Y D AL exp(ik{Va) sin oy, (4.13)

n=—oo m=1

Z Z /inmexp{ (G a:—&—T )} (4.14)

n=—oo m=—oo

Note that only sine functions appear in (4.13), since ¥g(z,0) = 0. Substi-
tuting (4.8), (4.13), and (4.14) into (4.11) and comparing the coefficients of
the independent Fourier components, we obtain the following equation after
a simple but lengthy calculation.

2
Same 3 > fowre ()]
n'=—ocom’=1
E
X(Hn n’,m+m’ — Hn—n’,|m—m’|)A$z’7)n/

2w? ( )m 1T(E) + R + onoEo

T2 m
9 oo 9
!
+; Z (k‘;n )) Z (ann’, mfm’\ - Kfn—n’,m-‘rm’)

n’'=—oo m/=1
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-1 m'flT(,E) (J,E) 5o
x( ) w Byt om0 (4.15)

m/

When we derived (4.15), the following two relations were used.

2L (=)™t mr
i 4.16
y=— WEL m sin ——y (4.16)
2 o 1— m,
— E slnmy (4.17)
szl L

The remaining boundary conditions are the continuity of the 2 component
of the magnetic field and the y component of the magnetic induction. The
latter proves to be equivalent to the continuity of the z component of the
electric field and does not yield an independent equation. Then, the former
condition at both boundaries leads to

7r Z mAE) — (ILW + 1) RP 1B 4 5.0Ey (iLki, +1), (4.18)
m=1

w3 m(-1)"AE) = RE) + (ith(j;} - 1) TE) 1 6,0 Eo. (4.19)
m=1

Equations (4.15), (4.18), and (4.19) determine the unknown coefficients, Aﬁf,%,

R,(zE) and T, ,SE). In the actual numerical calculation, we restrict the number
of terms that appear in the Fourier expansions as we did for the photonic
band calculation in Chap. 2, and solve the linear equations.

4.2.2 H Polarization

The H polarization can be treated in a similar manner. The magnetic fields
in region 1 (H;.) and in rigion 3 (Hs,) are given as follows.

Hy.(r)) = Hoexp (ik;) - 7)) + ZR;H) exp (ikff/;) Ty, (4.20)
Ha.(r ) ZT )exp{lk n. (r//—L//)} (4.21)

where Hy, Rﬁl ), and T,EL ) are the amplitudes of the magnetic field of the
incident wave, the reflected Bragg waves, and the transmitted Bragg waves,
respectively. The magnetic field in region 2 satisfies (2.58):

o 1 0 o 1 0 w?
o ¢ - 7. 9 9 H
KuHaz(ry) {5‘x6(r//)8x+8ys(r//) 8y+ c2 } 2:(7/)
o, (4.22)
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where the differential operator g is defined by the first equality in the above
equation. Now, we introduce another boundary-value function fg(x,y):

fH(x? y)

= 2 3 (T 4+ (L~ y)GaoHo + BID) fexp (Ka). (4.23)
Then we have

fr(x,0) = Hy,(x,0) and fu(x,L) = Hs,(x,L). (4.24)
Next, we define ¢y (x,y) by

Vi (z,y) = Hax(x,y) — fu(z,y). (4.25)
We thus obtain from (4.22), (4.24), and (4.25)

Kavn = —Knu fu, (4.26)

Y (x,0) =vYy(z,L) =0. (4.27)

Now, we expand vy (z,y) in Fourier series as before:

Yy (z, Z Z AU oxp (1M z) sin %y (4.28)

n=—oo m=1

Substituting (4.23)7 (4.28), and (4.14) into (4.26), we obtain

(H) Z Z [(mmﬂ- k(n)k,(n)) Ko ||

n'=—ocom/=1

/2
+ (an”L;r _ k:(r'ﬂ)kg” )) Kn—n/ mtm/ Affnl,
_ W ()" + RED 4 5,0 H,

mc? m

2rm
+ 1.2 Z (Tr(fl) - Rgf{) - 6n’0HO)"‘3nfn’,m

Z Z k;n )(Hn—n’,\m—m’\ - ann’,erm’)
n'=—ocom’=1

-1 mlflT({f) R(I/{) SoH,

=1 n ;; w_ T Owolo, (4.29)

The remaining boundary condition is the continuity of the x component of
the electric field, whereas the continuity of the y component of the electric
displacement is equivalent to that of the z component of the magnetic field.
The former boundary condition at y = 0 and y = L leads to
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TEY i mAUD)

m=1

= (isQLkﬁjzj + 61) R — oy TH) 15,0 Hy (ieaLky y +€1) (4.30)

TES Z m(—1)"AH)
m=1
= 3R 4 (iangﬁj;) - 53) TUD 4§, 025 Ho. (4.31)

Equations (4.29), (4.30), and (4.31) determine the unknown coefficients,
AE), R and T,

4.3 Fourier Transform of the Dielectric Function

4.3.1 Square Lattice

The next task is to calculate the Fourier coefficients of the dielectric function,
Knm- First, we calculate them for the configuration shown in Fig. 4.1. In order
to do this, we extend e~ !(z,y) symmetrically to the region of negative y
(—L < y <0). This extension, of course, does not make changes in e~ 1(x, %)
in the positive y region (0 < y < L). Whether we extend it symmetrically or
antisymmetrically to the negative y region is not critical. It is thus expressed
as

1 _ 1 + (; - Elb) Z _z: 2 S(ry —u;y(1,1)), (4.32)

€(x7y) €b

where w; /(1,1") is given by

wyy(1,1) = (a1l, asl' + 1, + d), (4.33)
ugy(L,1) = (a1l, —agl’ —ry —d), (4.34)
and
L (|ryl <ra),
S(r) = / (4.35)
0 (lryl>ra).
Then,
1 @ L 1 ) mm
Fonm = 2a1L /0 dz /_L dy e(z,y) xp {_1 (an * Ty)}
1 oo N-1

1 1 /1 2
= ot + 5 (53 _ Sb) Yy Y
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ay L
X / da:/ dy S(ry —wu;y(1,1") exp (=G py - 7))
0 L
:i(S Omo + L (1.1 ilvz_:lexp{—i(; (0,1}
b n09mo 20,1.[/ Ea Eb == nm /[ Wi /Yy

X / dx/ dy S(ry)exp (=iGpmy - 7)), (4.36)

where G,y = (Gpn,mm/L). The Fourier transform of S(r ) is given by

e o0 . 277,
/ daf/ dy S(ry)exp (—iGpmy - 7)) = G J1(Gnmra),  (4.37)

where J7 is the Bessel function of the first order and
mi\ 2
We used (2.96) when we derived (4.37). Next, we calculate the summation
over j and !’ in (4.36). We define S; (j = 1,2) by
N-1

S; = Z exp { —iGpm -u;y(0,1)} . (4.39)
=0

We can show easily that

1—exp(—imNagm/L)

exp{—immn(r, +d)/L}

S = Texp(—imazr/L) ™70 4
N (m =0),
Sy = S5 (4.41)
Finally, we obtain
g + % (n=0, m=0)
2f ( L i) 7‘]1&%”“) (n#0, m=0)
fum = 2p 1 T (4.42)
¥ (G = a) ey
sinfagomN7/(2L)] J1(GpmTa) 0
*Sinlasmn /L)) Comra (M F0)

where f is the filling factor given by
N mr2
o alL '

When the thickness L and the distance d are commensurate with the lattice
constant asg, i.e., if

(4.43)

ro+d = % and thus, L = Nay, (4.44)
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N layers

Fig. 4.2. Top view of the geometry of the 2D crystal for the numerical calculation
of the transmission and the Bragg reflection spectra by means of the plane-wave
expansion method

the Fourier coefficeints are simplified. For this case, k., are given by

gi. 15_;]0 (n=0, m=0)
1 1N Ji(Gumta
= 2f ( €a B 7b 1é’nmra ) (n 7& 0, m = 0)
Knm (4.45)
2 (L - L)yt o)
€a €b nmTa
0 (otherwme)

where j denotes a positive integer.

4.3.2 Hexagonal Lattice

When we calculate the transmittance of the hexagonal lattice or that of the
square lattice in the I" to M direction, we have to deal with a structure such
as that shown in Fig. 4.2. For this structure, we assume that each surface
crosses the center of the rods. Let us calculate the Fourier coefficients of the
dielectric function of this structure. e~! is now given by

BN Sry =iyl

N-1

+ Y S(ry—vy(L,1)

U'=—N
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SY waeni (G s "), "

where
vy (1) = (a1l asl’), (4.47)
oy (L1) = (ar (I +1/2), —as(l' +1/2)). (4.48)

Note that we extended ! to the negative y region symmetrically as before.
Then the Fourier coefficient &y, is given by

o / o [ v e {1 (G s )

o0

1 1 1
= (5n Om — - —
b 0 2a L<5.(l eb) Z

l=— o0

x[ / dx/ dySr//—'vl//(ll))exp( iGymy-Ty)
I'=—N

+ Z / dx/ dy S(ry —wvay(l,1")) exp (—iGppmy - r//)]
U=—N
2

1 1
:a5n05m0+ <)Z Z exp{ iG ) vj)(0, l)}

L
e Jj=1l'=—N

X / d:z:/ dy S(ry)exp (=iGpmy - 7))

€i + % (n=0, m=0)
11 iy J1(GnmTa)

= f( Ea 5b) {1+ (1)) GrmTa (4.49)

(m=jN, and n#0or j#0)

0 (otherwise)

where j is an integer. In (4.49),
2 2

— Ma (4.50)

a1G2
is the filling factor for the present structure, and G, is given by

G = \/(27;)2 + (%)2 (4.51)




4.4 Some Examples 91

4.4 Some Examples

4.4.1 Square Lattice

An example of the transmission spectrum is presented in Fig. 4.3. This spec-
trum was calculated for the 2D square lattice whose photonic band struc-
ture was given in Fig. 3.4. We assumed that a; = as = a and the thick-
ness L is commensurate with the lattice constant, i.e., (4.44) is satisfied.
Hence, we used fpp, in (4.45). The following parameters were used for the
numerical calculation: e, = 1.0 (air), e, = 2.1 (methylpenthene polymer),
f = m2/a®> = 0.25, and N = 16. The spectrum was calculated for the
E polarization with 2700 Fourier components for the expansion in (4.13)
(=7<n<7,1<m<180).

Since the wave vector of the incident plane wave is parallel to the I'-
X direction in our configuration (see Fig. 3.2), we concentrate on the band
structure on the A point in Fig. 3.4(a). There are two bandgaps, one between
the first and the second A modes, and the other between the second and the
third A modes. The normalized frequency ranges of these bandgaps are listed
in Table 4.1. On the other hand, there is a frequency range where only a B
mode exists between the fourth and the fifth A modes. As was mentioned in
Sect. 3.2, the B (uncoupled) mode is not excited by the incident plane wave
because of the symmetry mismatch, and hence we expect that the transmit-
tance at this frequency range should be low. This frequency range is also
listed in Table 4.1. Corresponding to both bandgaps, two opaque frequency
ranges are clearly observed in Fig. 4.3. The spectral ranges where the calcu-
lated transmittance is less than 0.1 are compared with those of the bandgaps

1.0E W

0.8

0.6

Transmittance

0.4F

0.2F

00"“1“‘1“‘1“‘1“‘1“‘1“1“‘1‘

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

wa
2mc

Fig. 4.3. Transmission spectrum for the E polarization in the I'-X direction cal-
culated for the square lattice composed of 16 layers of circular rods. The following
parameters in Fig. 4.1 were used; e, = 1.0 (air), e, = 2.1 (methylpenthene poly-
mer), f = wr2/a® = 0.25, e1 = £3 = 1.0 (air), and § = 0 (normal incidence). The
abscissa is the normalized frequency. The corresponding band diagram is shown in
Fig. 3.4. (After [47])
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Table 4.1. Comparison of the bandgaps and the uncoupled (B) modes with the
frequency ranges where the calculated transmittance is less than 0.1. The frequency
is in units of 2wc/a. (After [47])

Polarization Bandgap Uncoupled mode Opaque range
E 0.353-0.387 0.360-0.388
0.702-0.728 0.708-0.731
0.927-0.962 0.927-0.961
H 0.354-0.401 0.356-0.404
0.728-0.742 0.728-0.743
0.923-0.943 0.923-0.948

in Table 4.1. The maximum deviation between them is 2%, and therefore
we can conclude that their correspondence is good. As for the uncoupled
mode around wa/2rc = 0.94, the calculated transmission spectrum is not
very simple, and it has a plateau at wa/2mwc = 0.933. However, this plateau
disappears when the number of lattice layers is increased to 32. Therefore,
this plateau originates from the finite nature of the sample dimension. Then
the total width of the opaque range corresponds quite well to the region with
one uncoupled mode.

Next, we examine the interference patterns. Their structures are simple
for the lowest three A modes. We can estimate the effective refractive index
neg for these modes from the interval Aw of the local maxima. This is,

Neft = — (Awa)l. (4.52)

- 2L \ 27e

Similarly, it may be estimated from the dispersion curves using the relation
dw/dk = ¢/neg. The results are listed in Table 4.2. The values obtained by
these two methods coincide with each other quite well. Therefore we can con-
clude that the interference patterns observed in the calculated transmission
spectrum originate from the band structure and the third lowest A mode
that shows the group-velocity anomaly has a large effective refractive index.
On the other hand, the interference pattern above wa/27rc = 0.8 is quite
complicated. In particular, there are aperiodic and singular structures in the
frequency ranges at wa/2wc = 0.890 ~ 0.927 and 0.962 ~ 1.0, where two
eigenmodes of type A with mutually different wave vectors are excited at the
same time.

Now, we examine the transmission spectrum for the H polarization (Fig.
4.4). As in the case of the F polarization, the two bandgaps and the uncou-
pled (B) mode between the fourth and the fifth A modes correspond to the
respective opaque frequency ranges quite well (see Table 4.1), although the
bottom of the spectral dip around wa/27wc = 0.93 in Fig. 4.4 is not very flat.
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Table 4.2. Effective refractive index estimated from the interference pattern (nlg)
and the dispersion relation (ndg). (After [47])

Polarization Band n.g neg

E 1st 1.34 1.36
2nd 1.39 1.43
3rd 6.81 7.13

H 1st 1.34 1.35
2nd 1.38 1.38
3rd - 5.60

However, it becomes wide and flat when the number of lattice layers is in-
creased to 32. Hence, the origin of the incomplete dip is the finite thickness
of the assumed specimen. On the other hand, the effective refractive index
for the lowest three A modes was estimated as before, and listed in Table 4.2
except nlg for the third band, for which an aperiodic and singular interfer-
ence pattern is observed. The correspondence between nlg and ndg for the
first and the second bands is again quite good, and hence, we can conclude
that the interference patterns observed for the H polarization also originate
from the band structure. For the third A mode, the dispersion curve is convex
downward near the I" point, and most of its frequency range overlaps that of
the fourth A mode, which means that there are two eigenmodes for a single
w for the most part of the third A branch. This feature is also found for the
fourth and fifth A modes, and we find a complicated interference pattern at
the corresponding frequency range, i.e., wa/2mwc = 0.742 ~ 1.0.

1.0 f
0.8F
g
§ 0.6F
E ¥
Z 0.4f
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0.0 1 1 /IR NI BPAN & U SRR P P A
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
wa
2xc

Fig. 4.4. Transmission spectrum for the H polarization in the I'-X direction cal-
culated for the 2D square lattice composed of 16 layers of circular air cylinders
formed in a dielectric material. The same parameters as for Fig. 4.3 were used for
numerical calculation. (After [47])
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Then, our numerical calculation for both EF and H polarizations has shown
that the singular interference appears when the incident light excites two
eigenmodes, and otherwise the interference pattern is quite normal and the
effective refractive index estimated from it corresponds quite well to the pho-
tonic band structure.

4.4.2 Hexagonal Lattice

Figure 4.5 is another example of the transmission spectra that were calculated
for the hexagonal lattice whose band diagrams and the symmetry of the
eigenmodes are presented in Fig. 3.7. The spectra was calculated for the
incident wave propagated in the I'-X direction (see Fig. 3.6). The following
parameters in Fig. 4.2 were used for the numerical calculation; e, = 1.0 (air),

Transmittance Transmittance
0.0 0.5 1.0
00 05 10 18/\/ ———— §—
LSpT T~ 15E L
121 <7 122
[ ©
3% oof 3= 0o ——

0.6} 0.6}
0.3} 0.3F

E H
OAOII..I........I.... 0-0||||I||||||||I||||

M r M r

(a) (b)

Fig. 4.5. Transmittance (right-hand side) and the dispersion relation (left-hand
side) of a hexagonal lattice for (a) the F polarization and (b) the H polarization in
the I'-X direction. The ordinate is the normalized frequency. On the left-hand side
of these figures, solid lines represent symmetric modes and dashed lines represent
antisymmetric modes. The latter cannot be excited by the incident plane wave
because of the mismatching of their spatial symmetry, and so they do not contribute
to the light transmission. Opaque frequency regions are clearly observed in the
transmission spectrum where no symmetric mode exists. (After [49])
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ep, = 2.72 (PbO glass), a; = a, az = V/3a, f = 27r2//3a? = 0.65, N = 16,
g1 = €3 = 1.0 (air), and § = 0 (normal incidence).

Now, we examine the calculated transmittance together with the disper-
sion relation in the I'-X direction, which are shown in Fig. 4.5(a) (the E
polarization) and Fig. 4.5(b) (the H polarization). The right-hand side of
these figures shows the transmittance, while the left-hand side shows the
dispersion relation, where solid lines and dashed lines denote the A and B
modes, respectively. The antisymmetric B modes cannot be excited by the
incident plane wave because of the mismatching of their spatial symmetry,
and so they do not contribute to the light transmission as we mentioned
previously. Opaque frequency regions are clearly observed in the transmis-
sion spectra for both polarizations where no symmetric A mode exists. This
implies that 16 lattice layers are enough to reproduce the intrinsic optical
properties of the specimen.

4.5 Refraction Law for Photonic Crystals

In this section, we examine how an incoming plane wave is refracted at the
surface of the photonic crystal. Before we treat the case of the photonic
crystal, we consider the refraction at the interface of two uniform materials
with isotropic refractive indices, 77; and 7. We assume that a plane wave
with an angular frequency w is incident on the interface at an angle 6; (see
Fig. 4.6(a)). We denote the wavelength of the incident wave in vacuum by
Aop. Then its wavelength in the materials \; is given by

ni
Snell’s law tells us that the angles of reflection 8] and refraction 2 are given
by,

Ai (4.53)

07 = 6, (4.54)
m sin 01 =12 sin 92. (455)

These relations are derived from the fact that the equi-phase planes, which
are drawn with fine lines in Fig. 4.6, of the relevant waves should have the
same spacing along the interface.

Let us see this phenomenon from a slightly different point of view. Be-
cause the system that we are dealing with has translational symmetry in the
direction parallel to the interface, the wave vector in that direction should be
conserved when the refraction and the reflection take place. We denote the
wave vectors of the incident, reflected, and refracted plane waves by ki, kf,
and kg, respectively. Their amplitudes are given by

w
] = I = 2=, (4.56)
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0]

(@) (b)

Fig. 4.6. Schematic illustration of the refraction at the surface of the uniform
material.

2w

ko| = —. 4.57
ol = 22 (457)
The conservation of their parallel components leads to
M Gng, = % sin 0, = 2% i 6. (4.58)
c c c

Thus, the same relations as (4.53) and (4.54) are obtained. The direction
in which the radiational energy of the plane wave flows coincides with the
direction of its wave vector. Let us examine this point somewhat rigorously.
As we showed in Sect. 2.5, the energy velocity is equal to the group velocity
in the photonic crystals. This is also true for the uniform materials, since
we can regard the latter as a special case of the former without the spatial
modification of the dielectric constant. For the present problem, the group
velocity, and thus the energy velocity of the incident and refracted waves, v,
and vy are given by
Ow c ~

_ SR 4,
ok (4.59)

v

where Ei denotes the unit vector parallel to k;. Hence, the direction of the
energy flow coincides with the direction of the wave vector. Moreover, its
direction is perpendicular to the equi-energy surface that is given by

w = const., (4.60)

which is denoted by a hemicircle in Fig. 4.6(b). With these facts in mind, let
us proceed to the case of the photonic crystal.
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Fig. 4.7. Schematic illustration of refraction at the surface of the photonic crystal.

We assume that a plane wave with an angular frequency w and a wave
vector ky is incident on the surface of the photonic crystal at an angle 6, (Fig.
4.7(a)). The parallel component of the wave vector should be conserved, with
allowance for the difference of a multiple of 27 /a, as before. However, the equi-
energy surface of the photonic crystal is not at all a spherical surface, and this
leads to a marked difference. The wave vector of the refracted wave has its
end point on the equi-energy surface given by the band structure, w = w(ks),
which is drawn with a solid curve in Fig. 4.7. This condition determines the
wave vector of the refracted wave. Then, the propagation direction, that is the
direction of the energy flow, which is denoted by an arrow, is perpendicular
to the equi-energy surface and parallel to the group velocity of the refracted
wave. Sometimes a very curious phenomenon occurs because of the complex
dependence of w on ko. For example, 02 in Fig. 4.7(b) is larger than that
in Fig. 4.7(a), although 6, is smaller! Extraordinary angular dependence as
well as frequency dependence in the refraction phenomena of the photonic
crystals were observed and analyzed by Kosaka et al. [64, 65].



5. Optical Response of Photonic Crystals

In this chapter, we will derive a general formula for the optical response of
photonic crystals by means of the Green’s function given in Sect. 2.8. Then,
it will be applied to four typical optical processes, i.e., dipole radiation, stim-
ulated emission, sum-frequency generation, and free induction decay. This
method can be readily extended to other kinds of nonlinear and coherent
optical processes.

5.1 Solutions of Inhomogeneous Equations

We start from the following Maxwell equations:

V Aepe(r)E(r,t) + Pex(r,t)} =0, (5.1)
V- -H(r,t)=0, (5.2)
V x E(r,t) = —MO%H(r,t), (5.3)
V x H(r,t) = % {e0e(T)E(r,t) + Pox(r,t)}. (5.4)

The difference between this set of equations and (2.11)—(2.14) is the presence
of Pex(r,t), which is an extrinsic polarization field that is not described by
the dielectric function €(r). The nonlinear polarization of the photonic crystal
and the dipole moments of impurity atoms induced by external fields are
examples of such a polarization field. The magnetic permeability is assumed
to be equal to that in free space as before. When we eliminate the magnetic
field H(r,t) in (5.3) and (5.4), we obtain the inhomogeneous wave equation
for Q(r,t) defined by (2.132):

- iaf2-|-7-l Q(r t)-*a—QP (r,t) (5.5)
02 atz 9 - 0250 /75(7’) 8t2 ex 9 9 .
where the differential operator H is defined by (2.133).
We can obtain the solution of (5.5) as the convolution integral of Green’s
function given in (2.167) and the inhomogeneous term:
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1 02

c2egr/e( 315/2
where V' is the volume of the photonic crystal. It can be easily shown by
using (2.162) that Q(r,t) given by this equation satisfies (5.5). Substituting
(2.167) into (5.6), we obtain

Q(r,1)

T)
sin wi,, (t — 1) () & QD"
o [ g g
1 o2
7Pex
Ve(r) ot'?
In this equation, we assume that the extrinsic polarization Pey(7,t) was

introduced adiabatically, i.e., Pex(r, —00) = 0. When we carry out the t'-
integral by parts, we obtain

Q(r,1t)

-~ o [ ar{eomuiDie-0) QR n e @l ()

QU (1) 0 QL (r )}

Q(r,t):/vdr’/oo Ao t—t)—2 % p_' 1), (5.6)

+H(t—1)Qy) (1) ® Q" (r )} (r', ). (5.7)

1 0
—P

Ve(rnyor™ =

When we carry out the partial integration again, we have

Q(r 1) = Eovz/dr{ ™ () @ Q" (r)

QP e Q&?*(r’)}lpexw', 0
e(r’)

VZ/d"“/ dt{ D sinw (¢ —t')

<Gl r) @ QL ()} =

Pex"'t (T) / //t /
= dr dt
gor/e(r) €0VZQ ™) v NS

(T)=* . P / t
o (1) Do) ) Do - 1), (59)
e(r’)

where we used (2.146). Finally, we obtain

(', ).  (5.8)

P (r',t)
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P (r,t)
aoe(

_ E /E(T n . ’ oyl
50‘/2 /dr/ AW ED (1) - Pos(r',¥)

xw,(gl) sin w,(c? (t—t). (5.10)

E(r,t) +

Here, we should note that (a) the role of the quasi-longitudinal modes that
appear in the explicit expression of Green’s function (2.167) is only to re-
construct the extrinsic polarization field and they do not contribute to the
propagating radiation field, i.e., to the right-hand side of (5.10), and that (b)
(5.1) holds, as it should, because of (2.144).

In the case of the E polarization in the 2D crystal, the wave equation
with the extrinsic polarization P, o is given by

19 1 02
<26t2+H >Qz(r//,t):P7 (r)t),  (5.11)

C2€0 /E(T//) Ot2 z,ex 'r//a

where Q. and H? are defined by (2.157) and (2.158). The solution of (5.11)
is given by the convolution integral of Green’s function G(*) in (2.172) and
the inhomogeneous term:

Qz(’l'//,t)
/ dr’ /OO dt'GA (v, vt —t') L & P, ex (1), 1)
= r Ty, Tyl —U)——F——F75L2ex\Ty,
ver ) o 17 2o /5(7,///) ot? /
1 t
- _ , dr’ dt’
VD %Qz,k/n(r//)/v(z) T [m

) ’
sinw, (t—t) 1 2
kn 0 Lot (5.12)

7Pz,ex('r )
W e o /

When we perform the partial integration twice, we have

Qz(r//at)
Pzex(r//a / /
= 2 k(T dr’ dt’
S S e [ o

Q% ke yn (7)) Prex (1), )
Sl L Sinties il w,(izl smw,(cjzAL(t t'), (5.13)
5(7'//)

where we have used the completeness of the eigenfunctions, (2.161). Finally,
we obtain

X




102 5. Optical Response of Photonic Crystals

P, ex(r//vt)
FE t o 7
2(ry,t) + 2e(r))

1 t
= — Ez n dr’ dt' E* / Pz ox / ,t/
V@ %;L ky (7'//)/‘/(2) Ty [m z,k//n(r//) , (T'// )

Xw,(c]jz, sin wk/L(t —t). (5.14)

5.2 Dipole Radiation

In this section, we will deal with the radiation from an oscillating dipole
moment. Suppose that there is a dipole moment oscillating at the frequency
w located at position 7o in the photonic crystal, and let Pq4(7,t) be the
external polarization of this problem:

Py(r,t) =d §(r —ro)el "Wt (5.15)

Here, d is the magnitude of the dipole moment and ¢ is a positive infinites-
imal. The function e was introduced to assure the adiabatic switching of
the extrinsic polarization. Equation (5.15) represents the positive frequency
part of the dipole moment and the actual real field is given by the sum of
Py4(r,t) and its complex conjugate. By substituting Pq(r,t) for Pey(r,t) in
(5.10), we obtain

Pd(r t e iwt (T)+
Eq(r,t E -d
)+ 2 = S S B B o
1 1
X - . (5.16)
<w+w$}+i§ w—w,feri&)

The radiation of the electromagnetic energy is described by Poynting’s vector
S that is given by the vector product of the E and H fields. Here, we should
note that the actual real fields are given by the sum of E and E*, and that
of H and H*, respectively. Hence,

S(r,t) ={E(r,t)+ E*(r,t)} x {H(r,t) + H*(r,t)}. (5.17)
The time-averaged Poynting vector S(r,t) is thus given by

S(r,t) = {Eq(r,t) + Ei(r,t)} x {Hqa(r,t) + Hi(r,t)}

= {Ea(r,t) x Hi(r,t) + Ej(r,t) x Hq(r,t)}, (5.18)

where the magnetic field H4(r,t) is given by

Hd(’l"7t) =

- V x Eq(r,t). (5.19)
W hto
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Note that both Eq and Hq are proportional to e”!  and thus, S(r,t) in
(5.18) does not depend on time. From (5.4) and (5.19), we have

V-S(r,t):[Hdrt {V x Eq(r,t)} — Eq(r,t)- {V x Hj(r,t)}

FHa(r, ) - {V x Bi(r,0)} - Bj(r,t)- {V x Hy(r.1)}]

=iw{Ej(r,t) - Pa(r,t) — Eq(r,t)- Pi(r,t)}. (5.20)
When we substitute (5.16) into (5.20) and use the following relation,
1
__P F mid(w — wp), (5.21)

w—wy il  w—uwp
where P denotes Cauchy’s principal value, we obtain

2
V. S(rt) = go—vé(r—’ro ]d-EQ*(rO)| 5(w w,gf)). (5.22)
kn

When we denote a small volume which includes 7y by Vi and its surface by
S1, the radiational energy U emitted per unit time by the oscillating dipole is
given by the surface integral of the normal component of Poynting’s vector,
Sp, which can be transformed into a volume integral by means of Gauss’s
theorem:

U :/ ds S, (r,t) :/ dr V- S(r,t)
5’1 Vi
50V Z ‘d E;, T)* ‘ 0 (w w,(c?) . (5.23)

Because of the spatial variation of Egl) (r), the radiated power generally
dependes on the position of the oscillationg dipole moment.

We make an estimation of U by considering the density of states of the
radiational eigenmodes of the photonic crystal, which we denote by D(w).
The number of eigenmodes whose eigenfrequency is in the interval [w, w + dw]

2
is given by D(w)dw. When we denote the averaged value of ’d : Egl)*(ro)’

by an overline and convert the sum over k and n into an integral over the
eigen-angular frequency, we obtain

2 [e'e]
U~ K’d : E(T)*(r0)|2/ dw'D(w")d(w — ')
60V 0

= Z;jyd-Em*(ro);QD(w). (5.24)

The energy radiated by the oscillating dipole is thus approximately propor-
tional to the density of states. If D(w) is equal to zero in a certain frequency
range, no dipole radiation takes place. The discussion given above is based
on classical electromagnetic theory. We can also derive the same result by
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quantum mechanics, and we can conclude that no spontaneous emission of
photons takes place when D(w) = 0.
In free space, the dispersion relation is

w = ck. (5.25)

Hence, the number of eigenmodes in the volume V' with eigenfrequencies less
than wp, N(wp), is given by

=
N(wg) =2 % 1=2x dk
( 0) Z (27T)3 k<wo/c

ck<wo

3
_wpV
— W. (5.26)
We took into account that there are two polarizations for each k vector. D(w)
is thus given by

ON(w) WV
D - _Z 5.27
() Odw m2c3 ( )
In free space, the eigenmodes of the radiational field are plane waves:
E"(r) = Ege*. (5.28)

The magnitude of Ej is determined by the normalization condition, (2.145).
For the present case, it is

|Eo|* = 1. (5.29)
Because the angle between d and Eq distributes with equal probability,
|d|?

T o, 2 1
|d- EM*(r)| :§\d|2|E0\2: = (5.30)
Hence, we obtain
|d|2w4
_ ) 5.31
3megcd ( )

The probability P to emit a photon with energy Aw in unit time is thus
obtained as
_ \d|2w3
~ 3meghcd

where d should be regarded as the transition dipole moment. This formula
agrees with that mentioned in Chap. 1.

Now, we consider the case where there is a dissipation caused by a small
non-zero imaginary part of the dielectric constant. In this case, all eigenmodes
have a finite lifetime. This can be taken into account by replacing é by a finite
positive number 'y,g) in the denominators in (2.166), and hence, in (5.16),
since this replacement leads to

x wD(w), (5.32)

G’ t) 0 (t— o0), (5.33)
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which is equivalent to saying that all eigenmodes vanish after a long period.
In this case, we have

T T T)*
.F)d(’l"7 t) e_i‘”t wl(cn) Egcn) (Ir) {E;cn) (TO) : d}
Ey~— ) 20V RN , (5.34)
€0 €0 kn W= Wy, + Ween
2
o D B o)
— (5.35)

- 2
W o)

In (5.34), we neglected the contribution from non-resonant terms. These for-
mulae will be used to investigate the localized defect modes in Chap. 6 and
the photonic band structure with frequency-dependent dielectric constants
in Chap. 7.

5.3 Stimulated Emission

Next, we consider stimulated emission.! Assume that impurity atoms with a
population inversion are distributed in the photonic crystal. We denote their
number density by o(r) and their polarizability by a. When an eigenmode
Eg} is propagated in the crystal, it induces an extrinsic polarization field
given by

Pg)(v“, t) = ag(r)EgL)(r) exp{(—iw + 8)t}. (5.36)

w will be set equal to w,(c:) at the end of the calculation in order to avoid

an unphysical divergence. We assume that «p(r) is sufficiently smaller than
eoe(r) to justify the following perturbative calculation. The positive infinites-
imal, §, was introduced to assure adiabatic switching of the source term as
before. The imaginary part of « is negative for atoms with population in-
version, and it leads to light amplification, as will be shown below. If it is
positive, it leads to light absorption. We assume the same spatial periodic-
ity for o(r) as e(r). We also assume for simplicity that the lattice is simple
cubic with a lattice constant a. Hence, V = NmNyNZaS, where Ny, Ny, N,
are positive integers that denote the number of unit cells in each direction
included in the crystal volume. In order to calculate the light amplification
factor in a unit length, we further assume that o(r) is non-zero only in the
region 0 < z < an, =, where n, is a positive integer (Fig. 5.1).

