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The optical Tamm states localized at the edges of a photonic crystal bounded by a nanocomposite on its one or both
sides are investigated. The nanocomposite consists of metal nanoinclusions with an orientation-ordered spheroidal shape,
which are dispersed in a transparent matrix, and is characterized by the effective resonance permittivity. The spectrum
of transmission of the longitudinally and transversely polarized waves by such structures at the normal incidence of light
was calculated. The spectral manifestation of the Tamm states caused by negative values of the real part of the effective
permittivity in the visible spectral range was studied. Features of the spectral manifestation of the optical Tamm states
for different degrees of extension of spheroidal nanoparticles and different periods of a photonic crystal were investigated.
It is demonstrated that splitting of the frequency due to elimination of degeneracy of the Tamm states localized at the
interfaces between the photonic crystal and nanocomposite strongly depends on the volume fraction of the spheroids in
the nanocomposite and on the ratio between the polar and equatorial semiaxes of the spheroid. Each of the two orthogonal
polarizations of the incident wave has its own dependence of splitting on the nanoparticle density, which makes the
transmission spectra polarization-sensitive. It is shown that the Tamm state is affected by the size-dependent permittivity
of anisotropic nanoparticles.

1. INTRODUCTION

The surface electromagnetic states in photonic-crystal structures have been attracting attention of researches for a long time
[1]. In recent years, there has been an increased interest in a special type of the localized electromagnetic states excited at the
normal incident that are called the optical Tamm states (OTSs) [2]. Such states are analogous to the Tamm surface states in
physics of condensed matter. They can be excited between two different photonic crystals with overlapping band gaps [3] or
between a photonic crystal and a medium with negative permittivity € [4, 5]. The surface electromagnetic wave at the interface
between the photonic crystal and the medium with € <0 is a single unit with the surface plasmon, i.e., oscillations of free electrons
near the conductor surface. In experiments, the OTS manifests itself as a narrow peak in the transmission spectrum of a sample
[6, 7].

Surface modes and OTSs can be used in sensors and optical switches [8], multichannel filters [9], Faraday- and Kerr-effect
amplifiers [7, 10], organic solar cells [11], and absorbers [12]. The authors of study [13] experimentally demonstrated a laser
based on the Tamm structure consisting of quantum wells embedded in a Bragg reflector with the silver-coated surface. Gazzano
et al. experimentally showed the possibility of implementation of a single-photon source on the basis of confined Tamm plasmon
modes [14]. The optical Tamm states in magnetophotonic crystals were investigated in studies [7, 15—17]. Resonance hybrid
states arise as a result of removal of degeneracy in the interaction of two or more different modes with the same frequency. The
hybrid states were studied in [18—21]. In [22], the electro-optically tunable Tamm plasmon exciton polaritons were investigated.
The authors of [23] predicted that the edges of a finite one-dimensional array of dielectric nanoparticles with the high refractive
index can sustain the damped OTSs. The authors of [24] proposed and implemented the extremely high-efficiency transmission
of light through a nanohole in a gold film, which was placed in the light field localized at the interface between the film and a
one-dimensional photonic crystal. This effect is related to the field amplification at the interface between the superlattice and the
metal film due to the occurrence of the OTS. The authors of [25] disclosed the surface state in the structure containing a cholesteric
liquid crystal and showed that the condition for its existence is the presence of a quarter-wavelength layer between the crystal
and metal, which is explained by the polarization properties of cholesterics different from the properties of scalar structures.

The aim of this study was to investigate the properties of the OTSs localized at the edges of a photonic crystal bounded by a
nanocomposite with the strongly anisotropic effective permittivity on one or both sides. The strong anisotropy is due to the
strongly extended or flattened spheroids. We demonstrate that the interaction between Tamm plasmons localized at the interfaces
between the PC and nanocomposite leads to splitting of modes, which significantly depends on the fraction of metal
nanoinclusions in the latter. We consider the correlation between the size effect and formation of the Tamm states.

2. DESCRIPTION OF THE MODEL AND DETERMINATION OF TRANSMISSION

The investigated PC structure is a layered medium bounded by finite nanocomposite media on one or both sides (Fig. 1). A
unit cell of the PC is formed from materials @ and b with respective layers thicknesses d, and d, and permittivities ¢, and &. The
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nanocomposite layer with thickness d,. consists of metal nanoparticles in the form of ellipsoids of revolution (spheroids)
uniformly distributed in the dielectric matrix and oriented along the axis of revolution coinciding with the x axis.

