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1. INTRODUCTION

Materials with photonic band gaps in their energy
spectrum are called photonic crystals and constitute
a new class of materials for photonics and optoelec�
tronics whose dielectric properties vary periodically
with a period allowing the Bragg diffraction of light.
The theory of propagation of electromagnetic radia�
tion in periodic media has a very close formal simi�
larity to the quantum theory of electrons in crystals.
The band structure of the energy spectrum of elec�
trons, which is due to the Bragg reflection of elec�
trons, is similar to the band structure of the photonic
crystal. The presence of photonic band gaps and
regions of an anomalous increase in the photon den�
sity of states provides the possibility of the efficient
control of the characteristics of laser radiation [1–
4]. An advance has been achieved in the solution of
fundamental problems concerning, e.g., the control
of the processes of spontaneous emission of light
from atoms and molecules, as well as the localization
and channeling of light. Structures with photonic
band gaps are widely applied for the creation of pho�
tonic crystal waveguides, resonators, and nonlinear
optical converters.

In addition to the investigation of the bulk proper�
ties of a one�dimensional photonic crystal, which
consists of alternating layers of two materials, surface

electromagnetic waves at the interface between two
photonic crystals, as well as at the interface between
the photonic crystal and an isotropic medium with
negative permittivity ε < 0, are actively studied [5].
A surface electromagnetic wave at the interface
between the photonic crystal and the medium with
ε < 0 is certainly coupled to a surface plasmon, i.e.,
oscillations of free electrons near the surface of the
conductor. Such a coupled mode of the radiation field
and surface plasmon is called plasmon polariton,
which is widely used to analyze surfaces in the visible
and infrared spectral ranges.

In addition to the propagating surface waves at the
interface of two photonic crystals or the interface
between the photonic crystal and the medium with
ε < 0, a state in the form of a standing surface wave,
which has zero wavenumber and does not transfer
energy, can be obtained; such a state can be observed
at the normal incidence of waves to photonic crystal
layers [5]. Maxwell’s equation for the electric field in
this case is an exact analog of the single�electron
Schrödinger equation for a semi�infinite crystal whose
solution is a Tamm surface state. In view of this cir�
cumstance, the electromagnetic analog of the elec�
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tronic Tamm state is called the optical Tamm state or,
in other words, the Tamm plasmon polariton.

Interest in the discovered phenomenon of the
extremely high transmission of light through single
subwavelength apertures in the metal film has been
recently increased [6]. Such an anomalously high
transmission of light is due to numerous factors the
main of which is the excitation of surface plasmon
oscillations [7]. The authors of [8] proposed and
implemented for the first time a new mechanism of the
extremely high transmission of light through a
nanoaperture, which is based on the placing of a gold
film with the nanoaperture into a light field localized
at the interface between the film and one�dimensional
photonic crystal. Additional detailed investigation of
the effect of anomalous transmission of light through a
nanoaperture whose diameter is much shorter than the
wavelength of light in the field of a microcavity formed
by a one�dimensional photonic crystal and a gold film
was performed in [9]. The numerical simulation in
[10] indicates that the effect of anomalously high
transmission of light through the nanoaperture that
was experimentally observed in [8, 9], is attributed to
the enhancement of the field at the interface between
the photonic crystal and metal film, which is due to
the appearance of an optical Tamm state. Such, the
optical Tamm state allows the implementation of a
physically interesting transmission regime of light
waves through the nanoaperture in the metal film. It
was proposed to use the optical Tamm state in applica�
tions such as gauges and resonant optical filters [11],
optical switchers [12], Faraday rotation amplifiers
[13], multichannel filters [14], and fabrication of
polariton lasers [15]. A new type of waveguide modes
that are formed by two coupled plasmon polaritons
was examined in [16]. Additional possibilities of the
control of light appear in photonic crystals with the
inclusion of nanostructured metal–insulator materials
[17–21].

