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1. INTRODUCTION 

Materials whose dielectric permittivity periodically
varies in one, two, or three dimensions in the spatial
scale comparable with the wavelength of light are
termed photonic crystals (PCs) or photonic crystal
structures. They arouse much interest as new optical
materials with unique properties [1–4]. Due to the
spatial periodicity, the spectrum of electromagnetic
waves in PCs has a band character just as a spatially
periodic potential leads to a band character of the
electron spectrum. In a photonic crystal with a defect
in the lattice, i.e., with distorted periodicity, passbands
appear in photonic band gaps, whose position and
transmittivity can be controlled by varying geometric
and structural parameters [4]. In this case, light is
localized near the defect, which leads to an increase in
the intensity of the light wave inside the defective layer.
On the basis of PC materials with defects, new types of
waveguides [5] and high�Q nanocavities [6, 7] were
developed and methods for increasing the intensity of
nonlinear optical processes were proposed [8, 9]. 

A special class of one�dimensional photonic crys�
tals is formed by cholesteric liquid crystals (CLCs),
which have unique properties: a wide passband, strong
nonlinearity, and high sensitivity to external fields
[10]. By varying temperature and pressure and by
applying electromagnetic fields and mechanical
stresses, one can substantially vary the cholesteric
helix pitch. A qualitative difference of CLCs from

other kinds of PCs is that their diffraction reflectivity
is selective to polarization. CLCs have photonic band
gaps for light propagating along the CLC helix axis
when its circular polarization coincides with the direc�
tion of rotation of the cholesteric helix. When the cho�
lesteric reflects light with such polarization, the sign of
polarization remains invariable. Light waves with the
opposite circular polarizations do not experience dif�
fraction reflection and pass through the cholesteric
medium almost unchanged. Introduction of various
types of defects into an ideal CLC structure leads to
the emergence of narrow passbands in the band gaps,
which correspond to localized defective modes [11–
15]. Just as defective modes in scalar periodic layered
media, such modes can be used for the development of
narrow�band filters and for the low�threshold laser
generation. Defective modes of CLCs as materials
with photonic band gaps were studied in [11] for the
first time by numerical analysis. One of the revealed
optical effects connected with a defect in the form of a
thin isotropic dielectric layer inserted between choles�
teric layers is the induction of defective modes in the
CLC band gaps for both circular polarizations of nor�
mally incident light. An analytic approach to the the�
ory of optical defective modes in CLCs with an isotro�
pic defective layer was developed in [16] in the frame�
work of a model making it possible to eliminate the
polarization mixing and to obtain the equation for
light of only the diffracting polarization. 
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New possibilities for the control of light appear in
one�dimensional photonic crystals with nanostruc�
tured metal–dielectric defective layers [17, 18]. A res�
onance of the effective dielectric permittivity was pre�
dicted in a nanocomposite consisting of metallic
nanoparticles dispersed in a transparent matrix [19,
20]. In this case, the optical characteristics of the ini�
tial materials have no resonance singularities. The
position of the resonance, which lies in the visible light
band, depends on the dielectric permittivity of the ini�
tial materials and the concentration and shape of
nanoparticles. In the present work, we study the spe�
cific features of CLCs with a defective layer of a nano�
composite consisting of silver nanoballs dispersed in a
transparent matrix and characterized by the resonance
dielectric permittivity. 

2. THE MODEL UNDER STUDY

The considered structure consists of two identical
layers of an ideal dexiotropic CLC, separated by a
defective nanocomposite layer (Fig. 1). The length of
the cholesteric structure is 20P, where P = 275 nm is
the pitch of the crystal helix, and the thickness of the
defective layer is d = 5P/7. The medium outside the
cholesteric is isotropic and has the refractive index n =
(n0 + ne)/2, where n0 = 1.4 and ne = 1.6 are the ordi�
nary and extraordinary refractive indices of the CLC,
respectively. With such an external medium, the
Fresnel reflection from the cholesteric surface and the
interference stripes from the boundary surfaces are
very weak. 