Fig. 1. Schematic of the 1D PC conjugated with the anisotropic nanocomposite layer.

Here in after, we consider the PC structure to be placed in vacuum. The effective permittivity of the nanocomposite with the
properties of a uniaxial substance is presented in the principle axes as a diagonal tensor with the components &, = ey and ¢, = &..
= &. The effective permittivity of the nanocomposite is determined from the Maxwell-Garnett formula [26] widely used in study
of the matrix media in which a small fraction of isolated metal inclusions is dispersed in a material. The formula is
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where f'is the filling factor, i.e., the fraction of nanoparticles in the matrix; &4 and em(®) are the permittivities of the matrix and
nanoparticle metal, respectively; and w is the radiation frequency. Depolarization factors L. in formula (1) depend on the ratio
between lengths a and b of the polar and equatorial semiaxes of the spheroid and on the field direction. For the field directed
along the axis of revolution of the spheroid, factor L is determined as
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For the field directed perpendicular to the axis of revolution of the spheroid, the factor is

L =(1-1,)/2 ©

Where & = a/b. The case £<I corresponds to the flattened spheroid and the case £>1, to the extended spheroid. The case § =1,
when we have L, = Ly=1/3 and €| = €1 = &nmix, corresponds to the sphere.

The Maxwell-Garnett model suggests the quasi-classical approximation and has the following characteristics: (i) the
nanocomposite layer is electrodynamically isotropic, (ii) size of the inclusions in the dielectric matrix of the nanocomposite and
the distance between the inclusions are small compared to the optical wavelength in the effective medium. The predictions of
the Maxwell-Garnett model for the effective medium are reliable for a moderate fraction of inclusions with the filling factor
0.01 << 0.3 [27]. The technology for fabricating such nanocomposites with silver nanoparticles of the required shape and
orientation in a glass matrix was described in [28, 29].

We find the permittivity of the nanoparticle metal using the Drude approximation
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here & is the constant that takes into account the contribution of interband transitions of bound electrons, w, is the plasma
frequency, and y is the reciprocal electron relaxation time. Transmission of a planar acoustic wave polarized along the x axis and
propagating along the z direction was calculated using the transfer matrix technique [30]. The variation in the light field upon



transmission through each structure layer is determined by the second-order transfer matrix. The transfer matrix of the entire
structure that relates the amplitudes of the incident and transmitted waves is a product of 2 x 2 matrices
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where the transfer matrix is
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Here, h=(en/en-1)"?, €(n) is the permittivity of the n layer, o=(w/c)e(n)"?, w is the wave frequency, c is the speed of light, and y,
= z,— z,-; 1s the layer thicknesses, where n=1,2,..., N and z, is the coordinate of the interface between the n layer and the (n +
1) layer adjacent from the right (yn+1 = 0). The transfer matrix for the orthogonally polarized wave is obtained from Eq. (6) by
substituting (&n-1/en)"? for 4. The energy transmittance, reflectance, and absorbance are determined using the respective formulas
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Here,M;; and M are the elements of matrix M.

3. RESULTS AND DISCUSSION

3.1. Optical Tamm plasmon polaritons at the interface between the PC and strongly anisotropic nanocomposite layer

For certainty, we will investigate zirconium dioxide ZrO, with the permittivity &, = 4.16 and silicon dioxide SiO, with the
permittivity &, = 2.10 as materials of the alternating PC layers. The layer thicknesses are d = 50 nm and d, = 74 nm and the
number of layers is N =21.