In this work, we demonstrate the possibility of the
implementation of the optical Tamm state localized at
the edges of the one�dimensional photonic crystal
bounded from one or both sides by isotropic or aniso�
tropic metal–insulator nanocomposite media. The
nanocomposite consists of metallic nanoparticles dis�
persed in a transparent matrix and is characterized by
the resonant effective permittivity εmix(ω), whereas the
optical characteristics of the initial materials have no
resonant features [22, 23]. The position of the fre�
quency range where the nanocomposite is similar to a
metal, i.e., where Reεmax(ω) < 0, depends on the per�
mittivities of initial materials, concentration and
shape of nanoparticles, which opens wide possibilities
of the control of optical properties of the optical
Tamm state by means of the variation of the parame�
ters of the nanocomposite. The properties of the opti�
cal Tamm state at the interface between the photonic
crystal and nanocomposite are compared to those of

the optical Tamm state at the interface between the
photonic crystal and metal layers.

2. DESCRIPTION OF THE MODEL
AND DEFINITION OF TRANSMISSION

We consider the photonic crystal structure that is a
layered medium bounded from one or both sides by
finite nanocomposite media (Fig. 1). A unit cell of the
photonic crystal is formed from layers of materials a
and b with the thicknesses da and db and relative per�
mittivities εa and εb, respectively. The nanocomposite
layer with the thickness dmix consists of spheroidal
metallic nanoparticles that are uniformly distributed
in a dielectric matrix and are oriented along the axis of
revolution, which is chosen as the x axis.

Below, we assume that the photonic crystal struc�
ture is located in vacuum. The effective permittivity of
the nanocomposite with the properties of a uniaxial
body in the principal axes has the form of a diagonal
tensor with the components εxx = ε|| and εyy = εzz = ε⊥.
In the Maxwell–Garnett model, the effective permit�
tivities are given by the expression [23, 24]

(1)

where f is the filling factor, i.e., the fraction of nano�
particles in the matrix; εd and εm(ω) are the permittiv�
ities of the matrix and metal from which nanoparticles
are made, respectively; ω is the radiation frequency;
and L⊥, || are the depolarization coefficients depending
on the ratio of the lengths of the polar, a, and equato�
rial, b, semiaxes of an spheroid and on the field direc�
tion. For the fields parallel and perpendicular to the
axis of revolution of the spheroid,

(2)

where ξ = a/b,

(3)

respectively. The cases ξ < 1 and ξ > 1 correspond to
the oblate and prolate spheroids, respectively. The case
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Fig. 1. Layout of the one�dimensional photonic crystal
adjacent to the anisotropic nanocomposite layer.
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ξ = 1, for which L⊥ = L|| = 1/3 and ε⊥ = ε|| = εmix, cor�
responds to the ball.

In the Drude approximation, the permittivity of
the metal from which nanoparticles are made has the
form

(4)

where ε0 is a constant presenting the contributions of
interband transitions of bound electrons, ωp is the
plasma frequency, and γ is the inverse relaxation time
of electrons.

To calculate the transmission of a plane light wave,
which is polarized along the x axis and propagates in
the z direction, we used the transfer matrix method
[25]. Variation of the light field at passage through
each layer of the structure is determined by the sec�
ond�order transfer matrix, and the transfer matrix of
the entire structure, which relates the amplitudes of
the input and output waves, is the product of such 2 × 2
matrices,

(5)

where an individual transfer matrix has the form

(6)
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Here, h = ; ε(n) is the permittivity of the nth

layer; αn = (ω/c) ; ω is the frequency of the
wave; c is the speed of light; γn = zn – zn – 1; n = 1, 2, …,
N; zn is the coordinate of the bound between the nth
and (n + 1)th layers; and γN + 1 = 0. The transfer matrix
for the wave with orthogonal polarization is obtained

from Eq. (6) by changing h to . The trans�
mittance, reflectance, and absorbance are given by the
expressions

(7)

where  and  are the elements of the matrix .

