Pis’ma v ZhETF, vol. 79, iss. 12, pp. 762 { 768 © 2004 June 25

Nonzeroth-order anomalous optical transparency in modulated metal films owing to excitation of surface plasmon polaritons: an analytical approach.

A. V. Kats^{1)}, A. Yu. Nikitin^{1)}

Usikov Institute for Radiophysics and Electronics NAS 61085 Kharkiv, Ukraine

Submitted 19 April 2004 Resubmitted 6 May 2004

The problem of anomalous light tunneling through periodically modulated metal ˛lms is examined in a purely analytical approach. The approach uses large magnitude of the dielectric permittivity of metals in the visible and near infrared (it is equivalent to that resulting in the Leontovich boundary conditions for semiin˛nite problems). It is shown that the anomalous transparency recently discovered experimentally is caused by the excitation of single- or double-boundary surface plasmon polaritons due to ˛lm modulation. Dependencies of the resonance transparency on parameters of the problem are analyzed in detail, and the optimum parameters (optimal layer thickness and optimal modulation amplitude) corresponding to extreme values of the transmittance of both zero and nonzero di¸raction orders have been found. Classifying the possible types of the resonances has allowed identifying special and nontrivial features of the e¸ect. In particular, we predict strong nonzeroth-order anomalous transparency.

PACS: 42.25.−p, 73.20.Mf, 78.20.−e

Despite the great amount of papers on the photon- SPP (surface plasmon polariton) transformations in periodical structures that appeared over the past decades (it is sufficient to mention [1 – 3]), the experiment concerning transparency of metal films [4], which is caused by the effect was realized only recently. Upon this first observation of the extraordinary optical transmission through sub-wavelength hole arrays many theoreticians have contributed to explaining the effect [5 – 11]. But still the qualitative analytical picture of the light tunneling phenomenon is uncovered enough. The majority of the explanations are based upon numerical calculations (to the best of the author’s knowledge, the only exceptions are [5, 9], but paper [5] contains only crude quantitative estimates, while paper [9] deals with the case of a strictly normal incidence onto the harmonically modulated film. Moreover, the second spatial field harmonic was not taken into account in the latter paper which prevented finding the true position of the resonance). Numerical approaches do not allow obtaining a deep intuitive insight into the problem.

While the principal channel for anomalous light transmittance for normal incidence and nonsymmetrical dielectric surrounding is in a non-specular direction, most papers on the subject examined the zeroth-order transmittance and reflectivity alone (an exception is the

1)e-mail: avkats@akfirst.kharkiv.com;

avkats@online.kharkov.ua

recent paper [12]). The nonzeroth-order transmittance can exceed the zeroth order value of a few tens that of zeroth-order. This means that the process of light tunneling in the case of “single-boundary-localized” (SB) excitation (when a SPP is localized at one face of the metal film only) can be in a no less degree effective than under the “double-boundary-localized” (DB) excitation (with SPP localized at both sides of the film, see the experiment of Ref. [13]).

This Letter suggests a thorough new analytical examination of the effect. We will discuss both the specular and non-specular transmittance. General results are obtained both for oblique and normal incidence. Simple estimates are given for 2D periodic structures and it is shown that they are similar to such for 1D gratings, contrary to ascertains of some writers, see Refs. [10, 14]. Our approach also makes it clear that the main resonance effects depend on the existence of the periodicity itself, being rather insensitive to the specific type of modulation (modulation of the dielectric permittivity [5, 9] or dielectric pillars [6, 12], cylindrical [11] or square [10] holes, relief corrugations [7]). However the type of modulation can influence polarization properties of the periodically modulated film as will be shown in a future paper.

