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Abstract 

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 spherical nanoparticles with a dielectric core 

and a metal shell, which are dispersed in a transparent matrix, and is characterized by the resonance permittivity. 

Spectra of transmission, reflection, and absorption of normally incident light by the investigated structures are 

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 is studied. It is demonstrated that, along with the significantly 

extended photonic crystal band gap, the transmission spectrum contains an additional stopband caused by 

nanocomposite absorption near the resonance frequency. It is shown that the optical Tamm states can be 

implemented in two photonic crystal band gaps, each corresponding to a certain plasmon resonance frequency 

of the nanocomposite. It is established that the characteristic of the Tamm states localized at the edge of a 

photonic crystal significantly depend on the nanoparticle concentration in the nanocomposite film, on the 

thickness of the latter, and on the ratio between the particle core volume and the total particle volume. 

Waveguide modes formed by two bound Tamm plasmon polaritons at the interfaces between the photonic 

crystal and two nanocomposite layers are studied. 

 

Keywords: photonic crystal, nanocomposite, optical Tamm state, shelled nanoparticles, effective 

permittivity. 
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1. Introduction 

In recent years, there has been an increased interest in a special type of the localized electromagnetic 

states excited at the normal incident of light onto a sample, which are called the optical Tamm states (OTSs)  [1, 

2]. Such states are analogous to the Tamm surface states in physics of condensed matter. They can be excited 

between two different photonic crystals (PCs) with overlapping band gaps [3] or between a PC and a medium 
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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. Such a bound mode of the radiation field and the surface plasmon excitation is 

called the surface plasmon polariton and is widely used in the visible and infrared spectral ranges for surface 

investigations. In the experiments, the OTS can be observed 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]. 

Photonic crystals with nanostructured metal-dielectric inclusions offer new opportunities for 

manipulating light [13−18]. In our previous work [5], we demonstrated the possibility of implementation of the 

OTSs localized at the edges of a one-dimensional (1D) PC bounded by metal-dielectric isotropic nanocomposite 

media on its one of both sides. The nanocomposite consists of spherical or spheroidal metal nanoparticles 

dispersed in a transparent matrix and is characterized by the effective permittivity (); the optical 

characteristics of the initial materials does not exhibit resonance features. The position of a frequency range 

where the nanocomposite behaves like a metal, i.e., Re(()) < 0, depends on permittivities of the initial 

materials and nanoparticle concentration and shape, which opens new possibilities for controlling the optical 

properties of the OTSs by varying the nanocomposite parameters. 

The aim of this study was to investigate the spectral properties of the OTSs localized at the edges of a 

1D photonic crystal bounded by a nanocomposite consisting of spherical nanoparticles with a dielectric core and 

a metal shell, which are dispersed in a transparent matrix, on one or both sides. The spectral properties of the PC 

are studied using the transfer matrix method. 

 

2. Description of the model 

The investigated PC structure is a layered medium bounded by a nanocomposite layer on its one or both 

sides (figure 1). The nanocomposite layer with the thickness Wd = 150 nm consists of shelled spherical 

nanoparticles uniformly distributed in a dielectric matrix made of transparent optical glass with the permittivity 

m = 2.56. The alternating layers that form a PC unit cell are zirconium dioxide ZrO2 with the permittivity a = 

4.16 and silicon dioxide SiO2 with the permittivity b = 2.10; the respective layer thicknesses are Wa = 50 nm 

and Wb = 74 nm. The investigated PC structure is placed in a medium (air) with a permittivity of unity and 

consists of N = 16 or 17 layers for one and two nanocomposite layers bounding the PC, respectively. 

The effective permittivity of the nanocomposite is determined from the Maxwell−Garnett formula [18] 

widely used in studying composite media. Generalization of this formula to nanocomposites with dispersed 

shelled spherical particles yields the effective permittivity [19] 

          
   

    
 , (1) 

where f is the filling factor, i.e., the fraction of nanoparticles in the matrix and  is the parameter proportional to 

polarizability of the layered nanoparticle. The Maxwell−Garnett model for the effective medium suggests the 

quasi-static consideration of an electrodynamically isotropic nanocomposite layer with the size of nanoparticles 

and distance between them much smaller than the wavelength of light in the effective medium. 
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For a spherical particle with core permittivity с and shell permittivity s, which is placed in a medium 

with permittivity m, parameter  is determined as [20] 

