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Abstract—The properties of localized electromagnetic modes in a one-dimensional photonic crystal with a
structural defect layer were studied. The role of the defect was played by an anisotropic nematic liquid crystal
layer. The frequency and the damping factor of defect modes were shown to substantially depend on the defect
layer thickness and the orientation of the optical axis of the nematic. The transmission spectra of photonic crys-
talswith one and two lattice defects were studied. Taking into account the special feature of nematic liquid crys-
tals distinguishing them from usual crystals, namely, large permittivity anisotropy, it was shown that the trans-
mission spectrum of the photonic crystal could be controlled by varying the orientation of the optical axis of
the nematic, for instance, under the action of an external electric field. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

In recent years, much attention has been given to
photonic crystals[1], which are aspecial class of artifi-
cia structures with periodic dielectric property varia
tions on a spatial scale of the order of the optical wave
length. Depending on the periodicity dimension, photo-
nic crystals are classified as one-, two-, and three-
dimensional. The value of the concept of photonic
structures lies in the possibility of studying physical
phenomena from a new standpoint based on the tradi-
tional ideas of the physics of solids and electromagne-
tism. Thereis a close formal analogy between the the-
ory of electromagnetic radiation propagation in peri-
odic media and the quantum theory of electrons in
crystals. The band structure of the energy spectrum of
electronsin crystals caused by Bragg reflection of elec-
tronsissimilar to the structure of the spectrum of apho-
tonic crystal. Many interesting and potentially useful
phenomenaare related to the presence of photonic band
gaps in photonic crystals and their unusual dispersion
properties. Photonic crystalline structures make it pos-
sibleto solve some fundamental problems, for instance,
problems related to controlling spontaneous light emis-
sion from atoms and molecules [2—4] and localizing
and channeling light [1, 5-11]. In practical applica
tions, photonic band gap structures are extensively used
in creating photonic crystal waveguides [8, 12, 13],
superfast optical switches [14, 15], Bragg reflectors
[16], detectors[17], and optical schemes[18, 19]. Note
that the ability to use electrooptic effectsfor controlling
photonic band gap structuresis of importance for many
practical applications. It was shown in [20] for three-

dimensional photonic band gap structures formed with
nematic liquid crystal inclusions that the transmission
spectrum of a photonic crystal could be effectively con-
trolled by varying the orientation of the optical axis of
the nematic. Earlier [21], surface electromagnetic
waves at the interface between an i sotropic medium and
a superlattice of alternating isotropic and nematic lig-
uid crystal layers were studied. It was shown that the
characteristics of surface waves could be effectively
controlled. Volume electromagnetic waves in infinite
and bounded superlattices comprising alternating iso-
tropic and nematic layers were studied in [22]. It was
shown that the spectrum of electromagnetic waves in
superlattices could be considerably modified by chang-
ing the orientation of the optical axis of nematic liquid
crystals. The possibility of effectively controlling the
electromagnetic wave transmission coefficient by
changing the orientation of the director of nematic lig-
uid crystals was also noted.

In this work, we study the properties of localized
electromagnetic modes in a one-dimensional photonic
crystal with a defect structural layer. The role of the
defect layer is played by an anisotropic nematic liquid
crystal layer. We also study the transmission spectra of
photonic crystals with one and two lattice defects. We
show that the characteristics of localized modes and the
transmission spectrum of a photonic crystal can be con-
trolled by changing the orientation of the optical axis of
the nematic.

Sections 2 and 3 contain a description of the theory
used to perform the numerical simulation whose results
are given in Section 4.
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Fig. 1. One-dimensional photonic band gap structure with a
lattice defect.

2. EQUATIONS FOR LOCALIZED MODE
FREQUENCIES AND FORMS

The photonic band gap structure that we consider is
an infinite layered medium comprising alternating iso-
tropic layers of two materials with a structural defect
(Fig. 1). Therole of the defect layer isplayed by anem-
atic liquid crystal layer denoted by “d.” The thickness
of thislayer isW, and 0 isthe angle between the optical
axis of the nematic and the z axis. The nematic liquid
crystal layer is inserted between two semibounded
superlatticeswhose unit cell consists of materialsa and
b with layer thicknesses W, and W, respectively.