When we substitute Pg:) for Py in (5.10), the propagating part of the
induced electric field, E™M, is obtained:

! The same problem can be treated by photonic band calculation assuming an
optical gain. See [66] and [67].
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X
A
l=an
<>
/’ \(xp(r)

y

Fig. 5.1. Geometry for the analysis of stimulated emission. The lattice is assumed
to be simple cubic with a lattice constant a. The crystal volume is agNzNyNz.
Impurity atoms with population inversion are distributed with the number density
o(r) in the spatial region 0 < z < an. =1

E(U(r t)
ooyt T) (T) 1oy gp(T)* s (T) (1
ngv Z Wi Ey) (1) /V dr'o(v')E},) (') - By (7))
kl U
1 1
X - . (5.37)
(w + w,(;r)b, +i0  w— w,(;r)b, + 1(5)

When we use (2.22) and (2.24), we have

dr'o(r') By, (') - B, (r')

' ~ * T
= X 303 [ are e e
x exp{i(k — k') - (r' + aj)}, (5.38)
where j = (j1,J2,73) and Vj is the volume of the unit cell. Because of the
periodic boundary condition for E;:‘;l) and Egi)l,, aky Ny, akyN,, akl N, and
aky Ny are all multiples of 27. Hence, the summations over j; and jg in (5.38)
are equal to zero unless k, =k}, and k, = k;,. We thus have

Ne—1Ny—=1n.—1
Z Z Z exp{ia(k — k') - 3}
71=0 j2=0 j3=0
1 — exp(ian.Ak,)
1 — exp(iaAk,)

= NmNy 6kT ks 5kykz//
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sm(anZAk /2)

= N NyOk, ks Ok, 1, exp{ia(n. — 1) Ak /2} sin(adk, /2)

(5.39)

where
Ak, =k, — k.. (5.40)

If n, is sufficiently large, the factor given by the ratio of the two sine functions
in (5.39) is sharply peaked at Ak, = 0 with the maximum value of n.. If we
take into consideration that the dominant contribution in (5.37) is given by
those eigenmodes which have eigenfrequencies near to w, we can conclude
that the main contribution comes from modes with k., ~ k. and n’ = n in
the summation in (5.37) unless an accidental degeneracy of eigenfrequencies
takes place.

We define the effective number density of the impurity atoms with respect
to Egl) by

1 2
Fi(kn) = / dro(r ’Egb) )’ (5.41)
Vo
We thus obtain
(T)
awy,,) NoNyVoFy(kn) 1 —iw
B0 = b g e
1
X
Z<w+w +15 w— Wk/ +15>
Ak, /2
% exp{ia( _ 1)Ak /Q}M (5_42)

sin(aAk,/2)
In this equation, k}, = k, and kj, = k,. Now, we denote the group velocity of
Eg) in the z direction by

9™
vg(kn) = 6}5” . (5.43)

We convert the summation over &} in (5.42) into integration and change the
(T)

variable from k., to wy,

(T)
EO(p 1) ~ — Whn NzJ;’yn;VoFl(kn) B (r)ol -t
€0
N, [ dwl)
x & “o'n P — ma( w,{?) . (5.44)
2m vg(k'n) | o — wi)

where we neglected the non-resonant term, took Ak, = 0 in the integrand,
and used (5.21). Because the frequency range of the nth mode and the fre-
quency dependence of its group velocity are unknown, we have to make a
reasonable approximation for the integral in (5.44). We make an approxima-
tion that is exact for uniform materials, i.e., when the spatial modulation of
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the dielectric constant is absent. As will be shown later, this approximation
is given by twice the imaginary part of the integral. We thus obtain

EW(r 1) ~ Bl Eg} (r) exp{(—iw + 9)t}, (5.45)
where O, is defined as

iaw,g) Fy(kn)

Pen = 2e0vg(kn)

(5.46)

The induced electric field E(M (r,t) then makes another polarization field:
P (r,t) = ag(r) BV (r,1). (5.47)

The induced field of the second order, E®?) (r,t), can be calculated in the
same way:

E®(r,t) ~ 5 2 PEG) (r) exp{(—iw + )t} (5.48)
where a factor 1/2 was introduced by taking into account that EW increases
linearly with the optical path length. In general, a factor 1/j! should be

introduced for the jth order term. The total field that contains the induced
fields to the infinite order and the original field is thus given by

Z ﬁ ZJES;) )exp( 1wlg))

= Egm) (r) exp (ﬁkn 1w,(§l) ) . (5.49)
Hence, the real part of By,

Im[o)wi") Fy (kn)
2evg(kn)

is the amplitude amplification factor in the unit length. Hence, there is an
enhancement effect when the group velocity of the eigenmode is small. In
particular, the group-velocity anomaly that is peculiar to 2D and 3D crystals
leads to a fairly large enhancement of stimulated emission. The enhancement
originates from the long interaction time between the radiation field and
the matter system due to the small group velocity [19]. The enhancement
of stimulated emission sometimes leads to a large reduction of the lasing
threshold. This point will be discussed in detail in Chap. 9.

Re [ﬁkn] = -

(5.50)

0 for Uniform Materials

For uniform materials, 8 can be evaluated rigorously. We will show here that
the exact value coincides with the expression given by (5.46). We assume
that the relative dielectric constant ¢ and the number density of the impurity
atoms o do not depend on 7. The polarization field due to the impurity atoms
can be included in the new dielectric constant, eg:
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E0Est = E0E + Q. (5.51)

We assume that the second term on the right-hand side is considerably smaller
than the first term. The wave vector of a plane wave with angular frequency
w is thus given by

k= @ ~ <\/§+ 2;}%) = (5.52)

The group velocity is
Ow c
=95 = % (5.53)

0 is thus given by

Vg

iapw iaow
- — ] 5.54
B 2e0v/EC  2g0e0g (5-54)

On the other hand, the eigenmode in the uniform material is a plane wave:

E\"(r) = Eoe*T. (5.55)
Since the normalization condition is

e|lEol? =1, (5.56)
F is given by

Fi(k) = o| By = 2. (5.57)
From (5.46), we have

iaw ]
2e0vg € ( )

which agrees with (5.54).

5.4 Sum-Frequency Generation

5.4.1 Three-Dimensional Case

In this section, we will deal with sum-frequency generation as a typical ex-
ample of nonlinear optical phenomena. We assume that the photonic crystal
is composed of materials with second-order nonlinearity. Then, we introduce
a position-dependent second-order susceptibility tensor ¥ (r) that has the
same spatial periodicity as e(r). We assume for simplicity, as in the previ-
ous section, that the lattice is simple cubic. In order to clarify the phase-
matching condition, we further assume that (2 (r) is non-zero only in the
region 0 < z < an,, where n, is a positive integer. We will examine the
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generation of the sum-frequency component when two eigenmodes, E;clzl (r)
and E;Tzzw (r), are propagated in the crystal.

The nonlinear polarization Py, (7,t) induced by the two electric fields
acts as the external polarization Py in (5.10), which is given by the next
equation for the present problem:

k1n1 k2n2

X exp { (—iw,(gz” Wl(c?m + 6) t} . (5.59)

In this equation A denotes the amplitude of the two eigenmodes, where we
assume that the two modes have the same amplitude for simplicity, and the

symbol “” denotes the product of ¥ (r) with Eg;l( ) and Eé 212( ) as
a tensor. Note that we wrote the positive frequency part of the polarlzatlon
field. The actual real field is given by the sum of the above field and its
complex conjugate. The same holds for the electric field derived below.

Substituting P (7, t) for Pex(r,t) in (5.10), we obtain the sum-frequency
component of the electric field. The propagating part of the induced field,
EnyL(r,t), can be calculated like (5.37). When we define the effective nonlin-
ear susceptibility with respect to the relevant fields, F5, by

Fg(kn klnl, kgng)

1
Pyi(r.t) = g APV (r) : By, (r) By, (r)

=77 ), drBL @) X0 B (0BG, (), (5.60)
Eny(r,t) is given by
Eny(r,t)
_ Aoexp { (*1“"(3 ~ kg, + 5) t} S WV ED ()
- 150V 2 “kn Sk
No—1Ny—ln,—1

X Z Z Z exp{la k1+k2— )-j}Fg(kn,klnl,kgng)

J1=0 j2=0 j3=0

1 1
x .(5.61)
<W:(§3u T D Y R N S N ié)
The summation over j can be calculated like (5.39):

»—1 Ny 1n,—1

Z Z Zexp{la k1+k2—k) }

J1=0 j2=0 j3=0
= NuNyOk, k1y+hz0 Ok b1y +hay
sm(cmZAk /2)

x exp{ia(n, — 1)Ak,/2} sin(adk. /2)

(5.62)
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where
Ak, = ki, + ko, — k. (563)

6 is Kronecker’s delta with allowance for the Umklapp process, that is,

_ 1 (k' =k + 2xj/a, where j is an integer),
Ok = ( il / er) (5.64)
0 (otherwise).
The function
i Ak, /2
sinfan; Ak: /2) (5.65)
sin(aAk,/2)
has a sharp peak at
i
Ak, = % (5.66)

if n, is sufficiently large. As a result, the summation in (5.62) has a large
value only when

k =k +ks+G, (5.67)

where G is a reciprocal lattice vector. We say that the phase-matching con-
dition is satisfied when crystalline momentum is conserved. In a uniform
material, the phase-matching condition is equivalent to the conservation of
momentum, i.e., it is given by

k =k + ks. (568)

This is a special case of (5.67) for which G = 0. In photonic crystals, G is
arbitrary, and therefore, the phase-matching condition is relaxed considerably
compared with uniform materials. Generally speaking, the phase-matching is
much easier for the former than the latter.

For the summation over k and n in (5.61), we make the same approxima-
tion as we did for (5.42). We thus set

1 1
(wfill o, +ol +18 Wi, e, - o) +16>

k2n2

— 27id (wkﬁ)ll + w,(c?w w,(c?) . (5.69)

We assume for simplicity that there is only one eigenmode, E( , for which

27p

ky = k1p + Koy + (p : integer), (5.70)

2
ky = kiy + koy + Lq (g : integer), (5.71)

_ Qi
T~ ks + Koy + % (5.72)
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T
w(Eﬁ) = Wkiny Tt Wkans- (5.73)

When we convert the summation over k, in (5.61) to the integration and
change the variable from k, to wg,, we obtain

iaAng; Fy (Eﬁ, kiny, kgng)
450’l}g (Eﬁ)
xE(ETﬁ) exp (—iw%?t)

ENL(’I’, t) ~

sinan, Ak, /2

x exp {ia(n, — 1)Ak./2} Snadk. /2

, (5.74)

where

Ak, = ki, + ko, — ko, (5.75)

and vg(km) is the group velocity in the z direction. If there is more than one
mode, Eyy, is given by the sum of the contribution from them. The intensity
of the electric field of the sum frequency is given by

a2A4Wé;)2 ’FQ (Eﬁ, k1’l’L17 kgng) |2
166(2)11; (kn)

2 gin? an, Ak /2
sin® a Ak, /2 ’

|Exy(r,t)]* ~

(T)

x | B
|BG

(5.76)

Here, we should note that (1) the field intensity (the Poynting vector) is pro-
portional to v, 2 (vgf 1), and thus we can expect its enhancement at the pho-
tonic band edges where v, tends to zero and for the group-velocity anomaly,
(2) the phase-matching condition is, as we mentioned before, satisfied when
Ak, = 0 , ie., when the crystalline momentum is conserved, and (3) the
effective nonlinear susceptibility Fy(k7,kini, kany) may vanish for partic-
ular combinations of kin; and kons in highly symmetric photonic crystals
because of the symmetry of the relevant wave functions, and this leads to an
additional selection rule besides that due to the crystallographic symmetry of
the host crystal. We should also note that these three features are common
to other nonlinear optical processes in the photonic crystals for which the
phase-matching condition is imposed by the momentum conservation law.

5.4.2 Two-Dimensional Case

In this section, we derive the expression for sum-frequency generation in the
2D square lattice. Some numerical results will be presented in the next sec-
tion. We assume that the crystal is composed of materials with second-order
nonlinearity as before. We introduce the position-dependent second-order sus-
ceptibility X(Q)(r//) that has the same spatial periodicity as e(r ;). We also
assume that the wave vectors of two incident waves, which are eigenmodes of
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the 2D photonic crystal, lie in the z-y plane. Among the two polarizations,
we will deal with the E polarization in this section. As for the H polarization,
the full vector treatment given in the previous section is appropriate, since
it has two components of the electric field.

The z component of the nonlinear polarization P, y is given by

1
P, ni(r),t) = §A2X(2) (r))Ex ks yni (T )) Bz kg yns (1))
X exp { (—iw,(f;m - iw,(f;m + 5) t} . (5.77)

Generally speaking, x(?) is a tensor of rank 3, and the z and y components
of the polarization field, P, y; and P, yr, may be non-zero. However, we
assume that they are equal to zero for simplicity. This situation can be real-
ized if we use, for example, a nonlinear crystal of 3m-Cj3, symmetry such as
LiNbOg with its crystalline ¢ axis parallel to the z axis. Then, the E polariza-
tion corresponds to the extraordinary wave in this uniaxial crystal. We will
omit the suffix z hereafter. In order to clarify the phase-matching condition,
we further assume that y( (r) is non-zero only in the region 0 < y < an,,
where n,, is a positive integer.

The effective nonlinear susceptibility for the 2D crystal, F2(2) is defined
by

F (K yn, ey yny, koyno)

1 .
= T dr//X(z)(T//)Ek n(r//)Ekl//nl(T//)Ekz/HQ(r//)v (578)
Vo( ) v /

where VO(Q) denotes the volume of the 2D unit cell. Following the same proce-
dure as we did for the 3D case, we obtain the propagating part of the induced
electric field, Enr(7/,1):

. E) n(2) % —
1aA2w%/)ﬁF2( )(k//n7k1//n1k2//n2)

ENL(’I“//,t) ~

4€ng(E//ﬁ)
" . (B)
xEk/ﬁ(r) exp ( 1wk/nt)
) — sin (any Ak, /2)
x 1) AR, 2} AT A 5.79
P {la(ny )Aky/ } sin (aAk:y/Z) ( )
where
_ 2119
T = kg + oy + % (j : integer), (5.80)
(BE) _  (B) (E)
(.UE/H - wkl/’ﬂl + wkg/n27 (581)

Aky = kyy + kay — ky, (5.82)
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and vg(E//ﬁ) is the group velocity in the y direction. We assumed for sim-
plicity that there is only one eigenmode that satisfied (5.80) and (5.81). The
intensity of the induced nonlinear electric field is thus given by

(B)2 2
a2A4wE/ﬁ EE/H(T//)‘

16e3v2 (kM)

" sin®(an, Ak, /2)
sin?(a Ak, /2)

|ENL(T‘//,t)|2 ~

\ES? (ke ymi, Koy ymn, keayma)|>. (5.83)

FEnr for Uniform Materials

We will examine the result of the approximation given in (5.79) for the case of
a uniform material. We take (r /) and x(®(r ) to be independent of 7 ;. We
further assume that k,, = ks, for simplicity. We take the y axis to be parallel
to ki, ie., ki) = (0,k1) (k1 > 0). This plane wave will be referred to as the
fundamental wave. On the other hand, the sum-frequency component will be
referred to as the second harmonic, since it has twice as large a frequency as
the fundamental wave. We denote the angular frequency of the fundamental
wave by w. Note that the wave vector of the second harmonics, k, is also
parallel to the y axis because of the conservation of the x component of the
crystalline momentum.

Since the eigenfunctions are plane wave in the uniform material, we have

Ez,kl/(r//) = \/aei/hy’ (584)
1

Ez7k/(r//)=@e’“’7 (5.85)

Vg (2w) = — (5.86)

VE2w ’
where €, and eg,, are the dielectric constants at w and 2w, respectively, and
vg(2w) is the group velocity of the second harmonics. In (5.84) and (5.85), we
took the extended zone scheme, and the suffix to distinguish the band was

omitted. Because the Umklapp process is absent in the uniform material,
(5.78) leads to

@

VO(Q)&HM Vo(z
x P [exp{i(2k; — k)a} — 1]

By (g ey k) = dry expfi(2k: — k)y)

= . 5.87
iaEw\/é'Qw(le — ]{3) ( )
Substituting these equations into (5.79), we obtain
. 2 2 .
EQU_; (7'//, t) le( )A l ei(ky72wt)eilﬂk/2 SIH(ZAIC/Q) (588)

= 2C£0Ewr/E20 1Ak/2
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where
Ak =2k — k and l = any,. (5.89)
On the other hand, from the first equality in (5.12), we have
EQUJ (’I"//, t)
4w? / > 11(2) l / Iy
=—— dr dt'GY (r, 1"t — ') P, ex(r', 1)
C7€0c2w JV (2 —o0
921/(2) A2 o0 o
= —7;} X / dr’/ dt'GA (r 7't — t)eH 1y =2t (5 90)
C7E0EWwE2w 0<y’<l 0o

When we use (2.170), we obtain
/ 'GP (r, vt — t)e 2t

oo
_ e—int/ dth(Q)(,r 7'l7tl)e2iwt/

_C i Z exp(iky - /) exp(—ik, - /) (5.91)

2w — Wi, +10)(2w 4wy, +16)
For the summation over k in this equation, k, must be equal to zero because
of the conservation of the x component of the momentum, which originates
from the spatial integral in (5.90). Since Wk, ~ 2w contribute dominantly to
(5.91), we set,

We, = wg = ck/vez  (k>0), (5.92)

—ck/\[E2  (k<0).

Since
/ dr'el@=Ry — o N exp{i.(2k1 —k)l} - 1’ (5.93)
0<y’<l 1(2]€1 — k)
we have
202 (2) Na:AZ —2iwt iky
ng(r//,t) _ woxa e ‘e .
€0EwE2,V (2 p (2w — wg +10) (2w + wy, + 19)
exp{i(2k; — k)I} — 1
. .94
TRk — ) (5.94)

When we transform the summation into the integration over k and change
the variable from k to {2 = wy, we have

E, (1"//, t)
B w2x(2)a2A2NzNy672iwt
icegey/EaumV (2)
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S ik(Hy el@ki—k)L 4
X / dg - -
0 (2w —2+10)(2w + 2+10) 2k — k()

0 eik( My ei@ki =k _
— N .
/OO d 2w —02+10)2w + 2 +10) 2k — k()  (5:95)

where

V202
R — g Vo (5.96)
(&

and we have taken into consideration that there are two branches with pos-
itive and negative k as shown in (5.92). We change the sign of the variable
{2 in the second integral and modify the path of integration to enclose the
upper half of the complex 2 plane for y > [. Using the residue theorem, we
thus obtain

2., ,(2)A? | —2iwt iky LilAk
w0 e womt ¢ 1

Eo(ry,t) = —r—— —
2 (r// ) icEgELA/EouT ) Ak

(5.97)
which agrees with (5.88). For the case of general photonic crystals, the rig-
orous evaluation is not possible since the path of the integration is not the
whole real axis and the analyticity of the eigenfunctions is unknown.

5.5 SHG in the Square Lattice

In this section, we will apply our method to second harmonic generation
(SHG) in a square lattice of circular air-rods formed in a LiNbOg crystal.
The geometry is shown in Fig. 5.2, which is the top view of the square lattice
composed of identical cylinders with radius r,. The dielectric constants of
the cylinder and the background are denoted by e; and e9, respectively.
We assume that the crystalline ¢ axis of this uniaxial crystal of the 3m-Cs,
symmetry is aligned along the z axis. Then, the incident fundamental waves
of the FE polarization yield only the z component of the nonlinear polarization
field, and therefore, the method given in the previous section is applicable
to the present problem. Similar situations can be realized for crystals of the
4-Cy, 4mm-Cly,, 3-C5, 6-Cg, and 6mm-Cy, symmetries as well.

Figure 5.3 shows the photonic band structure of the square lattice, where
we assume that r,/a = 0.3, e1 = 1.0, and e = 4.9912, which is the dielec-
tric constant of LiNbOg at 532 nm. The calculation was performed by the
plane-wave expansion method. The number of the basis plane waves was 289
and the accuracy was estimated as better than 1%. The symmetries of the
eigenfunctions are also shown in Fig. 5.3.

Now, we assume for simplicity that k,; = (ks,ky) and ko) = (—kz, ky)
(ky > 0). Then, the phase-matching condition is satisfied when

ky =0 and k,=2k,—=— (j=0, 1). (5.98)
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Fig. 5.2. Geometry for sum-frequency generation in a two-dimensional crystal.
This figure is the top view of a square lattice with a lattice constant a composed
of identical cylinders with a radius R. The dielectric constants of the cylinder and
the background are denoted by e1 and €2, respectively. The position-dependent
second-order susceptibility x* (r) is assumed to be non-zero at 0 <y < any in

this example. Two incident eigenmodes of E polarization with wave vectors ki,
(E) (E)

kl//nl and wkZ/nz

and ky/, and angular frequencies w generate the sum-frequency

component. (After [68])

Here, we consider two examples. In case 1, two incident waves in the lowest
branch induce the second harmonic in the second lowest branch on the A
point; wa/2mec ~ 0.14 for the fundamental wave and j = 0. In case 2, the
second harmonic in the fourth branch on the A point with negative k, is
induced by similar incident waves; wa/2mc ~ 0.25 and j = 1. For both cases,
the effective nonlinear susceptibility F2(2)(E//ﬁ,k:1//1,k:2//1) (m=2or4)is
non-zero. On the other hand, the third branch does not contribute to SHG
since FQ(Z) (E//S,kzl//l,kg//l) = 0. This is because the wave function of the
third branch on the A point is antisymmetric under the mirror reflection
on the y-z plane, whereas the induced nonlinear polarization for the second
harmonic is symmetric. As is seen in this example, FQ(Q) (E//ﬁ, kijni, koyns)
vanishes for particular combinations of the initial and the final states in highly
symmetric crystals, and this gives a new type of selection rules that are not
relevant to the crystallographic symmetry of the host crystal.

Figure 5.4 shows the group velocity of the second and the fourth branches
on the A point together with their dispersion curves. The former was calcu-
lated by means of the Hellmann—Feynman theorem. (The detail was described
in Sect. 2.5.) As is clear from this figure, the group velocity of both bands
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tends to zero at the I' and X points. In addition, the group velocity of the
fourth band is small over the whole branch due to the group-velocity anomaly.

Now, we take the angular frequency of the fundamental wave w such
that wa/2me = 0.138 for case 1 and wa/2mc = 0.253 for case 2. Then |vg|/c
at 2w is 0.114 and 0.0740, respectively. The corresponding data points are
denoted by solid circles in Fig. 5.4, where we have to note that Ey < 0 for
case 2. Figure 5.5 shows two contours of the lowest branch for both cases
where the dielectric constant of the host crystal e is assumed to be 4.6483,
which is that of LiNbO3 at 1064 nm. In order to use this value consistently
with the assumed angular frequency of the fundamental waves, the lattice
constant should be about 0.15 um for case 1 and 0.27 um for case 2. From the
dispersion relations of the second and the fourth bands, the phase-matching
condition is fulfilled when ak, /27 = 0.245 for case 1 and ak, /27 = 0.413 for
case 2, respectively. Note that the phase-matching is impossible for the E
polarization in a uniform LiNbOj crystal because the dielectric constant at
2w is larger than that at w.

The average intensity of the electric field of the second harmonic,
|ExL(r,t)|?, is given by

At fwa\ e\
Bl P = () () T 0P

Enl e
in?(an, Ak, /2)

@7 - cha
P Aky/2) 5.99
[E57 (ki kg1, Ky 1) siHQ(GAky/Q) ( )

where

0.6
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r 1
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Fig. 5.3. Dispersion relation of the square lattice of circular air-rods formed in a
LiNbOs crystal. The ordinate is the normalized angular frequency. The following
values were assumed: ra/a = 0.3, e1 = 1.0, and €2 = 4.9912, which is the dielectric
constant of LINbO3 at 532 nm. The symmetries of the eigenfunctions are also shown.
(After [68])
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Fig. 5.4. Group velocity of (a) second branch and (b) fourth branch on the A
point. Curves (¢) and (d) are their dispersion relations. The same parameters as
for Fig. 5.3 were assumed. The data points corresponding to case 1 and case 2 are
denoted by solid circles (see text). (After [68])
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Fig. 5.5. Contours of the lowest branch for (a) case 1: wa/2mc = 0.138 and (b)
case 2: wa/2mc = 0.253. The same parameters as for Fig. 5.3 were assumed except
that €2 = 4.6483, which is the dielectric constant of LiNbOs at 1064 nm. The data
points for which the phase-matching condition for SHG is fulfilled are denoted by
solid circles. (After [68])
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Fig. 5.6. Angular dependence of the average intensity of the electric field of the
second harmonic (solid circles) and the effective nonlinear susceptibility (open cir-
cles) for (a) case 1 and (b) case 2. n, is assumed to be 100, and therefore, the
sample thickness an, is 15 pm or 27 um, respectively. The abscissa is the angle of
incidence of the fundamental waves. (After [68])
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Aky = 2k, — Fy. (5.100)

The results of the numerical calculation are shown in Fig. 5.6, where n, was
assumed to be 100 and x? of LiNbO3 was taken as 1.94x10~7 (esu) [69]. The
abscissa is the angle of incidence of the fundamental waves, and the angular
dependence of |F2(2) (E//ﬁ,kl//l,kg// 1)| is also shown. In this figure, we find
the sharp peaks of |Enr(r,t)|? at the phase-matched angles, which are 20.9°
for case 1 (Fig. 5.6(a)) and 33.1° for case 2 (Fig. 5.6(b)). We also observe the
fairly weak angular variation of the effective nonlinear susceptibility around
the peak. The sharpness of the peak depends on n,. For a very small n,, the

peak becomes broad and the angular variation of |F2(2)| may somewhat affect
the peak position. On the other hand, the height of the peak is proportional
to ni Therefore, the peak height increases quadratically with the sample
thickness an,. It was assumed to be about 15 pm (case 1) and 27 um (case
2).

5.6 Free Induction Decay

In this section, we will treat free induction decay (FID) as an example of the
coherent optical processes in the photonic crystal. We assume that impurity
atoms with two electronic levels, which will be denoted by e (excited state)
and g (ground state), are distributed in the crystal with the number density
n(r). We assume that both ground and excited states are non-degenerate, and
hence their wave functions are real. Their transition dipole moment denoted
by p is also real. We introduce their position- and time-dependent density
matrix o(r,t) and examine its temporal evolution when an external electric
field, Eex(r,t), is applied.
The Hamiltonian for one impurity atom, ’;Q, is given by

H="Ho—fi- Eex(r,t), (5.101)

where ’;QO is the unperturbed Hamiltonian and g is the dipole operator of
the impurity atom. The equation of motion of the density matrix is

00 o~
lha—f = [Ho — fi - Eex, 3. (5.102)
Hence,
00ece 1 Qce
A YR o 5.103
A G T, (5.103)
8geg . 1 Qe
:—.QC *QCC_l ‘Ecx_ gv ]‘4
o = i 20ug + 5 (200~ D B — 5 (5.101)

where we introduced the longitudinal and transverse relaxation time, 7 and
T5, to take into consideration the population and phase relaxation processes.
In these equations, {2 is the transition frequency,
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E, - E,

h )
where E. (Eg) is the energy of the excited (ground) state, and we used the
following relations.

Oge = Opgs (5.106)

Heg = Hge = [L. (5.107)

0= (5.105)

We assumed fiee = ptge = 0 for simplicity.
The polarization due to the impurity atoms, which is denoted by Pgip,
is proportional to the trace of the dipole operator times the density matrix:

Prip(r,t) = n(r)Tr[po(r,t))
=n(r)u {geg(r,t) + gzg(r,t)} ) (5.108)

We assume that the system was driven by an eigenmode of the photonic
crystal for ¢ < 0:

Ee(r.t) = AED (r) exp (—iw,ﬂ,?t) . (5.109)

A is the amplitude of the excitation field.
Under the assumption of weak excitation and rotating wave approxima-
tion, we obtain

A (T)
oo (1,0) =~ u-FE T). 5.110

For t > 0, the external field is switched off, and hence,

0 . Oeg (T, 1)
&ch(r,t) = —1020eg(7,t) — gT. (5.111)
Then, we obtain
Ocg(7, 1)
1
= exp {— (iQ + ) t} Oeg(T,0)
15
Ap-EN(r) { < 1 > }
N e —(12+ = |ts, 5.112
2 (T —idw) P\ T (5.112)

where Aw = w,(c? — (2. Therefore, from (5.108)

puvtesy - O} (e £ )

+c.c. (5.113)

Substituting (5.113) for Pex(r,t) in (5.10), we obtain the electric field for
FID, Epip(r,t), which oscillates with the atomic angular frequency (2 :
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47TPFID ('I", t)

Epp(r,t) + o)
Amrw ( ) B 2
v ( 1Aw)2 <’M B () >

X exp{ i+ ! > } (5.114)
b
where

(Ju e[ ) =5 [ | B2

Other kinds of coherent optical processes such as four-wave mixing can be
treated in a similar manner.

’ (5.115)




6. Defect Modes in Photonic Crystals

As mentioned in Chap. 1, one of the most important properties of photonic
crystals is the emergence of localized defect modes in the gap frequency region
when a disorder is introduced to their periodic dielectric structure. In this
chapter, we will present a numerical method to calculate the eigenfrequency
and the eigenfunction of the defect mode that is based on the numerical
simulation of the excitation process of the defect mode by a virtual oscillating
dipole moment located near the dielectric defect. After we derive a general
expression for the frequency dependence of the excited electromagnetic field
and describe how to calculate it by the FDTD (finite-difference time-domain)
method, we will apply our method to three examples, and show excellent
agreement with experiments.

6.1 General Properties

First, the presence of a photonic bandgap is essential for the localized modes
to appear. In order to see this point, let us assume that the defect mode (de-
noted by d) and a Bloch wave (denoted by kn) have the same eigenfrequency:

wWq = Wen- (61)

We denote the eigenfunction of the Bloch wave by Eg,(r) as before and
that of the defect mode by Eq(r). Because of the presence of the structural
disorder, the Bloch wave is no longer an eigenmode of the photonic crystal.
It is mixed with the defect mode to form two genuine eigenstates:

Ei(r) = p1Ea(r) + 1 Egn(T), (6.2)
E>(r) = p2Ea(r) + g2 Ekn(T). (6.3)

Since Ep,(r) is an extended state, neither E;(r) nor E3(r) is a localized
mode. This fact contradicts the initial assumption. Thus, the eigenfrequency
of the defect mode should be in the photonic bandgap.

The experimental evidence that the defect mode is spatially localized
was given by McCall et al. [36]. They investigated a two-dimensional (2D)
square array of circular dielectric cylinders with a disorder in the microwave
region. As Fig. 6.1 shows, one cylinder located at the origin was removed
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Fig. 6.1. Top view of the 2D square array of circular dielectric cylinders that was
investigated by McCall et al. [36]. €a, €1, and eq denote the dielectric constants of
the circular cylinders, the background, and the defect cylinder, respectively. a and
ra stand for the lattice constant and the radius of the cylinders. Their experimental
values were as follows: a = 1.27 cm, r, = 0.48 cm, €, = 9.0, and &, = 1.0. (After

[34])

and this part acted as the defect. They observed quite a sharp peak in
the transmission spectrum in the gap frequency region (Fig. 6.2), whose fre-
quency was identified as that of a localized defect mode. The spatial distri-
bution of the electric field at the peak frequency showed a strong localization
(Fig. 6.3).

The eigenfrequencies and the eigenfunctions of the defect modes can be
calculated by several methods. In early studies, the plane-wave expansion
with the supercell method was frequently used. In this method, the structure
shown in Fig. 6.1 is regarded as a unit cell, which is referred to as the supercell,
and the band calculation by the plane-wave expansion method is performed
for this unit cell structure. Then, a band with a very small width appears
in the gap frequency region if a localized defect mode is present. Exactly
speaking, this is an impurity-band calculation, since we assume a periodic
array of the defect structure. Because the wave functions localized at adjacent
defects hardly overlap each other when the supercell is sufficiently large, the
bandwidth of the impurity band is usually quite small. Hence, we can obtain
the eigenfrequency of the defect mode almost without ambiguity. However, we
need a very large number of plane waves to perform an accurate calculation
when the supercell is large. Generally speaking, the CPU (central processing
unit) time necessary for a computer to diagonalize the matrix like the one
that appears on the left-hand side of (2.32) is proportional to the cube of
its dimension, and hence, to the cube of the number of the plane waves
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(a)

(®)

()

Transmitted Power (dBm)

(d)

Frequency (GHz)

Fig. 6.2. Transmission spectra of the 9 x 18 array of cylinders. The incident wave
comes along (a) the [1,0], (b) the [2,1], and (c) the [1,1] direction of the regular
crystal without the defect. In (d), the orientation of the incident wave is the same
as in (a), but a single cylinder located at the center of the array is removed. Note
the sharp extra peak in the gap located at 11.2 GHz signifying a localized defect
mode. Each vertical division is 5 dB. (After [36])

used for the expansion. This fact sometimes imposes a serious constraint on
the accuracy of the numerical results especially for three-dimensional (3D)
crystals.

Later, it was found that the real-space methods are generally more effi-
cient than the plane-wave expansion. In the following, one such mehod will
be described in detail. This is based on the numerical simulation of the radia-
tion process of a virtual oscillating dipole moment embedded in the photonic
crystal [34, 70-72]. The numerical simulation is performed by the FDTD
(finite-difference time-domain) method. Advantages of this method are that
(1) the CPU time is comparatively small, (2) the algorithm is suitable for
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Fig. 6.3. Energy distribution of a localized defect mode observed for the square

array of circular dielectric rods with one rod removed. (After [36])

vector and parallel computing, and hence, the CPU time can be reduced by

a considerable amount by using a vector processor or a parallel machine, (3)

the spatial symmetry of the eigenmodes is rigorously taken into account, and

(4) the frequency dependence and the imaginary part of the dielectric con-

stant can naturally be dealt with if necessary. We consider these points in

detail with some examples.

on

le of Calculat

incip

6.2 Pr

In this section, we will first derive a general formula describing the radia-

tion from an oscillating dipole moment located near a disorder introduced
to the regular structure of the photonic crystal. We will then proceed to the

description of the FDTD calcualtion.