Let a p (T M)-polarized monochromatic wave (time dependence of the form exp(−iωt) is omitted) of magnetic field amplitude, H^i, be incident onto a metal film surrounded by dielectric media with permittivities ε_σ,

762 Ŕĺśĳňă ć ĘİŠŤ šőň 79 ćżŕ. 11 { 12 2004 σ = ±, from the medium with ε_−. Let the dielectric permittivity of the film be periodically modulated along the x direction, ε(x) = ε(x + Λ), and the plane of incidence coincide with the xz plane, see Fig.1. Owing to the symmetry, only the y – component of the magnetic

Fig.1. Geometry of the problem. Nonsymmetric dielectric surrounding of a metal ˛lm. A single SB metal-superstrate ˛rst-order resonance, k1x ≃ K^− is shown. The circles ⊙ show that the magnetic ˛eld is guided along the y axis

field is not zero. Seeking the solution in the form of a Fourier-Floquet expansion and taking into account the radiation conditions, we obtain in the dielectric media H^σ(x, z) = δ_{σ,−}H^i exp(ik_{−|z}z + ik_xx)+ + ∑ n H^σ_n exp[ik_{σ|nz} (z − δ_{σ,+}d) + ik_{nx}x)], k_{nx} = k_x + ng, k_{σ|nz} = σ √ ε_σ k^2 − k^2_{nx}, g = 2π/Λ,

Re, Im {√ ε_σk^2 − k^2_{nx} } ≥ 0, σ = ±, where d is the film thickness and H^σ (x, z) denote field strengths in the media with the dielectric permittivity ε_σ, i.e., for z ≥ d (z ≤ 0) if σ = + (σ = −), respectively.

The solution in the film can be represented as H(x, z) = H^i ∑ n,σ h^σ_n(z) exp[ik_{nx}x + σk̃z] ,

where k̃ = k √ −ε_0, Re k̃ ≥ 0, and ε_0 denotes some mean value of ε(x) with Re ε_0 < 0. For simplicity we will neglect the dependence upon z of the transformation coefficients (TC) h^σ_n(z) here and below. This approximation is equivalent to the one resulting in the impedance (Leontovich) boundary conditions for semi-infinite problems, cf. [15], and takes account of the large dielectric permittivity, |ε(x)| ≫ 1, along with assumption of a small modulation^{2)} , |ε(x) − ε_0| ≪ |ε_0|. Besides, we neglect the impact of bulk modulation on the diffraction, that is the permittivity modulation is taken into account in the boundary conditions only. An analogous model was first applied in paper [17] to explaining the Wood anomalies.

Using continuity of the electric and magnetic field tangential components, we can express the TCs outside the metal, R_m ≡ H^−_m/H^i and T_m ≡ H^+_m/H^i, in terms of the inner TCs, h^σ_m,

R_m = −δ_{n,0} + ∑ σ h^σ_m, T_m = ∑ σ h^σ_m exp(σΦ), (1)

to obtain the following infinite set of linear equations, cf. Ref. [18], ∑ m,σ^′=± D^{σσ′}_{nm} h^{σ′}_m = V^σ_n , σ = ± ,

D^{σσ′}_{nm} = [(β_{σ|n} + σ^′σξ_0)δ_{n,m} + σσ^′~ξ_{n−m}]× ×[δ_{σ,−} + δ_{σ,+} exp(σ^′Φ)], V^σ_n = 2β_{−|0}δ_{n,0}δ_{σ,−}, β_{σ|n} = k_{σ|nz}/kε_σ, Φ = k̃d, ξ(x) ≡ 1/ √ ε(x) = ξ_0 + ∑ n ~ξ_n exp(ingx), ~ξ_0 = 0. By equating to zero the determinant of diagonal in diffraction order 2 – 2 submatrices of the D^{σσ′}_{nm} matrix, ^D_n = ‖Dσσ^′_{nn} ‖, | ^D_n| ≡ d_n = b^+_{|n}b^+_{−|n} exp Φ − b^−_{+|n}b^−_{|n} exp(−Φ),

we obtain the SPP dispersion relation for the nonmodulated film. In case the spatial field harmonics are far away from eigenmodes of the non-modulated film (non-resonance conditions), the coefficients b^{σ′}_{σ|n} are of order of unity, |b^{σ′}_{σ|n}| ≃ |β_{σ|n}| ∼ 1, whence the estimate for the determinant is |d_n| ∼ exp Φ^′. Under the non-resonance conditions, the matrix D^{σσ′}_{nm} is diagonaldominated, that is elements of the off-diagonal submatrices D^{σσ′}_{nm} ∝ ~ξ_{n−m} for m ≠ n, and hence are small as compared with that of the diagonal ones, D^{σσ′}_{nn} . On

2)For an arbitrary film thickness the approximation is certainly valid under the restriction |ε(x) − ε0| ≪ p|ε0|. But this condition, while being sufficient seems to be far from necessary, as it follows from comparison with straightforward numerical calculations, cf. [16]. Evidently, in the limit d → ∞ the validity condition is much less restrictive, |ε(x)−ε0| ≪ |ε0|. Moreover, the structure of the solution obtained is completely analogous to the one for the film with a corrugated relief, see forthcoming papers.