The structure under consideration is characterized
by permittivitiese, and g, of layersa and b and the per-
mittivity tensor of the nematic liquid crystal layer

eDcosze + e”sin29 0 %sin(ze)Ae
g€ = . (D

%sin(ZB)As 0 stinze + s”c0529

whereep = €, = &y, §,= €,, are the components of the
permittivity tensor in principal axes and Ae = g — €.
Further, we only take into account the diagonal compo-
nents of tensor (1). Thisisjustified if 8 =0 or 6 = 2.
The Maxwell equations for the anisotropic defect pho-
tonic crystal layer on the class of H-typefieldswith fre-
quency w,

{Ex H} = {E(2), H,(2)} 6" %)
have the form
042 1]
4 805 () = o,
[dz c O
3)
_ iCdEx
W2 =&

where cisthevelocity of light in the vacuum. The equa-
tions for E-type fields are obtained from (3) by the
replacements E(z) — E(2), H(2) — —H(2), and
€x — &y = €n. The Maxwell equations for isotropic
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photonic crystal layers are obtained from (3) by the
replacement €, —= €, 0r €, —= €,

The geometry of the problem set above makes it
possible to adapt the method of studying localized
acoustic phonon modes in a superl attice with an isotro-
pic defect layer 23] to our purposes. The solution to the
Maxwell equations for an electric field localized in a
defect L mode can be written in the form

Ex(z 1) = EL(9exp(—iwt), (4)

where E, (2) = E,(2) isthe electric field strength for the
localized L mode and wy, is the localized mode fre-
guency. For a photonic band gap structure with alattice
defect, the electric field strength in various layers can
be written taking into account general solution (3) to
the Maxwell equation for afield in alayer in the form

Ef(Alr_j’ BLp Kyj» Z—Z:nj)eXp[i%(m—l)W]
D \%sz—z[nj SWJ'

U
Uf (AL Bras Kia» 2—24)

OO

E(2 = 0w, A ©)
O SZ-7y< >

| .
Of (AL, Bl kyj, 2— 2oy explig(m— 1)W]

O
W, W,
E—?sz—zmj < —2—’

Here, thef (A, B, k, 2) function isdefined by the equality

|

f(A B,k ,2) = A€*+Be ™, (6)

zZ, isthe coordinate of the center of the defect layer; z'mj

and zﬁnj are the coordinates of the centers of thejth (j =
a, b) layerinthemth (m=1, 2, 3, ...) period of semi-
infinite superlattices from the left and from the right,
respectively; ki, is given by the equality

k= 2%, p=abd, (7)

where
2 -2
N, = JEu €4 = Ex = €4COS O +£,SiN°6,
and Bloch wave number g, should be complex,

_nm

;= +id 9>0, n=123,... (8

Here, W = W, + W, is the period of the ideal layered
medium. The continuity condition for E, and H, at the
interfaces gives equations for determining the w, fre-
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guency and the q damping factor of localized modes.
These equations have the form

- n 1 + . . |:|
cosh(gW) = (-1) %osa cosf —énbasnasnBD, 9
(—1)"sinh(qW)(2cosa cosp — ng,sinasiny)
- %sinu cosP + %ngasinBcoso% (10)

x (28iN0ICOSY + Ng,SiNy Cosa) + %ngan;asinﬁsi ny =0,

where
a = KkWa B = KpW,, ¥ = K gWy,
nia:r_]l)+n r]J‘r =r_1£,+n

n n’ @ n,ng

The electric field distribution in localized modes of
the photonic crystal structure can be written as

E(2)
BA‘Ir_af (ALd’ BLdv de1 Z_Zd)!