(6.4)

b

Maxwell’s equations for the present problem are given by
V {epe(r)E(r,t) + P4(r,t)} =0

(6.5)
(

V. -H(r,t)=0,

6.6)

t),

9

0
_NOEH(T

V x E(r,t)

(6.7)

)

t)}

)

T

+ Py(

t)

)

T

(

E

{e0e(r)

9
ot
where P4(r,t) is the polarization field of the oscillating dipole and its explicit

form is given by (5.15). The difference between this set of equations and (5.1)—

V x H(r,t)

(5.4) is that e(r) now has the disorder introduced by the dielectric defect.
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In Sect. 5.2, we derived the expression for the dipole radiation in the
regular photonic crystal using Green’s function. The same method can be
applied to the present problem, if we take into account the presence of the
defect mode in addition to the extended Bloch states. We assume that the
angular frequency of the oscillating dipole w is close to wq and that the latter
is isolated in a photonic bandgap. Then we can neglect the contribution from
all other extended eigenmodes, and (5.34) gives the electric field of the present
problem:

_ wd {E}(ro) - d} Eq(r) exp(—iwt)

FE(r,t) ~
(r.?) 260V (w — wq + 1v)

; (6.8)

where we have introduced the decay rate of the defect mode . Eq4(r) is
normalized such that

/V e(r)|Ba(r)|2dr = V. (6.9)

By calculating Poynting’s vector, we obtain the expression for the electro-
magnetic energy emitted by the dipole in a unit time, U:

wway|d - Ef(ro)?
eV {(w—wa)? +2}

The derivation of (6.8) and (6.10) is similar to that of (5.34) and (5.35).
Equation (6.10) implies that we can obtain wq as the resonance frequency if
we can evaluate the frequency dependence of U. Moreover, (6.8) shows that
the excited field is proportional to the eigenfunction. We will perform this
task by solving the wave equation derived from the above Maxwell equations
numerically. The numerical method is called the finite-difference time-domain
(FDTD) method.

We will deal with the E polarization, since McCall et al. investigated
this case experimentally. (The H polarization can be dealt with in a similar
manner; see Sect. 7.3) Then the wave equation for the z component (parallel
to the rod axis) of the electric field, E.(r/,t), is given by

e(ry) 0%E, ’E, ’E.  dw? .
e e e — n0)o(y — ) expl—iwt) (611
where (xg, yo) denotes the 2D position of the dipole moment, and d is the
amplitude of the oscillating dipole. We discretize this differential equation to
obtain a difference equation, and solve the latter numerically with the initial
condition E, = OF,/0t = 0 at t = 0. The derivatives of the second order in
(6.11) are approximated as follows:

O*E.(r),1) _ Bz + Ay, t) — 2B, (z,y,1) + Ex (v — Az, y,t)
Ox? o (Azx)?

8QEVZ(T‘//’ t) ~ Ez(xvy + Ayat) B 2Ez(xaya t) + Ez(xa Yy — Ayvt)
y? N (Ay)?

(6.10)

,(6.12)

,(6.13)
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Fig. 6.4. Spatio-temporal mesh for the FDTD calculation
OPE.(ry.t)  E.(x,yt+ At) —2E.(x,y,t) + Ex(x,y,t — At)

512 ~ (A1)2 , (6.14)

where Az, Ay, and At are the differences between adjacent mesh points (see
Fig. 6.4). Substituting (6.12)—(6.14) into (6.11), we obtain

Ez(xla Ym, tn—i—l)
~ 2Ez(xlaym;tn) - Ez(-xhymatnfl)

+ Cz(At)2{Ez (xl-‘rly Ym, tn) - 2Ez (l‘l, Ym, tn) + Ez (xl—h Ym, tn)}
(@1, ym)(Ar)?
02(At)2{Ez((Ela Ym+1, tn) - 2Ez(xl7 Ym» tn) + Ez(xla Ym—1, tn)}
+ 2
5(~'Ela ym)(Ay)

dw? (At)25”0 Omme €Xp(—iwty,)

1
e(xy, ym) Az Ay (6.15)

Here, x; denotes the [th mesh point in the z direction, and so on. In the last
term on the right-hand side of (6.15), two delta functions were replaced by
Kronecker deltas, where (ly, mg) denotes the position of the dipole. Note that

/dx/dy — AxAy > . (6.16)
ilm

Therefore, the replacement of 6(xz —x¢)d(y —yo) by i1y Omm, /AxAy gives the
correct value. Since the right-hand side of (6.15) is all written with values
at time ¢t = t,, and t,,_1, the temporal evolution of the electric field can be
calculated iteratively. This allows the computer to do the vector processing
and the parallel computing, which results in a tremendous acceleration of the
calculation.

In the following three sections, we will treat lossless crystals with real e(r).
Then, the shape of the resonance curve in the steady state, (6.10), should
be modified from a Lorentzian to a delta function. However, our numerical
method assumes an abrupt excitation of the defect modes and deals with
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transient but nearly steady states. The shape of the resonance curve for this
case is also well represented by (6.10).

6.3 Point Defects in a Square Lattice

In this section, we will treat the experiments reported by McCall et al. [36].
The geometry for the numerical calculation is shown in Fig. 6.1. This is the
top view of a 2D square lattice composed of circular dielectric rods. One of
them is replaced by one with a different dielectric constant, which we call the
defect rod hereafter. In Fig. 6.1, €,, €p, and €4, denote the dielectric constants
of the circular rods, the background, and the defect rod, respectively. a and
r, represent the lattice constant and the radius of the rods. Note that we
assumed the same radius for the defect rod as for the rest of the lattice. For
the numerical calculation, the following values were assumed according to the
experimental condition of McCall et al.; e, = 9.0, e, = 1.0, a = 1.27 cm, and
r, = 0.48 cm. 4 was varied from 1.0 to 20.0.

12 x 12 unit cells, which we call the supercell hereafter, were taken into ac-
count in our numerical calculation, and the periodic boundary condition was
imposed on its boundary. Because the numerically obtained wave functions
of the defect modes, which will be shown below, are well localized and have a
very small amplitude on the boundary, the supercell of this size was sufficient
for our purpose. In the actual calculation, we can assume a certain symmetry
for each localized mode since it is an irreducible representation of the Cly,
point group to which the assumed square lattice of the circular rods belongs.
Therefore, we can impose a respective boundary condition on one eighth of
the supercell for the one-dimensional representation, i.e., the Ay, Ay, By, or
B> mode, and on one-quarter of the supercell for the two-dimensional repre-
sentation, i.e., the E mode. Then, it was sufficient to treat the above small
area for the numerical calculation and the computational task was reduced.
In our calculation, every unit cell was divided into 40 x 40 parts, and one
period of the oscillation was divided into 640 steps in order to discretize the
wave equation. The further decrease of the size of the spatial and temporal
meshes did not give an apparent change in the eigenfrequencies of the defect
modes.

The photonic band structure of the regular lattice was previously pre-
sented in Fig. 2.4, which showed the presence of three bandgaps. Since the
experiment by McCall et al. was concerned with a totally symmetric A; mode
in the second gap for the case of ¢4 = 1.0, we examine this mode first. Figure
6.5 shows the calculated electromagnetic energy radiated by the oscillating
dipole moment located at the center of the defect rod. O, o, ¢, and e denote
the accumulated electromagnetic energy after 10, 20, 35, and 50 cycles of
the oscillation, respectively. In this figure, we observe a clear resonance at
wa/2me = 0.466, or w/27m = 11.0 GHz, which is quite close to the experimen-
tal observation, i.e., w/2m = 11.2 GHz.
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Fig. 6.5. Electromagnetic energy radiated by an oscillating dipole moment located
at the center of the defect rod as a function of the oscillation frequency. O, o, ¢, and
e denote the accumulated electromagnetic energy after 10, 20, 35, and 50 cycles of
the oscillation, respectively. The abscissa represents the normalized frequency. The
same parameters as for Fig. 6.1 were used. €4, was assumed here to be 1.0 according
to the experimental condition of McCall et al. [36]. A resonance at wa/2mwc = 0.466
(or w/2m = 11.2 GHz) is clearly observed. (After [34])
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Fig. 6.6. Electric field excited by the oscillating dipole moment after 100 cycles of
the oscillation at wa/2wc = 0.466. The abscissa is the distance from the center of the
defect rod along the nearest-neighbor direction normalized by the lattice constant.
This electric field can be regarded as that of the localized eigenmode created by
the defect rod. (After [34])
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Fig. 6.7. Eigenfrequencies of the localized defect modes as a function of the di-
electric constant of the defect rod 4. The ordinate is the normalized frequency and
horizontal lines represent the boundaries of the photonic bandgaps. The symmetry
of the localized modes is also shown, where the numbers in the parentheses are
given in order of ¢4 when there are more than one mode of the same symmetry in
the same gap. (After [34])

Figure 6.6 shows the distribution of the electric field at the resonance,
i.e., at wa/2mc = 0.466 after 100 cycles of the oscillation. The abscissa is
the distance from the center of the defect rod along the nearest-neighbor
direction, i.e., the (1, 0) direction, normalized by the lattice constant. As
was shown in (6.8), we can regard this distribution as the eigenfunction of
the defect mode. We find in this figure that the defect mode is localized
at the defect rod as we expected and the amplitude of the electric field on
the boundary of the supercell, i.e., at * = 6a is negligible. Hence, we may
consider that the interference between the neighboring supercells or, in other
words, the impurity-band effect, is small for our calculation. In addition, we
confirmed that we obtain the same distribution of the electric field apart from
its magnitude even when the oscillating dipole is located at (a,0) instead of
(0,0). This implies that the induced electromagnetic field belongs to a single
eigenmode. The CPU time that was necessary to obtain this figure with a
super computer was about 12 s. The CPU time can be further reduced by the
optimization of the parameters used when we discretize the wave equation.
We can also apply this method to the same kind of problems for 3D lattices,
as was shown by Painter et al. [73] and Hwang et al. [74].

Next, Fig. 6.7 shows the ¢4 dependence of the eigenfrequencies of the
localized modes for all symmetries. In this figure, horizontal lines represent
the boundaries of the photonic bandgaps and the numbers in parentheses
are given in order of £q when there are more than one modes of the same
symmetry in the same gap. In addition to the A; mode [the A;(1) mode in the
second gap| that was investigated by McCall et al., we observe that localized
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Fig. 6.8. Distribution of the electric fields of the (a) Ai(1), (b) (¢) E, (d) B2, (e)
Bi, and (f) A1(2) modes in the second gap. The maximum of each electric field is
normalized to unity. For all defect modes, the eigenfunctions show their peculiar
symmetry and are localized around the defect rod located at the origin. For the
doubly degenerate E mode, one eigenfunction is a replica of the other given by a
90-degree rotation. (After [34])
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eigenstates of all possible symmetries appear when we change €4 from 1.0 to
20.0. The eigenfrequency of each mode generally decreases with increasing
€d, because the defect mode “feels” a large dielectric constant on average
when g4 is large, and this leads to a simple scaling of the eigenfrequency as
wq o 1/4/¢ that can be found from the left-hand side of (6.11).

Figure 6.8 shows the 2D distribution of the electric fields of the defect
modes in the second gap. The maximum of each electric field is normalized
to unity in this figure. For all defect modes, the eigenfunctions show their
peculiar symmetry and are localized around the defect rod located at the
origin. For the doubly degenerate F mode, one eigenfunction is a replica of the
other given by a 90-degree rotation. Similarly, Fig. 6.9 shows the distribution
of the electric fields of the defect modes in the first gap. We can also calculate
those in the third gap quite easily, though we do not show them here. Note
that the spatial variation of the electric fields is slower for modes in the first
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Fig. 6.9. Distribution of the electric fields of the (a) A; and (b) (c) £ modes in
the first gap. The maximum of each electric field is normalized to unity again. Note
that the spatial variation of the electric fields is slower for modes in the first gap
than for those in the second gap. (After [34])
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gap than for those in the second gap, which is a natural consequence of the
relative magnitudes of their eigenfrequencies. Also, note that because of the
mismatching of the spatial symmetry, we can excite neither A, nor By mode
by an incident plane wave pointed in the (1, 0) direction, and neither A5 nor
B; mode by that pointed in the (1, 1) direction.

We would like to conclude this section by making two remarks. First, we
have treated a point defect, i.e., one defect rod in an otherwise regular lattice,
for numerical calculation. We can treat localized modes on line defects, and
calculate their dispersion relations as well in the framework of the present
method by simply changing the dielectric structure and the boundary con-
dition of the supercell, as will be shown in Sect. 6.5. The band structures of
regular crystals can also be calculated. Secondly, we can also treat frequency-
dependent dielectric constants, which is usually difficult for those methods
which solve eigenvalue problems to obtain the eigenstates. This point will be
described in detail in Chap. 7.

6.4 Point Defects in a Hexagonal Lattice

Smith et al. [75] investigated the defect modes in a 2D hexagonal lattice,
and we examine their case here [71]. The geometry for the present numerical
calculation is shown in Fig. 6.10. This is the top view of a supercell in a 2D

>

Fig. 6.10. Top view of a supercell of the 2D hexagonal array of circular rods that
was assumed for the numerical calculation. €,, and e}, denote the dielectric constants
of the circular rods and the background, respectively. a is the lattice constant. r,
and rq represent the radii of the regular and defect rods, respectively. L denotes
the distance between the defect rods in two adjacent supercells. (After [71])
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hexagonal lattice composed of circular dielectric rods. One of the rods in the
supercell is replaced by one with a different radius, which we call the defect
rod. In Fig. 6.10, €, and ¢}, denote the dielectric constants of the circular rods
and the background, respectively, a is the lattice constant, r, and rq represent
the radii of the regular and defect rods, and L is the distance between the
centers of the defect rods in adjacent supercells. Note that we assumed the
same dielectric constant for the defect rod as for the regular rods this time.

In the actual calculation, we could utilize the spatial symmetry of the
eigenmodes to reduce the amount of the computational task as we did in
the last section. Because the assumed crystal has Cg, spatial symmetry, each
localized eigenmode is attributed to one of its irreducible representations,
i.e., four one-dimensional representations (A, A2, By, and By) and two two-
dimensional representations (F; and Es). Then, for the one-dimensional rep-
resentations, it was sufficient to deal with only one twelfth of the supercell.
As for the two-dimensional representations, one quarter of the supercell was
sufficient.

Since the experiment by Smith et al. was concerned with a totally sym-
metric A; mode for the case of rq = 0, we examine this mode first. Figure
6.11 shows the electromagnetic energy radiated by an oscillating dipole mo-
ment located at the origin as a function of the oscillation frequency. O, o,
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Fig. 6.11. Electromagnetic energy radiated by an oscillating dipole moment located
at the center of the supercell as a function of the oscillation frequency. O, o, ¢, and
e denote the accumulated electromagnetic energy after 10, 20, 35, and 50 cycles
of the oscillation, respectively. The abscissa represents the normalized frequency,
where w, a, and ¢ stand for the angular frequency, the lattice constant, and the light
velocity in vacuum, respectively. The following parameters were used according to
the experimental condition of Smith et al. [75]: a = 1.27 cm, 1, = 0.48 cm, £, = 9.0,
epb = 1.0, and 74 = 0 cm (see Fig. 6.10). A supercell with L = 16a was assumed.
A resonance at wa/2mc = 0.468 (or w/27m = 11.1 GHz) is clearly observed. (After
71)
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o, and e denote the accumulated electromagnetic energy after 10, 20, 35,
and 50 cycles of the oscillation, respectively. The following parameters were
used according to the experimental condition of Smith et al.: a = 1.27 cm,
ro = 0.48 cm, €, = 9.0, e, = 1.0, and rq = 0 cm. The supercell with L = 16a
was considered here. A resonance at wa/2mwe = 0.468 (or w/2m = 11.1 GHz)
is clearly observed in Fig. 6.11, which is quite close to the experimental ob-
servation, i.e., w/2r = 11.23 GHz. The deviation is only 1.2%. We should
also note that a resonance curve after a larger number of the oscillation cy-
cles is sharper. This is because the system approaches a pure state that is
described by Eq4(r) after an initial transient response caused by the abrupt
introduction of the oscillating dipole moment at ¢ = 0. Figure 6.12 shows the
distribution of the electric field radiated by the oscillating dipole moment
after 100 cycles of the oscillation at wa/2mwe = 0.468. The same parameters
as for Fig. 6.11 were used. The maximum of the electric field is normalized
to unity in this figure.

Next, we examine the problem discussed by Feng and Arakawa [76]. They
assumed that r,/a = 0.2, e, = 13.0, and e, = 1.0 in Fig. 6.10. They also
assumed a supercell with L = 3a. Figure 6.13 shows the photonic band
structure and the state density of the regular hexagonal lattice of the circular
rods for the F polarization. This figure shows the presence of a large bandgap
from wa/2mc = 0.26 to 0.45.
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Fig. 6.12. Distribution of the electric field radiated by the oscillating dipole mo-
ment after 100 cycles of the oscillation at wa/2mc = 0.468. The same parameters as
for Fig. 6.11 were used. The maximum of the electric field is normalized to unity.
This electric field can be regarded as that of the localized eigenmode created by the
defect. It is really localized at the origin and shows the A; symmetry of the Cg,
point group. (After [71])
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Fig. 6.13. Photonic band structure and the state density of the regular hexagonal
lattice of the circular rods for the E polarization. The ordinate is the normalized
eigenfrequency. According to the previous calculation by Feng and Arakawa [76],
the following values were assumed: r,/a = 0.2 cm, £, = 13.0, and e, = 1.0. (After
[71])
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Fig. 6.14. Eigenfrequency of the localized defect modes as a function of the radius
of the defect rod, rq. The ordinate is the normalized frequency and horizontal lines
represent the boundaries of the photonic bandgap. The symmetries of the localized
modes are also shown, where the number in parentheses is given in order of 74 when
there are more than one mode of the same symmetry. (After [71])
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Fig. 6.15. Distribution of the electric fields of the (a) A1(1), (b) E1, (c) E2, (d)
A1(2), and (e) Bz modes. The maximum of each electric field is normalized to
unity. For all defect modes, the eigenfunctions show their peculiar symmetries and
are localized around the defect rod located at the origin. (After [71])
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Fig. 6.16. L dependence of the eigenfrequencies, which were calculated with the
same parameters as for Fig. 6.14 and with rq/a = 0.1 for the A;(1) mode and
ra/a = 0.3 for the E1 mode. The results of Feng and Arakawa [76] are denoted by
+ for the A;(1) mode and by x for the Ey mode. (After [71])

Feng and Arakawa [76] showed by the plane-wave expansion method with
2269 basis plane waves that several defect modes appear when the radius
of the defect rod, rq, is varied from rq = 0 to 0.5; and we consider this
point here. Figure 6.14 shows the eigenfrequency of the defect modes as a
function of rq, where a supercell with I = 16a was used for our numeri-
cal calculation. The ordinate is the normalized frequency and the horizontal
lines represent the boundaries of the photonic bandgap. The symmetries of
the defect modes are also shown, where the number in parentheses is given in
order of rq when there are more than one mode of the same symmetry. The
eigenfunctions are presented in Fig. 6.15. The maximum of the electric field is
normalized to unity as before. For all defect modes, the eigenfunctions show
their peculiar symmetries and are localized around the defect rod located at
the origin. For the doubly degenerate £ and E5 modes, only one eigenfunc-
tion is shown. When we compared our results with those by the plane-wave
expansion method, it was found that the overall feature is common to both
calculations except that they differ quantitatively from each other by 2-4%.

Now, we examine the reason for the quantitative disagreement between
the two calculations. The L dependence of the eigenfrequencies is presented in
Fig. 6.16, where o and o represent the results of our calculation for the A;(1)
and F; modes, and + and X represent those by the plane-wave expansion
method. Strictly speaking, the latter depend on the wave vector in the first
Brillouin zone because it was an impurity-band calculation, but the widths of
the obtained impurity bands were not very wide and we plot the centers of the
impurity bands as representative points in Fig. 6.16. This figure shows that
(1) the eigenfrequencies converge fairly rapidly and they scarcely change when
L/a is more than 6, (2) but for L/a less than 6, there is a considerable change,
and (3) the results by the plane-wave expansion method are consistent with
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our results for small L. Thus, we should note that the small supercell brings
about not only the width but also the shift of the impurity bands. Therefore,
if we are interested in isolated and well localized defect modes, we should
assume a somewhat large supercell.

6.5 Line Defects in a Square Lattice

In this section, we will deal with the structure shown in Fig. 6.17, where
the spacing between the adjacent layers around the x axis is different from
the rest. This part, which we refer to as the line defect, brings about the
eigenmodes localized in the y direction. Since the structure has translational
symmetry in the x direction, those localized eigenmodes satisfy the following
Bloch condition:

E.(x+a,y,t) = " E_(z,y,1). (6.17)

That is, each of them is characterized by a wave number & in the x direction.
They thus form a 1D impurity band.
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Fig. 6.17. Top view of the 2D square array of circular rods that was assumed for
the numerical calculation (see text for details.) (After [70])
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Fig. 6.18. Photonic band structure of the regular square lattice of the circular
rods for E polarization. The ordinate is the normalized frequency. According to
the experimental condition of Lin et al. [77], the following values were assumed:
a =1.27 mm, r, = 0.255 mm, €, = 10.0. (After [70])

It is essential for our method described in the previous sections that the
eigenfrequency of the relevant localized mode is isolated since it is obtained
from the resonance structure in the spectrum of the dipole radiation. If it
is close to other eigenmodes, we cannot distinguish it from them. Therefore,
our method does not seem, at first glance, to be applicable to the problem
of the impurity band, for which the spectrum of the localized eigenmodes
forms a continuum. However, this is not true. The area surrounded by a
broken line in Fig. 6.17 is the supercell on which the numerical calculation
was carried out. The number of rods included in the supercell was more than
6. We imposed a boundary condition on F.(z,y,t) given by (6.17). Then,
we could extract the contribution to the radiated electromagnetic field from
the particular eigenmodes with the designated wave vector. In what follows,
we will show that this simple procedure works quite well and that excellent
agreement with the experimental result is obtained.

Now, Fig. 6.18 shows the photonic band structure of the regular (i.e.,
2b = a) square lattice. According to the experimental condition of Lin et
al. [77] the following values were assumed: ¢ = 1.27 mm, r, = 0.255 mm,
€, = 10.0. Figure 6.18 shows the presence of three bandgaps. We will deal
with the lowest one below.

As will be shown below, the localized mode at the I" point (k = 0) of
the 1D impurity band found by Lin et al. was a By mode of the Cs, point
group. First we examine this case, for which b = 1.5a. Figure 6.19 shows
the frequency dependence of the electromagnetic energy radiated by the os-
cillating dipole moment located 0.2 mm from the origin in the y direction.
0, o, ¢, and e denote the accumulated electromagnetic energy after 10, 20,



144 6. Defect Modes in Photonic Crystals

3.5p
r 0.45

_ 3.0F [
é b 5|5 o.40f
5 2.5¢ [
£ r
) t 0.35
>~ 2.0f 0.0
B r
§ r
g L.5p
=] r
ot r
= 1.0f
S r
<
~ [

0.5F

v:w., Bames | 1100

0.34 7 038 039 040 0.41
wa
2mc

Fig. 6.19. Electromagnetic energy radiated by the dipole moment as a function
of the oscillation frequency. O, o, ¢, and e denote the accumulated electromagnetic
energy after 10, 20, 35, and 50 cycles of the oscillation, respectively. The same
parameters as for Fig. 6.18 were used. b and k were assumed to be 1.5a and 0.
The inset shows the dispersion relation of the 1D impurity band. Its abscissa is the
normalized wave vector in the = direction. (After [70])

35, and 50 cycles of the oscillation, respectively. In this figure, we observe a
clear resonance at wa/2mc = 0.3602, or w/2m = 85.03 GHz, which is quite
close to the experimental observation, that is, w/27 = 85.5 GHz. The dis-
crepancy between them is less than 0.6%. On the other hand, the inset of Fig.
6.19 shows the calculated dispersion relation of the 1D impurity band where
the abscissa represents the normalized wave vector in the x direction. In the
experiments carried out by Lin et al., transmission spectra of the specimen
were measured with microwaves at normal incidence, i.e., in the y direction.
Therefore, they observed the localized mode at the I' point. If the angle of
incidence is tilted, then this dispersion curve can be observed.

Next, Fig. 6.20 shows the b dependence of the eigenfrequencies of the
localized modes at the I' point where open and solid circles represent the
Ay and B modes, respectively. Modes of other symmetries, i.e., Ao and Bj
symmetries, were not found in this parameter range. In this figure, horizontal
lines represent the edges of the first and second bands at the X point in the
2D Brillouin zone (see Fig. 6.18), between which the localized modes with
k = 0 can exist. The number in parentheses in Fig. 6.20 is a band index in
order to distinguish branches with the same symmetry. Figures 6.21 and 6.22
show the 2D distribution of the electric fields of the localized modes of the
Ay and B, symmetries, respectively. The maximum of each electric field is
normalized to unity in these figures. Note that the number of nodes of the
eigenfunctions along the y axis increases with increasing band index. Also
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Fig. 6.20. Eigenfrequencies at the I" point of the 1D impurity bands as a function
of the width b of the defect structure. The ordinate is the normalized frequency,
and horizontal lines represent the edges of the first and the second bands of the =
point in the 2D Brillouin zone. The symmetry of the localized modes is also shown,
where the number in parentheses is the band index that distinguishes branches with
the same symmetry. (After [70])
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Fig. 6.21. Distribution of the electric fields for the A; modes: A1 (1) (left) to A1(4)
(right). The maximum of each electric field is normalized to unity. (After [70])
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Fig. 6.22. Distribution of the electric fields for the B modes: B2(1) (left) to Ba(4)
(right). The maximum of each electric field is normalized to unity. (After [70])

note that the A; (B2) modes are symmetric (antisymmetric) about the x
axis.

6.6 Dielectric Loss and Quality Factor

The high quality factor of the localized defect modes originates from the fact
that the amplitude of their wave functions decreases exponentially with the
distance from the center of the defect structure, and therefore, the coupling
strength between the defect modes and the radiation field outside the crystal
can be extremely small. The characteristic length of the exponential decrease
is of the order of the relevant wavelength, and therefore we can expect quite
large quality factors even with thin samples. In fact, the large quality factor of
Lin et al. mentioned above was observed for a 2D crystal with a thickness less
than seven times the wavelength. Actually, the quality factor was not limited
by coupling to the external radiation field but by the lifetime of the defect
mode brought about by the small dielectric loss in the components. Then,
evaluation of the dielectric loss is necessary and important for the design and
the practical use of the localized defect modes. In this section, we examine
the quality factors of the defect modes described in the last section.

In what follows, we will use the notation of Lin et al. to distinguish the
structure of the specimen: an m-(I)-n photonic crystal has [ rows of empty
lattice sandwiched by m and n layers of the dielectric rods. Then b/a =
(I41)/2. The structure shown in Fig. 6.17 is, for example, denoted by 4-(2)-
4, since it has four layers of the dielectric rods in both sides and it was drawn
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for b = 1.5a. In the actual numerical calculation, we assumed that m = n for
simplicity and n was varied from 1 to 9.

We evaluated the lifetime of the defect modes due to the dielectric loss,
T, by analyzing the temporal attenuation of their electromagnetic energy nu-
merically. We now briefly describe the method. In previous sections, we cal-
culated the eigenfrequencies and eigenfunctions of the localized defect modes
by means of the numerical simulation of their excitation process by a vir-
tual oscillating dipole moment embedded in the photonic crystals. A similar
method can be utilized for the present purpose. Namely, we excited the de-
fect mode by a point dipole oscillating at its eigenfrequency for 200 cycles,
and analyzed the temporal attenuation of the accumulated electromagnetic
energy after switching off the oscillation in the presence of the imaginary part
of the dielectric constant. We can thus obtain the decay rate, and hence the
lifetime. The spectral width due to the dielectric loss (FWHM), Iy, is given
by I'y = L

First, we examine the spectral widths of the defect modes when the dielec-
tric loss is absent. Figure 6.23 shows the transmission spectra of the n-(2)-n
structures calculated by the layer-doubling method based on the cylindrical-
wave expansion [72]. As a typical example, the transmission spectrum for
the 3-(2)-3 structure in a wide frequency range is presented in Fig. 6.23(a).
The abscissa is the normalized frequency, where w and ¢ denote the angu-
lar frequency of the incident microwave and the light velocity in vacuum,
respectively. An extremely sharp transmission peak due to the defect mode
is observed at wa/2mc ~ 0.36 in the opaque range between wa/2mwc ~ 0.26
and 0.44 that is brought about by the photonic bandgap. The spectral width
of the defect mode decreases rapidly with increasing n as is shown in Figs.
6.23(b) and 6.23(c). The normalized eigenfrequency of the Bz (1) mode of
the 5-(2)-5 structure was calculated in the last section to be 0.3602 by means
of the numerical simulation of the dipole radiation. The difference between
the two calculations is as small as 0.17%. The agreement between the two
independent calculations provides clear evidence for the accuracy of our nu-
merical methods.

The n-dependence of the spectral width (FWHM) of the defect modes is
presented in Fig. 6.24. In this figure, e represents the value obtained from the
calculated transmission spectrum for €¢” = 0, and O denotes the experimental
result of Lin et al. In their experiment, n was not necessarily equal to m.
Here, the averaged value, i.e., (n +m)/2 is plotted as n. On the other hand,
o represents the spectral width for ¢” = 0.001, which will be discussed later.
It is obvious that a much smaller spectral width, and hence, a much larger
quality factor, Q@ = wq/(spectral width), can be attained for large n if the
dielectric loss is absent, and the spectral widths observed by Lin et al. were
limited by the dielectric loss. A quality factor larger than 107 is expected for
n=9if " =0.
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Fig. 6.23. Calculated transmission spectra of the n-(2)-n structures: (a) the spec-
trum of the 3-(2)-3 structure in a wide frequency range, (b)(c) the spectra of the
n-(2)-n structures in the vicinity of the transmission peak due to the localized de-
fect mode with the By spatial symmetry. According to the experimental condition
of Lin et al. [77], the following values were assumed for the numerical calculation:
a = 1.27 mm, r, = 0.255 mm, €, = 10.0, and b = 1.5a. The sharp transmission
peaks due to the defect mode are observed at wa/2mwc ~ 0.36 in the opaque range
between wa/2mwc ~ 0.26 and 0.44 that is brought about by a photonic bandgap.
Note the rapid decrease of the width of the transmission peak with increasing n.
(After [72])
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Fig. 6.24. Spectral width (FWHM) of the transmission peak due to the localized
defect mode at the I" point of the 1D impurity band with the Bs spatial symmetry
of the n-(2)-n structure. O represents the experimental results of Lin et al. [77],
whereas e and o represent the calculated values of the present work for ¢” = 0 and
¢” = 0.001, respectively. Because the structure used in the experiment of Lin et
al. was not necessarily symmetric about the x axis in Fig. 6.17, the experimental
result was plotted for the averaged n. (After [72])

Now, we examine the spectral width I'y brought about by the dielectric
loss. In Fig. 6.25, the temporal attenuation of the electromagnetic energy U
after switching off the oscillating dipole moment is shown for the By mode
of the 5-(2)-5 structure as an example. In this figure, the abscissa is the
normalized time and Uy is the accumulated energy just after 200 cycles of
the oscillation of the dipole at the eigenfrequency of the defect mode. e, o,
O, and o represent the temporal attenuation for ¢’ = 0.001, 0.01, 0.03, and
0.1, respectively. Each curve shows an exponential attenuation, and we can
obtain the lifetime of the localized modes from its slope.

We should note that I'y is proportional to €”. This can be easily under-
stood, since the dielectric loss in a unit time, U)ess, i proportional to €”. It
is given by

waeoe”
Uies = 55 | Batr, 1) Pav. (615)
N

where wq and E4 stand for the eigen-angular frequency and the electric field
of the localized defect mode, and {2 denotes the volume that the dielectric
rods occupy. Because
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Fig. 6.25. Temporal attenuation of the accumulated electromagnetic energy U of
the localized defect mode with the Bz spatial symmetry with the 5-(2)-5 structure
that is caused by the dielectric loss, where Uy denotes the accumulated energy
immediately after 200 cycles of the oscillation of the dipole. The abscissa is the
normalized time. o, o, O, and ¢ represent the calculated results for ¢” = 0.001,
0.01, 0.03, and 0.1, respectively. (After [72])

(6.19)

we can conclude that I'y is proportional to &”.

Returning to Fig. 6.24, o represents the spectral width of each defect mode
for €” = 0.001, which was obtained as a sum of the spectral width for &/ =0
and Iy. It is evident that the spectral width is limited by the dielectric loss
for n > 6, and the upper limit of the quality factor is 4.9 x 10%. It is clear
that a larger €” leads to a smaller quality factor. Here we assumed £’ of 0.001
according to Lin et al. The discrepancy between the theoretical results and
the experimental observation in Fig. 6.24 may be attributed to the energy
leakage along the direction of the line defect, i.e., along the x axis in Fig.
6.17, as was pointed out by Lin et al. as an additional loss mechanism, the
amount of which depends on experimental configuration. Note that we dealt
with systems infinite in the = direction in the theoretical analysis, whereas
the actual specimens were finite.



7. Band Calculation
with Frequency-Dependent
Dielectric Constants

The numerical simulation of the dipole radiation that was utilized for the
localized defect modes in Chap. 6 will be extended to the band calculation
with frequency-dependent dielectric constants [78-80]. Two-dimensional pho-
tonic crystals with metallic components will be analized by this method. The
dispersion relation, the field distribution, and the lifetime of the radiation
modes will be examined. The nature of surface plasmon polaritons will be
clarified.

7.1 Principle of Calculation

The dielectric constants of photonic crystals were assumed to be independent
of frequency so far. When we deal with transparent materials whose optical
transition frequencies are far from those of the relevant radiation field, this
assumption is reasonable. However, when we deal with materials whose reso-
nant polarization plays an important role in their optical response, we cannot
neglect the frequency depnedence of their dielectric constants.