3. RESULTS AND DISCUSSION

3.1. Optical Tamm Plasmon Polaritons at the Edge
of the Photon Crystal Adjacent to the Isotropic 

Nanocomposite Layer

We first study optical Tamm states that are mani�
fested in the form of standing surface waves at the
interface between the photonic crystal and isotropic
nanocomposite layer. The nanocomposite consists of
metallic nanoballs dispersed in a dielectric matrix and
is characterized by the effective complex permittivity
εmix(ω), which is determined from Eq. (1) under the
condition that L⊥ = L|| = 1/3:

(8)

Neglecting the small coefficient γ2 and using
Eq. (1), we obtain the resonance frequency depending
on the characteristics of the initial materials and the
concentration of the disperse phase:

(9)

At the point ω = ω0, the function (ω) vanishes and

the function (ω) is maximal. The function (ω)
also vanishes at the point

(10)

In the interval [ω0, ω1], the function (ω) is nega�

tive, (ω) < 0; i.e., the nanocomposite in this fre�
quency range is similar to a metal.

A decrease in the field of the electromagnetic mode
localized at the interface inside the nanocomposite is
due to the negative permittivity of the nanocomposite
( (ω) < 0) at which the nanocomposite is similar to
the metal. The decrease in the field inside the photonic
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Fig. 2. Imaginary, (ω), and real, (ω), parts of the

effective permittivity εmix(ω) versus the normalized fre�
quency ω/ωp. The filling factor is f = 0.2. The inset shows

(ω) near the frequency corresponding to the Tamm

state in an increased scale (see Fig. 3).

εmix'' εmix'

εmix'



JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 117  No. 6  2013

OPTICAL TAMM STATES AT THE INTERFACE BETWEEN A PHOTONIC CRYSTAL 991

crystal is due to the damping of the Bloch wave at the
frequency of the band gap or, in other words, to the
Bragg reflection at the boundary of the periodic lay�
ered medium.

For definiteness, we consider zirconium dioxide
(ZrO2) with the permittivity εb = 4.16 and silicon diox�
ide (SiO2) with the permittivity εa = 2.10 as the mate�
rials of alternating layers of the photonic crystal. The
thicknesses of the respective layers are db = 50 nm and
da = 74 nm and the number of layers is N = 21.

The dielectric layer of the nanocomposite with the
thickness dmix = 150 nm consists of silver nanoballs

dispersed in transparent optical glass. For silver, ε0 = 5,
ωp = 9 eV, and γ = 0.02 eV; for glass, εd = 2.56. The fre�
quency dependences of the real and imaginary parts of
the permittivity calculated by Eq. (1) show that an
increase in the volume concentration of nanoballs is
accompanied by the shift of the frequency ω0 corre�
sponding to resonance in the defect layer toward lower
frequencies. In this case, the half�width of the reso�

nance curve (ω) changes only slightly, the curve

(ω) is significantly modified, and the frequency

εmix''

εmix'

Fig. 3. (a) Transmission spectra at the normal incidence of light on the (dashed line) photonic crystal, (dash�dotted line) nano�
composite layer, and (solid line) photonic crystal adjacent to the nanocomposite layer. (b) Frequency dependences of the (solid
line) transmittance T, (dashed line) reflectance R, and (dash�dotted line) absorbance at the normal incidence of light on the pho�
tonic crystal adjacent to the nanocomposite layer. The thickness of the nanocomposite layer is dmix = 150 nm and the filling factor
is f = 0.2.
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tor is f = 0.2.

0.6

0.4

0.2

0

0.3
0.2

0.1 0.32

0.34

f

T

ω
/ω p

Fig. 5. Transmission spectra of the (photonic crystal–
nanocomposite) system for various filling factors. The
thickness of the nanocomposite layer is dmix = 100 nm.