0 W, W,
O SZ-4s<—>,

f%_ exp( |qu) ¢l kl_a rég

=
o

1

(11)

DEDDPD I:II:IL:I(I:II:II:I:(> OO

. W,
explig(m-1)W], ——=F<z-2y, <7,

Laf (AL, By, Kib, Z— Znp) explig,(m - 1)W],
W,

2 b

f(A'Lw Blu. Kiv. 2= Zn) eXplig,(m—1)W],
=a,b,

|3
IN

Z—Zp <

,——‘

where

¢, = cosa cosP —isina cosB

—%nga(sinasinﬁ +icosasinp),

i -
b, = 2"‘ba5'n[3

A , isthe normalization constant, and q, is given by (9)
and (10). Here,

leD

/\ (Clv kLb! _Wb)/\(clv kLa!
LtD

w,)C,
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where
R U ka2 ikz2 U
A(Cy k 2) = E ° ikz/2 © —ikzlzg, (13)
icke™ ™ —ic,ke 0
1 0
= Hexp(—iqzvv)—d»H (14)
O ¢, O

3. TRANSMISSION SPECTRUM

The transmission spectrum of a bounded photonic
crystal with lattice defects will be studied by the trans-
fer matrix method [24]. Let the permittivities of the lay-
ers be written as

%(0) =1, z<z

%-(1) = & Z<Z<z

5(2) = &, m<2<7

..

E]EU ) =&, Z _,<2<Z
= o 1 d 41 N (15)

-

%(lz) =&y Z4,1<Z<Z,

0

D...

%(N) = &y Zy_1<Z<Zy

%(s) = 1.

For the structure under consideration, the €electric
field distribution in layers has the form

Ex(n, 1) = [A(n)exp(a(n)(z-z,)) (16)
+B(n)exp(-a(n)(z-z,))] exp(-iwt),

where A(n) and B(n) are the incident and reflected wave
amplitudes, respectively, in the nth layer,

Je(n)w

c
The magnetic field distribution in layers can be written as

Hy(n, t) = [A(n)exp(ia(n)(z-z,))
—B(n)exp(-ia(n)(z-z,))]ve(n)exp(- wt).

a(n) = (17)

18)

No. 5 2001



980

VETROV, SHABANOV

Wd? |Jm

Fig. 2. Dependences of localized mode (a) frequency and (b) damping factor on defect layer thickness. The dashed line corresponds
tong=15at 6 =0, and the solid line, to ny = 1.7 a 8 = 102; w_isin ¢/W units,

The continuity condition for E, and H, at the interfaces,
z = z,_4, gives a system of equations which can be
written as the matrix equation

An-1g _ EaUWn

=T, 1 : 19
Bn_1 ~ " "(ny (19

Here, the transfer matrix has the form
To_1n = DY(n=1)D(n)P(n), (20)

where

| 0
pm=0 + ' g (21)

U.J/e(n) —J/e(n) U

O —iay, O
pmy=5¢ 9 O (22)

ia(n)y,
O o e O

andy,=2z,—z,_,n=1,2,...,N. It follows from (19)
that the A(0) and B(0) amplitudesarerelated to A(s) and
B(s) as

A0 _ Ao
o - Mi(s? ©3
where
M = ?01?12---?N—1,N:|\-Ns, (24)

s=N+1, andyy ., =0. Onthe assumption that electro-
magnetic waves are not reflected on theright side of the
photonic crystal sample, the t(w) transmission coeffi-
cient is given by the equation

LA

t(w) = A o o

(25)
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Using (23) yields
t(w) = -rl—z (26)
M)
where M1, isthe M matrix element.

4. CALCULATION RESULTS
AND DISCUSSION

Equations (9) and (10), which determine the fre-
guencies and damping factors of localized modes of an
infinite photonic crystal, were solved numerically. The
results obtained for a photonic crystal with layer thick-
nesses W, = W, = 1 pm and layer permittivities e, = 4
and g, = 2.25, respectively, are given below. The refrac-
tive indexes of the defect layer in the IR region

nd% = Jgp =n =17

and

ng(0) = Jeg = ng = 15

corresponded to a 5TsB nematic liquid crystal at 20°C
[25].