We begin with the following set of Maxwell’s equations.

V x E(r,t) = —uo%H(r,t), (7.1)

V x H(r,t) = %{Do(r,t) + Pqy(r,t)}. (7.2)

In (7.2), Pq4(r,t) represents the virtual oscillating dipole moment as before
and Dg(r,t) denotes the electric displacement due to the regular dielectric
structure of the photonic crystal. If the dielectric constant does not depend
on frequency, the latter is given by the dielectric constant times the electric
field. However, if the dielectric constant depends on frequency, a more general
treatment is necessary. We assume that the matter system responds linearly
to the electric field. Then, a somewhat general form of the displacement field
is given by

Dy(r,t) = /OO dt'@(r,t —t")E(r,t'). (7.3)

— 00
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&(r,t) is referred to as the response function. In this equation, the displace-
ment is given by the convolution of the response function and the electric
field. Hence, the former depends not only on the electric field at the same in-
stance but also on those at different times. This is the origin of the frequency
dependence of the dielectric constant. Because of the causality principle,

d(r,t) =0 (t <0). (7.4)
If E(r,t) is monochromatic, i.e., if it has the following form,

E(r,t) = E,(r)e ", (7.5)
we have

Dy(r,t) = / At'D(r,t —t')E(r)e !

o0
= Ew(r)e_w/ At'd(r, t')e" . (7.6)
—00
When we define (r,w) by
e(r,w) = ei/ At'D(r, t')e ", (7.7)
0J—-—
and denote Dg(7,t) by
Dy(r,t) = D, (r)e ", (7.8)
we obtain
D, (r) = coe(r,w)E,(r). (7.9)

Therefore, e(r,w) is the dielectric function in our previous terminology. How-
ever, it may now depend on frequency. Hence, (7.3) gives an extension of
our previous treatment of frequency-independent dielectric constants to the
frequency-dependent case.

The inverse Fourier transform of (7.7) gives

o0
b(r,t) = <€—0/ dwe(r,w)e !, (7.10)
27

For t < 0, the path for the integration can be modified to enclose the upper
half of the complex w plane. So, if e(r,w) has a pole in that region, the
integral has a finite value due to the residue theorem, which contradicts the
causality. Thus, e(r,w) cannot have a pole in the upper half of the complex
w plane.

We now show some examples of such dielectric functions. We shall forget
the r dependence for a while. For metallic materials, it is known that their
dielectric constant is well represented by that of the Drude type in a certain
frequency range:

g(w) :500{1—0}(:};)11)}, (7.11)

—0o0
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where wy, is the plasma frequency, 7 is the relaxation time, and e, is the
relative dielectric constant at sufficiently high frequencies. Then (7.10) leads

to
€0€oo [ - 1 1 it
b = —_— 1+ —
(r,t) 5 [ dw{ 1wp< 3 i/T>}e
€0€00 {(5(t) + ng (1 — e_t/T) } 0(t), (7.12)

where § is a positive infinitesimal and 6(¢) is the unit step function, i.e.,

1 (t>0)

(t) = (7.13)
0 (t<0).
Another example is the dielectric constant appropriate to semiconductors:
wi —w?

(W) = €003 (7.14)

D2 — 02 o]
wp — w? —iwy

where wt (wr,) is the transverse (longitudinal) exciton frequency, and -~ is
the relaxation rate. The same formula may be used to describe the optical
phonons in polar crystals. For this case, we have

o(t)

2 .
= €0fx0 [5(t) + {(wﬁ —wi 1) SH;th — ycos th} G(t)} . (7.15)
T

Now, we apply our method to a photonic crystal composed of metallic
components whose dielectric constant is well represented by that of the Drude
type. We locate the oscillating dipole outside the metal. From (7.3) and (7.12),
the displacement in the metallic region is given by

t
Dy(r,t) = e0€eo {E(r,t) + ng/ dt (1 — e—(t—t/)/r) E(r,t’)} .
(7.16)
We thus have

02 0? 2
wDO(T,t) = £0€00 @E(r,t) +wyq E(r,t)

t
1 / dt’e<”'>/TE(r,t’)H . (7.17)
T —0o0

Hence, the wave equation for this region is
82

V x {V x E(r,t)} = —ECL; [WE(r,t) +W2E(r, )

w2 e} t
——p/ dt’ exp (—> E(r,t—t)]. (7.18)
T 0 T
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On the other hand, we assume that £(r,w) = 1 (air) outside the metallic
region. Then for this region,

1 82 2 —iwt
V x{V x E(r,t)} = 2 ﬁE(r,t) —w pd(r —ro)e . (7.19)
We discretize (7.18) and (7.19) to obtain the difference equations and solve
them numerically with an initial condition E = 0E/dt = 0 and a boundary

condition
E(r+ a,t) = exp(ik - a) E(r,t), (7.20)

where k is a wave vector in the first Brillouin zone and a is the elementary
lattice vector. The latter condition extracts the contribution to the radiated
electromagnetic field from particular eigenmodes with the specified wave vec-
tor. Therefore, we can calculate the resonance frequency as a function of k,
i.e., we can obtain the dispersion relation.

7.2 Modified Plane Waves in Metallic Crystals

In this section, we will give an example of a numerical calculation. We will
deal with a 2D photonic crystal composed of a square array of metallic cylin-
ders for the E polarization. The H polarization will be treated in the next
section. The following parameters were assumed: 7, /a = 0.472 (crystal 1) or
0.0564 (crystal 2), where 7, and a denote the radius of the cylinders and the
lattice constant, respectively; eo, = 1.0; and wpa/2me = 1.0. Because of the
boundary condition, (7.20), it is sufficient to deal with only one unit cell, and
therefore, the CPU time necessary for the numerical calculation is small.

The numerical calculation was done for the wave vectors in the (1, 0) and
(1, 1) directions in the first Brillouin zone of the 2D square lattice. In the
actual calculation, 77! was set equal to 0.01 x wp. The unit cell was divided
into 40 x 40 parts, and one period of the oscillation was divided into 160
steps. Further decrease of the size of the spatial and temporal meshes did not
result in an apparent change in the resonance frequencies. The lifetime of the
eigenmodes was evaluated by observing the temporal decrease in the accumu-
lated electromagnetic energy after 200 cycles of the oscillation of the dipole
moment. The total electromagnetic energy after switching off the oscillation
showed an exponential decrease and we could obtain the lifetime easily.

As an example, Fig. 7.1 shows the electromagnetic energy radiated by the
oscillating dipole moment as a function of the oscillation frequency for k = 0.
The abscissa represents the normalized frequency. O, o, ¢, and e denote the
accumulated electromagnetic energy after 10, 20, 50, and 100 cycles of the
oscillation, respectively. A resonance at wa/2mc = 0.745 is clearly observed
in this figure. The dispersion relation for crystal 1 thus obtained is presented
in Fig. 7.2 where the symmetry of each eigenmode is also shown. In this
figure, the number in parentheses is given in order of ascending frequency
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Fig. 7.1. Electromagnetic energy radiated by an oscillating dipole moment located
at 7o/a = (0.3,0) as a function of the oscillation frequency for k = 0 for crystal 1.
0, o, ¢, and e denote the accumulated electromagnetic energy after 10, 20, 50, and
100 cycles of the oscillation, respectively. The abscissa represents the normalized
frequency. The following parameters were used: 7, /a = 0.472, €00 = 1.0, wpa/2mwc =
1.0, and 77! = 0.01 X wp. A resonance at wa/2mc = 0.745 is clearly observed. (After
[78])

when there are more than one mode of the same symmetry in the analyzed
spectral region. The symmetry of each band shown in Fig. 7.2 is consistent
with the prediction of the group theory in Table 3.7 that was obtained by the
comparison with the irreducible representations of the radiation field in free
space. This implies that the radiational eigenmodes for the F polarization in
this frequency range are essentially modified plane waves.

We should note that there is no eigenmode for wa/2mec < 0.745. We can
show that this cut-off frequency is consistent with the long-wavelength ap-
proximation of the Maxwell equations as follows. From (2.47)—(2.49), we have
for the F polarization

OE, 0H,

_ 21
ay Mo (7:21)
0E.  OH,

e ol (7.22)
oH, 0OH, _ OF.

ar oy =coe (7.23)

If the wavelength is long and the wave vector is small, the eigenmode is not
affected by the detail of the spatial variation of the dielectric function. Hence,
we may replace the dielectric function by its spatial average over the unit cell.
For this case, the spatial variation of the eigenfunctions in the unit cell is also
small. Hence, we may approximate the rigorous eigenfunctions by
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Fig. 7.2. Dispersion relation of the 2D square photonic crystal composed of metallic
cylinders (crystal 1) for the E polarization calculated by means of the numerical
simulation of the dipole radiation. The ordinate is the normalized frequency where
w, a, and ¢ stand for the angular frequency of the radiation field, the lattice constant
of the crystal, and the light velocity in free space. The following parameters were
used for numerical calculation: r,/a = 0.472 (f = 0.7), where 7, denotes the radius
of the metallic cylinders; oo = 1.0, wpa/2mc = 1.0, and v = 0.01 X wp in (7.11).
The dispersion relation was drawn for highly symmetric points in the first Brillouin
zone of the 2D crystal: I'(0,0), X (7/a,0), and M (7 /a,7/a). The spatial symmetry
of each eigenmode is also shown in this figure, where the number in parentheses is
given in order of ascending frequency when there are more than one mode of the
same symmetry in the analyzed frequency region. (After [79])

Ez(r//,t) = uz(r//)exp {i(k// Ty fwt)}
~u,exp{i(ky r)—wt)}, (7.24)

etc., where the overline denotes the spatial average on the unit cell. When
we take this spatial averege in (7.21)—(7.23), we obtain

kyt, o~ powty, (7.25)
ki, o~ —powTy, (7.26)
kyUy — kyUy o —€0EWT,. (7.27)

We should note that we could do the following replacement,
eE, ~¢E,, (7.28)

since E, is a continuous function of r, due to the continuity condition of
the tangential component of the electric field on the surface of the metallic
cylinder, whereas ¢ is discontinuous. When both functions were discontinuous,
the replacement could not be justified.
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From (7.25)—(7.27), we have

w? k2
— = — 7.29
2= = (7.29)
where the spatial average of the dielectric function, g, is now given by
2
EcoW
§:1+(goo—1)f—f . (7.30)
w

In this equation, f is the filling factor of the metallic cylinders: f = 0.7 for
crystal 1 and f = 0.01 for crystal 2. From (7.29) and (7.30), we obtain

[2k2 + feoow?

Substituting the assumed parameters for crystal 1 into this equation, the
cut-off frequency is obtained as 0.84. This value is not very close to the
numerical result, but (7.31) tells us that there should be the cut-off and the
lowest frequency is realized at the I" point where k = 0.

The distribution of the electric fields of the eigenmodes at the I' point
is presented in Fig. 7.3. The maximum of each electric field is normalized to
unity. It is very clear that each eigenmode shows its peculiar symmetry. In
particular, Fig. 7.3(c) is a replica of Fig. 7.3(d) given by a 90° rotation, which
implies that they are degenerate and attributed to the E representation.
Figure 7.4 shows the field distribution of the eigenmodes at the X point.
They are consistent with the symmetry assignments given in Fig. 7.2. Figure
7.5 shows the lifetime of the five lowest eigenmodes. This depends strongly
on the amount of the field distribution in the metallic region.

The dispersion relation and the lifetime of the lowest band for crystal 2
with a filling factor of 0.01 are shown in Figs. 7.6 and 7.7. In this case, the
filling factor is very small and the correspondence with the symmetry assign-
ment for free space is quite good. In the long-wavelength approximation, the
cut-off frequency is given by wa/2m¢ = 0.1, which is very close to the numer-
ical result, 0.097. Figure 7.7 shows a very interesting behavior of the lifetime
of the lowest band. It varies by more than three orders of magnitude with k.
This feature originates, of course, from the variation of the field distribution.
For example, the By mode on the M point is antisymmetric about the z and
y axes. Its amplitude is thus equal to zero on these axes. Because the electric
field is continuous and the radius of the metallic cylinders is small for crystal
2, the electric field is small everywhere in the metal. This is why the dielectric
loss is small and the lifetime is long for the B mode. On the other hand,
the A; mode on the I' point is totally symmetric and it may have a large
amplitude in the metallic region. This is why its lifetime is much shorter than
that of the By mode.
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Fig. 7.3. Distribution of the electric fields of the (a) A1(1), (b) A1(2), (¢) (d) E,
and (e) B1 modes at the I' point that has the C4, symmetry. The maximum of
each electric field is normalized to unity. For all eigenmodes, the eigenfunctions show
their peculiar symmetries. For the doubly degenerate E' mode, one eigenfunction is
a replica of the other given by a 90° rotation. (After [78])
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Fig. 7.4. Distribution of the electric fields of the (a) B1(1), (b) A1(1), (c) Az, (d)
B1(2), (e) A1(2), and (f) B2 modes at the X point that has the C2, symmetry. The
maximum of each electric field is normalized to unity as before. (After [78])
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Fig. 7.5. Lifetime of the lowest five eigenmodes of crystal 1. The same parame-
ters as for Fig. 7.1 were used for numerical calculation. The ordinate denotes the
normalized lifetime on a logarithmic scale. (After [79])
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Fig. 7.6. Dispersion relation of the two-dimensional square photonic crystal com-
posed of metallic cylinders (crystal 2) for the E polarization calculated by means
of the numerical simulation of the dipole radiation. The same parameters as for
Fig. 7.1 were used for numerical calculation except that r,/a = 0.0564 (f = 0.01).
(After [79])
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Fig. 7.7. Lifetime of the lowest eigenmode of crystal 2. The same parameters as for
Fig. 7.6 were used for numerical calculation. The ordinate denotes the normalized
lifetime in a logarithmic scale. (After [79])

We assumed certain analytical forms for the frequency-dependent dielec-
tric constants, such as (7.11) and (7.14). Since the exact analytical forms
for actual materials are not known, the present method may seem not to be
applicable to actual photonic crystals. However, it is applicable in fact. This
is a very important and practical feature of the present method. The key
idea is that the use of the response function given in (7.10) is necessary to
describe the non-steady state of the radiation field after the abrupt introduc-
tion of the oscillating dipole at t = 0 and that the radiation field after a long
period that can be regarded as being in a steady state is well described by
the dielectric constant at the oscillation frequency alone. This implies that
the choice of the analytical form of the dielectric constant is not important
when we calculate the radiation field at a given frequency with a given di-
electric constant. Therefore, we can calculate the dipole radiation spectrum
using dielectirc constants obtained by experimental observation. The reader
my consult [79] for details.

7.3 Surface Plasmon Polaritons

In this section, we will treat the H polarization in the same metallic system
as we did in the last section. In this case, a qualitatively different feature
appears. That is the excitation of surface plasmons. Before we discuss the
surface plasmons in photonic crystals, we will derive their fundamental prop-
erties in uniform metals.
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7.3.1 Plasmon Polaritons on Flat Surface

First, we consider radiational eigenmodes in a uniform bulk metal with a
dielectric constant of the Drude type:

em(Ww) = €00 <1 - Zé) . (7.32)

We omit its imaginary part for simplicity. Since the bulk metal has transla-
tional symmetry, its eigenmodes are plane waves and should have the follow-
ing form:

E(r,t) = EgelF7—t), (7.33)
On the other hand, from one of the Maxwell equations, (2.1), we have

V- -D=V  {een(w)E} =0. (7.34)
From these equations we obtain

em(w)k - Ep = 0. (7.35)
Hence, there are two cases:

(A)  k-Eq=0, (7.36)

(B) em(w)=0. (7.37)

For w > wy, the dielectric constant is positive, and we have only case (A). The
eigenmodes are thus transverse waves, i.e., their electric field is perpendicular
to their wave vector. Using the vector identity

V x (Vx)=VV.-V? (7.38)
we obtain the following relation from (2.15) and (7.33):
2k2
W= S (7.39)
em (W)

where k = |k|. When we substitute (7.32) into (7.39), we obtain

_ oz 4 R

w=|wi+ . (7.40)
For w < wy,, we have the same relation as (7.39). However, e, (w) is negative in
this frequency range, and (7.39) does not have any real solution. For w = wy,
case (B) holds. It is easy to verify that the electric field has only a longitudinal
component, i.e., Ey//k, in this case. The eigen-angular frequency is thus equal
to wp irrespective of k. These results are illustrated by curves (a) and (b) in

Fig. 7.8.
If we consider a flat interface between a metal and a dielectric material,
surface waves localized on the interface appear. These waves are referred to
as surface plasmon polaritons. Polariton generally means a coupled wave of
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Fig. 7.8. Dispersion relation of (a) transverse plane waves in a bulk metal, (b)
longitudinal plasmons in a bulk metal, and (¢) surface plasmon polaritons on a flat
interface between a metal and a dielectric material. The abscissa represents c|k|/wp
for the former two and cks/wp for the latter. We assumed eoo =&, =1

the radiation field and a resonant polarization in the matter system. Their
dispersion relation is obtained as follows. We take the x and z axes as shown
in Fig. 7.9, and the y axis in the direction perpendicular to them. We also
assume without the loss of generality that the surface wave propagates in the
x direction. We denote its wave vector by k,. Since we can easily show that
the electric field of the surface wave does not have a y component, we assume
it to have the following form:

Ej
E(r,t) = 0 x exp {i(kzx + kjz —wt)}, (7.41)
E;

where j = 1 for the metallic region and 2 for the dielectric region. Substituting
this expression into the wave equation, we obtain

o= S 2R, (7.42)
€5
where €; denotes the dielectric constant in region j:
€1 = em(w), (7.43)
€9 =¢€p (const.). (7.44)
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Fig. 7.9. Illustration of a flat interface between a metal and a dielectric material

From V - D = 0, we have

kyErg + k12 E1. = 0, (7.45)
kyEoy + koo Ea, = 0. (7.46)

The boundary conditions are given by the continuity of E, and ¢E,:
Ery = Eog, (7.47)
em(w)E1, = enEa,. (7.48)

The following determinant should vanish so that these four equations, (7.45)—
(7.48), may have a non-trivial solution:

ks, k1z, 0, 0
0 R Y (7.49)
1, 0, -1, 0
0, emw), 0, —ep
This equation reduces to
1 C) LIEY (7.50)

€b k2z
We can obtain the dispersion relation of the surface plasmon polariton by
solving (7.50) combined with (7.42). We examine some limiting cases here.
(1) cky, w < wy
We can easily show that the dispersion curve in this range is linear:

ke
w= \C/—?b (7.51)

(2) w~ wp, ky = 0
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In this case, the eigen-angular frequency converges to

€oo
=,/ —w,. .52
w 1/Eoo_i_gbcup (7.52)

(B) e =ep=1
The dispersion relation is given by

2c2k2 + wg —JActkE + wg
" V (7.53)

2

The dispersion relation of the surface plasmon polariton in case (3) is shown
by curve (¢) in Fig. 7.8. It approaches wy,/ V/2 with increasing k.. The eigen-
modes are localized around the interface, since the ki, and ks, are purely
imaginary.

7.3.2 Plasmon Resonance on a Metallic Cylinder

As we did in Sect. 7.2, we assume a two-dimensional square array of metal-
lic cylinders. As will be shown in the following sections, the electromagnetic
field of the eigenmodes of surface plasmon polaritons are considerably local-
ized around the surface of the metallic cylinders and the overlap of the field
between adjacent cylinders is small. This situation resembles the electronic
bands composed of well localized atomic orbitals. For the latter case, the
tight-binding approximation based on the linear combination of atomic or-
bitals (LCAQO) describes the actual bands well. We thus examine the atomic
orbitals for the present problem, i.e., the electromagnetic resonant states that
originate from the excitation of surface plasmons on a single metallic cylinder
that appear for w < wp.

For this purpose, we assume a plane wave incident on a single cylinder with
the magnetic field parallel to the cylinder (z) axis, and study the amplitude of
the scattered wave. First we express the magnetic field of the incident plane
wave with partial waves using polar coordinates, (r, 8). We take the direction
of 6 = 0 as the direction of the wave vector k of the incident plane wave. We
thus have

Hoei(k-r—wt)
_ Hoei(kr cos O —wt)

= Hpe vt i Ji(kr) exp {il (9 + 9}

l=—00

= Hpe @t lJo(kr) +2) i Ji(kr) cos w] , (7.54)
=1
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where Hy is the amplitude of the incident wave, k = |k|, and J; is the Bessel
function of the Ith order. We used (2.94) to derive (7.54). The eigenvalue
equation in the polar coordinate system that describes the magnetic field H,
is given by

1/0> 10 1 02 w?
E (a ot 89) He=—7 1 (7.55)

where € denotes the position-dependent dielectric constant.
As usual, we express H, by a product of two functions R(r) and ©(0).
We then obtain a pair of equations for R and ©:

2
%7(;) Y (7.56)
02 10 ew? eX

where A is the parameter for decoupling. Because ©(6) should be a single-
valued function, Ve is an integer, which we denote by n. The solutions of
(7.56) are thus given by

O(f) x e, e, (7.58)
For r > r,, we define a new variable s by
s = kr. (7.59)
Then (7.57) is modified to

9% 10 n?
<882+888+1—82>R=0. (7.60)

This is the Bessel equation and its solution is given by the Bessel and Neu-
mann functions, both of which are analytic for r > r,:

R(r) o< Jp(kr), Nyp(kr). (7.61)

On the other hand, for r < r,, the dielectric constant e, (w) is negative for
w < wp. In this case, we have to take

s = K, (7.62)

Kk =1/—em(w) (7.63)

olE

We thus obtain for r < r,

02 10 n?
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This is the modified Bessel equation and its solution is given by the modified
Bessel function of the first kind,

R(r) o< In(kr), (7.65)

since the modified Bessel function of the second kind is not analytic at r = 0.
When we take into account that the geometry is symmetric with respect to
0, the total field is given by

H, = Z ApIy(kr)cosnl  (r <ry), (7.66)
n=0

H, =Y [BpJu(kr) + CuNu(kr)]cosnf (1 >1,), (7.67)
n=0

where A,,, B, and C,, are constants that should be determined by the bound-
ary conditions.

The independent boundary conditions at r = r, are the continuity of H,
and e 10H,/Or. The latter is equivalent to the continuity of the tangential
component of the electric field. From these conditions, we obtain

An _ kem [N!(kR)J,(kR) — N, (kR)J. (kR)] (7.68)

B, kemN!(kR)I,(kR) — ke, Ny (kR)I, (kR)’ '

Co  kewdh(ER)Io(KR) — rendy(kR)I, (kR) (769)

B, kemN!(kR)IL,(kR) — ke Ny (KR)I. (KR) '
Finally, by comparing (7.54) and (7.67), we obtain

BO = Ho and Bn = 2inH0. (770)

When we calculate A,,/B,, and C,,/B,, as functions of w, we observe sharp
resonances, which imply the excitation of surface plasmons by the incident
plane wave. As an example, Fig. 7.10 shows the w dependence of A,,/B,, for
n = 1-5, for which we assumed e£,, = ¢, = 1. A sharp resonance peak is
observed for each curve. No resonance is observed with n = 0 for this case.
The resonance frequencies are listed in Table 7.1. The resonance frequency
converges to wp/ V2 with increasing n irrespective of the ratio r, : a as is
shown in Fig. 7.11. This value is the same as that of the surface plasmon
on a flat interface between a metal and a dielectric. These resonant states
have finite radiative lifetime and they are not eigenmodes of the system.
However, when the metallic cylinders are arrayed in the photonic crystal, the
resonant states can be propagated from one cylinder to another to become
a Bloch eigenstate yielding an infinite lifetime. Because the resonant states
are localized at each cylinder, they may be regarded as atomic orbitals in
the theory of LCAQO. This feature can be used to classify and predict the
symmetry of eigenmodes that originate from the surface plasmons.
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Fig. 7.10. w dependence of A, /B, for small n. The following parameters were
assumed: o0 = 1.0, wpa/2mwc = 1.0, 7, = 0.3a, and e, = 1.0 (air). A sharp resonance
that originates from the excitation of the surface plasmon is observed in each curve.
(After [80])

Table 7.1. Comparison between the resonance frequencies in the spectra of A, /B,
and the eigenfrequencies on the I" point in the unit of 2w¢/a. The same parameters
as Fig. 7.10 were used for the numerical calculation. (After [80])

n  Resonance frequency FEigenfrequency

1 0.8194 0.7183
2 0.6149 0.5963, 0.6712
3 0.6627 0.6431
4 0.6849 0.6876, 0.7037
5 0.6937 -

0.9

wa

0.5 n 1 n 1 n 1 n 1 n
0 2 4 6 8 10

Fig. 7.11. n dependence of the resonance frequency. (After [80])
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7.3.3 Symmetry of Plasmon Polaritons

In Sect. 7.2, we examined the photonic bands of two-dimensional metallic
lattices for the E polarization. For that case, each dispersion curve in the
photonic crystal had its replica in free space. This feature was demonstrated
by the comparison of the symmetry of the eigenmodes between the photonic
crystal and free space. For the H polarization, the situation is different. Here
we also have the modes that originate from the surface plasmons and which
do not have replicas in free space. We can classify the symmetry of these
eigenmodes by examining the symmetry of the resonant states found in the
last section.

First, we examine the A point in the two-dimensional Brillouin zone, i.e.,
k = (k,0) where 0 < k < 7/a. The k group is given by C; = {E, o, } where E
is the identity operation and o, is the mirror reflection about the x axis. The
eigenfunction at the A point is thus either symmetric or antisymmetric about
the x axis. On the other hand, the angular (6) dependence of the resonant
state, whose radial variation is described by I, (xkr) for r < r,, and J,(kr)
and N, (kr) for r > r,, is given by e*'"? for each n > 1, where we measure ¢
counterclockwise from the x axis. The symmetric and antisymmetric combi-
nations of these two functions, i.e., cos nf and sin nf, possess the appropriate
symmetry that the exact eigenfunctions should have. We can thus conclude
that the resonant states characterized by index n > 1 give one symmetric
and one antisymmetric mode for the A point.

Next, we examine the I point, which has the symmetry of the Cy, point
group. The spatial variation of the resonant states is illustrated schematically
in Fig. 7.12. When we compare them with the symmetry of the irreducible
representations of Cly,, which are shown in Fig. 7.13, the symmetry of the
former is easily assigned. The results are also shown in Fig. 7.12. Similar
assignments can be made for the X point, which has the symmetry of the

AR\ SR
cos no
-/

sin nG kj ++ -

E B,

Fig. 7.12. Angular variation of the magnetic field and the symmetry assignment
of the resonant states according to the irreducible representations of the C4, point
group. (After [80])
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E A, B,

Fig. 7.13. Symmetry of irreducible representations of the Cy, point group. (After
[80])

Cy, point group. All the results are summarized in Table 7.2. Symmetry
assignments are presented for n = 1-4 in this table. Those for n’ > 4 can be
obtained from the simple relation that the same irreducible representations

appear if
n' =n+4j, (7.71)

where j is an integer.

Table 7.2. Symmetry of the eigenmodes expected from the LCAO approximation
and group theory. (After [80])

n F(C4U) A(Cl) X(CQU)
1 E A+B Bi+ B;
2 Bi+B; A+B A1+ A
3 E A+ B Bi+ Bs
4 Ai+Ay A+B A+ A

7.3.4 Plasmon Bands in a Square Lattice

The numerical evaluation of the electromagnetic field radiated by an oscil-
lating dipole moment is similar to that for the E polarization. However, in
order to obtain a good convergence and accuracy, we have to deal with both
the electric and magnetic fields in the discretized Maxwell equations. The
reason for this difference between the E polarization and the H polarization
is the presence of the spatial differentiation of the discontinuous dielectric
function in (2.58), which is absent in (2.57). We thus perform the following
replacement in the Maxwell equations.
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aH (3j Y, ) ~ HZ($+ALL'/27y,t) —HZ<.'17—A.'IJ/2,y7t)

ox Ax
OH,(z,y,1)  H.(z,y+ Ay/2,t) — H.(z,y — Ay/2,1)
gy Ay ’
OH(z,y,t)  H.(z,y,t+ At/2) — H.(z,y,t — At/2)
ot N At ’

etc. For the general technique used in numerical calculations by the FDTD

method, the reader may consult the text book [60].

Now, Figs. 7.14 and 7.15 shows the calculated band diagram for the square
lattice composed of the metallic cylinders. r,/a was assumed to be 0.3. This
figure shows two distinct features: (A) There is no cut-off frequency, i.e., the
dispersion curve increases linearly with increasing wave number from w = 0;

(B) There are extremely flat bands around w = w,/v/2.

0.8
o o o o983 $ S S o3
35 0.6
B(1) e, '
» A1)
0.4
[ ./0—0
0.2 prailll
FAL(1) /
0.0
0 01 02 03 04 05
ka
2

Fig. 7.14. Dispersion relation from the I" point to the X point for the radiational
eigenmodes in the two-dimensional square lattice composed of metallic cylinders
calculated for the H polarization. Symmetric and antisymmetric modes are denoted
by solid and dashed lines, respectively. The following parameters were assumed:

ra/a = 0.3, wpa/2mc = 1.0, v = 0.0lwy, £0c = € = 1.0. (After [80])
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Fig. 7.15. Dispersion relation from the I' point to the X point. Spectral range
wa/2mc = 0.55-0.75 in Fig. 7.14 is magnified. (After [80])

We first examine item (A). For the H polarization, we have

OH, oE,

8y = EOEW’ (775)
0H.  OE,

O = *805@, (776)
0E, OF, OH,

(7.77)

ox oy ot
Like the E polarization, we have the following relation in the long-wavelength
approximation.

H.(ry,t)=v.(r))exp{i(k) -7/ —wt)}
~7,expii(ky -r)—wt)}, (7.78)
etc., where the bar denotes the spatial average over the unit cell as before.
When we take the spatial average in (7.75)—(7.77), we have to note that both
e and E, (E,) are generally discontinuous on the surface of the metallic
cylinder. Hence, we cannot approximate ¢E, by €F,. Instead, we have the
following equations.
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1
ky (E>vz ~ — Wy, (7.79)
1\ _ _
ky (€>vz ~ goWy, (7.80)
kyty, — kyliy o~ powv,, (7.81)

since H, is continuous. From these equations, we obtain

Ca <1>k2. (7.82)

C 9

For the dielectric constant of the Drude type, we have

1 1 fw?
=14 (— 1 S e .
(5) - (500 )f+500(w2_w1:2>) (7.83)
From (7.82) and (7.83), we obtain for k < wp/c

w1 fck, (7.84)

which agrees well with the dispersion relation given in Fig. 7.14.

Proceeding to item (B), the flat bands around wj,/v/2 have no counterparts
in free space. They are characteristic of the metallic photonic crystals. Based
on the discussion given in Sects. 7.3.1-7.3.3, we may summarize their nature
as follows. When an external electric field is applied to the metallic cylinder
in the direction perpendicular to its cylinder axis, the positive charges in
it move in the direction of the external electric field whereas the negative
charges move in the opposite direction. The separation of the positive and
negative charges may be regarded as the motion of the solid state plasma,
whose characteristic frequency is the plasma frequency wy. As a result, the
induced polarization screens the applied electric field. Thus, the electric field
cannot penetrate deeply into the metal as long as the frequency of the applied
field is less than w,. When we consider the eigenmodes of the system, we
have to take into account both the genuine electromagnetic field and the
polarization field due to the solid state plasma. Their coupled oscillation is
called the surface plasmon polariton. When the interface of the metallic region
and air is an infinite flat plane, we can show that the dispersion curve of the
surface plasmon polariton converges from the low frequency side to wp/ V2
when the magnitude of the wave vector increases. As for the case of one
metallic cylinder, we have no genuine eigenmodes. However, we have a series
of resonant states characterized by an index n that describes their rotation
or their angular momentum. Strictly speaking, n is the order of the Bessel
and the modified Bessel functions that describe the radial variation of the
resonant state out of or in the metallic cylinder. Their resonance frequencies
also approach wy,/v/2 when n tends to infinity. When the individual cylinders
gather to form the regular array, the resonant states can be propagated from
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Fig. 7.16. Distribution of the magnetic field for (a) the Bz(1) mode at the I" point,
which has an extremely small bandwidth, and (b) the A;(3) mode at the I" point.
The magnetic field, and hence the electric field of the former, is also localized at the
surface of the metallic cylinder. These two features are characteristic to the surface
plasmon polaritons

one cylinder to another, and thus form the Bloch states, which are eigenmodes
of the system and have infinite lifetime if we neglect the imaginary part of
the metallic dielectric constant.

The electromagnetic field accompanied by the surface plasmon polariton
is localized at the surface of the cylinder, which is inherent in the plasma
oscillation. For example, Fig. 7.16(a) shows the magnetic field of the Ba(1)
mode at the I' point that has the flat dispersion and is regarded as the
surface plasmon polariton with n = 2. Its magnetic field is really localized at
the surface of the metallic cylinder, which is apparent when we compare it
with that of the A;(3) mode (Fig. 7.16(b)), which is an ordinary band and
has a counterpart band in free space. Because of their localized nature, the
overlapping of the electromagnetic field of the resonant states on adjacent
cylinders is small, which results in the small bandwidth of the polariton
bands. Most of the polariton bands are characterized by a single n and the
hybridization between resonant states with different n is relatively small. As
a result, the eigenfrequencies of the surface plasmon polaritons are fairly close
to the corresponding resonance frequencies, as shown in Table 7.1.