The dielectric nanocomposite layer with the thickness dmix = 150 nm consists of silver nanospheroids suspended in a transparent
optical glass. The parameters of silver are g =5, @0, =9 eV, and y = 0.02 eV and the permittivity of glass is g4 = 2.56. Frequency
dependences of the real and imaginary parts of the permittivities for spherical and spheroid particles calculated using formula (1)
show that the position of the resonance curve significantly changes with increasing ratio between the lengths of the polar and
equatorial semiaxes and the invariable volume concentration of extended spheroids relative to the case of spherical particles. In
this case, the half-width of the resonance curve € mix(®) changes insignificantly, the curve &mix(®) is noticeably modified, and the
frequency range with €mi(®) < 0 is extended. Figure 2a shows the dependences of €mix(®) and €'mix(®) on the normalized
frequency for the invariable factor of filling with spherical nanoparticles f= 0.2 (§ = 1). The observed resonance for spheres at
the frequency ® = 0.2882w, (Fig. 2a) with the corresponding wavelength A = 451.5 nm is related to the plasmon resonance of
nanoparticles [27, 31]. The position of the transmission peak in the band gap of the PC at § = 1 (Fig. 4) corresponds to the OTS
frequency. The obtained OTS exists only in an extremely narrow frequency range where the nanocomposite is similar to a metal
(insert to Fig. 2a). At the OTS frequency, the permittivity of the nanocomposite is €mix(®) = — 0.3021 + 0.0646i. At the same
frequency, the permittivity of a silver film in Drude approximation (4), which follows from Eq. (1) at the filling factor =1, is
determined by the expression € =—-3.6146 + 0.0562 i.
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Fig. 2. Dependences of the real and imaginary parts of effective permittivity emix(®) on normalized frequency w/w, for
spherical particles with & =1 (& mix(®) - solid line, &'mix(®) — long-dash line) (a) and spheroidal particles with &= 10 (b). Insert:
enlarged values of €mix(®) near the frequency corresponding to the Tamm state in Fig. 4. The left peak in Fig. 2b corresponds to
the parallel component of the effective permittivity (€ mix(w) - solid line, &'mix(®) — long-dash line) and the right peak, to its
perpendicular component (€mix(®) — dot-dash line, €' mix(®) — dashed line). The filling factor is £=0.2.

As the geometry of nanoparticles changes, new resonance peaks arise in the spectrum. Frequencies of these peaks depend on
the electric field direction relative to the axis of revolution of the spheroid and on the ratio between the lengths of the polar and
equatorial semiaxes of nanoparticles. The difference between the resonance frequencies of permittivities €, and &, makes the
optical properties of the nanocomposite dependent on polarization of the incident wave. When the nanocomposite is strongly
anisotropic (§ >> 1), the plasmon resonances for the field directed along the spheroid axis appear beyond the visible spectral
range. In particular, at & = 10, the resonances for the parallel and perpendicular components of the permittivity occur at the
frequencies @= 0.0789w,and o= 0.3338w,, respectively (Fig. 2b).

The nature of the Tamm state and its relationship to the transmission peak is independently examined by the dispersion
equation for the surface and bulk electromagnetic modes. We consider a TM-type wave at the boundary of a semi-infinite PC and
an isotropic nanocomposite [32]:
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where g sare dielectric constants and d, » are thicknesses of the PC alternating layers.
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where ky is the projection of the wave vector on the boundary between two media, o is the wave frequency, c is the speed of
light.
The dispersion relation between ®, kx and Bloch wave number kg in semi-infinite layered medium has the form

cos(k, d)=cos(gdy ) cos(gydy)—1/ 2AF+ FV)sinlgyd sinlaydy) (12)

with the lattice constant d = d;+d..

The dispersion equation (12) determines the Bloch wave number kg along the z-axis direction of the Bloch wave with
frequency ®, as well as the x component of the wave vector k. In the case of normal incidence of light on the PC, kx = 0, and the
expressions for a and q; take the form

a=i2[e, . q=2\z,i=12 (13)
C C

The dispersion dependence w(kg) for bulk and surface waves with k, = 0 is shown in Fig. 3.
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Fig. 3. Transmissions spectra of the PC obtained by the transfer matrix metod (left) and by dispersion relation w(kg) (12)
for bulk (long-dash line) and surface electromagnetic modes (indicated by a point), in the case of the normal incidence of light
on the PC.

It can be seen that (the results obtained in two different ways completely agree with each other) or (both approaches produce
the same result). Namely the same position of the photonic band gaps, their width and position of the OTS at high frequency
border of the first bang gap of PC. We can say that the OTS is a particular solution of the dispersion equation (9), in the case of
normal incidence of light on the PC. It is formed as a standing surface wave without energy transfer. At the wavelength of the
transmission peak the light field is localized at the boundary between the PC and nanocomposite layer and exponentially decrease
in either direction. In fact, the light keeps locked between two mirrors - Bragg and metal, since the OTS wavelength falls into the
bang gap of the photonic crystal and in the region of negative values of the real part of the nanocomposite effective permittivity.

The dependence of the frequency spectrum on ¢ for the field directed perpendicular to the nanocomposite optical axis is shown
in Fig. 4.
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Fig. 4. Transmission spectra at the normal incidence of light onto the PC conjugated with the nanocomposite layer with
dispersed spherical (§ = 1) and extended nanoparticles for the field normally polarized with respect to the nanocomposite
optical axis. The filling factor is f= 0.2 and the nanocomposite layer thickness is dmix = 150 nm.

