Tamm plasmon polaritons in composite structures composed of the metal film and truncated photonic crystals
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Abstract
 Tamm plasmon polaritons (TPPs) are studied theoretically and experimentally in heterostructures and sandwiched structures with the metallic film and truncated photonic crystals. Different from conventional surface plasmon polaritons, TPPs can be realized in both the transverse electric (TE) and transverse magnetic (TM) polarizations, and they can be excited from a free space. Because of nonreciprocal electromagnetic field distributions of TPPs, the structures possess strongly nonreciprocal absorption and reflection. Moreover, two tunneling peaks or a narrow transmission band can be realized in sandwiched structures for both polarizations due to the coupling effect between two TPPs.

1.  Introduction

The metals have larger optical nonlinearity and absorption coefficient than those of many dielectrics. For example, third-order nonlinear susceptibility of noble metals is nearly 106 times larger than those of typical dielectrics [1-3]. However, such properties are difficult to realize high-quality nonlinear devices or optical absorbers for bulk metals since they are opaque epsilon-negative (ENG) materials below their plasma frequencies. Transparent metals [4-6], which are composed of an alternating thin metal film and a thick dielectric material, can enhance transmission, absorption and nonlinearity through Bragg resonance [2-7], but the nodes of the electric field usually locate within thin metal layers which limits the absorption and nonlinearity enhancement. One the other hand, nanostructured metals can enhance transmission and absorption [8-11], while it is difficult to fabricate such metallic structures in visible and near infrared regions. Therefore, it is desirable to realize transmission, absorption and nonlinearity enhancement by inducing strong localized intensity of electromagnetic (TM) fields in thick unstructured metals. 
Recently, Tamm plamon polaritions (TPPs) [12-14] are proposed in heterostructures constituted by the thick unstructured metal and truncated dielectric photonic crystals (PCs), where the frequencies of TPPs locate in the forbidden gap of the PCs which have the effect of mu-negative (MNG) materials [15-18]. The tunneling mechanism is similar to that in the heterostructure composed of ENG and MNG media [19]. TPPs can enhance field intensities considerably within thick metals so that the composite structures containing thick metals have much larger nonlinearity enhancement [17, 20] and can realize near total absorption [18, 21]. TPPs provide a new method to induce EM waves entering the metals. Due to the large absorption coefficient of metals and the asymmetry of heterostructures, the reflection and absorption are found to be nonreciprocal noticeably when EM waves propagate from two opposite directions. Such properties are important to design optical nonlinear devices. Different from conventional surface plasmon polaritions (SPPs), TPPs depend on the forbidden gap of PCs and can be excited for two polarizations. Especially, two TPPs are found theoretically and experimentally to have strong coupling effect in sandwiched structures centered with the thick metallic film. It is significant to bring potential important applications. 
The paper is organized as follows. In section 2, we report the theoretical and experimental results on nonreciprocal reflection and absorption of heterostructures. The transmission, reflection and absorption spectra are shown and EM field intensity distributions are given both in two opposite incident directions. In section 3, we study the optical properties of the sandwiched structures. It is demonstrated experimentally that the degenerated TPPs in TE polarization may split into two discrete modes at large oblique angles due to the strong coupling of two TPPs in front of and behind the metallic film. Finally, we sum up in section 4.
2.  Nonreciprocal reflection and absorption in heterostructures
Considering the effect of the substrate and the metallic loss, the heterostructure is designed with BA(DC)18S which is fabricated by the electronic beam evaporation. Where, the substrate S is K9 with 
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=62.7 nm). The metal A is chosen to be silver whose refractive indices are referred from [23]. The thickness of the silver film is selected with 57.6nm to satisfy the near-zero reflection at the tunneling wavelength when normal incident EM waves propagate from left to right. The transmission (T) and reflection (R) of the samples are measured by a UV-Vis-Near IR Spectrophotometer
. Firstly, the normal incidence is considered at two opposite directions. Figures 1 (a) (b) and (c) give the transmittance T, the reflectance R (the light through from left to right) and R (the light through from right to left) of the heterstructure BA(DC)18S, respectively. The solid blue lines show the numerical results using the transfer-matrix method [24], and the wavelength of the numerical tunneling mode (TPP) . The absorbance (A) is calculated from A=1-T-R is 590.1 nm. The red circles represent measured values and the measured wavelength 
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 is 598 nm. Considering the light propagating from left to right for BA(DC)18S, as shown in Fig. 1 (b), numerical T, R and A at 590.1 nm are 0.0141, 
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 and 0.9859 respectively, and measured T, R and A at 598 nm are 0.0010, 0.0251 and 0.9739 respectively. When the EM wave transmits through BA(DC)18S from right to left, as
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Fig. 1 (a), (b) and (c) show T, R (the light through from left to right) and R (the light through from right to left) for BA(DC)18S. The solid blue (dotted red) lines show the numerical (measured) results.   
shown in figure 1 (c), numerical R and A at 590.1 nm are 0.9707 and 0.0152 respectively, and measured R and A at 598 nm are 0.9388 and 0.0602 respectively. The measured values are in good agreement with the theoretical one although there is minor difference on account of monitoring errors of layer thickness and the discrepancy of refractive indices between numerical and real deposited materials. Considering the EM wave propagating from left to right, figure 2 (a) and (b) give simulated distributions of intensities of electric field 
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 (solid lines) and magnetic field 
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 (dashed lines) for BA(DC)18S and S(CD)18AB at the tunneling wavelength (
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=590.1nm), respectively. The thickness of the silver is 5 times of its real thickness. The field intensity of the incident wave is supposed to be 1. One can see that EM fields are localized highly near the interface between the metal and the truncated PC in figure 2 (a), but those are weak in the latter structure as shown in figure 2 (b). The reason is that the metal loss results in that the impedance conditions [18, 21] are satisfied only for BA(DC)18S at the incident direction from left to right. Because the intensity of the electric field in the silver of figure 2 (a) is much larger than that in the latter of figure 2 (b), the absorbance of the former
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Fig. 2 (a) and (b) give simulated intensities of the electric fields (solid lines) and magnetic fields (dotted lines) in samples BA(DC)15S and BA(DC)18S, respectively. Where, the light propagates from left to right at the normal incidence. The thickness of Ag in the schematic is 5 times of its real thickness. 
heterostructure is near unit at the wavelength of TPP. The nonreciprocal EM field distributions of TPP induce strongly nonreciprocal absorption and reflection of the heterostructure. Such properties can be used to design the reflection-typed and absorption-typed light-emitting diode etc.. 
3.  The coupling effect of TPPs in sandwiched structures
In a sandwiched structure composed of a thick metal film and two symmetrical truncated PCs, two TPPs can be realized in front of and behind the metal film [25]. A schematic of the sandwiched structure denoted by (CD)NA(DC)N is shown in Fig. 3, where N is the period number. Compared to that of the heterostructure, the transmission of the sandwiched structure can be enhanced through a thicker metal film due to the coupling effect of the two interface modes [25]. However, the dispersion relations of TPPs at the PC/Ag/PC interfaces for TE and TM waves were only studied theoretically, and the transmission and reflection properties were investigated at the normal incidence [25]. In this section, these properties are demonstrated experimentally for both two polarizations. The sandwiched structure PC/Ag/PC [(CD)6A(DC)6S] are
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Fig. 3 The schematic of the sandwiched structure denoted by (CD)NA(DC)N, where N is the period number.
fabricated by the electronic beam evaporation. Where, the thickness of the silver film (A) is 80.2 nm and the other material parameters are the same to those in section 2. The coupling effect between two TPPs is related with the thickness of the metallic film and the periodic number of the PC. The sandwiched structure is selected to satisfy the degeneracy of two TPPs when the light propagates at the normal incidence. Different from conventional SPPs, TPPs can be realized for both TE and TM polarizations. For (CD)6A(DC)6S, figure 4 (a) and (b) show the T and R at the normal incidence, and (c) and (d) show the R under 
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 of TE and TM polarizations, respectively. Where, the EM wave propagates from left 
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Fig. 4 (a) and (b) show the T and R at the normal incidence, and (c) and (d) show the R under 
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 of TE and TM polarizations for (CD)6A(DC)6S, respectively. Where, the light propagates from left to right. The black (blue) lines show the numerical (measured) results.