0.26
ω/ωp

0.6

0.4

0.30 0.34

0.2

0
0.36

(a)

0.8

T

0.320.28

1.0

0.26
ω/ωp

0.6

0.4

0.30 0.34

0.2

0
0.36

(b)

0.8

T, R, A

0.320.28

1.0 T
R
A



992

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 117  No. 6  2013

VETROV et al.

range where (ω) < 0 is expanded. For example, the

dependences (ω) and (ω) for the filling factor
f = 0.2 are shown in Fig. 2. Resonance observed at the
frequency ω = 0.2882ωp with the corresponding wave�
length λ = 451.5 nm is attributed to the plasmon reso�
nance of nanoparticles [23, 26].

Figure 3a shows three transmission spectra at the
normal incidence of light on the photonic crystal,
nanocomposite layer, and photonic crystal adjacent to
the nanocomposite layer. It is seen in this figure that
the band gap of the nanocomposite significantly over�
laps with the band gap of the photonic crystal and is
obviously due to the absorption of light in the nano�
composite and to the existence of the frequency range
where the nanocomposite is similar to a metal with the

permittivity (ω) < 0 (see Fig. 2). Furthermore,
according to the figure, a passband corresponding to
the Tamm state localized at the boundary of the pho�
tonic crystal adjacent to the nanocomposite appears
near the upper edge of the band gap.

The found optical Tamm state exists only in a very
narrow frequency range where the nanocomposite is
similar to a metal (see inset in Fig. 2). The permittivity

εmix'

εmix' εmix''

εmix'

of the nanocomposite at the frequency of the Tamm
state is

At the same frequency, the permittivity of the silver
film in the Drude approximation given by Eq. (4),
which follows from Eq. (1) at the filling factor f = 1, is

Figure 3b shows the transmission, reflection, and
absorption spectra for the (nanocomposite–photonic
crystal) structure. Analysis of these spectra indicates
that the energy conservation law (i.e., the condition
A(ω) + R(ω) + T(ω) = 1) is satisfied throughout the
entire frequency range.

The distribution of the electric field intensity in
the sample in the case of the contact of the photonic
crystal with the nanocomposite film is illustrated in
Fig. 4 for the frequency of the Tamm state. It is seen
in the figure that the localized Tamm state is clearly
manifested in the case of the use of the nanocompos�
ite layer. The light field in the Tamm plasmon polari�
ton is localized in the region comparative with the
wavelength. However, in the case of the metal film
with the same thickness and unchanged other param�
eters of the system, the Tamm state does not appear
at the interface between the photonic crystal and
sliver film.

The transmission spectrum of the photonic crys�
tal structures under consideration is very sensitive to
the filling factor of the nanocomposite. Figure 5
shows the transmission spectrum of the photonic
crystal structure at a given thickness of the nano�
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composite layer and various filling factors f. Accord�
ing to the figure, an increase in the concentration of
metallic nanoparticles results in the shift of the
transmission peak of the corresponding optical
Tamm state toward higher frequencies. The calcula�
tions show that an increase in the volume fraction of
nanoballs from f = 0.1 to f = 0.3 leads to an increase
in the maximum absolute value of the real part of the
permittivity varying from –0.2962 to ⎯1.4847;
whereas the imaginary part of the permittivity
remains almost unchanged. The localization length
of the light field in the plasmon polariton also
increases with the factor f. The localization length is
defined as the distance from the boundary at which
the envelope of the field intensity decreases by a fac�
tor of e.

Figure 6 shows the transmission spectra for photo�
nic crystal structures at various thicknesses of the
nanocomposite and silver layers with the factors f = 0.3
and 1.0, respectively.

