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Abstract

We analyze the existence of localized waves in the vicinities of the interface between two dielectrics, provided one of them i
uniaxial and lossy. We found two families of surface waves, one of them approaching the well-known Dyakonov surface wave
(DSWs). In addition, a new family of wave fields exists which are tightly bound to the interface. Although its appearance is clearly
associated with the dissipative character of the anisotropic material, the characteristic propagation length of such surface wa
might surpasses the working wavelength by nearly two orders of magnitude.
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1. Introduction In this paper we perform a thorough analysis of DSWs tak-

) , , ing place in lossy uniaxial metamaterials. Special emphasis is
Surface plasmons (SPs) appear in the disruption surface ?Jut when the fective-medium approach (EMA) induces sat-

isotropic media where the material permittivity changes of Sigr]sfactory results. We examine lossy metamaterials that exhibit
occurring with a metal in contact with a dielecttic [1]. _Th_e rele- josed spatial-dispersion curves, in the same manner that oc-
vance of these surfa<_:e plasmons falls not only uponiits mh_e_rer&hrs with natural birefringent crystals. Contrarily, the intro-
subwavelength localization, but also they enable an amplificag,ction of losses leads to a transformation of the isofrequency
tion of evanescent signals traveling near the surfaces [2]. The%%rves, which deviates from spheres and ellipsoids, as com-
functionalities are being implemented within the lasts years fanonIy considered by ordinary and extraordinary waves, respec-
applications including optical sensing [3], signal filtering [4], ey As a consequence, two families of surface waves are
subdiiraction focusing and subwavelength resolution imaging,ng. One family of surface waves are directly related with the
[5,16,7,8.9]. well-known solutions derived by Dyakonacv [10]. Importantly,

Alternatively, it ha; been theoretically and experimentallywe reveal the existence of a new family of surface waves, which
demonstrated the existence of lossless surface waves at the |E'c|osely connected to the presence of losses in the uniaxial ef-

terface of two diferent transparent dielectrics, provided one of¢g e crystal. The dominantfiision dynamics of the latter
them is anisotropi¢ [10, 11]. In opposition with SPs, this sort ofg | t2 a5 waves is thoroughly examined.

surface waves have the peculiarity of possessing hybrid polar-

ization [12]. The presence of hybrid surface waves with some ! .

parallel characteristics, additionally, may be found replacingz' Theory and configuration

the uniaxial medium by a biaxial crystal [13, 14], an indefinite  We first analyze the dispersion properties of DSWs supported
medium [15, 16], and a structurally chiral material![17, 18]. by a 1D array of semi-infinite layers made of a metal and a di-
The use of structured materials with extreme anisotrdfgred  electric, displaced alternately as shown in Eig. 1(a), whese

an alternative to increase the range of directions of DSWs suljwy) is the width of the metallic (dielectric) layer within a given
stantially, as it is compared with the rather narrow range obunit cell, ande, (e5) represents the dielectric constant of this
served with natural birefringent materials [19] 20]. In partic-material. In the semi-spa@e> 0 we have a lossless dielectric
ular, striking results are attained if the anisotropic structuregnvironment of relative permittivity. An effective medium ap-
include metallic nanoelements, as it occurs for example with @roach based on the long-wavelength approximation is used to
simple metal-dielectric (MD) multilayer, a case where the angucalculate the permittivity of the anisotropic metamaterial along
lar range may surpass half of a right angle [21, 22]. Caused biys optical axise;, that is thex-axis, and the permittivity in its
the specific damping capacity of metals, however, the propagarormal direction,e,. An schematic of the modeled uniaxial
tion length of these DSWs is strongly limited by the penetratiormetamaterial is shown in Fi@l 1(b). Under these conditions,

depth inside the lossy metamaterial [23]. DSWs of propagation constakisw can be observed provided
thate, < e < ¢ [10Q].
*Corresponding author ~ Form _birefringence in th_e gnisotropic metamaterial is_ es-
Email address: carlos.zapata@uv.es timated in a simple way within the long-wavelength regime
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Figure 1: (a) Schematic arrangement under study, congisfira multilay- 500 0.05 g6 — —
ered metal-dielectric metamateria € 0) and an isotropic lossless medium METAL FILLING FACTOR
(z > 0) of dielectric constant. (b) The dfective anisotropy of the stratified
metamaterial is represented by the on-axis permittijtyand the permittivity
over its perpendicular directior, . A Dyakonov surface wave propagates in
the vicinities of the interface between the isotropic anel difiective uniaxial
medium with propagation constakiisw -