to right. The black (blue) lines show the numerical (measured) results. Due to the limitation of the spectrophotometer, reflection spectra are only scanned at oblique angles for two polarizations. The reason to induce the discrepancy between theoretical and measured results is the same as that of the heterostructure. Especially, two minimal peaks in figure 4 (c) demonstrate the nondegeneracy of two TPPs. In order to illustrate the coupling effect of two TPPs more clearly at the PC/Ag/PC interfaces for TE and TM waves, figure 5 (a) and (b) give the dispersion relations of TPPs for two polarizations, respectively. The solid (circled or squared)
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Fig. 5 (a) and (b) show the numerical (solid lines) and measured (circled or squared lines) dispersion relations of TPPs at the PC/Ag/PC interfaces for TE and TM waves, respectively.
lines show the numerical (measured) results. The theoretical results have been demonstrated in Ref. [25]. The dispersion relations show that the degenerated TPPs in TE case can split into two discrete modes at large oblique angles. The forbidden gap becomes broader with the increase of the incident angles for the TE waves but it becomes narrower with that for the TM waves [25], which induces that the EM waves are evanescent more sharply in the PC at larger incident angles of TE polarization. Therefore, stronger localized TPPs are realized between the metallic film and the truncated PC. The stronger coupling effect between two TPPs in front of and behind the silver film leads to the degenerated tunneling mode splitting into two discrete modes at oblique angles of TE waves. Moreover, such properties prove that larger localized intensity of electromagnetic fields for TPPs can be realized for TE waves.
4.  Conclusion
In conclusion, we have demonstrated theoretically and experimentally that the TPP can be totally absorbed or reflected in one propagation direction for heterostructures composed of the thick metallic film and the truncated photonic crystal. Moreover, two nondegenerate tunneling modes are illustrated experimentally in the sandwiched structures due to the strong coupling effect between two TPPs in front of and behind the thick metallic film. These structures will play important roles in new types of optical and photonic devices.
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