Ŕĺśĳňă ć ĘİŠŤ šőň 79 ćżŕ. 11 { 12 2004 the contrary, under the resonance conditions, the determinant of ^D_n decreases by several orders of magnitude. For thick films, exp(−Φ^′) ≪ 1, and for the determinant to decrease significantly, the condition |b^+_{σ|m}| ≪ 1 or |β_{σ|m}| . |ξ_0| must hold. As for the diffraction problem, β_{σ|m} can posses either purely real or purely imaginary values only; the minimum of |b^+_{σ|m}| (namely, |b^+_{σ|m}|_{min} = ξ^′_0) is achieved for β_{σ|m} = −iξ^{′′}_0 , which yields a SPP dispersion relation for the boundary between the metal and the dielectric half-spaces^{3)}. The magnitude of the determinant at this point is |d_m| ∼ ∼ ξ^′_0 exp Φ^′. Denoting the resonance diffraction orders as r, r^′, etc., and the set of the resonance orders as R, we can write the resonance condition as Im(b^+_{σ|r}) ≃ 0, or in a more explicit form, √ ε_− sin θ + rκ ≃ τK^σ , κ ≡ g/k, τ = ±, K^σ ≡ √ ε_σ + ε^2_σξ^{′′}_0^2 ≃ √ ε_σ, exp(−Φ^′) ≪ 1. (2)

Evidently, equation with τ = +(−) corresponds to the forward (backward) direction of SPP propagation relative to the incident wave; σ = −(+) corresponds to SPP excitation at the metal-superstrate (substrate) interface.

Analogously, the condition |b^{σ′}_{σ|N} | ≫ |ξ_0| defines the nonresonance subset of diffraction orders, N , where the integers, belonging to N , are denoted as, N, M, etc. Accordingly, the matrix ^D is decomposed into four submatrices with resonance (nonresonance) diffraction orders, ^R = ‖Dσσ^′_{rr′} ‖ (^M = ‖Dσσ^′_{NN ′} ‖); and two mixed matrices, ^U = ‖D^{σσ′}_{rN} ‖, and ^L = ‖D^{σσ′}_{Nr}′ ‖. The corresponding right-hand sides have been denoted ^u = ‖V^σ_r ‖ and ^v = ‖V^σ_N ‖. Decomposing the submatrix ^M = ‖D^{σσ′}_{NN} ′ ‖ into a block-diagonal and a nondiagonal matrices, we have ^M = ^A(^1 − ^ν), A^{σσ′}_{NM} = δ_{N,M} D^{σσ′}_{NN} , ^ν = O(~ξ), where the norm of the matrix ^ν is small as its elements are proportional to the small modulation amplitude, ^ν ∼ ~ξ. Then ^M^{−1} = ∑_∞ s=0 ^ν^s ^A^{−1}. As a result, we can solve the nonresonance subsystem for h^σ_N , N ∈ N , in an explicit form as ‖h^σ_N ‖ = ^M^{−1} ( ^v − ^L ‖h^σ_r ‖ ) , and represent the resonance subsystem as ∑ r^′,σ^′ ~D^{σσ′}_{rr′} h^{σ′}_{r′} = ~V^σ_r , r, r^′ ∈ R , (3)

where ‖ ~D^{σσ′}_{rr}′ ‖ ≡ ^R − ^U ^M^{−1} ^L, ‖ ~V^σ_r ‖ ≡ ^u − ^U ^M^{−1}^v. 3)For thin films the dispersion relation changes essentially. If ε+ = ε_− and |Φ| ≪ 1, there are two very distinct resonance points, βr ≃ −2iξ^{′′}0 /Φ^′ and βr ≃ −iξ^{′′}0 Φ^′/2, see Ref. [19].