    
                                        

                                         
 , (2) 

where  is the ratio between the particle core volume and the total particle volume. In the investigated structure, 

nanoparticles consist of the dielectric core with the permittivity с = 3  and the silver shell with permittivity s 

determined from the Drude−Sommerfeld formula 

          
  

 

       
, (3) 

where 0 is the constant that makes allowance for the contributions of interband transitions of bound electrons; 

p is the plasma frequency;  is the damping coefficient, i.e., the quantity reciprocal to the electron relaxation 

time; and  is the frequency of incident light. For silver, we have 0 = 5, ħp = 9 eV, and ħ = 0.02 eV. At 

present, there exists the nanoparticle fabrication technology, which allows varying the core and shell sizes in 

wide ranges [21, 22]. 

Figure 2 shows the dependence of the effective nanocomposite permittivity on the wavelength of 

incident light for the chosen parameters of the nanocomposite. One can see two resonance permittivity portions 

associated with the plasmon resonance of nanoparticles. Surface plasmons arise at the metal shell/core and metal 

shell/matrix interfaces. As the core permittivity is increased, the short-wavelength resonance permittivity 

portion sharply grows, whereas the long-wavelength portion slightly decreases. The opposite situation is 

observed with an increase in the matrix permittivity. In addition, the both resonances shift toward longer 

wavelengths. As the shell becomes thinner, the coupling between plasmons localized at the shell boundaries 

becomes stronger and the short-wavelength resonance permittivity portion shifts toward shorter wavelengths, 

while the long-wavelength portion shifts toward longer wavelengths. 

The transmission, reflection, and absorption spectra of the layered structure were calculated using the 

transfer matrix method [23] for the plane light wave normally incident onto the structure. 

 

3. Results and discussion 

Figure 3 shows transmission, reflection, and absorption spectra for the PC consisting of 15 layers, which 

is bounded by the nanocomposite layer on its one side without nanoparticles and with a nanoparticle fraction of 

0.3 in the nanocomposite. It can be seen that the spectra qualitatively change upon embedding of nanoparticles. 

At a wavelength of about 348 nm, the stopband forms (figure 3a), which is associated with absorption of light at 

the resonance wavelength (figure 3c) corresponding to the short-wavelength resonance portion of the 

nanocomposite permittivity (figure 2). The initial band gap in the transmission spectrum almost doubles due to 

the high reflection of light (figure 3b) at these wavelengths, which is related to the large negative value of the 

real part of the nanocomposite permittivity (figure 2). In addition, near the short-wavelength boundary of the 

band gap, the transmission peak arises, which is related to the occurrence of the OTS. The light field in the 

Tamm plasmon polariton is localized in the region comparable with the wavelength. The local field intensity 

distribution at a wavelength of 391 nm corresponding to the OTS is shown in figure 3d. The field is localized at 

the PC/nanocomposite interface, since at this wavelength the real part of the nanocomposite permittivity is 
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negative and the nanocomposite behaves like a metal (figure 2); therefore, the field penetrates into it only to the 

skin layer depth. Deeper in the PC, the intensity envelope exponentially decreases due to the Bragg diffraction, 

since this wavelength lies within the PC band gap. 

As the nanocomposite film thickness is increased, the transmission and local field intensity 

corresponding to the OTS decrease. In this case, the reflection of light enhances and the absorption weakens. 

The transmission peak shifts toward longer wavelengths. At a film thickness of 200 nm, the transmission at an 

OTS wavelength of 391.3 nm decreases by 15%, the absorption decreases by 13%, the reflection increases by 

28%, and the local intensity drops by 30%. 

However, an increase in the filling factor at the film thickness Wd = 150 nm leads to the slight 

transmission growth and a decrease in the local field intensity at the OTS wavelength. Then, the reflection of 

light increases and the absorption decreases. This is due to the fact that with increasing filling factor the 

imaginary part of the nanocomposite permittivity at the OTS wavelength decreases. The transmission peak 

shifts toward shorter wavelengths. At a filling factor of 0.4, the transmission at an OTS wavelength of 385.6 nm 

increases by 3%, the absorption decreases by 20%, the reflection increases by 17%, and the local intensity 

decreases by 17%. 

