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Wavelength dependent birefringence of surface plasmon polaritonic crystals
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A periodic array of elliptical nanoholes in a metal film acts as a thin two-dimensional birefringent crystal
with wavelength dependent orientation of principal polarization eigenstates, the property which is not encoun-
tered in natural crystals. The transmission spectrum of such metallic nanostructures can be controlled in a wide
range by selecting the polarization of incident and transmitted light.
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Optical birefringence and dichroism are well-understoodtopography of the metal surface. Not only the spectrum of
manifestations of the anisotropy of crystalline structuresthe surface plasmon states but also the strength of their cou-
Among 32 three-dimensional crystal point groups, 27 sustaipling to photons is determined by a surface structure.
optical anisotropy: for a given direction of the wave propa- Interactions between photons and surface plasmons are
gation there are two polarization states which are eigenstatessponsible for many exciting and useful optical phenomena
of a crystal? The polarization of eigenstates does notsuch as surface-enhanced Raman scattering and second-
change during propagation in a crystal. Disregarding nonloharmonic generation, enhanced light transmission through
cality, these eigenstates are linear polarizations bound to theeriodically nanostructured metal films, single-photon and
main crystallographic directions. They do not depend on theontrolled photon tunneling, strong polarization-sensitive
frequency of the electromagnetic wave. If one would monitordiffraction and scattering effects on chiral metallic surfaces,
the transmission of linearly polarized light through an ab-transmission of polarization-entangled photons through a
sorptive crystal or a thin slice of it, losses would reach theirmetal film, surface polaritonic crystals, ét¢* These phe-
extremes for the same polarization state, whatever the lightomena are dependent on the properties of surface-plasmon-
wavelength is. related electromagnetic states on smooth or periodically

In this paper we report that a thin metal film with a regu- nanostructured metal films and/or individual metallic nano-
lar square array of elliptical nanoholes acts alike a thin birestructures and include the electromagnetic field confinement
fringent crystal but shows a remarkable difference from natuand enhancement, surface polariton band-gap formation, and
ral crystals: transmission lossésr enhancementthrough  tunnelling via surface plasmon states.
the nanostructure reach their extremes for linear polarization The coupling and mutual transformations between pho-
states which directions resolutely depend on the wavelengthions and surface plasmons are determined by the energy and
This is the effect of fundamental importance for optical elec-momentum conservation laws as well by the vectorial prop-
trodynamics and might reveal itself in other systefagy., erties of the incident electromagnetic field. The polarization
photonic crystals or conventional crystals at x-ray wave-state of light controls the excitation of surface polaritons in
lengthy when a lattice scale is on the order of the light one or another generally nonequivalent directions of the Bril-
wavelength and thus conventional crystal optics, developetbuin zone of the periodic surface structdfedn appropriate
with the assumption that the wavelength is much larger thachoice of the light polarization not only could provide the
the lattice period, cannot be applig@his unique effect un- optimal intensity transmittance through the structure but also
derpins the rich coloring of the structure which is seen incould foster various polarization transformation effects re-
polarized white light. We show that such wavelength depeniated to re-excitation of surface plasmon modes in the struc-
dent orientation of polarization eigenstates of the metallidure and, thus, nonlocality of the nanostructure electromag-
nanostructure can be explained by the interplay between paetic responsé&?
larization dependent resonant coupling of the incident radia- Our experiments demonstrate the polarization properties
tion to the surface plasmon polariton Bloch modes in variouf SPP behavior in the periodic two-dimensio(2D) arrays
directions of the anisotropic Brillouin zone of the periodic of elliptical nanoholes. The transmission of such structure
structure, which depends on the orientation of the linear poexhibits a broad spectrum which depends on the polarization
larization of the incident light with respect to the axes of theof the incident light at normal incidence. This is in striking
array and the main axes of the elliptical holes. contrast to the transmission of a similar square array of cir-