For further analytical treatment we will consider this solution in the main approximation, taking into account the terms linear in ~ξ, in ~V^σ_r and quadratic terms in ~Dσσ^′_{rr′} . In this approximation it is sufficient to restrict the analysis by the zeroth order term in the series expansion ^M^{−1} = ^A^{−1} + O(~ξ). Then ~D^{σσ′}_{rr′} = D^{σσ′}_{rr′} + σ^′ ∑ N ~ξ_{r−N} ~ξ_{N−r′} d^{−1}_N [q^{σ−}_N − q^{σ+}_N e^{σ′Φ}],

~V^σ_r = 2β_{−|0} ( δ_{r,0}δ_{σ,−} − ~ξ_rd^{−1}_0 q^{σ−}_0 ) , (4) q^{σσ′}_N = δ_{σ,σ}′ [b^+_{σ|N} e^Φ + b^−_{σ|N} e^{−Φ}] − 2δ_{σ,σ}′ β_{σ|N} . Here σ = −σ, δ_{σ,σ}′ = 1 − δ_{σ,σ}′ . All the external TCs of Eq. (1) are expressed in terms of the inner TCs with resonance indices, h^σ_r . Thus, the solution of the resonance diffraction problem reduces to that of the resonance subsystem, Eq. (3). For instance, in the main approximation,

T_N = δ_{N,0}T^F_0 − ∑ r,σ,σ^′ σσ^′d^{−1}_N × × [ b^σ_{−|N} exp[(σ^′ + σ)Φ] + b^σ_{+|N} ] ~ξ_{N−r}h^{σ′}_r , R_N = δ_{N,0}R^F_0 − ∑ r,σ,σ^′ σσ^′d^{−1}_N × × [ b^σ_{−|N} exp(σ^′Φ) + b^σ_{+|N} exp(σΦ) ] ~ξ_{N−r}h^{σ′}_r ,

(5)

where R^F_0 and T^F_0 are the well-known transmittance and reflectivity coefficients corresponding to the nonmodulated film.

The energy flux in the dielectrics is determined by the energy TCs, giving a ratio of the z- components of the corresponding Poynting vectors to that of the incident wave,

ρ_m = |R_m|^2 · Re(β_{−|m}) β_{−|0} , τ_m = |T_m|^2 ·

Re(β_{+|m}) β_{−|0} . When considering the simplest resonance (|d_r| ≪ ≪ 1 for the unique number r, in view of the condition |b^+_{σ|r}| ≪ 1 for one or simultaneously both values of σ, the latter can hold for ε_− = ε_+) the resonance subsystem, (3), includes two equations for two main Fourier field amplitudes, h^+_r and h^−_r . The solution presented permits easy numerical calculations for films of arbitrary thicknesses, but to achieve a better insight into the problem and having comparison with the experiment in mind, we concentrate on the results for thick films, exp(−Φ^′) ≪ 1. In the framework of the approximation (4) we obtain from Eq. (3) h^σ_r ≃ 2σ~ξ_r ~d_r [ δ_{σ,−}~β_{+|r} + ( b^σ_{+|r} + 2β_{−|r} ) e^{−2Φ} ] , (6)

Ŕĺśĳňă ć ĘİŠŤ šőň 79 ćżŕ. 11 { 12 2004 where ~d_r ≡ ~β_{+|r} ~β_{−|r} − b^−_{+|r}b^−_{|r}e^{−2Φ}, ~β_{σ|r} ≡ β_{σ|r} + ξ_0 + ∑ N a_{r−N} b^+_{σ|N} , a_m ≡ −~ξ_m~ξ_{−m} . (7)