The electromagnetic excitation spectrum of an ideal
layered medium has a band character [26]. A defect
layer in a photonic crystal can cause the appearance of
discrete frequencies within the forbidden bands of the
unperturbed layered medium and electromagnetic field
localization in defect modes. The dependences of the
frequency and damping factor of defect modes in the
second forbidden band (n = 2) on the thickness of the
defect layer are shown in Fig. 2 for the normal and tan-
gential orientations of the optical axis of the nematic.
The frequencies

W, = 3.521V£v = 5281 x 10% Hz
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and
W, = 3.663\,3\/ = 5.495 x 10™ Hz

in this figure determine the boundaries of the forbidden
band spectral range. The change in the orientation of
the director of the nematic not only substantialy
changes the frequency and damping factor of localized
modes but can cause the appearance of new localized
modes at certain defect layer thicknesses. Note that
restoring tranglational invariancein the photonic crystal
with Wy =1 pm and ny = 1.5 causes the disappearance
of discrete frequencies within forbidden bands. An
increase in the defect layer thickness at a given liquid
crystal optical axis orientation increases the number of
discrete frequencies in the photonic crystal forbidden
band. At W, = 100 um, the number of localized modes
at 6 = 0 and B = 172 increases to five. At a qualitative
level, this result can be given a visua explanation.
Localized modes in the vicinity of defects in photonic
band gap structures have much in common with cavity
resonators. Indeed, a defect photonic crystal mode can
be described as a standing wave formed as a result of
reflection from semibounded superlattices, or, in other
words, cavity walls. And the number of modesin a cav-
ity in a given frequency range is proportional to its
length.

Figure 3 illustrates the possibility of controlling the
spectrum of defect modes and the spatial distribution of
the sguare of the electric field modulus in photonic
crystal defect modes with a W, = 4.5 um defect layer
thickness. The center of the defect layer coincides with
the origin. The curves at negative z values are obtained
by mirror reflection in the z= 0 plane. The curve shown
inFig. 3b was constructed for 6 = w2 and n; = 1.7. The
localized mode frequency near the forbidden band cen-
ter then equals wy, = 5.380 x 10'* Hz, and the corre-
sponding damping factor is q = 0.125. The localization
of the square of the electric field modulusin thevicinity
of the defect layer is clearly seen. Changing the orien-
tation of the optical axis of the nematic from tangential
tonormal (6 =0, ny=1.5) causesthe appearance of two
defect modes near the continuous spectrum boundaries
(Figs. 3a, 3c). The frequencies and the damping factors of
the modes are oy = 5.491 x 10* Hz, g = 0.026 (Fig. 3a)
and wy =5.282 x 10" Hz, g=0.019 (Fig. 3c). It follows
that changes in the director orientation induce the
appearance of new defect modes much less localized.
Indeed, the mode damping factors (Figs. 3a, 3c)
decrease 4.8 and 6.6 times, respectively. It followsfrom
Fig. 2 that there exist defect layer thicknesses at which
director reorientation from tangential to normal does
not change the number of defect modes and only shifts
their frequencies and damping factors.

Consider the specia features of the transmission
spectrum of a finite photonic crystal by numerically
solving Eq. (26) for the transmission coefficient at var-
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Fig. 3. The square of the electric field modulus of alocalized
mode. Defect layer thickness Wy = 4.5 pm, ny=(a, ¢) 1.5and

2
(b)1.7,A= ‘A,r_a‘ . The center of the defect layer coincides
with the origin (z = 0).
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Fig. 4. Frequency dependence of the transmission coeffi-
cient of aphotonic crystal with N = 85 layers. The thickness
of the defect layer situated in the center of the layered
medium is Wy = 4.5 um. The dashed line corresponds to

ny=15at 6 =0, and the solid line, to ny = 1.7 at 6 = 102,
wisin c/W units.

ious layered medium parameters. As with an infinite
photonic crystd, we assumethat W, =W, = 1 um, €, = 4,
and g, = 2.25.