It is expected that the number of polariton bands is infinite, since there
are an infinite number of resonant states characterized by n. However, the
separation of the eigenfrequencies becomes small when n tends to infinity, and
we cannot distinguish them in the spectrum of the dipole radiation. Hence,
we plotted only the first nine polariton bands in Figs. 7.14 and 7.15. In the
actual metallic system, its exact dielectric constant is not of the Drude type.
For example, we have to take into account the spatial dispersion, i.e., the k
dependence of the dielectric constant when k, and hence n, is large. So in
practice, the dispersion curves with small n are relevant to the real system,
and we have to go beyond the present treatment if we want to discuss other
features.
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The radiational eigenmodes in photonic crystal slabs are classified into guided
and leaky modes. The former are genuine eigenmodes with infinite lifetimes,
while the latter are quasi-eigenmodes with finite lifetimes. We will show that
the dispersion curves of photonic crystal slabs are well represented by the
folding of those in uniform dielectric slabs into the two-dimensional Brillouin
zone. This feature enables us to predict the symmetries of the eigenmodes
by group theory. The optical transmission due to the leaky modes in the
direction parallel to the slab surface is mainly governed by their diffraction
loss, which is a particular feature of photonic crystal slabs. We will show that
the diffraction loss is suppressed by symmetry mismatching between internal
eigenmodes and the external radiation field [81].

8.1 Eigenmodes of Uniform Slabs

Before we treat photonic crystal slabs, we examine the radiational eigenmodes
in uniform dielectric slabs. We assume a geometry shown in Fig. 8.1, where ¢},
and d denote the dielectric constant and the thickness of the slab. We assume
that the structure is infinite in the x and y directions and surrounded by air
in the z direction. We take the x-y plane in the middle of the slab. Then the
structure has mirror symmetry about the z-y plane, 7,.!

Dielectric slab, €,

bl
0 A\l
J4
Fig. 8.1. Illustration of a uniform dielectric slab

! We denote symmetry operations by hats to distinguish them from their eigen-
values in this chapter.
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Guided radiational modes that are confined in a uniform slab are classified
into four categories according to the symmetry for the mirror reflection o,
and to their polarizations. Those modes whose electric fields lie in the z-
y plane are referred to as transverse electric (TE) modes, whereas those
modes whose magnetic fields lie in the z-y plane are referred to as transverse
magnetic (TM) modes. Each mode is also characterized by the wave number
ky in the z-y plane.

Now, we derive their dispersion relation. We begin with the symmetric TE
mode. We assume without the loss of generality that the mode propagates
in the x direction. Hence, we have the following form for the electric field in
the slab:

0
E, = Ey, | exp {i (k//az - wt) } cos (k,z). (8.1)
0
The z component of the wave vector in the slab, k., is related to k, and w
by
2= (k2 + kQ) (8.2)
- b // z | .

which is derived from the wave equation. From V x E = —90B/0Jt, the mag-
netic field is given by

5 k,sink,z
H, = iw;vo 0 exp {i (kjz —wt)}. (8.3)
ikycosk,z

The electric field for z > d/2 is expressed as

0
Ey=| By, |exp(ikjz—rz—ivt), (8.4)
0

where & is related to k; and w by
w? = c? (k?/ - /{2) , k> 0. (8.5)

Since we are dealing with guided modes, we assumed an exponential decrease
for the electric field in the air region in (8.4). The magnetic field for z > d/2
is given by

K

E
2y 0 exp (ikyz — Kz — iwt) . (8.6)

iwpo

H; =
ik‘//
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Fig. 8.2. Dispersion curves of the lowest four guided modes in a uniform slab
with refractive index 2.86, which is the spatially averaged refractive index of the
structure shown in Fig. 8.3. The ordinate is the normalized frequency, where d
denotes the thickness of the dielectric slab. The abscissa denotes the normalized
in-plane wave number. Solid lines represent the dispersion relations of modes with
0, = 1 whose in-plane components of the electric field are symmetric about the z-y
plane, whereas broken lines represent those of modes with o, = —1 whose in-plane
electric fields are antisymmetric. The dash-dotted line is referred to as the light line
and shows the dispersion relation in free space. (After [81])

From the continuity of the tangential components of the electric and magnetic
fields at z = d/2, we have

k,z Kz
Ey, cos ( 5 > = Ey, exp (77> , (8.7)
. k.z Kz
k. FE1,sin ( ; ) = KkFEyy exp (—7) ) (8.8)

As for the continuity of the normal component of the magnetic induction,
it does not give an independent boundary condition for this problem. The
determinant of coefficients should vanish so that these two equations, (8.7)
and (8.8), may have a non-trivial solution:2

K Cos (k;d> — k. sin (k;d> =0 (TE, 0, =1). (8.9)

The solution of this equation gives the dispersion relation for the symmetric
TE modes. The dispersion curve consists of an infinite number of branches.
The lowest one is shown in Fig. 8.2.

For the eigenmodes to be localized on the slab, k must be real and positive.
Thus, the limiting case is given by x = 0. For this case, from (8.5) we have

20, represents the eigenvalue of 7.
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w=cky. (8.10)

This relation is plotted with a dash-dotted line in Fig. 8.2 and is referred to
as a light line. Substituting k£ = 0 into (8.9), we obtain

sin (k;d> =0. (8.11)

From this equation and (8.2), we obtain

2jme )
_ 7 =0,1,2--). 8.12
w= s ) (8.12)

Hence, the dispersion curves of the symmetric TE modes intersect the light
line at frequencies given above.

Now, we proceed to antisymmetric TE modes. For this case, the electric
field in the slab is given by

0
E, = | Ey, |exp{i(kjz—wt)}sin(k.z), (8.13)
0
while the magnetic field in the slab is given by

—k,cosk,z
Ey
H, =—% 0 expqi(kjx —wt)}. 8.14
=2 b (i (kg — 1)) n
ikysink,z

The electric and magnetic fields for z > d/2 are given by (8.4) and (8.6) as
before. From the boundary conditions at z = d/2, we obtain the following
equation, which gives the dispersion relation for the antisymmetric TE modes:

K sin (k;d) + k cos (k;d> =0 (TE, o, = —1). (8.15)

Now, we examine where the dispersion curves intersect the light line. Substi-
tuting x = 0 into (8.15), we obtain
(25 4+ 1)me )
w=-—— =0,1,2--). 8.16
v ) (3.16)

In particular, the lowest dispersion curve for the antisymmetric TE modes,
which is shown in Fig. 8.2, starts from a non-zero value of w. That is, it has
an infrared cut-off.

The dispersion relations of TM modes can be obtained similarly by ex-
changing the roles of the electric and magnetic fields:

€K COS (k;d> — k. sin (k;d) =0 (TM, 0, = —1), (8.17)

k.d k.d
ek sin <2> + k cos ( 5 ) =0 (TM, 0, =1). (8.18)
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Their lowest branches are also shown in Fig. 8.2.

If the eigenfrequency lies below the light line, the spatial decay constant,
K, is real, and thus, the eigenmode is confined in the slab. In other words, it
is a guided mode. If the eigenfrequency lies above the light line, x is purely
imaginary, and the radiation field escapes from the slab. In this case, the
radiational mode is not a real eigenmode, but is a resonant state with a
complex w. Only the guided modes are plotted in Fig. 8.2.

One of the important features of the radiational bands in a uniform slab is
that only the lowest two bands start from w = 0, whereas higher bands have
infrared cut-off frequencies. Therefore, when we deal with a low frequency
region as we will do in the following sections, it is sufficient to take the lowest
two bands into account. In particular, this treatment is justified for photonic
crystal slabs with small thickness, for which the cut-off frequencies are high.
As we will see in the next section, the dispersion relation of modes with
o, =1 can actually be well approximated for wa/2wc < 0.5 by the folding of
the lowest dispersion curve into the two-dimensional Brillouin zone, provided
that we take into consideration the mixing and the frequency splitting where
more than one band with the same symmetry crosses each other. We should
also note that the mixing of the TE and TM modes with the same o, takes
place in the photonic crystal slabs.

8.2 Symmetry of Eigenmodes

Figure 8.3 shows the two-dimensional photonic crystal slab that we deal with
in the rest of this chapter. We assume that it consists of the regular hexagonal
array of cylindrical holes fabricated in a dielectric slab with refractive index
3.4 (GaAs). The right-hand side of the figure shows the top view of the
configuration of several cylindrical holes. The lattice constant, the radius of

o< , " »x QO
< L2

Dielectric slab Gy

Fig. 8.3. Left: Schematic illustration of a two-dimensional photonic crystal slab.
Right: Top view of the configuration of several air holes, where a and r denote
the lattice constant and the radius of the air holes, respectively. For numerical
calculation, the following parameters were assumed: The refractive index of the
dielectric slab = 3.4, d = 0.5a, and r = 0.25a. (After [81])
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the cylindrical holes, and the thickness of the slab are denoted by a, r, and
d, respectively. We assume that the structure is periodic and infinite in the x
and y directions, and surrounded by air in the z direction. Photonic crystal
slabs of this kind are referred to as the air-bridge type. We take the z-y plane
in the middle of the slab as before.

The structure has Dgp, symmetry, which is a direct product of the Cyg,
and C1y, point groups:

D6h = C@v X Clh- (819)

C1p consists of the identity operation E and the mirror reflection by the z-y
plane, o,. Thus any eigenmode of the radiation field should be symmetric
(0, = 1) or antisymmetric (o, = —1) about the z-y plane. In order to avoid
unnecessary complexity, let us restrict our discussion to the symmetric modes
in what follows. The antisymmetric modes can be treated in a similar manner.

We first examine what kind of radiational eigenmodes are expected to
appear by the group-theoretical argument. The key idea is the reduction of
the reducible representations given by the linear combination of unperturbed
eigenfunctions. For the case of two-dimensional photonic crystals with infinite
thickness and general three-dimensional photonic crystals, plane waves in
free space were used as the unperturbed eigennfunctions in Chap. 3. The
group-theoretical prediction was satisfactory in the low frequency range. As
for photonic crystals composed of metallic cylinders, the plasmon resonance
states were used for this purpose in Chap. 7. For the present problem, the
guided modes in a uniform slab with a spatially averaged dielectric constant
can be used as the unperturbed eigenfunctions.

Table 8.1. Irreducible representations for the electric field of the guided modes
in the uniform slab, whose wave vector, k/, is reduced in the two-dimensional first
Brillouin zone of the hexagonal lattice that is shown in Fig. 3.6. The irreducible
representations were calculated for the lowest TE mode with o, = 1 and the lowest
TM mode with o, = —1. (After [81])

Symmetry  Point TE, 0. =1 ™™, 0, = -1
Cev I As+Bi+Ei+FE: Ai+Ba+ FEi+ E»
I A+ Bo+ Fi1+FEy A1+ Bi+FEi+ Es
Csy Ko A+ E A1+ E
K A+ E A1+ FE
Ko A1+ Az +2F A+ Ay +2F
Cay Mo Az + By A1+ B>
M, Az + Bo A1+ By

Mo

A1+ As+ B1 + Bs

A1+ As+ B1 + B
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Table 8.1 summarizes the results of the symmetry assignment by the
folding of the dispersion curves of the lowest TE and TM modes into the first
Brillouin zone. The irreducible representations of the electric field obtained
by the reduction procedure are listed for three highly symmetric points, that
is, the I', K, and M points. (For notations of the wave vectors, see Fig. 3.6
and Table 3.11.)

8.3 Photonic Band Structure and Transmission Spectra

The photonic band structure and the transmission spectra for ten lattice
layers calculated by the FDTD method are shown in Fig. 8.4 for the I'-K
direction and Fig. 8.5 for the I'-M direction. The latter was calculated with
the lowest TE mode of a uniform slab with refractive index 3.4 as an incident
wave.? Since the X point is invariant under the mirror reflection &, that is

Transmittance

0.0 0.5 1.0

[——
ol © f
=B
Sl

0.1

Fig. 8.4. Photonic band structure (left-hand side) and optical transmittance (right-
hand side) in the I'-K direction. The ordinate is the normalized frequency, where
a denotes the lattice constant. For numerical calculation, those parameters that
are listed in the caption of Fig. 8.3 were used. In the band diagram, solid circles
represent the odd (B) modes with o, = —1, whereas open circles represent the
even (A) modes with oy, = 1. The irreducible representations of the k-groups for
the electric field are also shown for the I' and K points. The transmittance was
calculated for ten lattice layers with the lowest TE mode in the uniform slab with
refractive index 3.4 as an incident wave. Thus, the incident wave has the symmetry
of 0, =1 and oy = —1. The even (A) modes do not contribute to the optical
transmission, since they do not couple to the incident wave because of the symmetry
mismatching. (After [81])

3 The reader may consult [81] for the details of the numerical calculation.
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Fig. 8.5. Photonic band structure (left-hand side) and optical transmittance (right-
hand side) in the I'-M direction. The same parameters as in Fig. 8.4 were assumed
for numerical calculation. In the band diagram, solid circles represent the odd (B)
modes with o, = —1, whereas open circles represent the even (A) modes with
oz = 1. The irreducible representations of the k-groups for the electric field are
also shown for the I" and M points. The even (A) modes do not contribute to the
optical transmission because of the symmetry mismatching. (After [81])

illustrated in Fig. 8.3, its eigenmodes are classified into even (o, = 1) and
odd (o, = —1) modes. The former are also referred to as A modes, whereas
the latter are referred to as B modes. The same holds for the T point when we
take into consideration the symmetry for the mirror reflection 7, instead of
0. In the band diagrams, solid and open circles represent the odd (B) and
even (A) modes, respectively. The light line is represented by dash-dotted
lines. The symmetries of the eigenmodes on the I', K, and M points ob-
tained by the numerical calculation are consistent with the group-theoretical
prediction that is given in Table 8.1. They are also consistent, as they should
be, with the compatibility relation listed in Table 3.10. Such modes that do
not match the group-theoretical prediction based on the folding of the lowest
TE mode appear at wa/2wc > 0.57.

It is known that modes with o, = 1 tend to have a photonic bandgap
below the light line. We actually observe a bandgap at wa/2rec = 0.26-0.31.
However, taking into account the leaky A band that exists just above the
light line in the same frequency region, this is not a true gap. This leaky
band is of TM origin, and the corresponding unperturbed band with com-
plex eigenfrequencies is obtained by the extrapolation of the dispersion curve
shown in Fig. 8.2 beyond the infrared cut-off.

Now, we proceed to the transmission spectra. The lowest TE mode of
the uniform slab, which was assumed for the incident wave, is odd about
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the o, or o, mirror reflection. Thus the even modes in the photonic crystal
do not contribute to the optical transmission, since they do not couple to
the incident wave because of the symmetry mismatching. This feature is
clearly observed at wa/2wc = 0.26-0.32 and 0.48-0.50 for the I'-K direction,
and wa/2mc¢ = 0.24-0.30 for the I'-M direction. In these frequency ranges,
there is no odd mode and the transmittance is extremely small. The lowest
transmittance is less than 1072, On the other hand, the transmittance is
also small even when there is an odd mode if it is leaky, i.e., if it is located
above the light line. This is because the incident wave is diffracted into the
air region, and the electromagnetic energy transmitted in the I'-K or I'-M
direction becomes small. This feature is marked when the lifetime and/or the
group velocity of the eigenmodes are small. The low transmittance of this kind
is observed at wa/2mc = 0.38-0.41 for the I'-K direction and wa/2mc = 0.40-
0.45 for the I' — M direction. On the other hand, the transmittance is high
when their lifetime is long. The high transmittance of this kind is observed
around wa/2mec = 0.45 for the I'-K direction and around wa/2rc = 0.48 for
the I'-M direction.

Let us conclude this section with the following. As was mentioned above,
the transmittance may be low in two cases: (1) when there is no symmetry-
matched mode and (2) when the lifetime of the eigenmode is short. It may
also be low in the high-frequency region (3) when Bragg diffraction takes
place in the z-y plane. These facts imply that the frequency regions with
low transmittance do not necessarily correspond to photonic bandgaps. So,
we must be careful when we compare the transmission spectra obtained by
experimental observation and the band diagrams.

8.4 Quality Factor

As we saw in the last section, lifetime is an important quantity that char-
acterizes the basic optical properties of leaky modes. It can be evaluated by
examining their temporal decay as we did in the previous chapters. When we
excite the leaky mode by a dipole moment oscillating at its eigenfrequency
and observe its decay after switching off the oscillation, the accumulated
electromagnetic energy U(t) decreases with time as

U(t) = Uto) exp {—“’(’féto)} , (8.20)
where tg stands for the switch-off time and @ is the quality factor of the leaky
mode. In Fig. 8.6, the calculated Q' is plotted for the relevant bands. Solid
and open circles represent the odd (B) and even (A) modes, respectively.
Q! is equal to zero, or in other words, the lifetime is infinite near the K and
M points, since the dispersion curves are located below the light line in these
regions. A remarkable feature of this figure is that Q' is extremely small
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Fig. 8.6. Inverse of the quality factor (Q™') of several bands. Solid and open circles
represent the odd (B) and even (A) modes, respectively. (After [81])

at the I' point, where the modes shown in Fig. 8.6 have the By, Az, and E>
symmetries. As we shall see, this phenomenon originates from the symmetry
mismatching with the diffracted radiational field in free space. Namely, the
coupling between the internal eigenmodes and the external radiation field is
forbidden by symmetry, and the lifetime, and thus @, are infinite.

We examine the diffraction process of a mode with wave vector k. Be-
cause of the conservation of the momentum in the z-y plane, the wave vector
of a diffracted wave, k, is generally given by

k::k://+G//+kzeZ, (8.21)

where Gy and e, are a reciprocal lattice vector of the two-dimensional hexag-
onal structure and the unit vector in the z direction, respectively. k., is de-
termined by the dispersion relation in free space and given by

w? )
k=5~ Ry + Gy P (8.22)

It is easy to show that when wa/2mc is less than 2/v/3, G should be equal
to zero for k. to be real for the I" point, i.e., for k, = 0. Hence, the diffracted
waves are characterized by just one wave vector kg given by

ko = %ez. (8.23)

We shall refer to these waves as the diffracted waves of the zeroth order.
They have two polarization components as shown in Fig. 8.7, where e, and
e, are the unit vectors in the x and y directions. These two waves, of course,
have the same frequency. They are a degenerate pair of a two-dimensional
irreducible representation of the Cg, point group. We can examine how they
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Fig. 8.7. Schematic illustration of the diffracted plane waves of the zeroth order
for the I' point. ko denotes their wave vector. e, and e, denote their two inde-
pendent polarizations. These two plane waves form the basis of the E; irreducible
representation of the Cs, point group. See text for details. (After [81])

are transformed by symmetry operations of the Cy, point group. For example,
Their transformation by o, and o, is

e, —e,

Gu = , (8.24)
ey ey
e e

ol 7= c. (8.25)
€y €y

By comparing their character with the character table for the Cg, point
group, we can verify that they are a basis set of the F; irreducible represen-
tation. Because of the mismatching of the spatial symmetry, they can only
couple to the F; modes in the hexagonal photonic crystal. This is the reason
why the Bi, Az, and Fs modes at the I" point shown in Fig. 8.6 do not couple
to the radiation field in the air region and have the infinite quality factor.
When the wave vector is near the I" point, the coupling and Q~! are still
small although they are not exactly equal to zero.

The absence of diffraction by symmetry mismatching was first reported
for a square lattice by Paddon and Young [82]. They found that only the
E mode at the I' point was diffracted and had a finite lifetime. We can
show, by a similar argument to the one used for the hexagonal lattice, that
the possible diffracted waves in the low-frequency region (wa/2me < 1) have
the E symmetry for the I" point in the square lattice. Therefore, only the
FE modes in the photonic crystal slab couple to the external radiation field.
The coupling for all other modes is forbidden by symmetry and they have
infinite lifetimes. The absence of the coupling discussed here originates from
the structural symmetry in the two-dimensional plane. Thus, it can also be
observed in those specimens without mirror symmetry about the z-y plane.
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Another remarkable feature of Fig. 8.6 is the presence of leaky bands
with a very large quality factor. They are the third lowest odd band in the
I'-K direction and the fourth lowest odd band in the I'-M direction. The
quality factor of the former is greater than 3000 everywhere between the
I' and K points. The large quality factors of these two bands result in the
high transmittance around wa/2mc = 0.45 in the I'-K direction and around
wa/2mc = 0.48 in the I'-M direction.

Finally, we give a qualitative estimation of the transmittance. The flow
of the radiational energy is described by the group velocity v,. When we
denote the propagation length by L, the time necessary for the propagation
is equal to L/vs. The damping factor of the leaky mode is thus given by
exp(—Lw/Qug), to which the transmittance is proportional. As an example,
let us examine the third lowest odd band in the I'-K direction. Its group
velocity is about ¢/20 at the middle of the band. If we assume that L = 10a,
@ = 3000, and wa/27c = 0.45, its damping factor is as large as 0.83. This is
the origin of the high transmittance at this frequency. The third lowest odd
mode may travel more than 50a in its lifetime. Within this length, the leaky
mode may be regarded as a guided mode.



9. Low-Threshold Lasing
Due to Group-Velocity Anomaly

The enhancement of stimulated emission due to the small group velocity is
evaluated by examining the light amplification spectra for a two-dimensional
(2D) crystal. An analytical expression for the lasing threshold is derived and
compared with numerical results that show a large reduction of the threshold
due to the group-velocity anomaly.

9.1 Enhanced Stimulated Emission

In Chap. 5, we showed that various optical processes in photonic crystals
are enhanced by the small group velocity of the eigenmodes. Particularly,
we derived the expression for the amplitude amplification factor in a pho-
tonic crystal with impurity atoms that have population inversion. As (5.50)
shows, the amplitude amplification factor in the unit length is proportional
to Vg L Hence, we can expect a large enhancement of stimulated emission at
the photonic band edges where vy is equal to zero. Also we can expect the
enhancement for those eigenmodes with the group-velocity anomaly in the
2D and 3D crystals. In this chapter, we will show that the group-velocity
anomaly is more efficient than the small group velocity at the band edges for
crystals with relatively small number of lattice layers. For this purpose, we
will examine the light amplification spectra of a 2D crystal in this section
and its lasing threshold in the next section.

In Chap. 4, we derived the plane-wave expansion method to calculate
the transmission and reflection spectra of 2D photonic crystals and applied
it to the square and hexagonal lattices. For those calculations, we assumed
real dielectric constants. When impurity atoms with population inversion are
distributed in the crystal, the imaginary part of the dielectric constant is no
longer equal to zero, and has a negative value, as described in Sect. 5.3. The
plane-wave expansion method can be used for this case without any change.
Thus, we shall obtain the transmission spectra for the case that the light
amplification due to the stimulated emission is present, which we will refer
to as the light amplification spectra.

We now examine the light amplification in the 2D square crystal whose
band structure was shown in Fig. 3.4(a). In Sect. 4.4.1, we examined its
transmission spectrum in the I'-X direction in the absence of the imaginary
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part of the dielectric constant (Fig. 4.3). We found that the third (and fourth)
lowest band on the A point has the group-velocity anomaly and its effective
refractive index estimated from the interference patterns in the spectrum was
large and consistent with the small group velocity of the band.

Because we are interested in the influence of the photonic band structure
on the stimulated emission and the nature of the impurity atoms is irrelevant
to the following discussion, we assume that the polarizability of the impurity
atoms is independent of w. In addition, we assume for simplicity that the
impurity atoms are uniformly distributed in the dielectric material.

We now proceed to the quantitative evaluation of the enhancement of
stimulated emission. In the following calculation, the dielectric constant of
the host material was assumed to be 2.1 — 0.01i. Figure 9.1 shows the sum
of the transmittance and the reflectance for an incident wave with the E po-
larization propagated in the I'-X direction where each solid line with filled
circles denotes that of the 2D crystal and each dashed line denotes that of
a uniform plate of the same thickness with a spatially averaged dielectric
constant. The latter was calculated for comparison. The calculation was per-
formed for crystals with (a) 16, (b) 8, (c) 4, and (d) 2 lattice layers. Note that
the sum can be greater than unity because of the stimulated emission that
takes place in the crystals and the uniform plates. We first examine Fig. 9.1(a)
in detail. The solid line clearly shows a large enhancement of the stimulated
emission at wa/2mc = 0.788, which exactly coincides with the upper edge of
the third lowest A mode where v, = 0. It also shows a peak at wa/2mc = 0.701
and periodic peaks at wa/2me = 0.733 to 0.784. The former exactly coincides
with the upper edge of the second lowest A mode whereas the latter coin-
cides with the frequency range of the third lowest A mode. Therefore, it is
evident that the enhancement of the stimulated emission originates from the
low group velocity of the eigenmodes. The enhancement factor, which was
calculated as the ratio of the stimulated emission in the photonic crystal and
that in the uniform plate was as large as 45 at wa/2mc = 0.788.

When the number of lattice layers is decreased, the spectrum changes
considerably. In particular, the peaks at the band edges become small. In
Fig. 9.1(c), the peaks that were observed at the upper edges of the second
and the third lowest A modes in Fig. 9.1(a) are absent. However, two peaks
in the frequency range of the third lowest A mode, where the group veloc-
ity is quite small, can be clearly observed. The enhancement factor is large,
i.e., 130 at wa/2mc = 0.755 and 68 at wa/2mwc = 0.776 even for such a thin
geometry. Because the assumed geometry is far from an infinite crystal, it is
quite reasonable that the overall correspondence between Fig. 9.1(c) and the
photonic band structure in Fig. 3.4 is obscure. In particular, the enhance-
ment just at the band edges where vy = 0 may be difficult to attain with a
thin geometry, since the wave vector parallel to the propagation direction is
not well defined and the correspondence with the band structure is not as-
sured. However, when the frequency range with a small group velocity is wide
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Fig. 9.1. Sum of the transmittance and the reflectance for the E polarization as
a function of the normalized frequency calculated for a crystal with (a) 16, (b) 8,
(c) 4, and (d) 2 layers of air-rods formed in the dielectric material with a dielectric
constant of 2.1 —0.01i (solid line with filled circles) and a uniform plate of the same
thickness with a spatially averaged dielectric constant (dashed line). The negative
imaginary part of the dielectric constant stands for the inverted population of the
impurity atoms. The incident light was assumed to be propagated in the I'-X
direction. Note that the sum can be greater than unity because of the stimulated
emission. (After [83])

enough, as was realized in the third lowest A mode of the present example,
the thin geometry has traces of the perfect photonic band structure and we
can still expect a large enhancement of the light amplification. A small en-
hancement is observed even for two layers, as shown in Fig. 9.1(d). Because
we do not need a large contrast of the dielectric constant and a very thin
crystal is enough to observe the enhancement, the experimental confirmation
of this effect may not be difficult.

We now examine the case of the H polarization whose band diagram and
transmission spectrum were shown in Figs. 3.4(b) and 4.4, respectively. Figure
9.2 compares them in the frequency range wa/2mc = 0.6-0.8. As mentioned
previously, the group-velocity anomaly is observed for the third lowest A
mode and the lowest B mode in the I'-X direction as the E polarization.
The bandgap at wa/2mc = 0.728 to 0.742 corresponds very well to a spectral
range with low transmittance. The period of interference patterns below 0.720
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Fig. 9.2. Comparison between the dispersion relation (left-hand side) and the
transmission spectrum (right-hand side) for the H polarization in the I'-X direction.
The same parameters as Fig. 3.4 were assumed for numerical calculation. The dashed
line in the left-hand side represents a B mode. (After [83])

also corresponds very well to the effective refractive index evaluated from the
group velocity of the second lowest A mode (see Table 4.2). The third lowest A
mode is convex downward near the I" point, and most of its frequency range
overlaps that of the fourth A mode. This implies that the incident plane
wave excites two eigenmodes simultaneously for the most part of the third A
branch. This is the origin of quite singular interference patterns observed in
that frequency range.

The sum of the transmittance and the reflectance for the H polarization
is presented in Fig. 9.3. The same parameters as Fig. 9.1 were used for the
numerical calculation. In Fig. 9.3(a), which was calculated for a crystal with
16 lattice layers, the enhancement of stimulated emission can be clearly ob-
served near the upper band edge of the second A mode, wa/2wc = 0.728,
and just at the lower band edge of the third A mode, wa/27c = 0.742. When
the number of lattice layers is decreased to four, the peak near the upper
band edge of the second A mode disappears completely. However, the peak
in the frequency range of the third A mode can be clearly observed even
for a crystal with only two lattice layers. In the case of the H polarization
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Fig. 9.3. Sum of the transmittance and the reflectance for H polarization as a
function of the normalized frequency calculated for a crystal with (a) 16, (b) 8, (c)
4, and (d) 2 layers of air-rods formed in the dielectric material with a dielectric
constant of 2.1 —0.01i (solid line with filled circles) and a uniform plate of the same
thickness with a spatially averaged dielectric constant (dashed line). The incident
light was assumed to be propagated in the I'-X direction. (After [83])

for this example, the main peak of the light amplification spectrum happens
to coincide with the lower band edge of the relevant mode where vy = 0.
Therefore, it may be difficult to judge whether the enhancement is caused by
the vanishing group velocity at the band edge or the group-velocity anomaly.
However, judging from the disappearance of the enhancement at the upper
band edge of the second A mode with decreasing lattice layers, we may con-
clude that the group-velocity anomaly surely contributes to the enhancement
of stimulated emission predicted for the 2D crystal with the small contrast
of the dielectric constant and the very small number of lattice layers.

9.2 Lasing Threshold

In this section, an analytical expression of the lasing threshold for arbitrary
photonic crystals that shows its reduction due to the small group velocities
will be derived. The lasing threshold will also be evaluated numerically by
examining the divergence of the transmission and reflection coefficients. A
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large reduction of lasing threshold caused by the group-velocity anomaly will
be shown.

9.2.1 Analytical Expression

Before we present the numerical results, we treat the problem analytically.
In order to estimate the lasing threshold, we assume a photonic crystal with
a thickness L and take a simple model. That is, we assume that the wave
function inside the specimen is the same as that of an infinite crystal. Al-
though this is a rough assumption and the field distribution near the surface
of the specimen may be considerably different from that in the infinite sys-
tem, this assumption leads to a qualitatively correct estimation, as will be
shown below. When we denote the amplitude reflection coefficient of the rel-
evant eigenmode at each surface by Rg,, the lasing threshold is given by the
balance between the loss at both surfaces and the optical gain in the path of
2L:

Ry, exp {2 (Ben +ik) L} =1, (9.1)

where k = |k|. In this equation, we took into consideration the phase shift of
2k L, which is consistent with Bloch’s theorem. On the other hand, we have
neglected additional loss mechanisms such as spontaneous emission and light
scattering by imperfections.

As was shown in Sect. 4.4.1, the interference patterns observed in the
transmission spectra of the photonic crystals can be described quite well by
an effective refractive index defined by 7eg = ¢/v,. Here we assume that the
reflection coefficient can also be approximated by that of a uniform material
with a refractive index 7eg:

R~ Tt 1 9.2)
Neff + 1
This equation is an empirical one and does not have a logical basis, but the
combination of these two equations will show a semi-quantitative agreement
with the numerical results. Substituting (9.2) into (9.1), we obtain

1+wvg/c
1—wg/c
where m is an integer. The explicit expression of Ok, is given in (5.46).
For a rough estimation of the lasing threshold, we first neglect the (k,n)
dependence of Fy which is defined by (5.41). Since the eigenfunction Egl) is
normalized as

1

Vo Jv,

(Brn + 1k) L =~ log ( ) + mmi, (9.3)

=1, (9.4)

are'(r) | B )|

2
we replace ESL) (r)} by 7! in (5.41), where the overline denotes the spatial
average:
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g = —
Vo Jv,

In (9.4) and (9.5), &’ denotes the real part of the dielectric function:

dre’(r). (9.5)

e(r) =¢'(r) +i"(r). (9.6)
Thus, we have
1 o(r) _fo
i~ — d = — 9.7
1 VO Vo r E/ g/ ’ ( )

where f denotes the filling factor of the dielectric material in which the
impurity atoms with population inversion are doped. The real part of (9.3)
gives

2e08’ 1
ol ~ - €08 vg log < + vg/c> 7 (©.8)

where af; is the imaginary part of the polarizability of the impurity atoms
at the lasing threshold. Since we have the relation that

eoe”(r) = o o(r), (9.9)
(9.8) can be rewritten as
28’ 1+vg/c
"o g1 g 9.10
et~ e ton (). (9.10)

where ef}, is the imaginary part of the dielectric constant at the lasing thresh-
old. If vy < ¢, we have

, 48’ vg
1> ~ — .
th cfLw

(9.11)

The threshold is thus proportional to vg, and hence, its large reduction is ex-
pected when v, is small. Here, we should note that the reduction of the lasing
threshold is brought about by both the enhancement of stimulated emission
and the increase of the amplitude reflection coefficient. The imaginary part of
(9.3) determines the longitudinal modes, i.e., the wavelength of lasing, which
we will not discuss in detail.

9.2.2 Numerical Estimation

We now proceed to the method for the quantitative evaluation of the lasing
threshold. Since it is a process of light emission without input signals, which is
analogous to the oscillation of electric circuits, the onset of lasing is equivalent
to the divergence of the transmittance and/or the reflectance of the assumed
specimen [84]. We calculated the transmittance and the reflectance of the
assumed specimen as functions of the frequency and the imaginary part of
the dielectric constant, and attributed their divergence to the laser oscillation
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Fig. 9.4. Sum of the transmittance and the reflectance for the E polarization in
a logarithmic scale for (a) the third, (b) the second, and (c) the first symmetric
bands of the 2D photonic crystal as a function of the normalized frequency, wa/2we,
and the imaginary part of the dielectric constant, £”. The same parameters as Fig.
9.1 were used for numerical calculation and the incident light was propagated in
the I'-X direction. We assumed that the front and the rear surfaces of the crystal
were perpendicular to the propagation direction and that the distance between each
surface and the center of the first air cylinder was half a lattice constant. Note that
the sum is divergent for certain combinations of wa/2mc and &”. (After [62])

[62]. Because this analysis neglects the energy loss caused by spontaneous
emission, it only describes the threshold semi-quantitatively. However, it is
sufficient, as will be shown below, to clarify the role of the group-velocity
anomaly. The number of lattice layers was eight and the incident light was
propagated in the I'-X direction.