Assuming absorption to be small, ξ^′_0 ≪ |ξ^{′′}_0 |, we restrict ourselves to modulation of the imaginary part of ξ only. Then a_m = |~ξ_m|^2. The denominator, ~d_r, retains contributions of first-order resonance-to-nonresonance scattering processes and vice versa. The processes involving inhomogeneous waves result mainly in a shift of the resonance, while those involving homogeneous ones give rise to the widening. Also, consider the TC for the rth diffraction order. As will be seen below, it may be of great interest for the SB resonance, since with ε_+ ≠ ε_− the corresponding Fourier field component may represent an outgoing wave in one of the half-spaces. Using Eqs. (6) and (1), and considering a quasi-harmonic modulation, |~ξ_N |^≪∼ |~ξ_{±r}|, we have T_r ≃ 2~ξ_r ~d_r [ ~β_{+|r} + b^+_{|r} + 2β_{−|r}+

+ ( b^−_{+|r} + 2β_{−|r} ) e^{−2Φ} ] e^{−Φ}. The specular coefficients can be simplified as

ΔR_0 ≃ − 2a_r β_{−|0}~d_r [ ~β_{+|r} + (4β_{−|r} + 2β_{+|r}) e^{−2Φ} ] , ΔT_0 ≃ a_r ξ_0~d_r ( β_{−|r} + ξ_0 + β_{+|r} ) , (8)

where ΔR_0 ≡ (R_0 −R^F_0 )/R^F_0 and ΔT_0 ≡ (T_0 −T^F_0 )/T^F_0 . We neglect ξ_0 in comparison with β_{σ|0}, which is valid for not too grazing incidence.

Let examine an essentially nonsymmetric situation, where the resonance condition is fulfilled for a sole number r and a fixed sign of σ, |β_{σ|r}| ≪ 1, i. e. a SPP mode is excited at the one of metal-dielectric interfaces. While being the simplest example of SPP excitation, it may provide a very non-trivial light transmission. We choose the case of the metal-superstrate resonance, σ = −. Estimating the values |β_{σ|r}| in the resonance vicinity as |β_{−|r}| ≃ |ξ_0| and |β_{+|r}| ≃ 1 (see the discussion above Eq. (2)), we have for the minimal magnitude of the denominator ~d_r

|~d_r|_{min} ≃ ξ^′_0 + a_r + O(e^{−2Φ′} ). (9)

Then Eq. (7) results in |ΔT_0| ∼ a_r |ξ_0|(ξ^′_0 + a_r)

. |ΔT_0|

increases with an increase of a_r to become of order one for the modulation amplitude a_r ∼ ξ^′_0|ξ_0|. The zerothorder transmittance exhibits a saturation for a_r^≫∼ ξ^′_0, see Fig.2, at the level |T_0|_{max} ∼ |ξ_0|^{−1}|T^F_0 |, being enhanced by the factor |ξ_0|^{−1} as compared with |T^F_0 | ≃ 4|ξ_0| exp(−Φ^′) ≪ 1. The maximal zeroth-order transmittance τ_0 at Φ^′ = 3 (three skin-depths) is about several percent (for |ξ_0| ≃ 0.1), while in the experiment of Ebbesen et al. the maximal transmittance was about several percent for Φ^′ = 7. Such an increase apparently may be due to different reasons: first, it is evident that the validity of all above formulas is restricted by the smallness of the modulation amplitude, and therefore we cannot suggest a rigorous estimate of the effect for hole array. Second, while measuring the transmitted light intensity in the experiment, the detector could fully register not only the zeroth-order channel, but other homogeneous outgoing channels as well (the details concerning position of the detector have not been reported, in spite of this being an essential point, hence we cannot make a positive judgement). Note that in spite of the low transmittance, the reflectivity may have deep resonance minima, and they appear to be better pronounced in the case of SPP excitation at the front surface (σ = −) than at the back (σ = +) which follows directly from Eq. (8) for |β_{−|r}| ≪ 1 and |β_{+|r}| ≪ 1, respectively, cf. also [8].

The transmittance can be increased in two possible ways. One is to adjust the parameters so that excitation of a DB SPP should exist, see below. The other relates to the specific case when the diffraction order of a SPP excited at one of the interfaces corresponds to a propagating wave in the opposite-side dielectric half-space, and we arrive at “nonzeroth-order, plasmon enhanced light transmittance”. Consider the latter case in some detail.