For comparison, we consider the photonic crystal
bounded by the nanocomposite film with the thick�
ness dmix = 100 nm and the photonic crystal bounded
by the silver film with the thickness dm = 50 nm. In
this case, the transmittance of the (photonic crys�
tal–nanocomposite) system at the frequency of the
optical Tamm state is half of the transmittance of the

(photonic crystal–silver film) system at the fre�
quency of the optical Tamm state (Fig. 7). However,
the maximum intensity of the light field in the local�
ization region of the optical Tamm state at the inter�
face between the photonic crystal and nanocompos�
ite is twice as high as the maximum intensity of the
Tamm mode at the interface between the photonic
crystal and silver film, whereas the localization
length in the former case is half of the localization
length in the latter case (Fig. 8).

3.2. Coupled Tamm Plasmon Polaritons

In the case of the photonic crystal bounded from
both sides by nanocomposite media, the transmission
spectrum exhibits two passbands in the band gap of the
photonic crystal.

Figures 9a and 9b show the transmission spectra of
the photonic crystal structure for the cases where the
nanocomposite film or silver film is located on one and
two sides of the superlattice. In the case of the contact
of the films with both sides of the photonic crystal, the
optical Tamm modes localized at the interfaces over�
lap with each other, which leads to the lift of degener�
acy; i.e., the frequency is split and two passbands
appear in the transmission spectrum in the band gap of
the photonic crystal.
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The transmission, reflection, and absorption spec�
tra of the photonic crystal bounded by the nanocom�
posite and metal films are shown in Figs. 9c and 9d.

The splitting of the frequency is approximately 6.7
and 10.6 nm for the photonic crystals bounded by the
nanocomposite and silver films, respectively.

The distribution of the field for the case where the
nanocomposite films are located on both sides of the
photonic crystal is illustrated in Fig. 10 for the high�
and low�frequency transmission peaks shown in
Fig. 9a. It can be seen in Fig. 10 that coupling between
Tamm plasmons localized at the interface between the
photonic crystal and nanocomposite is responsible for
the formation of symmetric and antisymmetric
waveguide modes.

When the photonic crystal is bounded by silver
films, the distribution of the electric field, as in [16], is
similar to the distribution of the field in the symmetric
and antisymmetric modes for the structure consisting
of the photonic crystal bounded from both sides by
nanocomposite films (Fig. 10).

3.3. Effect of the Shape of Nanoparticles in the Model
of the Nanocomposite Medium

New features in the transmission spectrum appear
in the case of Tamm optical states localized at the edge
of the photonic crystal bounded by the anisotropic
nanocomposite layer. In this case, the nanocomposite
consists of spheroidal silver nanoparticles that are dis�
persed in the transparent glass matrix and are oriented
along the axis of revolution coinciding with the x axis
(Fig. 1). The technology for the fabrication of such
nanocomposites with silver nanoparticles with the
required shape and orientation in the glass matrix is
known [27, 28]. Figure 11 shows the frequency depen�
dences of the real and imaginary parts of the effective
permittivities of the anisotropic nanocomposite
medium as calculated by Eq. (1). It can be seen in the
figure that the resonance frequencies depend on the
direction of the electric field with respect to the axis of
revolution of the spheroid and on the ratio of the
lengths of the polar and equatorial semiaxes of the
nanoparticles. Since the resonance frequencies of the

Fig. 9. Transmission spectra of the photonic crystal bounded from (solid lines) one side and (dashed lines) both sides by (a) nano�
composite and (b) metal media. The transmission, reflection, and absorption spectra of the photonic crystal bounded from both
sides by (c) nanocomposite and (d) metal media. The thickness and filling factor of the nanocomposite are dmix = 100 nm and
f = 0.3, respectively; the thickness and filling factor of the silver film are dm = 50 nm and f = 1, respectively.
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permittivities ε⊥ and ε|| are different, the optical prop�
erties of the nanocomposite depend on the polariza�
tion of the incident wave.