As the ratio between the core and shell radii grows at the invariable initial parameters, the transmission 

and local field intensity at the OTS wavelength decrease. In this case, the reflection weakens, while the 

absorption grows. The transmission peak shifts toward longer wavelengths. With an increase in the ratio 

between the core and shell radii to 0.4, the transmission at an OTS wavelength of 398 nm decreases by 12%, the 

absorption increases by 8%, the reflection increases by 4%, and the local intensity decreases by 11%. 

Figure 4 shows transmission, reflection, and absorption spectra of the PC consisting of 15 layers and 

bounded on its one or both sides by the nanocomposite layer with a filling factor of 0.3. When the second 

nanocomposite layer is introduced, the peak in the PC band gap in the transmission spectrum splits by 6.3 nm. 

This splitting of the resonance Tamm wavelength is caused by elimination of degeneracy due to the interference 

of the optical Tamm modes localized at the interfaces. The stopband related to the absorption in the short-

wavelength spectral range remains almost invariable. 

Figure 5 shows the electric field strength distribution over the structure at the wavelengths 

corresponding to the split peaks. It can be seen that the coupling of the optical Tamm plasmons localized at the 

PC/nanocomposite interfaces results in the formation of symmetric and antisymmetric waveguide modes. As in 

study [24], for the PC bounded by silver films we obtained the field distribution similar to the field distribution 

in the symmetric and antisymmetric modes in figure 5. 

As the nanocomposite film thickness is increased to 200 nm, the transmission and local field intensity at 

the OTS wavelengths decrease. The absorption slightly grows at the wavelength of the short-wavelength bound 

plasmon polariton and slightly decreases at the wavelength of the long-wavelength one. The reflection of light 

significantly increases for the both bound plasmon polaritons. The position of the OTS peaks and the distance 

between them remain almost invariable. 

As the filling factor increases to 0.4, the transmission weakens and the local field intensity for the OTS 

peaks increases. In this case, the absorption slightly increases for the short-wavelength bound plasmon polariton 
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and slightly decreases for the long-wavelength one. The reflection of light significantly grows for the both 

bound plasmon polaritons. The peaks corresponding to the OTSs shift toward shorter wavelengths and the 

distance between them increases to 8.6 nm. 

With an increase in the ratio between the core and shell radii to 0.35, the transmission and local field 

intensity for the peaks corresponding to the OTSs decrease. In this case, the absorption slightly decreases for the 

short-wavelength bound plasmon polariton and slightly increases for the long-wavelength one. The reflection of 

light decreases for the both bound plasmon polaritons. The peaks corresponding to the OTSs shift toward longer 

wavelengths and the distance between them decreases to 5 nm. 

Varying the parameters of the structure, one can obtain coincidence of the two regions with the negative 

real part of the nanocomposite permittivity with the two corresponding band gaps in the seed transmission 

spectrum of the PC (f = 0) (figure 6a). In this case, after embedding of nanoparticles in the nanocomposite, the 

OTS peak arises at the boundary of the both band gaps (figure 6b). The local field intensity distribution at 

wavelengths of 319.2 and 858.8 nm corresponding to the OTSs is presented in figure 7. It can be seen that the 

field is localized at the PC/nanocomposite interface for the both peaks. 

 

4. Conclusions 

The spectral properties of a 1D PC bounded by the nanocomposite layer on its one or both sides were 

investigated. The nanocomposite consists of spherical nanoparticles with a dielectric core and a silver shell, 

which are dispersed in transparent optical glass. 

It was demonstrated that the transmission spectrum of the investigated structure can simultaneously 

contain the stopband related to absorption at the resonance frequency of the nanocomposite permittivity and the 

transmission peak in the PC band gap corresponding to the OTS caused by the negative real part of the 

nanocomposite permittivity. 

It was observed that for the PC bounded by the nanocomposite layers on its both sides, the peak 

corresponding to the OTS splits at the formation of bound Tamm plasmon polaritons, whereas the stopband 

remains almost invariable. 

It was established that the characteristics of the Tamm states localized at the edge of a PC significantly 

depend on the concentration of nanoparticles in the nanocomposite film, film thickness, and ratio between the 

particle core volume and the total particle volume. 