Let a light wave be incident from the dielectric of lower optical density, ε_− < ε_+, and the diffraction order r correspond both to the homogeneous outgoing wave in the substrate and the SB SPP on the front interface, see Fig.1 for r = 1. In Fig.2 the ρ_0 minima and τ_1, τ_0 maxima correspond to excitation of a SPP; τ_0 possesses typical Fano profile. The rth-order transmitted wave becomes the principal channel for light tunneling, resulting in T_r ≃ 4~ξ_r exp(−Φ)/ [ ~β_{−|r} + 2ξ_0 exp(−2Φ) ] . Since ~β_{−|r} includes a term proportional to |~ξ_r|^2, there exists an optimal modulation depth, a_r = a_{opt} ∼ ξ^′_0, corresponding to the highest transmittance (see Fig.3): τ_r|_{max} ∼ ξ^′_0^{−1} exp(−2Φ^′) exceeds the maximum value of τ_0 by the factor ξ^′_0^{−1}. This value of a_r differs only weakly from that corresponding to a totaly suppressed specular reflection for the case of diffraction at the interface between the metal and dielectric half-spaces, see [20]. This result is universal for different metals if we renormalize the modulation amplitude using its charac-

Ŕĺśĳňă ć ĘİŠŤ šőň 79 ćżŕ. 11 { 12 2004

Fig.2. A single nonsymmetric metal-superstrate SB resonance for a sinusoidal grating. Dependences of homogeneous wave TCs on the angle of incidence, ´θ = θ−θi, θi = 60^∘, for incidence from air onto an Ag ˛lm on the quartz substrate, ε+ = 2.31. Wavelength λ = 1.06 μm (ξ0 = −0.133i+0.00071), spacing ~ = 7.41 μm (κ = 0.143), ˛lm thickness d is shown in skin-depths,

e_{ξ±1 = 1.53i}p_ξ′_{0. The arrows in τ0 and ρ0 indicate the Rayleigh anomalies (branchpoints β−|1 = 0)}

teristic value, √ ξ^′_0, so that w = |~ξ_r|/ √ ξ^′_0 and w_{opt} ∼ 1.

A close-to-total light transmittance, τ_r ∼ 1, takes place for film thicknesses of order Φ^′ ∼ |ln ξ^′_0| /2, see Fig.3.

A strong nonzeroth-order anomalous transmittance also can occur under the condition that the zeroth-order wave in the substrate is inhomogeneous (ε_− > ε_+, cf. Kretshmann geometry, [19]). Then for such an angle of incidence with which the zeroth diffraction order corresponds to SPP excitation on the far interface, √ ε_− sin θ ≃ K^+, the Nth order diffracted waves with | √ ε_− sin θ + Nκ| < √ ε_+, N < 0, κ < 2 √ ε_+ are homogeneous ones. The corresponding TCs can become of the same order as the τ_r of the previous case. Besides, for a long-spacing nonharmonic grating, κ < √ ε_+, the transmitted energy flux is redistributed between these diffraction orders in accordance with the Fourier spectrum of the grating. The first observation of this effect (in the simplest case and for a dielectric grating deposited on the metal film) was reported in paper [12].

Let us briefly discuss more complicated SPP resonances. Along with the resonances related to the excitation of one SPP, double and fourfold resonances can occur under some specific conditions, which result in complex spectral and angular dependencies and in additional enhancement of the transmittance peaks (reflectance dips). Recall that for given values of ε_σ, the period Λ, the resonance condition of Eq. (2) defines a resonance curve in the λ−θ (vacuum wavelength and angle of incidence) in the region − √ ε_− < K^σ−τrκ < √ ε_−, which is enumerated by three numbers, σ, τ and the integer r. Then for a fixed θ (and a fixed period) there is a specific value of the wavelength and vice versa, for a fixed λ there is a specific value of angle of incidence corresponding to SPP excitation. In the generic case these curves corresponding to different values of r and σ do not intersect. Then we arrive at a single SB resonance (SBS).