PERMITTIVITY

Figure 2: Hfective permittivitiese; ande, of a SiG;-Ag multilayered meta-
material, atlp = 560 nm, as a function of the metal filling factér In this
simulation we disregard losses in the metamaterial, thatisised Re{) and
Re(,). The shadowed region indicates the range of valuet pfoviding a
necessary condition & e, < € < ¢ for the existence of DSWs, where we
considered = 1 corresponding to air.

that enables an homogenization of the structured metamate-

rial [24,(25]. The EMA demonstrates to be reliable for pho- oo
tonic structures including elements with sizes that araikig

icantly smaller than the wavelength. At infrared and visibl

wavelengths, the skin depth of noble metals is clearly subwa

length and, in this case, material homogenization reqiiats

the metallic units had sizes of a few nanometersi|[26, 27,128].

this case, the superlattice behaves as a uniaxial cryswagevh 05
optical axis is normal to the layers. The model estimates the

relative permittivities along the optical axis,
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Figure 3: Isofrequency curve in the plaek, of the solutions of the Dyakonov
wheref = wn/ (Wg + Wp) is the metal filling factor. If we ne- equation[[B) calculated fof = 2.625,¢ = 1, ande, = 0576, at a wave-

. _ _ : length 1o = 650 nm. We include the dependencexpk,, andxe on the spatial
glect losses by setting i) = 0 and Img, ) = 0, the éfective frequencyky. The spatial spectrum that corresponds to DSWs is bounded by

birefringence of the MD superlattice 1sn = /g — vei. A« — 061% (ke = 0) andky = 0.763¢ (x = 0).
small filling factor of the metallic composite may lead to an
enormous birefringence, as inferred from Fig. 2.

The dfective permittivities of a MD periodic multilayer providing the in-plane wave vectokgky) of the hybrid-
made of silicon dioxidedy = 2.25) and silver &, = —11.7 + polarized surface wave; note that the modulus of such a wave
i0.83 taken from|[29]) at a wavelengtly = 560 nm are dis- Vector is the propagation constdek of the DSW. The elec-
played in Fig[2, showing how they vary for affdirent metal ~tromagnetic fields are evanescent in the isotropic medium, p
filling factor f. For the sake of clarity, we ignored the dissi- portional to exg—«|z), whereky = 2r/1o. On the other side
pative dfects in the uniaxial metamaterial, and here we considof the boundary, the ordinary and extraordinary waves in the
ered the real part af ande, obtained from Eqs[{1) andl(2). In effective uniaxial medium also decay exponentially with rates
this case, these are real and positive permittivities pledvihat ~ given byx, andxe, respectively. To illustrate the characteristic
f < 0.161, in addition leading to positive birefringence. Other-dispersion of DSWs, we solved El (3) for the uniaxial £i0O
wise, the permittivitye, became negative for a higher metal fill- Ag metamaterial described above, where the metal fillintpfac
ing factor. In addition, we considered cases whiete0.0896, f = 0.12, which is covered by air; again we assumed that the
that is uniaxial metamaterials whose perpendicular péwitjt ~ wavelengthlo = 650 nm. In this case, DSWs propagate within
satisfiese, < e enabling the existence of DSWSs; in this numer-2a wide angular regiolg = gmax — ¢min, Wheregp is the po-

ical simulation we considered= 1 corresponding to air. lar angle of the surface wave vectds,(k,). Specifically, we
In Fig.[3 we represent the solutions of the Dyakonov equagstimateAy = 16.3° around a mean angle = 485° (DSWs
tion, namely lying in the first quadrant). The dispersion curve for DSWs is

drawn in Fig[B. As shown in that figuren, is attained un-
(k + ke) (x + ko) (Ko + €1ke) = (€ — €) (€ — €1) kgko, 3) der the conditionc = 0 (green solid line). On the other side



of the dispersion curveymax is determined by, = 0 (brown  spectral domains. The first domain has a spatial bandwidth th
solid line) for which the extraordinary wave ceases to aid® is comprised betweek, = 0.615¢; andky = 0.753,, where

atx — +oo [10,113]. Re(y) takes values from.83%p and 0895, which is in good
correspondence to the DSWs shown in Eig. 3. Interestingly, a
second domain for Dyakonov solutions emerges within a liighe
bandwidth (of the spatial frequenky) ranging from 0220k, to