It was shown that at certain parameters of the structure, two Tamm states can manifest themselves in 

two band gaps of the PC. This can occur when the regions of negative real part of the nanocomposite 

permittivity coincide with the two band gaps in the PC seed transmission spectrum. 
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Figure captions 

 

Figure 1. Schematic of a 1D PC bounded by a nanocomposite layer. 

 

Figure 2. Real ε′ (thin curve) and imaginary ε′′ (bold curve) portions of the nanocomposite permittivity vs 

wavelength of incident light. Insert: enlarged framed portion. The parameters are f = 0.3,  = (0.3)
3
, m = 2.56, 

and c = 3. 

 

Figure 3. (a) Transmittance, (b) reflectance, and (c) absorbance of the PC bounded by the nanocomposite layer 

vs wavelength of the incident light at the filling factors f = 0 (thin curve) and f = 0.3 (bold curve). (d) Spatial 

distribution of the local field intensity at a wavelength of 391 nm (f = 0.3) (bold curve) and refractive indices of 

the layers (thin curve). 

 

Figure 4. (а) Transmittance, (b) reflectance, and (c) absorbance of the PC bounded on one (thin curve) and both 

sides (bold line) by the nanocomposite layer vs wavelength of the incident light at Wd = 150 nm and f = 0.3. 

 

Figure 5. Spatial distribution of the electric field strength and refractive indices of the PC layers for (a) the 

short-wavelength (387.9 nm) and (b) long-wavelength (394.2 nm) plasmon polariton modes of the structure at 

Wd = 150 nm and f = 0.3. 

 

Figure 6. Transmittance of the PC bounded by the nanocomposite layer vs wavelength of the incident light. The 

bold line in figure 6a corresponds to the normalized real part of the nanocomposite permittivity. The parameters 

are Wd = 340.5 nm, Wa = 113.5 nm, Wb = 168 nm,  = (0.82)
3
, m = 4, c = 10, f = 0 (thin curve), and f = 0.4 

(bold curve). 

 

Figure 7. Spatial distribution of the local field intensity for the peaks corresponding to the OTSs in figure 6b 

(bold curve) and refractive indices of the layers (thin curve). The wavelengths are (a) 319.2 and (b) 858.8 nm.  
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Figure 1. Schematic of a 1D PC bounded by a nanocomposite layer. 

 

 

Figure 2. Real ε′ (thin curve) and imaginary ε′′ (bold curve) portions of the nanocomposite permittivity vs 

wavelength of incident light. Insert: enlarged framed portion. The parameters are f = 0.3,  = (0.3)
3
, m = 2.56, 

and c = 3. 
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Figure 3. (a) Transmittance, (b) reflectance, and (c) absorbance of the PC bounded by the nanocomposite layer 

vs wavelength of the incident light at the filling factors f = 0 (thin curve) and f = 0.3 (bold curve). (d) Spatial 

distribution of the local field intensity at a wavelength of 391 nm (f = 0.3) (bold curve) and refractive indices of 

the layers (thin curve). 
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Figure 4. (а) Transmittance, (b) reflectance, and (c) absorbance of the PC bounded on one (thin curve) and both 

sides (bold line) by the nanocomposite layer vs wavelength of the incident light at Wd = 150 nm and f = 0.3. 

 

Figure 5. Spatial distribution of the electric field strength and refractive indices of the PC layers for (a) the 

short-wavelength (387.9 nm) and (b) long-wavelength (394.2 nm) plasmon polariton modes of the structure at 

Wd = 150 nm and f = 0.3. 
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Figure 6. Transmittance of the PC bounded by the nanocomposite layer vs wavelength of the incident light. The 

bold line in figure 6a corresponds to the normalized real part of the nanocomposite permittivity. The parameters 

are Wd = 340.5 nm, Wa = 113.5 nm, Wb = 168 nm,  = (0.82)
3
, m = 4, c = 10, f = 0 (thin curve), and f = 0.4 

(bold curve). 

 

 

Figure 7. Spatial distribution of the local field intensity for the peaks corresponding to the OTSs in figure 6b 

(bold curve) and refractive indices of the layers (thin curve). The wavelengths are (a) 319.2 and (b) 858.8 nm. 