Figure 9.4(a) shows an example of the divergence mentioned above, where
the sum of the transmittance and the reflectance for the third symmetric
band is presented on a logarithmic scale as a function of the normalized
frequency and the imaginary part of the dielectric constant. The real part
of the dielectric constant was assumed to be 2.1, as before. The numerical
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Fig. 9.5. Dispersion relation for the F polarization (left-hand side) and the thresh-
old of laser oscillation (right-hand side) of a 2D photonic crystal composed of a
regular square array of circular air cylinders formed in a dielectric material with
a dielectric constant of 2.1. The ordinate is the normalized frequency where w, a,
and ¢ denote the angular frequency of the radiation field, the lattice constant of
the 2D crystal, and the light velocity in vacuum, respectively. The radius of the air
cylinders was assumed to be 0.28 times the lattice constant. The number of lattice
layers was assumed to be eight. The dispersion relation was presented from I" to
X points in the 2D Brillouin zone. The solid lines represent the dispersion relation
for symmetric modes that can be excited by an incident plane wave, whereas the
dashed line represents that of an antisymmetric (uncoupled) mode that does not
contribute to the light propagation. The threshold of laser oscillation is given by the
imaginary part of the dielectric constant of the host material. Note that the third
lowest symmetric mode has a small group velocity over its entire spectral range
(group-velocity anomaly) and the lasing threshold for this mode is smaller than
that for the lowest and the second lowest modes by about two orders of magnitude.
Also note the decrease of the threshold at the upper band edges of the latter. (After
162])

calculation was performed for 100 x 40 sets of (w,&”). The maximum of the
calculated values was about 10° in Fig. 9.4(a). We obtained a larger maximum
when we examined the region around the peak with a finer mesh of w and
¢”. Therefore, we could judge that the transmittance and/or reflectance were
divergent, and hence, the threshold of laser oscillation was attained. We found
six other divergent points in the frequency range of the third symmetric band.
These points correspond to the longitudinal modes with different m in (9.3).
Figures 9.4(b) and 9.4(c) show other examples of the divergence found in the
frequency ranges of the first and the second bands, respectively. Seven other
divergent points were found for each band.

Figure 9.5 compares the dispersion relation for the E polarization (left-
hand side) and the threshold of laser oscillation (right-hand side) thus ob-
tained. As can be clearly seen, the laser oscillation in the frequency range of
the third lowest band takes place with —e{; smaller by two orders of magni-
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tude than that necessary for the first and the second bands. Because —¢f} is
proportional to the pumping rate to create the inverted population, we can
conclude that the group-velocity anomaly brings about the reduction of the
threshold by two orders of magnitude for the present example. We should also
note that the threshold is somewhat small at the upper edges of the first and
the second bands compared with that in the middle of both bands. This de-
crease is caused by the small group velocity at the band edges, which should
be equal to zero for a system with infinite thickness. However, for a system
with finite thickness, the group-velocity anomaly is much more efficient for
the reduction of the lasing threshold even though the relevant group velocity
is not exactly equal to zero.

The high threshold at wa/2mc = 0.789 at the upper edge of the third
symmetric band is an exception. The incident light excites the third and
the fourth symmetric bands simultaneously at this frequency, since the lower
edge of the latter is wa/2mc = 0.784. Because the average group velocity
of the fourth symmetric band is comparable with that of the second band,
a lasing threshold of the same order is expected. Therefore, the lasing at
wa/2me = 0.789 should be attributed to the fourth symmetric band. On the
other hand, a low-threshold lasing with ¢} = —2.5 x 1073, which should
be attributed to the third symmetric band, is observed at wa/2mwc = 0.788
just below the lasing frequency for the fourth symmetric band mentioned
above. As this example shows, lasing with different origins can coexist in the
frequency ranges where more than one band overlaps each other.

Now we compare the numerical results with the analytical estimation
based on (9.10). Because the slope of the dispersion curves varies consider-
ably in the vicinity of the band edges, the estimation of the group veloc-
ity, and hence, that of the lasing threshold is difficult in those frequency
ranges. Therefore, we compare the numerical and the analytical results in
the middle of the frequency range of each band. The effective refractive in-
dices at wa/2mec = 0.191 (1st band), 0.558 (2nd band), and 0.757 (3rd band),
which are obtained from the slope of each band, are 1.35, 1.4, and 7.0. Then,
the lasing threshold predicted by (9.10) are e}, = —2.9, —8.9 x 10~!, and
—2.1 x 1072, respectively. These values coincide with the numerical results
if we make allowance for an error of a factor of three that may be caused
by the rough assumption introduced in the last section. We should note that
the fact that the lasing threshold is smaller by two orders of magnitude for
the third symmetric band than for the first and the second bands is well
reproduced by the analytical estimation, which implies that the reduction
of the lasing threshold is really brought about by both the enhancement of
stimulated emission and the increase of the amplitude reflection coefficient
caused by the small group velocity.

We now examine the case of the H polarization. Figure 9.6 compares the
dispersion relation (left-hand side) and the lasing threshold (right-hand side),
where the overall features are common with Fig. 9.5. We should note that
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Fig. 9.6. Dispersion relation for H polarization (left-hand side) and the threshold of
laser oscillation (right-hand side) of the 2D photonic crystal. The same parameters
as Fig. 9.5 were used for numerical calculation. (After [62])

the third lowest symmetric band shows the group-velocity anomaly like the
E polarization. The effective refractive indices at wa/2wc = 0.190 (1st band)
and 0.565 (2nd band) are 1.34 and 1.37. Then, the lasing thresholds predicted
by (9.10) are €]}, = —2.9 and —9.3 x 10~!, which agree with the numerical
results qualitatively as the F polarization. On the other hand, the slope of the
third band varies considerably with the wave vector and most of its frequency
range overlaps that of the fourth symmetric band. Therefore, the comparison
with the analytical estimation is not easy for this band. However, it is clearly
observed that the lasing thresholds with various magnitude coexist in this
frequency range. By analogy with the numerical results for the F polarization,
we may regard two longitudinal modes with ef}, & —1.7 x 10~ at wa/2mc =
0.763 and 0.797 as originating from the fourth symmetric band, whereas the
other four longitudinal modes with |e}},| < 1.3 x 1072 can be attributed to
the third symmetric band. In addition, we should note that the longitudinal
mode at wa/2mc = 0.774 with an extremely small threshold of f} ~ —3.0 x
10~* does not necessarily correspond to a singular point of the dispersion
curves. In Fig. 9.2, quite sharp and irregular patterns were found in the
transmission spectrum in this frequency range, which were attributed to the
interference between the two relevant bands. Judging from the extraordinary
sharpness of the interference patterns, we may conclude that standing waves
with extremely high quality factors were realized as a consequence of the
interference. Therefore, the amplitude reflection coefficient R for this mode
must be particularly high, and we may attribute the longitudinal mode at
wa/2me = 0.774 to this effect.



10. Quantum Optics in Photonic Crystals

The radiation field in photonic crystals is quantized and the Hamiltonian
that describes the interaction with the matter system is derived. The theory
is applied to quadrature-phase squeezing due to optical parametric amplifi-
cation and the anomalous Lamb shift due to the peculiar density of states at
the photonic band edge.

10.1 Quantization of the Electromagnetic Field

We quantize the free radiation field in the photonic crystal without real charge
and current. The radiation field can generally be described by the vector and
scalar potentials, A and ¢:

B=VxA, (10.1)

0A
E=-V¢——. 10.2
o (102)
The radiation field is invariant under the gauge transformation. That is, even
when we change (¢, A) in the following manner with an arbitrary function

£(r, 1),

A— A+ V¢, (10.3)
9
- = 10.4
¢—= b= 5 (10.4)
B and FE remain as they were. Since the real charge is absent, we have
V. (eE)=-V . (eV¢) — %V -(eA) =0, (10.5)

where ¢ is the position-dependent dielectric constant of the photonic crystal.
For this case, we can eliminate the scalar potential by the gauge transforma-
tion. In order to show this, we assume that we have (¢1, A1) for the first step
and ¢; # 0. When we choose £ such that

23

= o, (10.6)
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the new scalar potential is equal to zero. From (10.5), the new vector potential
should satisfy

Taking this gauge condition, we have
B(r,t) =V x A(r,t), (10.8)
E(r,t) = —%A(r,t). (10.9)

The last equation implies that the eigenmode of the vector potential is pro-
portional to that of the electric field, Fg,,.
We can thus expand the vector potential with Eg,,:

A(r.1) {an OB () + a1, (VB ()} (10.10)

1
:W%ﬂ:

where V' is the volume of the photonic crystal and g, (t) is proportional to
exp(fiw,(c?t). In this equation, only quasi-transverse modes appear since the
quasi-longitudinal modes do not satisfy (10.7). We will omit the superscript

(T) hereafter. The electric and magnetic fields are thus expressed as

B(rt) = 2 3t (ks (0B (1) s (0 (1)} (10.11)
kn

B(r,1) - % S {@n ()Y % Ein(r) + G (DY % By (1)} (10.12)
kn

Because gk, (gf,,) describes the temporal evolution of a harmonic oscillation,
we may replace g, (¢,,) by an annihilation operator G, (a creation operator

@y ) of photons in order to quantize the radiation field:

. .
e . 10.1
an(t) — 2e0Wkn agn(t) and an(t) - 2 0Wien akn(t)v (10.13)

where the coefficients are determined so that the total electromagnetic en-
ergy is reduced to the quantum mechanical Hamiltonian appropriate to an
assembly of harmonic oscillators:

H="" hwgn {a;—n(t)akn(t) + 1} : (10.14)

2
kn

where ap,, and a;n satisfy the usual commutation relation for a boson:
[@kn (1), @y, ()] = 1. (10.15)

Actually, the total energy U of the radiation field is given by

B eoe(r)|E(r,t)]* | [B(r 1)
U—/Vdr{ 5 o } (10.16)
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When we substitute (10.11) and use the orthonormality of the eigenfunctions,
(2.145), we obtain

eoe(T)|E(r,t)|? " .
/ ar X NECOT _ S 02 (Gentin + Gt (10.17)
174

kn

2
On the other hand,

/ d,,,|B(7‘,t)|2 _ Z (Qken Qe + Doy Qen)
v 2 Ho

kn
X / dr {V x EL, (1)} - {V x Ega(r)}.  (10.18)
\%

When we follow the same procedure as we derived (2.138) and use (2.20), we
obtain

Blr.1)2 2 2
[ arBELE stk [ g ey,
1% Ho \% c

n HO
= 80 Z wl%:n (qk”q;::n + q;::nqk") . (1019)
kn
We thus have
U =20 Wiy (Genlin + Tinin) - (10.20)

kn

When we compare this equation with (10.14), we obtain the coefficients in
(10.13). Finally, we have the following expression for the electric field opera-
tor:

E(rt) = ; i/ ZZ)’“‘; {Gkn(t) Egn(r) — @, () Efp(r) } (10.21)

10.2 Quadrature-Phase Squeezing

We consider the quadrature-phase squeezing by means of the degenerate op-
tical parametric amplification [85]. We assume that a pump wave denoted by
E(r,t) and a signal wave denoted by Eg(r,t), both of which are eigenmodes
of the radiation field, are propagated in the photonic crystal (see Fig. 10.1).
We assume that the pump wave can be treated classically because its ampli-
tude is so large that its quantum-mechanical fluctuation can be neglected:

Ep(r,t) = Ai {Ep(r)e 2@t Hi0 — B (p)eiest =10} (10.22)

where A and 0 stand for the amplitude and the phase, respectively. We as-
sumed that the angular frequency of the pump wave is twice as large as that
of the signal wave, ws. On the other hand, we deal with the electric field of
the signal wave as an operator:
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Optical parametric amplification
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Fig. 10.1. Quadrature-phase squeezing due to degenerate optical parametric am-
plification

hwg
2e0V {

where we write the time dependence explicitly. We further assume that the
signal wave was initially in a coherent state, |a). Light in the coherent state is
provided by a laser that oscillates far beyond the lasing threshold.! It satisfies
the following eigenvalue equation.

as(0) |a) = ala), (10.24)

E (r,t) =

et —aF (0)EL(r)e '}, (10.23)

S

where « is generally a complex number.

When we denote the second order nonlinear susceptibility of the photonic
crystal by ¥ (r), the nonlinear polarization induced by these waves is given
by

=(0) 2

PV ) =X () : {By(r,t) + Bulrt)}
2V (r) : Ey(r,t)Ey(r,t)

=24\ T 50 < (B, ) 2y (0

—E5(r)Eq(r)as(0)e =1}, (10.25)

Q

where “” denotes a product as a tensor. In (10.25), only terms relevant to

~(1
the parametric amplification were taken. The electric field El(n()i induced by

~ (0
P( ) can be calculated according to (5.10). When we substitute (10.25) into

(5.10) and follow the same procedure as we derived (5.45), we obtain

Bii(rt)

! See, for example, [86]
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= iy (5 OB (e — T O)BE (e} (10.20
where
AF
5= Wy ’ (10.27)
€0Ug
and
1
szﬁmmwwwwwavww» (10.28)

n (10.27), v, denotes the group velocity of the signal wave and [ is the
length of the path that the signal wave traveled. When we derived (10.26),
we assumed for simplicity that the phase-matching condition for the signal
and the pump waves was satisfied. Here, we should note that the factor 3
becomes large if v, is small. This is because the interaction time between the
signal wave and the photonic crystal is long. Since an extremely small group
velocity is easily realized in the photonic crystals as mentioned previously,
we can expect a large enhancement.

~(1
Now, El(n()l yields another nonlinear polarization, P,

2
ﬁmWﬁ:YQWN{%Wﬁ+E$wﬁ}

h S <> K * —iwg
NQNM2%,@ (7) : {37, (0) Ep(r) By (r)e

+Bas (0)E;(r)Ey(r)e' }, (10.29)

which then induces yet another electric field E( nd- We can calculate this using

(5.10) again:

Ep)(r.1)
B [, Lot 4 et
= 5\ 2y (E=(0)Bx(r)e Gl (0)Ez (r)e'} (10.30)

We can carry out this perturbative calculation to the infinite order and the
result is given as follows:

~ ~ ~(1 ~(2

mnw=Eww+E$ww+E$ww+~-
hws
280‘/

{bE (r)e st — E+E:(r)eint} : (10.31)

where the new operators b and bt are defined by

> 182 |BI ~
b_{1+ T TR A ()

373
+el(+) {Iﬂl+|ﬂz|,,l +- }1*(0)
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= cosh | B - @s(0) + '+ sinh |3]1 - aF (0), (10.32)
and
bt = cosh || - @t (0) + e '@+ sinh | 81 - G5 (0), (10.33)
where we denoted 3 by
B =|8e'?. (10.34)

Equations (10.32) and (10.33) describe a Bogoliubov transformation and we
can verify easily that [3, B*] =1.

Two quadrature-phase components of the signal wave are given by the real
and imaginary parts of Eq(r)e~“st. We introduce the following two functions:

1 . .
Eq(r,t)= 5% {E(r)e " — EX(r)e'}, (10.35)
1 . .
Ey(r,t) = 5 {Ey(r)e” " + E%(r)e'}. (10.36)
Then,
~ 2hwg . N
E(T‘,t) = eV {qu(T,t) +pE2(T7t)}7 (1037)
0
where
1/~ = i/~ =~
i3 (b + b+) and  p= % (b - b+) . (10.38)
The commutation and uncertainty relations for ¢ and p are given by
. i 1
[q,p] = —% and AqAp > 1 (10.39)
Now we assume that the incident signal wave is in a coherent state |a):
asla) = ala). (10.40)

We can then easily verify that Aq and Ap for this state are given by

(Aq)? = i{ cosh? | 3|l + sinh? | S|l
+2cos (9 +o¢— E) cosh | 3]l sinh |5|l} (10.41)
2
and
2 1 2 2
(Ap)* = Z{cosh |B]1 + sinh” |B|
—2cos (0 +¢— E) cosh |5l sinh |ﬁ|l}, (10.42)
2
irrespective of &. When 6 + ¢ = 7/2,

Ag— %ew, Ap— %e—\mg (10.43)
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and when 0 + ¢ = —7/2,
1 1
Ag= 1t ap= oo (10.44)

Therefore, the uncertainty of one quadrature-phase component is diminished
at the sacrifice of the other component, i.e., the quadrature-phase squeezing
is attained. We should note that the squeezed states in photonic crystals are
minimum uncertainty states as usual, i.e., AgAp = 1/4 [86]. We should also
note that there is an enhancement of the quadrature-phase squeezing due to
the small group velocity of the electromagnetic eigenmode, as (10.27) shows.

We would like to make three remarks before concluding this section. First,
extension of the present calculation to the case without phase-matching is
straightforward, since we can do that following the procedure given in Sect.
5.4 that treated sum-frequency generation with and without phase-matching.
Second, the perturbation theory presented here is, of course, not limited to
the quadrature-phase squeezing, but can be applied to other quantum optical
processes in the photonic crystals. Third, the enhancement due to the small
group velocity is not limited to the quadrature-phase squeezing either, since
it is brought about by the long interaction time between the radiation field
and the matter system, which is common to all optical processes.

10.3 Interaction Hamiltonian

Next, we derive the quantized interaction Hamiltonian H’ of the radiation
field and an electron. It is given by the difference between the Hamiltonian
for the electron in the presence of the radiation field and in its absence. When
we denote the electric charge and the mass of the electron by e and m,, H’
is thus given by

o\ 2
~ (ﬁ - EA) T)2 e ~ ~
i = _ ~— (A A+ A. A) 10.45
2Me 2Me 2Me p-A+AP) ( )

where P is the momentum operator of the electron and the term proportional

~2
to A was omitted since it is not relevant to the following discussion. If we
note that operator p and operator A do not commute and the following
equation holds,

o he e

p.A:TV.AjLA.p, (10.46)
(10.45) is modified to

N ~ el ~

0= _miA p— 21; A-(Vioge), (10.47)

where we used (10.7). The second term on the right-hand side of (10.47),
which is peculiar to the problems of photonic crystals, appears because we
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adopted the gauge condition (10.7). This term may be important when the
electron is located close to the interface between two different components
of the photonic crystal. However, in that case, the radiation field and the
dielectric constant should be treated microscopically instead of the present
macroscopic treatment. Hence, the problem goes beyond the scope of this
book. On the other hand, this term is equal to zero when the electron is
located in the uniform part of the photonic crystal where the spatial variation
of the dielectric function, Ve, vanishes. We assume this case for simplicity
hereafter. The final form of the interaction Hamiltonian is thus given by

~ e h . - N N
B == S\ oy (B0 B(r) 40, B} B (1049

where r, denotes the position of the electron. Here, we took Schrédinger
representation and dropped the time dependence of ay,, and a;n.

10.4 Lamb Shift

As is well-known, the charge and the mass of the electron change their val-
ues because of the interaction with the radiation field. This is termed charge
and mass renormalization. What we actually observe are the renormalized
quantities. For an electron bound to an atom, a small difference in the renor-
malized mass may appear according to the character of the bound state. In
fact, as Lamb and Retherford [87] reported for the first time, there is an
energy difference of about 1.05 GHz between the 2s and 2p states of hydro-
gen atoms. Later, more accurate mesurements were performed [88, 89]. This
energy difference is called the Lamb shift.

As for the Lamb shift of hydrogen atoms in free space, a non-relativistic
calculation was given by Bethe [90] for the first time, and a good agree-
ment with the experimental observation was shown. Later, more rigorous
relativistic calculations [91-94] were performed, and it was found that the
value obtained with the non-relativistic calculation by Bethe gives the main
part of the Lamb shift. Hence, in the following, we will calculate the energy
shift of the bound electrons in hydrogen-like atoms to the second order of
the interaction Hamiltonian after Bethe. That is, we will calculate the self
energy of the electron for the Feynman diagram shown in Fig. 10.2, where
we subtract the self energy calculated for a free electron. By this procedure,
we can cancel the infinite mass renormalization that is present for the latter.

When we calculate the energy shift of the ith eigenstate of a bound elec-
tron to the second order of the interaction, we obtain,

E® = Z Z <Z ‘ﬁ/Ef’kQ @’ﬁ’ZLﬁ/ Z>

j kn
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k
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Fig. 10.2. Feynman diagram for the self energy of an electron to the second order
of the interaction Hamiltonian

|Ekn Te) |ﬁ|]>|2
; 10.49
250m2V Z Z Wi, (Wi — w] — Wkn) ( )
where j denotes the jth eigenstate of the bound electron and EF; = hw;

is its eigenenergy. |j, kn) represents the state with the electron in the jth
eigenstate and a photon in the kn state. On the other hand, the energy shift
of a free electron with momentum p, is given by

ﬁ/‘pe — hk — hG,kn>‘2

B =Y i

5 , (10.50)
G kn DP2/2m — {(pe —hk — hG)” /2m + fzwkn}
where G is the reciprocal lattice vector of the photonic crystal and
lpe — hk — hG, kn) (10.51)

represents the state with an electron with momentum p. — ik — hG and a
photon in the kn state. Here, we should note that H’ generally has non-zero
matrix elements between states |pe) and |pe — hk — G, kn) with G # 0
because of the periodic spatial variation of the dielectric constant, although
the matrix elements are small for large G. Hence, as a rough estimation, we
take only one term with G = 0 in the summation over G.

We will assume later that the momentum of the free electron is equal
to that of the bound electron in the ith state to subtract the self energy of
the free electron. In (10.50), photons with Awg, < p2/2m make the main
contribution. For this case, hk can be neglected compared with p, for light
atoms, since we have

hwiy, &~ hek (10.52)
and
hk Pe
1. 10.53
Pe 2me < ( )
We thus have
E,(r p|
E® ~ [Bxn(re) - pl* 10.54
free ™ 250m2V Z Wi, ( )

where the overline represents the expectation value with a relevant eigenstate.
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Now, we will evaluate the Lamb shift for a hydrogen-like atom with an
atomic number Z that has only one electron. What is most interesting to
us is the case where the transition frequency between the 1s and 2s (or 2p)
states lies in a photonic bandgap near the upper edge. For that case, the
main contribution from the sum over k and n in (10.49) comes from those
eigenfrequencies that are close to the band edge. Hence, we will first calculate
the density of states around the upper edge of the bandgap. For simplicity,
we assume that the upper edge is located on the I" point of the first Brillouin
zone. We further assume that the effective mass of the radiation field, m., is
isotropic. Then we have

K2 k2

mMe

hw= hwe + (10.55)

It is easy to show that the density of states of the radiation field is thus given

Dw) = L [mew —we) ) (10.56)

We approximate the product of Egy(r.) and p by the product of their
absolute values times 1/3 and represent Ej, by the eigenfunction at the
band edge, E.. When we subtract the self energy of the free electron given
by (10.54) from that of the bound electron given by (10.49), we obtain the

genuine energy shift, AEi(Q):

AE®
e? | Ec(re)[* Ipi; | ()i
S e +
6eom2V XJ: %; Wkn (Wi — W) — Wiy %; Wi,
|E o)l WJ ‘Pz;|
= . 10.57
650m2V zj: %T; wi, (Wi — wj — Wkn) ( )
where
py=(ilpli) and B =(i|p%)i). (10.58)

When we calculate the Lamb shift for the 2s (2p) state (i.e., for i = 2),
the main contribution on the right-hand side of (10.57) is made by the term
with 7 = 1. Hence, we will calculate the summation over k and n for this
term first. We set

wo1 = wy —wyq, and (10.59)
2= We — W21 (1060)

When we transform the summation to an integral over w, the latter can be
calculated analytically:
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[T D(w)dw
Z (w2 — w1 — Wkn) B /wc w? (w21 — w)

kn

3 1
S T . (10.61)
e (o +v2)

For j > 1, the integral gives values of the same order. Hence, we use the same
expression for j > 1 to obtain a rough estimation of the Lamb shift. We thus

have
2) _ e’ m3 |Ee (rc)\2
AE; 13

X Z (w2 —w;) . [p2s]? - (10.62)

We denote the Hamiltonian of the electron system by H a-
~2

2me

where ¢ is the Coulomb potential due to the atomic nucleus. In general, we

have
Z(‘U _wj |p’Lj‘ hz( ap_ﬁﬁa)”'pji

- ¥
J

A, =

(r), (10.63)

= 1{(@p~p6) B,
-5 [artu v

Ze2h |1; (0)]?
= 10.64
oL (10.64)
where v; is the eigenfunction of the ith state. When we derived (10.64), we

used the following relation:
Zer o1  Ze?
V2g(r) = ——— V2= = 2% 5(r). (10.65)

dmey T €0

Finally, we obtain

ap® — et | mt B lga0)F (10.66)
2 2 '
247750777, 2hwc (\/QTC"‘ \/ﬁ)
Generally, we have
Z3
Yns(0) = =, and (10.67)

3
™eag
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Unp(0) =0, (10.68)

where ap is the Bohr radius and n is the principal quantum number. There-
fore, the Lamb shift between the 2s and 2p states is given by

474 [ m3 E 2
AE;ilzp - 1927r€262a3 m2 27;‘:; ( fint )2' (10.69)
0%B"e c \/CTC+\/§

Now, we estimate the Lamb shift of hydrogen (Z = 1) for a standard pho-
tonic crystal. We assume for simplicity that the band edge and the transition
frequency coincide:

We = wo1 = 1.53 x 1016 571, (10.70)

We also assume a simple cubic crystal with lattice constant a for simplicity.
The gap frequency is on the order of wa/2mc = 0.25. Thus we have

a~3.08x107% m. (10.71)

On the other hand, we may assume various values for m., since the dispersion
relation in photonic crystals is diverse. Here, we assume that the dispersion
curve starts from wea/2mc = 0.25 on the I' point and approaches the light
line in free space on the X point. We thus have

m2h
me =2

N =359 1073 kg. (10.72)
We

When we further assume that |E.(r.)| ~ 1, we obtain

AEY) , = éasmec2 = 0.43 GHz, (10.73)
where a = €2 /4meghc is the fine-structure constant.

The anomalous density of states at the band edge mainly contributes to
this Lamb shift. D(w) assumed for this calculation, however, underestimates
the density of states at high frequencies, since it should be approximately
proportional to w? whereas D(w) is proportional to y/w. Although the ac-
curate calculation should be performed by assuming a more realistic density
of states, we may roughly expect that the actual Lamb shift is given by the
sum of the anomalous part (0.43 GHz) and the normal part (1.05 GHz). This
implies that the Lamb shift can be larger in photonic crystals than in free
space by about 40 %. This difference is large enough to detect by an exper-
iment, although a photonic crystal with an extremely small lattice contant,
i.e., a = 30 nm is necessary.



11. Superfluorescence

The next quantum optical process we examine is superfluorescence, which is
a cooperative spontaneous emission of photons by a macroscopic number of
atoms. Since all electrons oscillate in phase for superfluorescence, the elec-
tronic polarization field is a macroscopic quantity, which results in intense
and rapid emission of light pulses. To analyze this genuine quantum me-
chanical process, we introduce psuedo-spin density operators that describe
the electronic polarization and population inversion. Analytical as well as
numerical calculations will clelarly demonstrate the qualitative difference in
superfluorescence between photonic crystals and uniform materials.

11.1 Brief Description of Superfluorescence

The first requirement for observing superfluorescence is to prepair a macro-
scopic number of atoms in perfect population inversion [121]. For example,
consider a four-level system shown in Fig. 11.1. We assume that an electron
in the ground state g’ is excited to the ¢’ state by absorbing a photon and suc-
cessively relaxed to the e state through a non-radiative process. We further
assume that the energy difference between the g and g’ states is sufficiently
larger than the thermal energy, and thus, the population of the g level in the
steady state is nearly equal to zero. If the non-radiative relaxation from the
¢’ state to the e state is sufficiently faster than the radiative transition from
the e state to the g state, then perfect population inversion is realized be-
tween the e and g states just after the non-radiative relaxation. That is, the
probability to find an electron in the e state is 100 % and the probability to
find an electron in the g state is 0 %. In the following discussion, we assume
that perfect population inversion is realized by some means between the e
and g states at ¢t = 0, and forget the presence of the g’ and ¢’ states.

Thus we need to consider only two electronic levels. These states may be
described schematically by two spin states, up and down, in the magnetic
field as shown in Fig. 11.2(a). We denote the number of atoms in our system
by N,. At ¢t = 0, all atoms are in the excited state e. Or we say every spin
is in the up state. Then the total spin S is N, times as large as each spin
and is pointed upward. As light emission takes place, the direction of vector
S changes and eventually S is pointed completely downward since all spins
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Fig. 11.2. (a) Definition of psuedou-spin and (b) motion of total spin

are in the down state, that is, all electrons are in the g state at the final
stage as shown in Fig. 11.2(b). If we can neglect the phase relaxation of
the electronic wave function, which is the second requirement for observing
apparent superfluorescence, we can prove that the magnitude of S is invariant
during the light emission process.

Since we can verify that the electronic polarization is proportional to the
horizontal component of vector S, it takes a maximum value at the middle
point of the emission process, i.e., when S is horizontal. At this moment, the
electronic polarization is IV, times as large as the polarization of each electron.
So, the emission intensity is proportional to N2 because it is proportional
to the square of the polarization. This makes a marked contrast to ordinary
spontaneous emission in which each atom emits a photon randomly, and thus,
the emission intensity is proportional to N,. Because IV, is a macroscopic
number, the peak intensity of superfluorescence is much larger than ordinary
spontaneous emission, and consequently the pulse width is much narrower.
These properties of superfluorescence and how they are modified in photonic
crystals will be examined in the rest of this chapter.
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11.2 Two-Level Atoms

Let us begin with the quantum mechanical description of two-level atoms
interacting with the electromagnetic field. In Chap. 10 the interaction Hamil-
tonian H’ was described by the vector potential A and the electron momen-
tum P as shown in (10.47) and (10.48). Alternatively we may express H' as
a product of the electric field E and the dipole moment of the electron er:

H' = —er- E(r), (11.1)

since the right-hand side of this equation gives the electromagnetic energy of
the dipole moment when the electromagnetic field is a classical quantity.’

In (11.1), only the electric field is second quantized. For the following dis-
cussion, the second quantization of the electronic field is desirable because it
simplifies the calculation. To obtain the expression of the electronic Hamilto-
nian by the second quantization, we need to take an expectation value with
respepct to the electronic field operator ¢ (r). For simplicity, we assume that
the electronic system consists of just two energy levels denoted by g and e as
we discussed in the previous section. We introduce the creation (A*‘ ¢r) and
annihilation operators (¢, ¢.) of these states. Because electrons are Fermions,
these operators satisfy the anti-commutation relations:

{eaod} ={ecl} =1, (11.2)
{¢;.c.} ={&. et} =0, (11.3)
{Ce.cit={c.c} =0, (11.4)

where
{617 62} = 0,0, + 0:0;. (11.5)

We denote the eigenfunctions of the g and e states by ¢g(7) and @ (7). Then
the electronic field operator is

(1) = Cyog (1) + Coipe (7). (11.6)

The second-quantized form of the dipole operator is thus given by
/d'mZ)\JF( )GTQZ}( ) = gﬁcg + dgec Co + dogCd Cg + doeCd Co,  (11.7)

where d;; (i,j = g or e) denotes

di; = /drgo;‘(r)ergaj(r). (11.8)

Because dgg (dee) is the static dipole moment of the g (e) state and is not
relevant to the following discussion, we omit it.> On the other hand, dg. and

! Strictly speaking, there is a difference between (10.48) and (11.1). This point
will be treated in Sect. 11.4.1

2 If the elelctronic system has the inversion symmetry, the eigenfunctions of the g
and e states have definite parities. Since er has an odd parity, dgg = dee = 0 in
this case.
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d, are called transition dipole moments. In general, when an electronic state
is not degenerate, we can take its eigenfunction real. In this chapter, we shall
treat two-level atoms without degeneracy. Then dge = deg, and we denote
them by d. Finally, the second-quantized form of the interaction Hamiltonian,
which we denote by the same symbol H’, is given by>

= —d-E(r1) (cice +2lcy). (11.9)
If there are N, identical atoms, (11.9) should be changed to

Zd E(r,t) (600 + ¢ts1) (11.10)

where r; is the position of the ith atom, etc. In this equation, we assumed
for simplicity that every atom has the same transition dipole moment.

On the other hand, the second-quantized form of the unperturbed Hamil-
tonian H, that describes the atomic system is given by

H, = hwye ¢y + hweey G, (11.11)

where hw, and hw. are eigenenergies of the g and e states, respectively. When
we derived (11.11), we used the fact that H, is diagonal with respect to g
and .. If there are N, identical atoms, the second-quantized form of the
unperturbed Hamiltonian is

a

N,
fAIa = hwgcglcgl + hwec cel) . (11.12)
i=1

The next task we should do is to get a theoretical tool to deal with
cooperative optical processes. For this purpose, we introduce the following
three field operators (pseudo-spin density operators). When we denote a small
volume surrounding position r by AV (r), they are defined as

~ 1
Js(r)AV(r) =5 > (ehew — ¢hew) (11.13)
r; EAV (1)
Tia(r AV = > Gt (11.14)
r; EAV (r)
Tor(r AV = > &l (11.15)
r, EAV (r)

Euclidian spatial components are given by T, = Re(jgl), jy = Im(jgl), and
J, = J3. We assume that AV (r)’s do not overlap with each other and occupy
the whole space, then the interaction Hamiltonian is expressed as

3 The spatlal variation of E was neglected when we calculated the expectatlon
value of H’ with respect to 1/1( ). This is justified if the spatial variation of Eis
small in the range of the electronic wave function, ¢ and .. This simplification
is called the dipole approximation.
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o= _ Z Z d- E(rl,t) ('é;cel + celcgl)
all AV r; €AV
== Y d- B {Julr) + Talr.t)} AV(r). (11.16)
all AV

When we take the limit AV (r) — 0 and rewrite the summation over AV
as an integral, we have

b= f/vdrd-f?(r,t){jlg(r,t)Jrjgl(r,t)}, (11.17)

where V is the volume of the photonic crystal. On the other hand, since an
electron is in the g or e state of each atom, we have

CaiCei + CliCai = 1. (11.18)

In this case, ﬁa can be modified to

. e N
H, = o (Chicei — Coiai) = hQ/Vdr J3(r,t), (11.19)
=1
where
2 =we —wg (11.20)

is the transition frequency. In (11.19), we took (we + wg)/2 as the origin of

energy. Now let us derive the commutation relations of Jlg, J21, and Jg We
treat the following two cases separately.