Under specific conditions different resonance curves may intersect. An intersection of two curves specify the values of κ and θ corresponding to a double resonance. If these curves correspond to equal σ (and two different resonance orders, r^′ ≠ r), then a simultaneous excitation of two SPPs on one of the interfaces holds. These SPPs are coupled due to the periodicity, and we arrive at a double SB resonance (SBD). SBDs do not essentially enhance the peak transmittance magnitudes (reflection minima) as compared with the single resonance, however result in complex wavelength and angle of incidence dependencies. Specifically, the interresonance modulation amplitude, ~ξ_{r−r}′ , can strongly effect the resonance behavior even for small magnitudes of order & ξ^′_0 (cf. Ref. [20], where a comprehensive examination of such resonances is performed for diffraction on metal-dielectric interfaces). Note that for symmetric film surroundings, ε_+ = ε_−, we arrive at the fourfold resonance.^{4)}

An essential enhancement of the transmittance can be achieved during simultaneous excitation of SPPs on both interfaces, coupled due to the finite film thickness, i.e., when a double DB resonance (DBD) occurs. This corresponds to the intersection of two curves with different σ. Eqs. (6)–(8) describe the symmetric DBD as well, and the transmittance enhancement is caused by the fact that the minimal magnitude of the resonance

4)The fourfold DB resonance (DBF) can also exist under the condition that the ratio of the refraction indices of the surrounding dielectrics (or, more exactly, the values of K+ and K^−) is equal to that of two integers resulting in simultaneous intersection of four resonance curves. Note that the threefold resonance is impossible.

Ŕĺśĳňă ć ĘİŠŤ šőň 79 ćżŕ. 11 { 12 2004

Fig.3. Modulation amplitude and ˛lm thickness dependencies of the transmittance and re‚ectivity (for d = 2, in terms of skin-depths δ = (k|ξ^{′′}_0 |)^{−1}, and for w = 1.53,

e_{ξ±1 = iw}p_ξ′_{0), corresponding to a nonsymmetric, single}

metal-superstrate SB resonance. The angle of incidence is θ = 60^∘, other parameters are the same as in Fig.2

denominator, ~d_r, is squared in comparison with Eq. (9) while the nominator does not decrease like in the case of a SBD resonance. The greatest relative change of the zeroth-order transmittance is of order |ΔT_0| ∼ ∼ |~ξ_r|^2/|~d_r|_{min} ∼ |~ξ_r |^2(ξ^′_0 +|~ξ_r|^2 +. . . )^{−2}. Therefore, the zeroth-order transmittance (along with reflectance and absorbance) anomalies are expressed much stronger for the DB resonances. This fact is in agreement with experimental data and numerical calculations for normal incidence, cf. Refs. [13, 6]. The detailed analysis (to be published elsewhere) for this specific case is in agreement with results for harmonic modulation presented in the theoretical paper [9] (up to the shift of the resonance peak and dip positions due to scattering processes involving second order inhomogeneous diffracted waves, which we take into account).

The approach developed allows a natural generalization to 2D periodic structures, cf. [21] for the halfspace problem. The main difference consists in the fact that we have to appeal to a 2D Fourier expansion, ~ξ(r) = ∑ n1,n2 ~ξn1n2 exp[(in1g1 +in1g1)r], ~ξ00 = 0,

where r = (x, y) and g_1, g_2 are reciprocal vectors relating to minimum translations of the reciprocal lattice. Similar changes need to be performed for the Fourier- Floquet expansion of the electromagnetic field. Consequently, a resonance enhancement of the transmittance can be caused by excitation of a SPP in any diffraction order, now numbered by a pair of integers (r_1, r_2). The approximate resonance condition reads as |k_t + r_1g_1 + r_2g_2| ≃ K^±, where k_t is the tangential component of the wave vector of the incident wave, |k_t| = k^− sin θ = ωc^{−1} √ ε_− sin θ.^{5)} The resonance contribution to the TCs depends on the incident polarization and orientation of the SPP excited. Specifically, it depends on the angle φ between the SPP propagation direction relative to the incident plane. No data on the polarization of the incident and transmitted light are given in the majority of experimental works (like the information concerning orientation of the incidence plane), exceptions are Refs. [14, 22]^{6)}. Therefore, in the generic geometry we can obtain a nontrivial transformation of the polarization of the zeroth-order transmitted wave, similar to that discussed for the resonance reflection, cf. [23, 24]. Simple estimates for the magnitudes of these coefficients are analogous to that presented above for the 1D grating.