The polarization sensitivity of the transmission
spectrum is illustrated in Fig. 12, where it can be seen
that the positions of the peaks of the optical Tamm
state in the band gap depend on the polarization of the
incident light and are 5.4 and 4.5 nm for the cases of
(a) oblate and (b) prolate nanoparticles dispersed in
the nanocomposite, respectively.

Figures 12c and 12d show the transmission, reflec�
tion, and absorption spectra for the perpendicular
polarization of light for the oblate and prolate nano�
particles dispersed in the nanocomposite, respectively.

It is remarkable that, for both cases of oblate and
prolate spheroidal nanoparticles dispersed in the
nanocomposite, the degree of localization of Tamm
states at the interface between the photonic crystal
and nanocomposite increases with a decrease in the
transmittance. In the case of oblate nanoparticles

(see Fig. 12), the spatial distribution of the light field
intensity in Tamm modes is shown in Fig. 13 for
waves with the longitudinal and transverse polariza�
tions.

The intensity at the maximum of the localized
mode for p polarized waves (Fig. 13b) is by a factor
of 3.6 higher than the intensity of transversely polar�
ized waves (Fig. 13a). The difference between the
respective intensities in the case of prolate spheroids
is halved because the transmittances for waves with
different polarizations are close to each other (see
Fig. 12b).

4. CONCLUSIONS

Using the transfer matrix method, we have studied
the spectral properties of the one�dimensional photo�
nic crystal bounded from one or two sides by a reso�
nantly absorbing layer of the nanocomposite, which
consists of spherical or orientationally ordered sphe�
roidal silver nanoparticles dispersed in transparent
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optical glass. The spectral manifestation of optical
Tamm states, which is due to the presence of the fre�
quency range, where the effective resonance permit�
tivity of the nanocomposite is negative, in the visible
spectrum has been revealed.

It has been shown that, at the normal incidence of
light on the photonic crystal adjacent to the nanocom�
posite, the transmission spectrum has a peak inside the
photonic band gap, which corresponds to the excita�
tion of the optical Tamm state. The characteristics of
the Tamm states localized at the edge of the photonic
crystal are very sensitive to the volume fraction of
nanoballs in the nanocomposite film and to its thick�
ness. It has been shown that the frequency and degree
of localization of Tamm states can be efficiently con�
trolled by varying the volume fraction of nanoballs in
the film of the nanocomposite, i.e., the thickness of
the nanocomposite layer.

It has been shown that there are thicknesses of
nanocomposite films at which the optical Tamm
state is observed at the boundary of the photonic
crystal adjacent to the nanocomposite, but the
Tamm state does not appear if the photonic crystal
is bounded by the silver film with the same thick�
ness. The calculations have demonstrated that sym�
metric and antisymmetric waveguide modes in the
photonic crystal bounded by the photonic crystal
from both sides are formed because of coupling
between Tamm plasmons localized at the interface
between the photonic crystal and nanocomposite.
It has been shown that, if the photonic crystal is
adjacent to the anisotropic nanocomposite layer,
the incident waves with the longitudinal and trans�
verse polarizations correspond to individual plas�
mon resonance frequencies of the nanocomposite.
Thus, the transmission spectrum exhibits two peaks
in the photonic band gap of the photonic crystal,

Fig. 12. Transmission spectra of the system for the (solid lines) perpendicular and (dashed lines) parallel (with respect to the opti�
cal axis of the nanocomposite) polarizations of light at ξ = (a) 0.8 and (b) 1.2. The solid, dashed, and dash�dotted lines in panels
(c, d) are the transmission, reflection, and absorption spectra, respectively, of the system for the perpendicular (with respect to
the optical axis of the nanocomposite) polarization of light at ξ = (a) 0.8 and (b) 1.2. The thickness and filling factor of the nano�
composite are dmix = 100 nm and f = 0.3, respectively.
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which correspond to the Tamm plasmons whose
characteristics are very sensitive to the ratio of the
lengths of the semiaxes of spheroidal nanoparticles.
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