Case (A):r #£ 7/

We denote the small volume that contains r by AV and one that contains
r’ by AV’. We assume that AV and AV’ are sufficiently small and they do
not overlap with each other. Let us first calculate the commutation relation
of Ji2 and Jo;. From (11.14) and (11.15), we have

Ta(r 0AV, In (', 0AV'| = 37 3 [ tty] . (1121)
T EAV r; € AV

Anti-commutation relations (11.3) and (11.4) for different electronic levels
hold for the creation and annihilation operators on the right-hand side of
(11.21), since ¢ # j. We thus have

[Cgicela Cejcg]] = Cg;CeiCq;Cgj — Cq;CgjCgiCei
= Cgj ( ¢ 306l> Cgj — Cej CgngJ) Cei
== (_Cejcgi) (—CgjCei) + CejCgiCgjCei
= 0. (11.22)

So, the right-hand side of (11.21) is equal to zero. We thus obtain
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Tra(r, 1), fm(r’,t)] = 0. (11.23)
By a similar calculation, we obtain

_fu(r,t),fs(r’,t)] =0, (11.24)

_le(r,t),fs(r’,t)] =0. (11.25)

Case (B): r =1’
In this case, we have to evaluate such a commutator as follows:

[Tia(r ) AV, a(r,0)AV] = 3 3 [ ] (11.26)
T'quAVT‘jEAV

Since we have

[ChiteintCe] =0 (i #7), (11.27)
(11.26) reduces to
[Ta(r AV, T (r, DAV | = 37 (6t 0] (11.28)
r, €AV

When we note that the anti-commutation relation (11.2) holds for the same
electronic state, we obtain

[%Eeiaéz/c\gi] = /C\; <_/c\$‘/c\ei + 1) /C\gi - /c\; (_/C\;/C\gi + ]-) /C\ei
= C;Cqi — CoiCei- (11.29)
From the definition of jg, i.e., (11.13), we obtain
[ﬁg(r,tmv,fm(r,tmv} — —2T5(r, 1) AV. (11.30)

Now, let us examin the following integral over the whole volume of the pho-
tonic crystal.

/dr’ [flz(r,t),fgl(r’,t)} = lim AV [jlg(r,t),jgl(r,t) . (11.31)
\% AV —0

In this equation, we used the fact that the integrand is equal to zero when
r # r'. From (11.30), the right-hand side of (11.31) is equal to

—2J3(r, 1) (11.32)

irrespective of the magnitude of AV. This implies that the integrand of
(11.31) is proportional to the delta function §(r — '), and is given by

Tia(m,1), fgl(r’,t)] = 2T3(r, )3(r — 7). (11.33)

By a similar calculation, we can prove that
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[Tra(r,0), Ja(r',8)] = Tia(r, 0)3(r = 7). (11.34)
[fm(r,t), fg(r’,t)} = — T (r, )8(r —1"). (11.35)

Next, let us derive the equations of motion for the pseudo-spin density
operators. For this purpose, let us first calculate the commutators with H,.

{ﬁg(r,t),ﬁa} - h(l/vdr’ [jlg(r,t),jg(r/,t)}

= TLQ/ dr' Jia(r, t)8(r — 7')
v

= 2T (v, 1), (11.36)
|:j\3(’l°7t),ﬁa:| = hQ/Vdr’ |:j;,(’l‘,t),j\3(7',,t):|
= 0. (11.37)

The commutators with H’ can be evaluated similarly.
[Fatr.0). 7] = —/Vdr’d-ﬁ:(r’,t) [Fualr.t), T 1)]
= Q/Vdr’d B ) J5(r, )5(r — ')
=2d- E(r,t)J5(r,t), (11.38)
[Ta(r.). 1] = —/Vdr’d-E(r’,t) [Ts(r,0), Fuo(r' 1) + T 1)
= /Vdr’d E(' 1) {flg(r,t) - jgl(r,t)} 5(r— ')

—d-E(r,t) {ju(r,t) - jgl('r',t)}. (11.39)

The equations of motion of the psuedo-spin density operators can thus be
derived from the Heisenberg equations:

dJ; - - - BN
it = [J12,Ha+H’} = hQJis+2d- EJs, (11.40)
I P PN
i = [Jg,Ha + H} —d E (J12 - J21) (11.41)

11.3 Superfluorescence in Uniform Materials

Superfluorescence is a cooperative light emission induced by a large number
of atoms with their electronic polarizations in phase. Except its initial stage,
the electric field and the electronic polarization field of superfluorescence have
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large values proportional to the number of atoms, N,. Thus their quantum
mechanical fluctuations are small, and we can understand the main features
of superfluorescence by using the mean (expectation) values of the field oper-
ators. So, let us replace all operators in (11.40) and (11.41) with their mean
values. We denote the mean values by symbols without “~”. Then we have

ihagf = W21y + 2d - EJs, (11.42)
ih% =d-E(Ji2 — Jo1). (11.43)

Phenomenological relaxation terms for Jjo and J3 may be added to these
equations. The relaxation of Jyo that is caused by elastic phonon scattering,
etc., is called phase relaxation or transverse relaxation, whereas that of Js,
caused by non-radiative electronic transition etc., is called energy relaxation
or longitudinal relaxation. When superfluorescence takes place much faster
than these relaxation processes their influence is small and can be neglected.
We will deal with this case in the following.

The atomic polarization field P is given by the electronic dipole moment
of each atom times the number of atoms in a unit volume. When we denote
the small volume that contains position » by AV (r) as before then,

P(r,)AV(r)=d > (G5 + 05tu)
r, EAV (r)

—d (fu(r,t) + fm(r,t)) AV (7). (11.44)

We also replace field operators by their mean values in this equation and
obtain

P =d(Jiz + Jo1). (11.45)

On the other hand, if we replace the electric field operator with its mean value,
we obtain the classical electric field that satisfies the Maxwell equations. Such
an electric field should satisfy an inhomogeneous wave equation with the
polarization field P given in (11.45) as a source term. For simplicity, let us
assume that all atoms are located in vacuum and that e(r) = 1 everywhere.
Then from (5.3) and (5.4), we have
1 0°E 1 0°P
20 +V><{V><E}——EO? R
If we solve these equations with adequate initial conditions, we can obtain
solutions that describe superfluorescence.
We denote the wave number of superfluorescent light by k and take the x
axis as the direction of its propagation. We also denote the electric field and

the polarization field in the direction of the polarization of the superfluorecent
light by E and P. When we express E and P by

(11.46)
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E(z,t) = Eo(z,t)e*=2) 1 r(x, t)e i (he=28), (11.47)
P(x,t) = Py(z, )l ko2 4 px (g, t)e ke —920) (11.48)

the envelope functions, Ey and Py, that describe the shape of the superfluores-
cent light pulse are slowly varying compared with the exponential functions.
(11.42) shows that Jy» essentially has a time dependence like e~**. So, by
comparing (11.45) with (11.48), we can identify Ji2 and Ja; as

dJyg = Pyelthz=2t) (11.49)
dJy = Pfe”ikz=00) (11.50)

where d is the component of d in the direction of polarization of superfluo-
rescence. When we substitute (11.49) and (11.47) into (11.42), we obtain
oPy  2id? 9%id>

o =7 FoJs— TE:;,Jg,e*“'“’m*”t). (11.51)

The second term on the right-hand side gives a component that oscillates
rapidly in time and space. Because it is not resonant with the electronic
transition frequency (2, it does not contribute to the electric field or the
polarization field much. We thus neglect this term* and obtain

0P, 2id?

Next we substitute (11.47), (11.49), and (11.50) into (11.43) and neglect
rapidly oscillating terms again. Thus we have
0Jz i
ot h
From (11.46), we obtain the wave equation satisfied by the electric and po-
larization fields:

(EoP; — EiPy). (11.53)

1 0°E  0*F 1 %P
— - = - 11.54
c? ot? 0x? goc? Ot? ( )
When we substitute (11.47) and (11.48) into this equation and use the relation
2 = ck,
1 (0?E, 0Ey 0’ Ey 0Ky
— — 2i02 — 2ik—
c2(8t2 1 8t> (8z2+16‘z>
1 [(0*°R 0P,
=— — 20— — 2*P, 11.55
goc? < ot? Ry O) ( )

is derived. The envelope functions, Ey and Py, are expected to vary slowly in
time and space compared with §2 and k. So, we may safely assume

4 This is called the rotating-wave approximation.



220 11. Superfluorescence

0?Ey 0Fy
210 —— 11.
‘ 5 < |21 5 | (11.56)
0?Ey 0Fy
—_— 2ik—— 11.
‘ 92 < |2ik 9 | (11.57)
82 P, P, )
‘8152 < QIQW < |Q PQ’. (1158)

When we neglect all small terms, we finally obtain

8E0 8E0 ick
—_ — = —F,. 11.
ot ¢ oxr 20 0 (11.59)

Now, let us examine the quantity J? defined by the next equation:®

1
J? = £|P0|2 + J3. (11.60)
When we differenciate J? with respect to time, we have
0 1 (0P, OF; 0J3
—Ji== =P+ P21 ) +2/3—. 11.61
ot d2(8t0+08t>+ S ot (11.61)

Substituting (11.52), its complex conjugate, and (11.53) into this equation,
we can prove that

9 o
8tJ =0. (11.62)
So, J? is a constant of motion. Let us denote the number of two-level atoms in
a unit volume by n, and assume that perfect population inversion is realized
at t = 0, i.e., all two-level atoms are in their e states. Then, from (11.13), we
have

J— na
=5
We further assume that superfluorescence does not yet take place at t = 0 so
that the electric and polarization fields are equal to zero:

J3(x,0) (11.63)

Eo(z,0) =0, (11.64)

Po(z,0) = 0. (11.65)
Since J? is a constant of motion, we have

1 2, 12 2 Na\ 2

= P O + S, 1) = T3 (,0) = (3) . (11.66)
Now we introduce a function 8(z,t) that satisfies

Jy = —% cos . (11.67)

5 The vector J = (Ji, Jy, J-) may be regarded as S in Sect. 11.1.
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Because (11.63) holds, we take
0(z,0) = . (11.68)

We shall seek a real solution for Py in the following. To satisfy (11.66), we
write it as

dn, .
Py = Z sin . (11.69)
Substituting these equations into (11.52), we obtain
ih 00
EFy=———. 11.70
7 T2d ot (11.70)

When we denote the dimension of the volume where two-level atoms are
located by L, the electromagnetic waves escape out of it in a period around
L/c. We thus define the damping rate of the electromagnetic field v by

c
= — 11.71
=7 (11.71)
and put it into (11.59) in a phenomenological manner:
an 8E0 ick
—_— — Ey=—F,. 11.72
ot o TP T a5, (1L.72)
Substituting (11.69) and (11.70) into this equation we obtain
2e0h [ 02 0 90 0
- L el 2 L) g =sino. 11.
P02 <8t2 o Mg )0 = sind (11.73)
Now we define 7 and & by
250771
= = 11.74
T En (1L74)
and
¢ =ecr, (11.75)

respectively. Then 7 has a dimension of time whereas £ has a dimension
of length. Thus we introduce dimensionless position coordinate z’ and time
coordinate ¢’ as follows.

z=a¢, t=1t'r. (11.76)
Then (11.73) is transformed to

a0 . 1 0? 0 0

8t’+81n9_—'y7'{(‘3(t’)2+8x’8t’}9' (1177)

Here, 1/~v7 is given by
r P, B d2L%n, 1
yT 2e072h 2c2g0h

(11.78)

When we define the cooperation length L. as
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2026071
Le=/ 11.79
¢ d2n, 2’ ( )
we have
1 L\?
— == . 11.80
YT (LC> ( )
So, if L « L., we have 1/y7 < 1 and the terms on the right-hand side of
(11.77) can be neglected. We thus obtain

0
% +sinf = 0. (11.81)

As can be understood by this equation, f is a function of ¢’ alone and does
not depend on 2’ in the above approximation. When we rewrite (11.81) with
the original coordinates, we have

dg 1

w7 sinf = 0. (11.82)
If 6 is exactly equal to 7 at ¢t = 0, we have from (11.82)

de

— = 0. (11.83)

dt|,_,

So, 6 does not vary at all and remains at a constant value (= 7) at ¢ > 0.
This implies that perfect population inversion is a metastable state [122, 123].
But in fact, 6 takes a value slightly different from 7 because of the quantum
mechanical fluctuation of the electromagnetic and polarization fields. We shall
denote this value by 6y:

6(0) = 6. (11.84)
Now let us solve (11.82). Because
. .0 0 6 50
sm9—2sm§cos§ —Qtanicos 3 (11.85)
we have
dt dé 0
e —dflogltano|). (11.86)
T 6 2 9 2
2tan 3 cos” =

tang —lo
D) g

Integration of this equation from 0 to ¢ gives
0

t o

(1 tan -2

. (og an 5 D
tan —

= —log 920 . (11.87)

tan —
2

When we define the delay time tq as
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0 t
tan — = exp (d) (11.88)
2 T
and note that 8 < 7, we obtain
tang = exp <—t_td> . (11.89)
2 T

This equation can also be expressed as

t—1t
sin § = sech < d) . (11.90)
T

The electromagnetic energy that flows out of the system in a unit time, I(t),
is proportional to v|Eg|?. We denote the coefficient by Ag. Using (11.70),
(11.82), and (11.90), we finally obtain

I(t) = Aof;%am sech? (t _Ttd) . (11.91)

So,
Peak intensity oc n2, (11.92)
Pulse width = 7 o< n; ! (11.93)

As can be seen from (11.88),

Delay time = tq & 7 oc n; ' (11.94)

Thus the pulse shape of superfluorescence depends on n,, the number density
of two-level atoms, as shown in Fig. 11.3.

n,=10 x n,

o L

=

£

8 n,=3xn,

=

s L

x5 n,=ng
‘
Time

Fig. 11.3. Atomic density dependence of the pulse shape of superfluorescence
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11.4 Superfluorescence in Photonic Crystals

11.4.1 Small Distribution Volume Limit

In this and the next sections, we examine superfluorescence in photonic crys-
tals. First we examine the case that the distribution of two-level atoms is
confined in a volume much smaller than the lattice constant of the photonic
crystal. This case, i.e., the small distribution volume limit was studied by
John and Quang [124]. We follow their argument in this section.

The total Hamiltonian of the system, ﬁA, is given by the sum of ﬁa, H’ ,
and the Hamiltonian of the radiation field H.:

H=H,+H +H, (11.95)
Hy = hwienil, Gens (11.96)
kn

where the zero point energy,
1
3 > hwkn, (11.97)
kn

was omitted since it does not affect the following calculation. As for the
interaction Hamiltonian H’, we derive it again from (10.48) using the dipole
approximation. For one electron, H, is given by (10.63):

~2

7y p

H, = ) 11.98
o+ 0(r) (11.95)

where ¢(r) is the Coulomb potential due to the atomic nucleus. We have

~ 1 2 | IS PPN

r Ho] = 5o 78] = 5, (Blr. B+ [, P]D)
in

=5, (11.99)

e

since p = —iAV. Thus we have from (10.48)
= =S5 ol {Gn (D) Ban(r) + 3, (1) B ()}
ih 4=\ 2e0wknV kn "

: [r,ﬁa] . (11.100)

To obtain the second-quantized form of the interaction Hamiltonian, we take
the expectation value of (11.100) with respect to (11.6). Because the spatial
variation of the electromagnetic field is small in the range of the electronic
wave functions, we may take the former in the center of the atomic position
ro as a representative value (the dipole approximation). Thus we obtain
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B = 530 gy 00O Bn(r0) + 8, ()i (1)
-/dr o () [rﬁ} &(r). (11.101)

Substituting (11.6) into the integral, we have
/dr @*(r) [r,ﬁa} 7:/;(7*)
=S Sar [ar i) [r ] ()
ioJ
—ZZh w; —w;) G cj/dr i (r) r ;(r), (11.102)

where i, j = g or e. In this equation, we used the fact that ¢, and ¢, are
eigenfunctions of H,:

Hapy = hwgpg, (11.103)
Hyo = hwepe. (11.104)

Using the definition of the transition dipole moment, (11.8), we obtain

/dr ) [r ] () = ?d @ e —ara,), (11.105)

where {2 = w, — w,. Finally we have

H' = - Z 250wkn

A Cytinn Ern(ro) — ¢F Ceag, Ex, (1) } (11.106)

where we neglected non-resonant terms (the rotating-wave approximation).
For an assembly of N, atoms, we follow the same procedure as in Sect. 11.2

to obtain
. h{22 N ~
_ %n i/ R d-/vdr {Ekn(r)akn(t)ng(nt)

B (g, (0 Ta(r, )} (11107)

The main difference between (11.17) and this equation is that the coefficient
before Eg,(r) in the expression of the electric field operator \/hwgy,/2e0V
is replaced by \/h?/2eowg, V. This difference is related to the choice of
the gauge of the electromagnetic field, but does not influence the following
discussion. The reader may consult [125] for details.
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Temporal variation of the annihilation operator ag,,, for example, is given
by the Heisenberg equation:

day, 1 ~ 1 ~ ~
=== AnaH}:*{A ns Hy H/}
at  in {a’“ i (G
—iwknakn(t) +gkn/ dr d'EznO')j\lQ(T',t), (11108)
1%

where

02
Y . — 11.109
9k 2ephwpnV ( )

Similarly we have

aJlQ = 710:]\12(1“, t) +2 ngnd : Ekn(r)akn(t)j;(rv t>7 (11110)
ot .
07

o > 9kn {d + B (r)akn () 21 (7, 1)
kn

+d- E;;n(r)a;n(t)ﬁz(r,t)} . (11.111)
First let us solve (11.108) for @k, (t). To do this, we define ﬁm(t) as
Gron (1) = frn(t)e™wrnt, (11.112)
Then ]?kn satisfies

A fen
dt

Integrating this equation from 0 to ¢, we obtain

= gkn/ dr d- E}‘;n(r)ei“”“"tjlg(r,t). (11.113)
1%

t
fren(t) :fkn(0)+gkn/ dr'/ A’ d- E}, (r")e“snt Ty (v #').(11.114)
% 0

So, we have

t
g (t) = ren (0) + grome™“*n" / dr’ / dt’
1% 0

xd - Ej, (r')e“ " Jo(r' ). (11.115)
Substituting this equation into (11.110), we obtain
., -
8;2 = 7iQJ12(T‘, t) + 2 ngnd . Ekm(’f‘)

kn

t
X [&kn(O)—i—gkne_i“’“"t/ dr’/ dt’
1% 0
¥ d- Ezn(r')eiwkTLt/ig(T/,t/)} Jy(r,t). (11.116)
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Now we assume that the distribution volume of two-level atoms is much
smaller than the lattice constant and the wavelength of relevant electromag-
netic waves. We denote the volume by V, and its center by r,. Then we can
regard the electric field and the pseudo-spin density operators as constant in
‘/a- For J12 and Jg,

Jia(t) (r € V)

Jia(r,t) = . e (11.117)
and

S Rweew

J3(r,t) = 0 (rev) (11.118)

We also assume as in the previous section that the electromagnetic field and
the polarization field are equal to zero except for quantum fluctuations at
t = 0. We take the mean value of (11.116) to obtain

dJ . —iw
G = g g 4 Bualr)F et
t ) ,
X / dt'e™rnt J (t) J1a(t). (11.119)
0

To discuss the temporal profile of superfluorescent light pulses, we introduce
an envelope function J( ) as we did in (11.49):

Jig = JQe 191, (11.120)
Substituting this equation into (11.119), we obtain

dJl(g) 2 2 —i(wign—2)t

T 2Va ;gkn d- Egn(ra)|" e

t . ’
x /0 dt'e!@rn =1 J.(1) 79 (¢). (11.121)

So, if we define G(t — t') as

Glt—t) =2V > giy |d - Epp(ra)[* e (@n ==, (11.122)

kn

(11.121) can simply be written

d
‘]12 / dE'G(t —t')J3 () T (). (11.123)
Similarly we can derive

d t
% =2 Gt—t"JDWIQW) +cc., (11.124)
0
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where
T () = T (8) = Jaa (£)e ™. (11.125)

The next task we should do is to evaluate G(t —t'). For this purpose, John
and Quang [124] examined two cases. The first one is an isotropic dispersion
relation with a photonic bandgap:

W
~ :sgn(k—ko)\/(k—ko)2+k‘f'+\/k3+k%, (11.126)
where k = |k|,
+1 k> ko),
sgn(k — ko) = (k> ko) (11.127)

—1 (k < k0)7

and kp and k; are parameters that characterize the dielectric function of the
photonic crystal. There is a bandgap at k = ky whose width is
Aw = 2ck. (11.128)

Because the dispersion relation is isotropic in the k space, the bandgap at kg

is also isotropic. Several limiting cases of the isotropic dispersion relation are

given by

c(k — ko + kg + k%) (k> ko),

We + A(k — ko)? (k ~ ko and k > ko),
Ck'ok (k — 0)7

\/ k3 + k3

where the band edge frequency w, is

we=c<,/k§+k%+k1> (11.130)

and A is
A

Wy = (11.129)

o
2%k
If the eigenfunction E}y, is not very far from a plane wave, we may assume
that |Egy,(r.)| = 1.5 For this case, we may assume
2 &

3
because the photonic band structure is isotropic, and hence, the distribu-
tion of the polarization of the eigenmodes can be regarded isotropic also.

Following the discussion by John and Quang, we examine the case that the
optical transition frequency of two-level atoms coincides with the band edge

(11.131)

|d - Egn(ra)] (11.132)

S Even if this assumption does not hold, we have qualitatively the same results
with a small quantitative difference.



11.4 Superfluorescence in Photonic Crystals 229
frequency, which is most interesting because the singular photon density of
states brings about peculiar consequences:

2 = we. (11.133)

Since the dispersion relation and the photon density of states around (2 are
important, John and Quang calculated G(t — t') with the effective mass ex-
pression of the dispersion relation assuming that it is valid for all frequencies:

Wi = we + A(k — ko). (11.134)
When we convert the summation to an integral in (11.122), we obtain
2V, d* vV - 204y
Gt —t) =" —— [ dk gie At=ko) (:=1) 11.135
( ) 3 (27T)3 / gie ’ ( )
where
92
2 _ . 11.136
Tk 2eohwiV ( )

Since the integrand is isotropic with respect to k, the integral is transformed
to
2d2V, [ dk ﬁe—iA(k—ko)z(t—t’).

Git-t)=
( ) 6m2e0h Jy, W

(11.137)

For sufficiently large ¢, the integrand is a rapidly oscillating function of k.
So, the main contribution to the integral comes from the stationary point,
that is, k = ko. Thus we can take k?/wy in the integrand as k% /wy,. When
we convert the variable from k to

& = VAR —)(k — ko), (11.138)
we have
B Qd*k3V, e
6m2e0hr/A(t —t') Jo
The Fresnel integral is given by
/OO dée € = ge—i”/‘*, (11.140)

0

Gt—1t) dge™¢. (11.139)

ko and A= = 2k; are on the order of w./c = 2. So, we finally obtain
!27/2d2‘/;e_i”/4

Git—t) ~ . 11.141

( ) 6mephcd\/m(t — ) ( )
When we define ( as
_Q7/Qd2

32 = 11.142

s 6meghcd’ ( )

it has the dimension of time™'. G(t — t') is rewritten as
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63/2‘/&6_iﬂ/4

Git—t)= ) 11.143
(6-9)= (11.143)
Here we introduce two dimensionless functions:
TV,
t) = 11.144
a(t) = S22, (11.144)
J3Va
t) = = 11.145
uo = 3 (11.145)
Substituting (11.143)—(11.145) into (11.123) and (11.124), we obtain
t /
b gsrzg-insin yoy [ ar—2E)_ (11.146)

dt 0 \/ t—t’)’

/

dt / t—t/

When we further introduce a dimensionless time variable T as

T = BN2/3t, (11.148)
and define

X(T) = x(t), (11.149)

Y(T) =y(t), (11.150)
then we have dimensionless equations of motion:

dX : X(T"

— = i"y(T dT’ 11.151

ap =Y [ar (1L151)

dy ")

— 2e /A X (T AT ———~— + c.c. 11.152

ar — / T =Ty ( )

So, from (11.148), the time ¢ scales to N, 2/3 Thus the pulse width and the

delay time of superfluorescence are proportional to N, 23 for the isotropic
bandgap with w, = (2. Because the total emission is proportlonal to N,, the
peak intensity should be proportional to N2 /3 These results are compared
with the case of uniform materials in Table 11.1.

Next let us examine an anisotropic bandgap in the effective mass approx-

imation. For this case, the dispersion relation is given by
Wi = we + Alk — Kko|*. (11.153)

Note that the bandgap is located at a certain point kg in the k space instead
of all directions as for the isotropic bandgap. We assume that the electronic
transition frequency {2 coincides with the band edge frequency w, as before.
When we convert the summation to an integral in (11.122), we obtain

G(t—t') =2V, a V) /dk 02d - Ej(ry)[2e Alk—kol* (=) (17 154)
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Table 11.1. Exponents of atom number dependence for superfluorescence light
pulse

Free space | 3D anisotropic PBG 3D isotropic PBG
w=ck w=0R+Ak—ko* | w=024+ Ak —ko)?

. 1 1 1
Pulse width A x N2 & N%/?)
. 1 1
Delay time < A x Nfag x N§/3
Peak power x N2 x N3 x N;;L”/3

For |d - Ey(r,)| we approximate it by d.” We take the spherical coordinates
with kg as the origin. Because the dispersion relation is isotropic around ko,
we can perform the spherical integration to obtain
P2d2V, [ r2e—iAE—t")r?
2% ra —_
2m2eph / we + Ar?

When we convert the variable from r to

E= VA1), (11.156)

Git—-t)= (11.155)

we have
92d2v {2 —ig?
Gt-t)= - / 11.157
( ) 2m2eqh A3/2\/t — 1/ E+wet—t) ( )
When we further change the variable with
z = e/, (11.158)
we have
2242V, —in/4 2,—22
Gt —t)=— ° lim [ dz ——o —_ (11.159)

27T2thA3/2 t— 1t R—oo 111 22 + iwe(t — t/)

where the path of integral {IIT} in the complex z plane is depicted in Fig. 11.4.
Because two poles of the integrand, which are denoted by dots in Fig. 11.4,
are not located in the area surrounded by the path {I+II+IIT}, the integrand
is regular in that area. Thus we have

_/m:/fr/n’ (11.160)

Now we show that

lim | =0. (11.161)
R—oo J11

To prove this, let us change the variable with 6:

7 This approximation does not result in a qualitative difference, but just gives a
quantitative difference.
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Fig. 11.4. Path of integral
. T
z=Reé", Ogegz

Then we have

/4
[J=[ "
II 0

R /”/2 o exp (—R?sin ¢)
2/, |we(t — ') + R2e~19]’

where we have introduced a new variable ¢:

o R2e20 exp (— R2e21%)
R2e%10 + jw,(t — 1)

T
= — —26.
¢ 2
Because for 0 < ¢ < /2
2
Sin(b Z 7¢7
T
and

|we(t —t') + R?e7'?| > R?,

we obtain

J

Thus we have

—Zz
— lim = hm/ / .
R—oo Jip  R—oo 22 4 iwe (t —t)

We perform the integration by parts to obtain

R3 [/2 e—2R2¢>/7r T )
< — dp ————=—(1—-¢F
=72 ]ﬁ ¢ AR ( ¢ )

-0 (R — o0).

(11.162)

(11.163)

(11.164)

(11.165)

(11.166)

(11.167)

(11.168)
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oo

. / 1 z _2
— lim =l
R—oo Jin1 22 + iwe (t —t) 0

/ a {z2 - lwi(t —t') } o

77/ L =2 2 Fiwe(t —t) I
0

2 {22 +iwe(t — t)}°

1 o0 2 ﬁ
dze® = VT 11.169
iwe(t — t') /0 = e diwe(t — t/) ( )

To justify this approximation, we(t — ') > 1. Finally we obtain

1

, 1/2V e17r/4 ,
where 5§/ % is defined as
0 2
V2 = d (11.171)

3 has the dimension of time™!. If we define a new dimensionless time variable
T as

T = B3N2t, (11.172)

then the equations of motion for z(¢) and y(t) defined by (11.144) and
(11.145) are tranformed to dimensionless equations as before. This fact shows
that the time ¢ scales to N2 for the anisotropic bandgap described by the
dispersion relation given in (11.153). Because the total emission must be
proportional to N,, the peak intensity is proportional to N2. These results
are summarized in Table 11.1. These peculiar characteristics of superfluores-
cence in photonic crystals® are brought about by the singular photon density
of states at the edge of photonic bandgaps.

John and Quang also found by solving (11.144) and (11.145) numerically
that either the population inversion or the macroscopic polarization does not
disapppear completely even in the steady state after the emission of super-
fluorescent light pulses. Their numerical results are shown in Fig. 11.5 for the
isotropic bandgap and in Fig. 11.6 for the aniostropic bandgap. This gives
a marked contrast to the superfluorescence in free space in which both pop-
ulation inversion and macroscopic polarization disappear completely in the
steady state after the superfluorescence. John and Quang referred to these
novel phenomena as localization of super-radiance. These phenomena can be
interpreted as a consequence of the Rabi splitting of the electronic level due
to the strong coupling between the electronic system and the radiation field

8 Cooperative spontaneous emission of photons may take place without perfect
population inversion if there is a macroscopic polarization at ¢ = 0 .This case is
called super-radiance. The theoretical treatment given here is applicable to this
case as well.
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Fig. 11.5. Population inversion 2J3/na (solid curve) and the amplitude of the
polarization Ji2/na (dashed line) in an isotropic photonic bandgap as a function of
the scaled time. (After [124])

Fig. 11.6. Population inversion 2.Js3/n, (solid curve) and the amplitude of the
polarization Ji2/na (dashed line) in an anisotropic photonic bandgap as a function
of the scaled time. (After [124])

by the singular photon density of states at the edge frequency of photonic
bandgaps (Fig. 11.7). Because of the presence of the photonic bandgap, one
Rabi component cannot emit photons because its transition frequency is lo-
cated in the bandgap. Electrons in such a level cannot be relaxed to the
ground state if there is no other relaxation mechanism.

As we studied in previous chapters, anisotropic bandgaps, if any, are real-
ized in actual photonic crystals. So, it may seem that fractional exponents of
atom number dependence of the temporal profile of superfluorescent pulses
predicted for isotropic bandgaps are artifacts. But as we see in the next sec-
tion, the fractional exponents may be observed in very standard experiments
of superfluorescence, in which atoms are excited by a collimated laser beam.
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Fig. 11.7. Schematic illustration of the Rabi splitting of transition frequency at
the upper edge of a photonic bandgap

11.4.2 Propagation Effect

Next we will treat the nealy uniform distribution of two-level atoms in pho-
tonic crystals. We follow the discussion given by Sakoda and Haus [126]. In
usual experiments of superfluorescence, atoms are excited by an incident laser
beam. When a three-dimensional photonic crystal is irradiated by such a laser
beam to create perfect population inversion of embedded atoms as shown in
Fig. 11.8, the super-radiant field undergoes essentially one-dimensional mod-
ulation of the dielectric constant in the direction of the propagation of the
incident laser beam. Emitted optical waves propagated out of this direction
mainly contributes to individual spontaneous emission with a much longer
time scale, since the optical path of such waves includes a small number of
excited atoms and efficient cooperative emission does not take place. The spa-
tial modulation of the dielectric constant in the transverse direction brings
about shifts of dispersion curves and changes in their effective mass, but we
can expect that it does not alter essential features of superfluorescence in pho-
tonic crystals. So, in the following, we shall treat a purely one-dimensional
system.

We neglect longitudinal and transverse relaxation of the excited electronic
state as before assuming that the time scale of superfluorescence is shorter
than the relaxation time constants. Equations of motion for Ji5 and J3 in
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>

Laser beam

Fig. 11.8. Collimated laser beam that irradiates a photonic crystal

photonic crystals are given by (11.42) and (11.43) as in uniform materials,
whereas Maxwell’s wave equation reads

10°E | 1 1 0°P
2 o2 + @V < (VX E) = Cepe(r) a2

Here £(r) is the dielectric function of the photonic crystal. The polarization
field P due to two-level atoms is related to the pseudo-spin density as

P(’I’,t) = d{J12(’I",t) + ng(r,t)} (11174)

(11.173)

as before. When two-level atoms are excited by a collimated laser beam, the
excited atoms interact coherently with radiation modes propagated in the
same direction as the excitation beam. Thus, the system is essentially one-
dimensional. We take the z axis in the propagation direction and consider
the case that d is pointed in the y direction. In the following, we shall deal
with the y components of the electric and polarization fields and denote them
by F and P. Then they satisfy the next wave equation:
2 2 2

loB 1 oF_ 1 =P (11.175)

2 ot e(x) Ox? eoe(x)c? Ot2
For simplicity, we assume that the spatial variation of the dielectric constant
is small and only take the zeroth and the first Fourier components:

1 2 2
—— = Ko + K1 €xp (Wa:i) + K_1exp (—Wxi) , (11.176)
e(x) a a

where a is the lattice constant. In this case, the slowly-varying-envelope ap-
proximation used in Sect. 11.3 is a good approximation, since the deviation of
the electric and polarization fields from plane waves is small. Thus we denote
the electric field and the polarization field by*

9 For this case, we take w. instead of §2 as the frequency of basis plane waves. As
we see in the following, this choice simplifies the relevant equations. However,
we should note that the slowly-varying-envelope approximation is then justified
only when {2 is sufficiently close to wc.
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E(z,t) = E¢(z,t) exp [i (gaj — wct)}

+Ey(z,t) exp [i <fgx - wct)] +c.c, (11.177)
P(z,t) = Pr(z,t) exp [i (gx — wct)]
+Py(x,t) exp [i (—ga: - wct)} +c.c., (11.178)

where w. stands for the center frequency of the lowest photonic bandgap,
which is given by

_ Vrome (11.179)

Note that we have to take both right-going or forward (denoted by f) and
left-going or backward (denoted by b) waves in these equations, since they are
mixed with each other by the presence of the first Fourier components of the
dielectric constant. When we substitute (11.177) and (11.178) into (11.175),
neglect all small derivatives of the envelope functions according to

02 Ex . OE;

02 F; 2im OE% T\ 2

5 —_— —) E 11.181
‘ Ox? < a Oz < (a) fl ( )
0P . O

‘8t2 < 2we 7o < |wZP| (11.182)

and similar relations for Ej and P,, and compare each spatial Fourier com-
ponent on both sides of the equations, we obtain

ok 1 @

Tt = 9P~ kb, (11.183)
E 1 0F
% — ;% = —igP, + ikE;. (11.184)
From (11.42) and (11.43), we have
OP, 2id?
an — 6P — ITEfJ& (11.185)
oP 2id?
aTb — P, — ITEng, (11.186)
a']?) i * * * *
In (11.183)-(11.187),
v = c\/Ko : average light velocity, (11.188)
2
g t= a:) : average dielectric constant, (11.189)
RO

0=0—w: transition frequency, (11.190)
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Fig. 11.9. Schematic illustration of one-dimensional photon density of states and
energy levels of two-level atoms

k=0 . dielectric modulation. (11.191)
2akKg

We neglected such terms that oscillate rapidly in space and time, which do
not contribute to the light emission resonantly.