Metal losses were disregarded in the analysis given abové:748k. This new family of surface waves, here coined as type

3. Simulation results and discussion

In a realistic examination, however, the permittivify of the |l DSWs, turns out to be the main result of our study.
metal is not a real-valued constant, thus leading to a non-
vanishing imaginary part of the permittivitieg ande, of the ; @
metallic compound. The same occurs for the spatial frequen- Auisotropic medivm 023 SOz medin
ciesky andk, that are solutions of E¢[X(3). The following pro-
cedure can be used to find solutions of the Dyakonov equation: L
for a given real-valued spatial frequerigyalong the optic-axis k =0.67k,
of the metamaterial, we calculated the complex-valuedaipat ~ | Re(k)=0.75k, 99 Type I DSWs
frequencies that satisfies Eq[{3). This method is valid pro- =
vided that the excitation of the surface waves, given in o 2 ®)
a plane-wave Fourier expansion, are produced at a plank para g™
lel toy = 0, and that Im,) > 0 [23]. As a result of utilizing —
a lossy uniaxial material, surface waves cannot propagate i o
definitely and DSWSs decay with a propagation length given by L; k =067k,
[24,[30] B Re(k) =0.40 k, Type Il DSWs
-1 B
Losw = [2Im(k)] . (4) m ©
3 |
[ [ k =040k 01
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= I Figure 5: Electric fieldEy|, in arbitrary units, in the vicinities of the interface
\5, z = 0 for Dyakonov-type surface waves propagating at a spagguincy: (a)
:;-\h aak i ky = 0.67ko associated.with the first family_of DSWs, (k) = 0.67ky and (c)
=z | ky = 0.40kg corresponding the the new family of surface waves.
[
ool ] Figure[B depicts the modulus of tieeomponent of the elec-
- 1 tric field, |Ey/, in the vicinities of the interface = O for hybrid-
I ] polarized surface waves propagating at a spatial frequéagy
0.0 L ! L L ky = 0.67 (ky = 0.752+ i0.0847 expressed in units &§) asso-
L 14 ciated with (type I) DSWs, (bjx = 0.67 (k, = 0.397+i0.136)

k_(umits of £} and (c)kx = 0.40 (k, = 0.562+ i0.035) corresponding the the
new family of surface waves (type Il DSWs) that we found in
Figure 4: Dispersion curves for solutions of Dyakonov eiquad) considering ~ OUr study. Thex- and zcomponent of the electric field (not
a lossy metamaterial compound of permittivitigs= 2.625+ i0.005 ande, = shown in the figure) are also localized arouzd=( 0). The
0.576+i0.100 at a wavelengtilp = 560 nm. We observe the existence of two analytical expression of the electric field for type || DSVés i
families of hybrid-polarized surface waves, for which tealrpart ofk, xo, and h h . hat d ib hich
xe has a positive value, as shown in the insets. the same as the expression that describes type | DSWs, whic
can be found for instance in Refs. [12] and|[16]. We observe
In Fig.[4 we represent the spatial frequencylRedf dissipa-  a strong field confinement near the isotropic-anisotrogirin
tive DSWs propagating at fierent on-axis spatial frequencies face in all cases, though type | DSWs present a superior per-
ky over a lossy Si@ Ag metamaterial, where the metal filling formance. This fact can also be inferred from the higher val-
factor f = 0.12. Localization of the wave field in the vicinities ues of the evanescent decay rates calculated for type | ped ty
of the planez = 0 involves that the real part @f ko, andke has || DSWs, which are shown in the insets of Fig. 4. In addi-
a positive value, as shown in the insets of Fig. 4. In prirgipl tion, a modulation on the tail of the evanescent field inside t
no restrictions must be imposed to their imaginary part.[31]lossy anisotropic medium is evident. This is caused by the ex
Physically-realizable solutions of Ed] (3) are given withivo  istence of a non-vanishing imaginary part of the decay rates



andxe; on the contrary such a modulation cannot be observeédcknowledgments

in the isotropic medium since field penetration is perforraed
a single ratec. Finally, the modulation of the field intensity is
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vided that its period is shorter than the penetration depthe XP.
medium, as shown in Figsl 5(b) and (c).
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