The frequency dependences of the photonic crystal
transmission coefficient in the frequency range of the
second forbidden band of the ideal photonic crystal at
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Fig. 5. Frequency dependences of the transmission coeffi-
cient of asample with N = 45 layers. The defect is situated
in the center of the photonic crystal. The other parameters
have the same values asin Fig. 4; wisin ¢/W units.

w

Fig. 6. Frequency dependences of the transmission coeffi-
cient of a photonic crystal with a defect layer of thickness
Wy = 5.2 um. The other parameters have the same val ues as

inFig. 4; wisin c/Wunits.
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Fig. 7. Fragments of the transmission spectra of a photonic
crystal at © = 172 with various defect layer positions in the
lattice. The defect is (1) in the center of the sample, | = 43,
and at | = (2) 33 and (3) 23. The other parameters are the
sameasin Fig. 6.

various nematic optical axis orientations are shown in
Fig. 4. It followsfrom these dependences that the defect
mode spectrum of a finite sample is close to the spec-
trum of localized modes in an infinite photonic crys-
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tal if the other layered structure parameters are equal
(Figs. 2, 3). Indeed, at a 8 = 172 orientation angle, a
defect mode with an wy = 5.381 x 10'* Hz frequency,
which is close to the corresponding frequency of the
defect layer in an infinite photonic crystal (Fig. 3b),
appears in the transmission spectrum. The width of the
transmission curveisabout 10 A. At 8 = 0, thetransmis-
sion spectrum containstwo defect modeswith frequencies
W =5.271 x 10" Hz and «y =5.502 x 10 Hz. The fre-
guency dependence of transmission for asample with a
smaller number of layersis shownin Fig. 5. A compar-
ison of Figs. 5 and 4 shows that an amost twofold
decrease in the number of layersin a photonic crystal
with a lattice defect causes noticeable changes in the
transmission spectrum. The transmission curves
broaden, the position of the minimum changes, and the
frequency corresponding to maximum transmission
shifts.

It has been mentioned that, for an infinite photonic
crystal, there exist defect layer thicknesses at which
nematic optical axis reorientation shifts the frequency
of the defect mode but does not cause the appearance of
new defect levelsin the forbidden band. An exampleis
a photonic crystal with a Wy = 5.2 um defect layer
thickness (Fig. 2). For comparison, the frequency
dependence of the transmission coefficient of a finite
photonic crystal with a defect layer of the same thick-
nessisshownin Fig. 6.

A characteristic feature of the curves shown in
Figs. 4-6 is the high penetrating power of H waves.
The transmission coefficient of H waves increases vir-
tually to one when defect layers in the forbidden band
appear. Note also that polarization of radiation that
passes through photonic crystal samples with lattice
defects can be controlled. Indeed, reorientation of the
nematic liquid crystal optical axisfrom normal to tangen-
tial results in that H- and E-type modes acquire a phase
difference after passage through the nematic layer.

Fragments of the transmission spectra of photonic
crystals with different defect layer positions are shown
in Fig. 7. The figure illustrates typical behavior of the
transmission coefficient of H waves caused by the
appearance of adefect level in the forbidden band when
the defect layer isdisplaced from the symmetrical posi-
tion to the boundary between the sample and the vac-
uum. We see that the transmission ability of the photo-
nic crystal decreases, the transmission curve width
increases, and the frequency of the defect mode dightly
shifts. These effects can be given a simple physica
interpretation. As mentioned, localized modes in the
vicinity of the defect in aphotonic crystal have muchin
common with a cavity resonator. The displacement of
the defect to the boundary between the sample and the
vacuum decreases the Q factor of the cavity, that is, modi-
fies the transmission spectra of the photonic crystd.