When the electric field vector is normal to the nanocomposite optical axis, the shift of the nanocomosite resonance to the high-
frequency region does not significantly modify the frequency spectrum, since the nanocomposite stopband lies within the band
gap of the initial crystal. At the given parameters of the system, the OTS is not implemented already at & > 2 for the parallel
component of the effective permittivity. As the ratio between the nanoparticle semiaxes is increased, the nanocomposite band
gap shifts toward lower frequencies, which leads to the distortion of the transmission spectrum of the initial PC and complete
deformation of the left boundary of the first band gap. This allows obtaining a wide band gap combined from the PC and
nanocomposite band gaps. Nanocomposite bang gap is due to the negative dielectric constant €'mix () < 0 in the frequency range



from ® = 0.0789%®, to ® = 0.2639®,, which is similar to metallic one. (puc. 2b).Figure 5b show that in the band gap frequency
range from ® = 0.1®, to ® = 0.3, the reflection coefficient is equal to 98%. This causes such a broad band gap.

In particular, at the filling factor /= 0.3 and the ratio between the semiaxes ¢ = 10, the combined band gap is 1.77 um.

The optical Tamm state corresponding to each of the two orthogonal polarizations of the incident wave can be also implemented
at large ratios between the spheroid semiaxes. For this purpose, it is necessary to change the PC lattice period, i.e., the position
of the PC band gap relative to the resonance frequency of the nanocomposite. It can be seen in Fig. 5 for the longitudinal
polarization of the field that, increasing the PC period in the investigated structure with & = 6, one can obtain the transmission
peak corresponding to the OTS near the high-frequency boundary of the PC band gap.

The obtained OTS exists only in an extremely narrow frequency range. At the OTS frequency @ = 0.2709w,, the permittivity
of the nanocomposite is &mix(®) = —1.0176 + 0.0381i.

1 T L T r T —— e e T T 1
.'r\'l F‘l', "o = 1 ;’ TN~
0.9 RUANANL S 09t W Kers 1
w 0.8 Ll | T 08 Moy
o VA o T
o 07 i = 0.7 :II 1: .
2 06} g £ 0.6 v, b
£ 05 ' & 05 h
% 0.4 ! S 04 !
c . I .5 o
T 03} ‘I 203 1
= 02 lﬁ 2 02 J
0.1 \ 2 0.1 -
0 ) ) I | < 0 : - | -
005 01 015 02 025 005 01 015 02 025 03
w/w, w/w,

(a) (b)

Fig. 5. Transmission spectra for the original PC (dashed line) and for PC bounded by the strongly anisotropic nanocomposite
on one side (solid line) (a) and respective absorption (solid line) and reflection (long-dash line) (b). The layer thicknesses are
d, =110 nm and dj, = 55 nm, the filling factor is f= 0.3, and & = 6. The rest parameters are the same as used to produce Fig. 2.

The electric field intensity distribution in the sample for the mode with the frequency corresponding to the OTS is illustrated
in Fig. 6.
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Fig. 6. Schematic of the 1D PC conjugated with the anisotropic nanocomposite layer and field intensity distribution for the
parallel polarization of the normally incident light.

It can be seen that the light field in the OTS is localized in the region comparable with the wavelength.

3.2. Bound optical Tamm states

When nanocomposite media bound the photonic crystal on both sides, the transmission spectrum of the structure can contain
two transparency bands in the PC band gap.

Figure 7 shows the transmission spectra of the PC structure for the cases when the nanocomposite film is located at one or both
boundaries of the PC structure. When there is the contact of the films on both sides of the PC, the optical Tamm modes localized

at the interfaces overlap, which eliminates degeneracy; i.e., the frequency splits and two peaks arise in the transmission spectrum
in the PC band gap.
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Fig. 7. Transmission spectra of the PC bounded by the strongly anisotropic nanocomposite on one (solid line) and both sides

(long-dash line) for (a) the parallel and (b) perpendicular components of the electric field. The nanocomposite layer thickness is
150 nm; (a) d, = 110 nm and dj = 55 nm and (b) d, = 74 nm and d, = 40 nm. The filling factor is /= 0.3 and = 6.

It should be noted that the interactions between the OTSs are different for different components of the effective permittivity.
The most intense interaction and, consequently, splitting of the initial frequency are observed at the parallel polarization of the
field. Figure 8 shows the field distribution for the high- and low-frequency transmission peaks from Fig. 7a for the case when the
nanocomposite film is located on both sides of the PC.