We have shown that the principal point for the light tunneling enhancement is the existence of well-defined surface modes (SPPs) at the interfaces. A great effect can be caused both by the zeroth-order transmittance (which has been observed experimentally and discussed theoretically) and other diffraction orders as well. The latter may exceed the zeroth-order transmittance, τ_0, by factors about ξ^′_0^{−1} in case of SB resonance, while both zeroth- and nonzeroth-order transmittances under DB resonance diffraction on nonharmonic grating may be comparable.

5)In the majority of experimental works devoted to the problem, the double periodicity is realized by square hole arrays (i.e.,

(g1 · g2) = 0, g1 = g2).

6)Simple calculations show that the zeroth-order TC angle dependence with (without) change of polarization can be approximated to sin 2φ (cos2 φ) for the impedance modulation. For the relief modulation it is necessary to change the angle φ to ψ, where ψ is the angle between the incident plane and the vector r1g1 +r2g2.

Ŕĺśĳňă ć ĘİŠŤ šőň 79 ćżŕ. 11 { 12 2004

The analytical approach has allowed us to perform a transparent analytical treatment and identify the role of different parameters. It shows as trivialities some results which seem non-trivial within other approaches. While the modulation is supposed to be small, it is in a sense arbitrary (defined by an arbitrary Fourier expansion), in contrast to numerical calculations where the spectral composition of modulation is fixed.

1. R. Petit, Electromagnetic theory of gratings, Springer- Verlag, Berlin Heidelberg, 1980.

2. V. M. Agranovich and A. A. Maradudin, Surface Polaritons, Nauka, Moscow, 1985.

3. E. Popov and E. G. Loewen, Diffraction gratings and applications, Marcel Dekker Inc., N. Y., Basel, Hong Kong, 1997.

4. T. W. Ebbesen, H. J. Lezec, H. F. Ghaemi et al., Nature 391, 667 (1998).

5. S. A. Darmanyan and A. V. Zayats, Phys. Rev. B67, 035424 (2003).

6. N. Bonod, S. Enoch, L. Li et al., Opt. Expr. 424, 428 (2003).

7. U. Schr-oter and D. Heitman, Phys. Rev. B60, 4992 (1999).

8. M. Sarrazin, arXiv: physics/0401025 v1 (2004). 9. A. M. Dykhe, A. K. Sarychev, and V. M. Shalaev, Phys.

Rev. B67, 195402 (2003).

10. E. Popov, N. Nevi„ere, S. Enoch et al., Phys. Rev. B62, N 23 16100 (2000).

11. M. Sarrazin, J.-P. Vigneron, and J.-M. Vigoureux, Phys.

Rev. B67, 085415 (2003).

12. S. Park, G. Lee, S. H. Song et al., Opt. Lett. 28, 1870 (2003).

13. A. Krishnan, T. Thio, T. J. Kim et al., Opt. Com. 200, 1 (2001).

14. W. L. Barnes, W. A. Murray, J. Dintinger et al., Phys.

Rev. Lett. 92, 107401 (2004).

15. L. D. Landau and E. M. Lifshits, Electrodynamics of continuous media, Nauka, Moscow, 1982.

16. A. V. Kats and Y. A. Bludov, Proc. SPIE 5221, 207 (2003).

17. A. Hessel and A. A. Oliner, Appl. Opt. 4, 1275 (1965). 18. A. V. Kats, Proc. SPIE 4438, 157 (2001). 19. H. Raether, Surface plasmons, Springer-Verlag, 1988. 20. A. V. Kats and N. A. Balakhonova, Proc. SPIE 5184, 190 (2003).

21. A. V. Kats and A. Y. Nikitin, Proc. SPIE 5221, 218 (2003).

22. E. Altwisher, M. P. van Exter, and J. P. Woerdman, arXiv: physics/0208033 v1 (2002).

23. G. P. Bryan{Brown, J. R. Sambles, and M. C. Hutley, J.

Mod. Optics 37, 1227 (1990).

24. A. V. Kats and I. S. Spevak, Phys. Rev. B65, 195406 (2002).

Ŕĺśĳňă ć ĘİŠŤ šőň 79 ćżŕ. 11 { 12 2004