The dielectric permittivity εmix of the nanocompos�
ite layer is determined by the Maxwell–Garnett for�
mula, which is widely used in consideration of matrix
media when isolated inclusions with a small volume
content are dispersed in the material of the matrix
[19–21]: 

(1)

Here, f is the filling factor, i.e., the fraction of nano�
particles in the matrix; εd and εm(ω)), respectively, are
the dielectric permittivities of the matrix and the metal
from which nanoparticles are fabricated; and ω is the
radiation frequency. The nanoparticle size is signifi�
cantly smaller than the wavelength and the depth of
penetration to the material. The dielectric permittivity

εmix εd
f

1 f–( )/3 εd/ εm εd–( )+
���������������������������������������������� 1+ .=

of the metal from which nanoparticles are fabricated
can be found using the Drude approximation 

(2)

where ε0 is a constant taking into account the contri�
bution of interband transitions, ωp is the plasma fre�
quency, and γ is the reciprocal electron relaxation
time. For silver nanoballs dispersed in transparent
optical glass, ε0 = 5, ωp = 9 eV, γ = 0.02 eV, and εd =
2.56.

Neglecting the small factor γ2, we find the position
of the resonance frequency, which depends on the
characteristics of the initial materials and the dis�
persed phase concentration f: 

(3)

Figure 2 shows the dispersion dependence of the
dielectric permittivity of the nanocomposite for two
values of the filling factor: f = 0.02 and 0.10. 

It is evident from Fig. 2 that, with an increase in the
nanoball concentration, the frequency ω0 correspond�
ing to the resonance in the defective layer is displaced
to the longer�wavelength spectral region. In this case,
the width of the resonance curve measured at the half
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Fig. 1. Schematic representation of the cholesteric struc�
ture with a defect. 

18

12

6

0

−6
360 380 400 420 440 460

ε'mix

ε''

λ, nm

−25

−50
360 380 400 420 440 460

λ, nm

0

25

50

75

100

ε'mix

ε''

(a)

(b)

Fig. 2. Imaginary  (dashed line) and real  (solid

line) parts of the effective dielectric permittivity εmix of a
nanocomposite vs. the wavelength. The filling factors are
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power, , varies insignificantly, the curve of  is
substantially modified, and the range of frequencies at
which the nanocomposite is similar to metal for  <
0 is extended. 

3. NUMERICAL RESULTS 

The numerical analysis of the spectral properties
and field distributions in a sample was performed by
the method of the Berreman transfer matrix [22],
which makes possible a quantitative study of light
propagation in CLCs with a defect in the structure.
The equation describing the propagation of light with
a frequency ω along the z axis reads 

(4)

where Ψ(z) = (Ex, Hy, Ey, –Hx)
T and Δ(z) is the Berre�

man transfer matrix, which depends on the dielectric
function and the incident wave vector. 

Figure 3 shows the seed (f = 0) transmission spec�
trum on the normal incidence of light onto a choles�
teric with a defect of the structure in the form of a
dielectric plate. It is readily seen from the figure that,
like in [11], the photonic band gap has peaks corre�
sponding to defective modes of the CLC, which are
induced for both circular polarizations of normally
incident light. In addition, the defective modes have
the same wavelength and the same transmittivity. 

If the filling factor is nonzero and the resonance
frequency ω0 of the nanocomposite coincides with the
defective mode frequency, the defective mode fre�
quency is split by analogy with the splitting of the fre�
quencies of two coupled oscillators. The manifestation
of the splitting in the transmission, reflection, and
absorption spectra is illustrated by Fig. 4. It is evident
from Fig. 4a that, as a result of splitting, the defective

εmix'' εmix'

εmix'

dΨ
dz
������ iω

c
�����Δ z( )Ψ z( ),=

modes for the right� and left�handed circular polariza�
tions have the same wavelength but different transmit�
tivities at the center of the peak. The computations
show that, as like as in a scalar one�dimensional PC
with a defective nanocomposite layer [17], the splitting
increases with the volume fraction of nanoballs in the
composite. For the reflection and absorption spectra
(Figs. 4b, 4c), a strong dependence of the reflection
and absorption coefficients on the direction of the cir�
cular polarization of incident light is typical. The
emergence of two defective modes in the spectral
range forbidden for both polarizations after the split�
ting (Fig. 4a) is connected, primarily, with the sub�
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Fig. 3. Transmission spectrum for waves with the right�
handed (solid line) and left�handed (dashed line) circular
polarizations, θ = 0°. The filling factor is f = 0. The inset
shows the magnified small peak at 414 nm. 
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Fig. 4. (a) Transmission (T), (b) reflection (R), and
(c) absorption (A) spectra for waves with the right�handed
(solid line) and left�handed (dashed line) circular polar�
izations, θ = 0°. The filling factor is f = 0.02. 
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stantial reflection and absorption of waves of the right�
and left�handed circular polarizations, respectively,
(Figs. 4b, 4c). 