Fig. 8. Schematic of the 1D PC conjugated with the two anisotropic nanocomposite layers and strength of the electric
field polarized along the nanocomposite optical axis for (a) low-frequency symmetric and (b) high-frequency antisymmetric
optical Tamm modes of the structure.

It can be seen that the coupling of the OTSs localized at the interface between the PC and nanocomposite results in the formation
of symmetric and antisymmetric waveguide modes. As the filling factor is increased, the interaction of the OTSs enhances and
the splitting of the initial OTS becomes stronger. This is due to the fact that an increase in filling factor fleads to an increase in
the length of light field localization in the OTS, which is determined as a distance from the boundary at which the field intensity
envelope decreases by a factor of e.

Figure 9 shows transmission spectra for the investigated structure at different filling factors and the rest parameters of the
system being invariable. It can be seen in Fig. 9a that the splitting increases with the volume fraction of nanoparticles. In
particular, at /= 0.3 the splitting is 7.2 nm. However, the calculations show that the splitting decreases with increasing ratio
between the polar and equatorial semiaxes.
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Fig. 9. Transmission spectra of the nanocomposite-PC-nanocomposite structure at different filling factors for (a) parallel and
(b) perpendicular polarization of the light field. The system parameters are the same as in Fig. 7.

3.3. Size effect and formation of the OTSs at the interface between the photonic crystal and anisotropic nhanocomposite

Previously, the transmission spectra of the nanocomposite-PC system were obtained with disregard of the size effects. For
small particles, the size dependence of permittivity caused by the limited conduction electron free path cannot be ignored. To
take into account collisions of electrons with the nanoparticle surface, we introduce the addition to the relaxation rate, which is
inversely proportional to the polar or equatorial semiaxis [33, 34]

9
7=y, + AL (14)
r

where yy is the quantity inversely proportional to the electron relaxation time; 4 is the dimensionless quantity, which lies within
0.4-0.8 for silver [34]; and 9, is the mean velocity of electrons on the Fermi surface, which amounts to 9z, =1.4*¥10° m/s for
silver. Figure 10 show curves of transmission in the PC band gap that correspond to the OTSs at the nanocomposite-PC interface
with regard to the size effect for the parallel and perpendicular components of the effective permittivity.
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Fig. 10. OTS at the nanocomposite-PC interface with disregard of the size effect (solid line) and with regard to the size effect
for particles with the polar and equatorial semiaxes a = 60 nm and » = 10 nm (long-dash line) and @ = 30 nm and b = 5 nm (dot-
dash line) for the parallel component of the effective permittivity (a) and for the perpendicular component of the effective
permittivity (b). ¢ = a/b =6, A=0.4.

Comparing Fig. 10a and 10b, one can see that the size effect influences stronger the transmission of the light polarized along
the equatorial axis of spheroidal particles (Fig. 10b). This is due to the fact that the equatorial semiaxis is shorter than the polar
one by a factor of 6 and electrons experience additional scattering on the surface of the metal spheroid along its equator, which,
in turn, significant enhances absorption and weakens transmission of light polarized along the equatorial axis at the OTS
frequency.

4. CONCLUSIONS

We investigated the spectral properties of the 1D PC bounded on one or both sides by the resonantly absorbing nanocomposite
layer consisting of silver nanoparticles with the orientation-ordered spheroidal shape suspended in a transparent optical glass.
The results were obtained using the transfer matrix technique. The spectral manifestation of the OTS is caused by the negative
effective resonance permittivity of the composite in the visible spectral range.

It was demonstrated that at the strong anisotropy (¢ >> 1), the OTS is implemented only for the transverse polarization of the
incident wave. To implement the OTS corresponding to each of the two orthogonal polarizations, one should change the PC
lattice period, i.e., the position of the band gap relative to the nanocomposite resonance frequency. It was established that the
splitting of modes due to the interaction between the OTSs localized at the interfaces between the PC and nanocomposite increases
with increasing volume fraction of nanoparticles, but decreases with increasing ratio between the polar and equatorial semiaxes.
It was shown that for particles with £>> 1 the size effect plays an important role in the spectral manifestation of the OTS for the
field polarized normally to the nanocomposite optical axis. These conclusions are valid also for the flattened spheroids with ¢ <<
1, but in this case the longitudinal resonance frequencies are higher than the transverse resonance frequencies.
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