L astly, the transmission spectra of aphotonic crystal
with two differently spaced identical defect lattices are
shownin Fig. 8. Increasing the distance between defect
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layers causes qualitative changes in the transmission
spectrum, namely, two transmission curves of defect
modes coalesce; that is, localized electromagnetic
modes become degenerate. Frequency degeneracy first
appearsfor the normal orientation of the nematic liquid
crystal director. Changes in the positions of transmis-
sion curve maxima can be qualitatively explained as
follows.

The characteristic length determining the region of
electromagnetic wave localization in the vicinity of a
defectisl| = 1/g. According to Fig. 2,1(0) = /g = 17 pm
for Wy =5.2 um and 6 = 0 and I(172) = 21 pm for the
same W, thickness and 8 = 172. When the distance
between the defects approaches the characteristic
length, r = |, two modes become strongly coupled, and
their frequencies become split (Fig. 8a). Further, the
distance between the defect mode frequenciesincreases
as nematic liquid crystal layers approach each other.
When the distance between the defects decreasestor =
11.2 pm, the high- and low-frequency defect mode
transmission curves for 8 = 102 and 6 = 0O, respectively
(Fig. 8a), coaesce with the continuous transmission
spectrum of the photonic crystal. The modes are weakly
coupled if the distance between the defects exceeds
characteristic length I. The defect mode frequency is
then doubly degenerate. At 6 = 0, the frequencies
become degenerate at a smaller distance between the
defects than when 8 = 172 (Figs. 8b, 8c) because the
corresponding characteristic localization lengths are
related as1(0) < I(172). Placing the defectsr = 71.2 um
apart (the defects are then situated close to the bound-
aries between the photonic crystal and the vacuum)
makes defect mode frequencies at 6 = 0 and 6 = 172
doubly degenerate, the transmission curves of thelocal-
ized modes are then strongly broadened, especialy for
0 = 0, and maximum transmission coefficients are then
much smaller than one. Note that if coupling between
defect modes is close to critical (to coupling at which
mode frequencies become degenerate), the transmis-
sion curve has a steep slope, and the transmission coef-
ficient weakly depends on frequency (Fig. 8c, 6 = 112).
This circumstance can be used to create band filters.

5. CONCLUSION

To summarize, we showed in this work that the
spectrum of defect modes and the field distribution in
defect modes of a one-dimensional photonic crystal
had certain specia features largely because of a strong
permittivity anisotropy and a high sensitivity of the
nematic, which played the role of a structural defect
layer, to external fields.

Importantly, there exist liquid crystal layer thick-
nesses at which changes in the orientation of the nem-
atic optical axis cause qualitative changes in the spec-
trum of defect modes, the appearance of new defect lev-
els, and substantial changes in the degree of field
localization in defect modes. We aso showed that the
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Fig. 8. Frequency dependences of the transmission coeffi-
cient of aphotonic crystal with two defect layers. The num-
ber of layersin the sample N = 87, the other parameters are
the same asin Fig. 4; (8) numbers of defect layersarel; = 35

and |, = 53, the distance between the layersisr = 22.2 ym,
the defect modes are split; (b) 1, =23, 1, =65, andr = 46.2 um,
the frequencies for 8 = 0 are degenerate; and (c) |, = 21,
l, = 67, and r = 50.2 pm, the frequencies are virtually
degenerate also for 6 = /2.

transmission spectrum of a photonic crystal with one
and two lattice defects experienced substantial rear-
rangement when the optical axis of the nematic liquid
crystal was reoriented. In addition, the transmission
spectrum of photonic crystalswith two defects could be
gualitatively modified by changing the distance
between the defect layersin the lattice.

In practical applications, such photonic band gap
structures offer promise for creating filters and polariz-
ers with controllable characteristics. Lastly, note that
the possibility of controlling the degree of localization
of electromagnetic field along the direction of laser
beam propagation appears to be promising for control-
ling the efficiency of nonlinear optical interactions.
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