Figure 5 shows the spatial electric field distribution
in defective modes with the wavelength λ = 435.8 nm
(Fig. 4a). 

The field localization manifests itself most dis�
tinctly in a region comparable with the wavelength for
the mode corresponding to the right�handed diffract�
ing polarization. 

New peculiarities in the transmission spectrum
appear with variation in the incidence angle of light, θ.
With an increase in θ, the band gap of the CLC is dis�
placed, according to the Bragg condition, to the short�
wavelength region. In this case, the long�wavelength
edge of the photonic band gap shifts to the resonance
frequency ω0 of the defective layer. At θ = 26°
(Fig. 6a), the short�wavelength peak in the photonic
band gap, corresponding to the defective mode, disap�
pears and the long�wavelength peak of the defective
modes corresponding to the right� and left�handed
circular polarizations remains. It should be noted that,
for this value of the incidence angle, the resonance fre�
quency ω0 is found near the long�wavelength bound�
ary of the photonic band gap. Mixing the resonance
frequency with photonic modes leads to expansion of
the band gap, i.e., an additional passband, corre�
sponding to the diffracting polarization, is split from
the long�wavelength edge of the band gap and a rejec�
tion band appears in the vicinity of ω0 for waves of both
polarizations, which is caused mainly by the absorp�
tion of the field in the nanocomposite layer. With a fur�
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Fig. 5. Distribution of the squared modulus of the electric
field for λ = 435.8 nm (Fig. 4a) and f = 0.02 for defective
modes with T = (a) 0.30 and (b) 0.76. 
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Fig. 6. Transmission spectra for the angles of incidence θ =
(a) 26° and (b) 30° for light with the right�handed (solid
line) and left�handed (dashed line) circular polarizations.
The filling factor is f = 0.01. 
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ther increase in the incidence angle θ, the resonance
frequency ω0 is found in the continuous rejection
spectrum. The resonance situations taking place in
this case leads to the emergence of an additional band
gap (Fig. 6b). 

Similar effects can be realized in a different way, by
varying the cholesteric helix pitch. Indeed, with an
increase in the helix pitch, e.g., due to variation in
temperature, the band gap shifts to the long�wave�
length region. In this case, mixing the resonance mode
with photonic modes leads to splitting the photonic
band gap (Fig. 7a) and emergence of an additional
rejection band in the continuous spectrum (Fig. 7b). 

4. CONCLUSIONS 

The spectral properties of a cholesteric liquid crys�
tal with a structural resonantly absorbing defective
layer of a nanocomposite consisting of silver nanoballs
dispersed in a transparent matrix have been studied. A
number of important features in the spectral proper�
ties of CLCs with a defect in the structure, which are
caused primarily by the resonant character of the
effective dielectric permittivity of the nanocomposite
and its essential dependence on the filling factor f,
have been revealed. 

It has been studied how the splitting of frequencies
of the defective modes induced for both circular polar�
izations of incident radiation manifests itself in the
transmission, reflection, and absorption spectra. As a
result of the splitting of frequencies, a band gap
appears in the transmission spectrum. The value of the
splitting increases with increasing volume fraction of
nanoballs in the defective layer and can reach 50 nm. 

It has been shown that the transmission spectrum
of a defective CLC can be efficiently controlled by
varying the angle of the incidence of light onto the
cholesteric or by varying the helix pitch by the action
of external fields. There are values of the incidence
angle or the helix pitch at which the resonance fre�
quency of the nanocomposite is found near the
boundaries of the band gap of the CLC structure,
which leads to the emergence of an additional pass�
band for waves of the diffracting polarization or an
additional rejection band for waves of both circular
polarizations. 
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