We can solve (11.183)-(11.187) numerically to obtain the temporal profile
of emitted light pulses and the decay of the population inversion. When the
transition frequency ¢ is sufficiently larger than the bandgap parameter Aw,
(see Fig. 11.9), which is given by

_ |ka|me
"~ 2ay/ko
normal exponents of atom number dependence, just like free space, are found
because the frequency dependence of the photon density of states around
the optical transition frequency is modest for this case. But for Aw, =~ 4,
the photon density of states around the optical transition frequency is sin-
gular, which results in the incomplete decay of population inversion and the
fractional exponents of atom number dependence that were discussed in the
previous section.

Figure 11.10 shows an example of temporal decay of population inversion
for several different bandgap parameters. The ordinate denotes normalized
time where T' = 27 /w.. When the optical transition frequency is sufficiently
inside the bandgap (Aws = 1.35), population inversion does not decay at
all, since there is no radiation eigenmode close to the transition frequency
and the atoms are not able to emit photons. In the opposite case (Aw, =
0.670), population inversion decays nearly completely. For intermediate cases,
incomplete decay is clearly demonstrated. In this calculation, we assumed
that the photonic crystal was composed of 100 one-dimensional unit cells and
two-level atoms were distributed uniformly in the central 10 unit cells. It was

Aw, (11.192)
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Fig. 11.10. Temporal profile of population inversion for several bandgap parame-
ters Awg. & was chosen to be 0.05 X wc. (After [126])

necessary to assume a very small deviation from perfect population inversion
at t = 0 to observe superfluorescence, since perfect population inversion in the
mean field approximation is a metastable state as we discussed in Sect. 11.3.
The atom number dependence of the temporal profile of emitted pulses for
Awg = 0 is shown in Fig. 11.11, which clelarly demonstrates the fractional
exponents given in Table 11.1:

Peak intensity oc N2/3, (11.193)
Delay time o< N %/3, (11.194)
Pulse width oc N7 %/3, (11.195)

As we examined in the previous section, this IV, dependence is what we ex-
pect for an isotropic bandgap. The isotropic bandgap for three-dimensional
photonic crystals is actually an artifact. However, when the problem of super-
fluorescence can be regarded as one-dimensional like this example for which
the specimen is assumed to be irradiated by a collimated laser beam in order
to realize perfect population inversion, the phase space, that is, the region
of wave vectors available for the superfluorescence emission, is restricted by
the experimental configuration. Thus a situation very similar to the isotropic
bandgap for three-dimensional photonic crystals is realized.

As for the spectrum of emitted light pulse, a fairly large spectral shift is
found when the bandgap parameter Aw, approaches the optical transition
frequency 6. We can calculate the spectrum by the Fourier transform of the
temporal variation of the electric field. An example of such calculation is
shown in Fig. 11.12 for which the original optical transition frequency is
assumed to be 0.05 X w,. The position of the upper edge of the bandgap Aw,
is denoted by arrows. This spectral shift is interpreted as a result of the Rabi
splitting caused by the interaction between the electronic states and photons
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Fig. 11.11. Atom number dependence of peak intensity, delay time ¢4, and pulse
width 7 in the case that the optical transition frequency coincides with the upper
edge of the bandgap. Fractional exponents shown in Table 11.1 are observed. (After
[126])
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Fig. 11.12. Spectral intensity of emitted light pulses for several bandgap param-
eters. The position of the upper edge of the bandgap is denoted by arrows. The
original optical transition frequency § was assumed to be 0.05 x wc. (After [126])
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with a singular density of states. Another Rabi component is located in the
photonic bandgap and localized around atoms since it cannot be propagated
in the photonic crystal.

Another feature of Fig. 11.12 is the emergence of side peaks when the
band edge frequency is close to the original optical transition frequency. This
is caused by the oscillatory behavior of the emission amplitude due to reab-
sorption and re-emission of photons by the photonic crystal, which is called
ringing. It is known that the ringing is appreciable when the dimension of
the distribution volume of two-level atoms is comparable to or greater than
the cooperation length L. defined in (11.79) [122, 123, 127]. For this case, we
may not neglect terms on the right-hand side of (11.77). So, the pulse shape
is different from a simple function given in 11.91. In the present case, the in-
crease of k1 that brings about the increase of the band edge frequency makes
the reflection of electromagnetic waves in the photonic crystal stronger. So,
the super-radiant field stays in the crystal and interacts with the two-level
atoms for a longer period. This is equivalent to a larger dimension of the
distribution volume, which results in the ringing behavior.
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The history of photonic crystals is not very long. In 1979, Ohtaka [27, 28]
formulated the vector-spherical-wave expansion method, or the vector KKR
(Koringa—Kohn-Rostker) method, to calculate the dispersion relation and
the transmittance for the regular array of dielectric spheres. To the author’s
knowledge, this is the first self-consistent treatment of electromagnetic eigen-
modes in 3D dielectric systems with large periodic modulation of the dielec-
tric constant. A remarkable step was made by Yablonovitch in 1987 [95] who
pointed out the possibility of the realization of photonic bandgaps, localized
defect modes, and their applications to various optoelectronic devices. His
idea stimulated many researchers, and energetic research activities including
his own studies were initiated. The process to realize the photonic bandgaps is
described in [96]. In the same year, John [97] discussed the strong localization
of electromagnetic waves in disordered photonic crystals. He also predicted
many interesting quantum optical phenomena that can be realized in pho-
tonic crystals such as the bound state of photons [98] and non-exponential
decay of spontaneous emission [99]. The summary of early studies can be
found in [100, 101]. Also see [102] and special issues of JOSA [103] and J.
Mod. Phys. [104].

Since 1987, many researchers have been engaged in the realization of
photonic bandgaps, localized defect modes, and other optical properties pe-
culiar to the photonic crystals. Theoretical studies were indeed useful and
indispensable for this purpose. Since the problem of the radiation field is es-
sentially a one-body problem, that is, no photon—photon interaction needs
to be taken into account,’ many accurate numerical calculations could be
performed thanks to the development of computing facilities. For example,
the FDTD method is now widely used to predict the optical properties of
very complicated structures such as 2D crystals of the slab type with line
and/or point defects. These calculations were really useful for the design of
the crystal structures. However, the essence of the expected phenomena, or
we may say, the physics of the photonic crystals is not clarified by numerical

! In the case of nonlinear optical processes such as sum-frequency generation,
they are usually described by the nonlinear susceptibility tensors, which may
be regarded as the effective photon—photon interaction brought about by the
nonlinear response of the material system. However, this nonlinear coupling is
usually small and can be taken into acount in a perturbative manner.
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calculation alone. The analytical description and estimation often give us a
firm and perspective viewpoint. The symmetry property of the eigenmodes
is a good example. The group theory for photonic crystals, that is, the group
theory for the vector field with two degrees of freedom, which is indispensable
to describe the symmetry property, was formulated by Tanabe and Ohtaka
[50] and by this author [43, 51] independently. It was very interesting and
exciting to find that the calculated band structures agreed perfectly with
the prediction of the group theory. As for the experimental studies, only a
few examples have been mentioned in this book. Many researchers in various
fields, such as physics, electronics, optics, thin film fabrication, lithography,
and chemistry, have been collaborating to make new crystals and measure
their properties. As a result, 3D crystals with submicro-meter lattice con-
stants are now available. The number of scientific papers has been increasing
rapidly and many researchers in private companies are also interested in this
field. Some technological applications of the photonic crystals are being un-
dertaken.

In this book, the fundamental properties of photonic crystals have been
described from the theoretical point of view. First, we derived the eigenvalue
problem for the electromagnetic field and studied the property of their eigen-
functions. In particular, we introduced an Hermitian operator related to the
electric field, and derived the explicit expression for the retarded Green’s
function. Then, we could obtain the general formula for the optical response
of the photonic crystal by means of this Green’s function. We applied this
method to four typical examples, i.e., (1) dipole radiation, (2) stimulated
emission, (3) sum-frequency generation, and (4) free induction decay. The
first example was then extended to crystals with the dielectric defect, which
enabled us to formulate the numerical method to calculate the eigenfunctions
and the eigenfrequencies of the localized defect modes. This method was ap-
plied to 2D crystals with structural defects, and excellent agreement with
experimental observation was shown. It was also extended to the band cal-
culation with frequency-dependent dielectric constants. The second example
showed the enhancement effect due to the small group velocity. In particular,
the group-velocity anomaly peculiar to the 2D and 3D crystals led to the
large reduction of the lasing threshold. In the third example, we derived the
additional selection rule and the phase-matching condition peculiar to the
photonic crystals in addition to the enhancement of the induced nonlinear
electric field due to the small group velocity. The theoretical treatment given
there can readily be extended to other nonlinear optical processes. The last
example shows that we can deal with any coherent optical processes in the
photonic crystal by means of the method of Green’s function

The plane-wave expansion method to calculate the transmission and re-
flection spectra given in this book was really useful in the early stage of the
investigation. The opaque frequency ranges due to uncoupled modes were
shown by this method [48] and the vector KKR method [30]. The enhanced
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stimulated emission and the low-threshold lasing in 2D crystals were also
shown by the plane-wave expansion method [62, 83]. However, as was men-
tioned previously, the convergence is poor when the spatial modulation of
the dielectric constant is large, and the plane-wave expansion method is im-
practical when the contrast of the dielectric constant is, say, larger than four.
For that case, more efficient method, such as the transfer matrix method, the
vector KKR method, and the FDTD method might be used.

In the last chapter, we quantized the radiation field in the photonic crys-
tal, and the Hamiltonian that describes the interaction between the radiation
field and the electron system was derived. Because of the gauge condition that
we used, which I believe is the most convenient to deal with the spatial modu-
lation of the dielectric constant, the interaction Hamiltonian includes a term
that is absent in free space. Although we did not treat the case where it is
important, that term may bring about important and peculiar effects. We
examined two quantum optical phenomena, i.e., quadrature-phase squeezing
and anomalous Lamb shift. We showed that the method of Green’s function
can be applied to the former problem and the enhancement effect due to the
small group velocity is also present for this case. The latter problem was first
discussed by John [98]. The same problem was treated in this book for the
case of the density of states described by an isotropic effective mass.

Such items were chosen and described that are really fundamental and
indispensable to understand and analyze the optical properties of the pho-
tonic crystals. However, there are still many items that are not mentioned in
this book. They include solitary waves in the gap frequency region [105, 106],
various optical waveguides made of defect structures [107-109], the Smith—
Purcell effect for 2D and 3D photonic crystals [110], the idea of sonic crystals,
i.e., sound waves in periodic structures [111-113], exciton polaritons in 1D
photonic crystal slabs [114], lasing in regular photonic crystal slabs [115-
117], the analysis of phase shift in transmission measurements [118], linear
and nonlinear optical properties of quasi-periodic systems [119, 120], etc. The
theoretical methods given in this book are applicable to these problems as
well. The reader may consult original papers.

Photonic crystals, the remarkable invention realized by the combination
of the optical physics and the contemporary microfabrication techniques, can
indeed control the radiation field and alter the optical properties of embedded
atoms and molecules. Thanks to the efforts that people in this field have made
in the last ten years, we now have specimens of good quality with submicro-
meter lattice constants that function in the visible and near infrared frequency
ranges where various optical processes are caused by the interaction between
the radiation field and matter. We may say that we have come to the stage
where we can test the predicted peciliar characteristics of photonic crystals
using real specimens and also realize their technological applications.



References

—_

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20
21

22.
23.

E. M. Purcell: Phys. Rev. 69, 681 (1946)

K. Yoshino, Y. Shimoda, Y. Kawagishi, K. Nakayama, M. Ozaki: Appl. Phys.
Lett. 75, 932 (1999)

J. G. Fleming, Shawn-Yu Lin: Opt. Lett. 24,49 (1999)

M. Loncar, D. Nedeljkovié¢, T. Doll, J. Vuckovié, A. Scherer, T. P. Pearsall:
Appl. Phys. Lett. 77 1937 (2000)

P. L. Gourley, J. R. Wendt, G. A. Vawter, T. M. Brennan, B. E. Hammons:
Appl. Phys. Lett. 64, 687 (1994)

M. Kanskar, P. Paddon, V. Pacradouni, R. Morin, A. Busch, J. F. Young, S.
R. Johnson, J. Mackenzie, T. Tiedje: Appl. Phys. Lett. 70, 1438 (1997)

S. Fan, P. R. Villeneuve, J. D. Joannopoulos, E. F. Schubert: Phys. Rev. Lett.
78, 3294 (1997)

D. Labilloy, H. Benisty, C. Weisbuch, T. F. Krauss, R. M. De La Rue, V.
Bardinal, R. Houdré, U. Oesterle, D. Cassagne, C. Jouanin: Phys. Rev. Lett.
79, 4147 (1997)

B. D’Urso, O. Painter, J. O’Brien, T. Tombrello, A. Yariv, A. Scherer: J. Opt.
Soc. Am. B 15, 1155 (1998)

D. Labilloy, H. Benisty, C. Weisbuch, C. J. M. Smith, T. F. Krauss, R. Houdré,
U. Oesterle: Phys. Rev. B 59, 1649 (1999)

O. Painter, R. K. Lee, A. Scherer, A. Yariv, J. D. O’Brien, P. D. Dapkus, L.
Kim, Science 284, 1819 (1999)

S. G. Johnson, S. Fan, P. R. Villeneuve, J. D. Joannopoulos: Phys. Rev. B
60, 5751 (1999)

S. Kuchinsky, D. C. Allan, N. F. Borrelli, J. C. Cotteverte: Opt. Commun.
175, 147 (2000)

M. Haraguchi, T. Nakai, A. Shinya, T. Okamoto, M. Fukui, T. Koda, R.
Shimada, K. Ohtaka, K. Takeda: Jpn. J. Appl. Phys. 39, 1747 (2000)

T. Fujimura, T. Itoh, A. Imada, R. Shimada, T. Koda, N. Chiba, H. Mura-
matsu, H. Miyazaki, K. Ohtaka: J. Lumin. 87—89, 954 (2000)

H. T. Miyazaki, H. Miyazaki, K. Ohtaka, T. Sato: J. Appl. Phys. 87, 7152
(2000)

See, for example, A. Yariv, P. Yeh: Optical Waves in Crystals (Wiley, New
York 1984) Chap. 6

See, for example, C. Kittel: Introduction to Solid State Physics (Wiley, New
York 1996) Chap. 7

J. P. Dowling, M. Scalora, M. J. Bloemer, C. M. Bowden: J. Appl. Phys. 75,
1896 (1994)

K. Busch, S. John: Phys. Rev. Lett. 83, 967 (1999)

K. M. Leung, Y. F. Liu: Phys. Rev. Lett. 65, 2646 (1990)

Z. Zhang, S. Satpathy: Phys. Rev. Lett. 65, 2650 (1990)

H. S. Soziier, J. W. Haus, R. Inguva: Phys. Rev. B 45, 13962 (1992)



248

24.
25.
. P. R. Villeneuve, M. Piché: J. Mod. Opt. 41, 241 (1994)
27.
28.
29.
30.

31.
32.
33.

34.
35.

36.

53.
54.

55.
56.

57.
. K. Ohtaka, Y. Tanabe: J. Phys. Soc. Jpn. 65, 2276 (1996)
59.
60.

61

62.

References

H. S. Séziier, J. W. Haus: J. Opt. Soc. Am. B 10, 296 (1993)

K. M. Ho, C. T. Chan, C. M. Soukoulis: Phys. Rev. Lett. 65, 3152 (1990)
K. Ohtaka: Phys. Rev. B 19, 5057 (1979)

K. Ohtaka: J. Phys. C 13, 667 (1980)

K. Ohtaka, Y. Tanabe: J. Phys. Soc. Jpn. 65, 2265 (1996)

N. Stefanou, V. Karathanos, A. Modinos: J. Phys. Condens. Matter 4, 7389
(1992)

M. Plihal, A. A. Maradudin: Phys. Rev. B 44, 8565 (1991)

P. R. Villeneuve, M. Piché: Phys. Rev. B 46, 4969 (1992)

R. D. Meade, K. D. Brommer, A. M. Rappe, J. D. Joannopoulos: Appl. Phys.
Lett. 61, 495 (1992)

K. Sakoda, H. Shiroma: Phys. Rev. B 56, 4830 (1997)

N. Peyghambarian, S. W. Koch, A. Mysyrowicz: Introduction to Semiconduc-
tor Optics (Prentice Hall, Englewood 1993) Chap. 8

S. L. McCall, P. M. Platzman, R. Dalichaouch, D. Smith, S. Schultz: Phys.
Rev. Lett. 67, 2017 (1991)

. P. Yeh: J. Opt. Soc. Am. 69, 742 (1979)

. R. J. Glauber, M. Lewenstein: Phys. Rev. A 43, 467 (1991)

. J. P. Dowling, C. M. Bowden: Phys. Rev. A 46, 612 (1992)

. K. Sakoda, K. Ohtaka: Phys. Rev. B 54, 5732 (1996)

. W. M. Robertson, G. Arjavalingam, R. D. Meade, K. D. Brommer, A. M.

Rappe, J. D. Joannopoulos: Phys. Rev. Lett. 68, 2023 (1992)

. W. M. Robertson, G. Arjavalingam, R. D. Meade, K. D. Brommer, A. M.

Rappe, J. D. Joannopoulos: J. Opt. Soc. Am. B 10, 322 (1993)

. K. Sakoda: Phys. Rev. B 52, 7982 (1995)
. T.Inui, Y. Tanabe, Y. Onodera: Group Theory and Its Applications in Physics

(Springer, Berlin 1990)

. J. Cornwell: Group Theory and Electronic Energy Bands in Solids (John Wiley

International Publishers, New York 1969)

. M. Wada, Y. Doi, K. Inoue, J. W. Haus: Phys. Rev. B 55, 10443 (1997)

. K. Sakoda: J. Opt. Soc. Am. B 14, 1961 (1997)

. K. Sakoda: Phys. Rev. B 51, 4672 (1995)

. K. Sakoda, M. Sasada, T. Fukushima, A. Yamanaka, N. Kawai, K. Inoue: J.

Opt. Soc. Am. B 16, 361 (1999)

. K. Ohtaka, Y. Tanabe: J. Phys. Soc. Jpn. 65, 2670 (1996)
. K. Sakoda: Phys. Rev. B 55, 15345 (1997)
. S. G. Romanov, N. P. Johnson, A. V. Fokin, V. Y. Butko, H. M. Yates, M. E.

Pemble, C. M. Sotomayor Torres: Appl. Phys. Lett. 70, 2091 (1997)

Yu A. Vlasov, A. K. Luterova, B. I. Pelant, B. Honerlage, V. N. Astratov:
Appl. Phys. Lett. 71, 1616 (1997)

H. Miguez, C. Lopez, F. Meseguer, A. Blanco, L. Vazquez, R. Mayoral, M.
Ocana, V. Fornes, A. Mifsud: Appl. Phys. Lett. 71, 1148 (1997)

E. Yablonovitch, T. J. Gmitter, K. M. Leung: Phys. Rev. Lett. 67, 2295 (1991)
A. Chelnokov, K. Wang, S. Rowson, P. Garoche, J.-M. Lourtioz: Appl. Phys.
Lett. 77, 2943 (2000)

A. Modinos: Physica A 141A 575 (1987)

J. B. Pendry, A. MacKinnon: Phys. Rev. Lett. 69, 2772 (1992)

A. Taflove: Computational Electrodynamics: The Finite-Difference Time-
Domain Method (Artech House, Boston 1995)

K. Sakoda: Phys. Rev. B 52, 8992 (1995)

K. Sakoda, K. Ohtaka, T. Ueta: Opt. Express 4, 481 (1999)



63

64.

References 249

R. Courant, D. Hilbert: Methods of Mathematical Physics (Interscience, New
York 1953), Vol. 1, pp. 277

H. Kosaka, T. Kawashima, A. Tomita, M. Notomi, T. Tamamura, T. Sato, S.
Kawakami: Phys. Rev. B 58, R10096 (1998)

. H. Kosaka, T. Kawashima, A. Tomita, M. Notomi, T. Tamamura, T. Sato, S.

Kawakami: Appl. Phys. Lett. 74, 1370 (1999)

. T. Suzuki, P. K. L. Yu: J. Opt. Soc. Am. B 12, 583 (1995)

. S. Nojima: Jpn. J. Appl. Phys. Part 2 37, L565 (1998)

. K. Sakoda, K. Ohtaka: Phys. Rev. B 54, 5742 (1996)

. Y. R. Shen: The Principles of Nonlinear Optics (John Wiley & Sons, New

York 1984) pp. 101

. K. Sakoda, T. Ueta, K. Ohtaka: Phys. Rev. B 56, 14905 (1997)

. K. Sakoda: J. Appl. Phys. 84, 1210 (1998)

. T. Ueta, K. Ohtaka, N. Kawai, K. Sakoda: J. Appl. Phys. 84, 6299 (1998)

. O. Painter, J. Vuckovié, A. Scherer: J. Opt. Soc. Am. B 16, 275 (1999)

. J-K. Hwang, H-Y. Ryu, Y-H. Lee: Phys. Rev. B 60, 4688 (1999)

. D. R. Smith, R. Dalichaouch, N. Kroll, S. Schultz, S. L. McCall, P. M. Platz-

man: J. Opt. Soc. Am. B 10, 314 (1993)

. X. P. Feng, Y. Arakawa: Jpn. J. Appl. Phys. Part 2 36, L120 (1997)
. S.-Y. Lin, V. M. Hietala, S. K. Lyo, A. Zaslavsky: Appl. Phys. Lett. 68, 3233

(1996)

. K. Sakoda and J. Kawamata: Opt. Express 3, 12 (1998)
. K. Sakoda, N. Kawai, T. Ito, A. Chutinan, S. Noda, T. Mitsuyu, K. Hirao:

Phys. Rev. B 64, 045116 (2001)

. T. Tto, K. Sakoda: Phys. Rev. B 64, 045117 (2001)

. T. Ochiai, K. Sakoda: Phys. Rev. B 63, 125107 (2001)

. P. Paddon, J. F. Young: Phys. Rev. B 61, 2090 (2000)

. K. Sakoda: Opt. Express 4, 167 (1999)

. A. Yariv: Quantum Electronics (Wily, New York 1967) Sect. 19.6

. K. Sakoda: J. Opt. Soc. Am. B 19, 2060 (2002)

. M. O. Scully, M. S. Zubairy: Quantum Optics (Cambridge University Press,

Cambridge 1997) Chap. 2

. W. E. Lamb, Jr., R. C. Retherford: Phys. Rev. 72, 241 (1947)

. S. Triebwasser, E. S. Dayhoff, W. E. Lamb, Jr.: Phys. Rev. 89, 98 (1953)

. W. H. Parker, B. N. Taylor, D. N. Langenberg: Phys. Rev. Lett. 18, 287 (1967)
. H. A. Bethe: Phys. Rev. 72, 339 (1947)

. J. B. French, V. F. Weisskopf: Phys. Rev. 75, 1240 (1949)

. N. M. Kroll. W. E. Lamb: Phys. Rev. 75, 338 (1949)

. R. P. Feynman: Phys. Rev. 74, 1430 (1948)

. H. Fukuda, Y. Miyamoto, S. Tomonaga: Prog. Theor. Phys. 4, 47 (1948)

. E. Yablonovitch: Phys. Rev. Lett. 58, 2059 (1987)

. E. Yablonovitch: J. Opt. Soc. Am. B10, 283 (1993)

. S. John: Phys. Rev. Lett. 58, 2486 (1987)

. S. John, J. Wang: Phys. Rev. B 43, 12772 (1991)

. S. John, T. Quang: Phys. Rev. A 50, 1764 (1994)

. C. M. Soukoulis, ed., Photonic Band Gaps and Localization (Plenum, New

York 1993)

. C. M. Soukoulis, ed., Photonic Band Gap Materials (Kluwer, Dordrecht 1996)
. J. D. Joannopoulos, R. D. Meade, J. N. Winn: Photonic Crystals (Princeton

University Press, Princeton 1995)

. C. M. Bowden, J. P. Dowling, H. O. Everitt, ed.: ‘Development and Applica-

tions of Materials Exhibiting Photonic Band Gaps’. In J. Opt. Soc. Am. B,
10 (1993) pp.279-413



250

104.

105.
106.
107.

108.
109.
110.
111.

112.

113.

114.
115.

116.

117.

118.

119.
120.
121.
122.
123.
124.
125.

126.
127.

References

G. Kurizki, J. W. Haus, ed.: ‘Photonic Band Structures’. In J. Mod. Opt. 41
(1994) pp.171-404

D. L. Mills, S. E. Trullinger, Phys. Rev. B 36, 947 (1987)

S. John, N. Akozbek: Phys. Rev. Lett. 71, 1168 (1993)

A. Mekis, J. C. Chen, I. Kurland, S. Fan, P. R. Villeneuve, J. D. Joannopoulos:
Phys. Rev. Lett. 77, 3787 (1996)

T. Baba, N. Fukaya, J. Yonekura: Electron. Lett. 27, 654 (1999)

S. Noda, A. Chutinan, M. Imada: Nature 407, 608 (2000)

K. Ohtaka, S. Yamaguti: Opt. Spectrosc. 91, 477 (2001)

J. V. Sanchez-Perez, D. Caballero, R. Martinez-Sala, C. Rubio, J. Sanchez-
Dehesa, F. Meseguer, J. Llinares, F. Galvez: Phys. Rev. Lett. 80, 5325 (1998)
D. Caballero, J. Sanchez-Dehesa, C. Rubio, R. Martinez-Sala, J. V. Sanchez-
Perez, F. Meseguer, J. Llinares: Phys. Rev. E 60, R6316 (1999)

K. Imamura, Y. Tanaka, S. Mizuno, S. Tamura: J. Phys. Condens. Matter 12,
9843 (2000)

T. Fujita, Y. Sato, T. Kuitani, T. Ishihara: Phys. Rev. B 57, 12428 (1998)
P. L. Gourley, M. E. Warren, G. R. Hadley, G. A. Vawter, T. M. Brennan, B.
E. Hammons: Appl. Phys. Lett. 58, 890 (1991)

P. L. Gourley, M. E. Warren, G. A. Vawter, T. M. Brennan, B. E. Hammons:
Appl. Phys. Lett. 60, 2714 (1992)

M. Imada, S. Noda, A. Chutinan, T. Tokuda, M. Murata, G. Sasaki: Appl.
Phys. Lett. 75, 316 (1999)

K. Ohtaka, Y. Suda, S. Nagano, T. Ueta, A. Imada, T. Koda, J. S. Bae, K.
Mizuno, S. Yano, Y. Segawa: Phys. Rev. B 61, 5267 (2000)

C. Sibilia, F. Tropea, M. Bertolotti: J. Mod. Opt. 45, 2255 (1998)

R. Shimada, T. Koda, T. Ueta, K. Ohtaka: J. Phys. Soc. Jpn. 67, 3414 (1998)
R. H. Dicke: Phys. Rev. 93, 99 (1954)

R. Bonifacio, P. Schwendimann, F. Haake: Phys. Rev. A 4, 302 (1971)

R. Bonifacio, L. A. Lugiato: Phys. Rev. A 11, 1507 (1975)

S. John, T. Quang: Phys. Rev. Lett. 74, 3419 (1995)

M. O. Scully, M. S. Zubairy: Quantum Optics (Cambridge University Press,
Cambridge, 1997), Chap. 5

K. Sakoda, J. W. Haus: Phys. Rev. A 68, 053809 (2003)

F. T. Arecchi, E. Courtens: Phys. Rev. A 2, 1730 (1970)



Index

adiabatic switching 102
amplification factor 108
angular frequency 1
annihilation operator 200
approximation

— dipole 214,224

— effective mass 230

— long-wavelength 155,172

— rotating-wave 122,219, 225
— slowly-varying-envelope 236

band index 15

Bessel function 25

Bloch’s theorem 5,18
Bogoliubov transformation 204
Bohr radius 210
boundary-value function 84
Bragg wave 82

Brillouin zone 7

— of fcc lattice 75

— of hexagonal lattice 58

— of simple cubic lattice 26
— of square lattice 27

causality 39,152

character 49

coherent state 202
commutation relation 200, 215
— anti- 213

compatibility relation 50
completeness 36

conjugate 45

constitutive equations 13
cooperation length 221
creation operator 200
crystalline momentum 10, 111
cut-off frequency 155,178

defect
— line 142
— point 131

defect mode 4,125

delay time 222

density matrix 121
density of states 1,28,103
dielectric

— constant 5,14

— function 5

— loss 146

— multilayers 4

dipole radiation 102
dispersion relation 1,16
— of uniform slab 176

effective mass 208, 229
eigen-angular frequency 6,15
eigenfunction 15

eigenvalue equation 15

electric
— displacement 13
— field 13

elementary lattice vector 14,44

— of fcc lattice 75

— of hexagonal lattice 58

— of square lattice 8,48

elementary reciprocal lattice vector
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— of fcc lattice 75

— of hexagonal lattice 58

— of square lattice 8,48

energy density 30

equi-energy surface 96

exciton 153

expansion

— cylindrical-wave 147

— plane-wave 16,81

— spherical-wave 16, 81

extended zone 51,114

FDTD method 81,127
Feynman diagram 206
filling factor 55
fine-structure constant 210
free induction decay 121
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Fresnel integral 229 — band structure 16
fundamental wave 114 — bandgap 4
— crystal slab 4,179
gauge plasma frequency 153
— condition 200 point group
— transformation 199 - Cin 48
Gauss’s theorem 103 — Cyy 48
Green’s function 39, 99 - C3, 59
group-velocity anomaly 8,188 - Cs 45
guided mode 175 - Ceé» 57
— Dag 76
Heisenberg equation 226 — Ds3q 76
Hellmann—Feynman theorem 33 — Dy4p, 66
— Dgp, 180
impurity band 142 - Oy 65
inhomogeneous wave equation 99 polar coordinates 25
inner product 35 polariton 162
inversion symmetry 21 polarization
- FE 20
Lamb shift 206 - H 20
lasing 187 — extrinsic 99
— threshold 192 population inversion 105,211
lattice Poynting’s vector 30, 102
— constant 2 principal quantum number 210
— fcc 75 pseudo-spin 214
— hexagonal 57
— simple cubic 26 quadrature-phase squeezing 10, 201
— square 27 quality factor 146,147,183
leaky mode 175,183 quasi-longitudinal mode 36
light amplification 105, 187 quasi-transverse mode 36, 200
light line 177
LiNbOs 116 Rabi splitting 233, 239
reciprocal lattice 8
magnetic — vector 10,14
— field 13 reduced zone 7
— induction 13 reduction 50, 52
— permeability 5,13 refraction law 95
Maxwell’s equations 13 refractive index 1
momentum operator 205 — effective 92,192
relative dielectric constant 14
nonlinear susceptibility relaxation
— effective 110,113,121 — energy 218
— second-order 109 — longitudinal 218
nonlinearity 109 — phase 121,212,218
number density 105 — population 121
— effective 107 — transverse 218
relaxation rate
optical phonon 153 — of exciton 153
orthogonality 18,21 relaxation time
— longitudinal 121
parametric amplification 201 — of plasma 153
periodic boundary condition 35 — transverse 121
phase matching 10, 111, 121 renormalization 206

photonic representation
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— irreducible 49,71
— matrix 46,62

— one-dimensional 49
— reducible 50,52, 71
— Schrédinger 206

— two-dimensional 49
response function 152

scalar potential 199

scaling law 21

Schmidt’s method 36

second harmonic 114

second quantization 213
selection rule 117

— additional 43,112

self energy 206

Snell’s law 95

solid state plasma 173
spectral width 147

spherical coordinates 24
spontaneous emission 1,4
squeezed state 205

stimulated emission 9,105, 187
sum-frequency generation 9,109
supercell 126, 143
superfluorescence 211

surface plasmon 161, 167

Index

— polariton 162,173
surface waves 162
symmetry operation 44

time reversal symmetry 21
transfer matrix method 81
transition dipole moment 214
transition frequency 215
translational symmetry 44
transverse electric mode 176
transverse magnetic mode 176

Umklapp 111
uncoupled mode 43,55, 74

vector KKR 16
vector potential 199

velocity

— energy 9,30
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— light 15

— phase 30

wave equation 14,19
wave number 1,5
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