Since light does not penetrate deep into metal, the opticatular holes where the transmission spectrum has well-defined
properties of metallic nanostructures are determined by theesonances and does not depend on the polarization of the
interaction of photons with collective excitations of the con-incident light at normal incidence.Moreover, in the case of
duction electrons close to a metal surface known as surfacéliptical holes, the transmitted light exhibits wavelength de-
plasmong. Different kinds of localized surface plasmon and pendent conversion of the linearly polarized incident radia-
surface plasmon polarito(SPB modes can be considered tion into elliptically polarized transmitted light. This allows
since the collective electron excitations are sensitive to theontrol over the spectral composition of the transmitted light
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. “ FIG. 2. (Color on-line Normal incidence transmission spectra

of the array of elliptical holes for different polarizations of the
incident light without polarization analysis of the transmitted light.
Polarization anglep is measured with respect to tlgeaxis (Fig. 1).
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..‘ .. ® © incident light is rotated relatively to the lattice axes, the
' ’ ) transmission spectra exhibit complex, oscillatory behavior
FIG. 1. (a) The image of the periodic array of elliptical holes in different in different spectral rangeBigs. 2 and 3 For ex-
a gold film. Scale bar is Zm. (b) (Color on-line Schematic of a ample, for the polarization in the direction of a short princi-
square latticépoint basig with some of the equivalent directions of pal axis of the ellipse$é) the transmission band in the long-
SPP excitation corresponding to different directions of the Brillouinwavelength spectral rang€/50—-800 nm is significantly
zone.(c) A unit cell of the lattice with elliptical basis and related suppressed while for the polarization along a long principal
coordinate systems is the angle between polarization direction of axis of the ellipse$#) the transmission at these wavelengths
the incident light and the principai axis of the lattice. is enhanced and is suppressed in the 600-700 spectral range.
The overall shape of the spectra which depends on the po-
through the polarization state of the incident radiation and byarization of the incident light suggests that they consist of
polarization selection of the transmitted light. Such a squarglosely spaced transmission resonances.
array of elliptical holes in a metal film can be considered as The long-wavelength band at around 780 nm has a trans-
a birefringent surface polaritonic crystal. mission minimum for the polarization of light parallel to the
The metallic nanostructures used in this work were fabrishort principal axis of ellipses and the maximum for the
cated in a 40-nm gold film on a glass substrate using ion
beam milling. The structure consists of elliptical holes with 0.4
principal axes ratio of about 2, so that the main axes of the ]
ellipse are 250 and 500 nm, respectiveiyg. 1). The holes
are arranged in a square array of the periodiBity500 nm
so that the main axes of the ellipse are oriented along the
bisector of the lattice axes. Thus, a square lattice with an
elliptical basis is achieved. The overall size of the structure
was 20x 20 um?. The transmission spectra were recorded
using a charge-coupled-devig€CD) spectrograph com-
bined with a long-working-distance optical microscope. Col-
limated white light from tungsten-halogen source passed
through a polarizer was used to illuminate the sample at the
normal incidence. The light transmitted through a nanostruc-
ture passed through the analyzer was coupled to the fiber J
bundle connected to a spectrograph. Polarization mode 0.30 1
scrambling in the fiber bundle ensures that polarization-
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related effects do not influence spectral measurements. 0257
The normal incidence transmission spectra of the struc- 0.20
ture obtained without polarization analysis for different po- 0_15_'
larization of the incident light with respect to the array ori- 20 0 20 40 60 80 100 120 140 160

entation are shown in Fig. 2. For the polarization azimuth of
the incident light parallel to the principal axes of the lattice
and, thus, 45° to the principal axes of ellipses, a continuous F|G. 3. Polarization dependences of transmission at the wave-
“white-light” transmission spectrum is observed which islengths indicated in the panels plotted from the transmission spectra
structureless in the spectral range of 600—700 nm with a@s in Fig. 2. The polarization angl¢ is measured with respect to
broad peak centered at about 520 nm. If polarization of thehey axis (Fig. 1).

Polarization angle ¢ (deg)
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polarization in perpendicular directiaifrig. 3). For shorter In the case of an elliptical basis of the lattice, the situation
wavelengths, the polarization dependences can be shiftad different. The twofold symmetry of the ellipse reduces
with respect to the dependences observed for the 780-neverall symmetry properties of the square array. This can be
transmission by more thanr/4. All polarization depen- understood taking into account different SPP scattering effi-
dences of the transmittance exhibit twofold symmetry of theciencies of an ellipse in differerin-plang directions. In our
square array with an elliptical basis. However, in contrast tésimple model, this results in the mixing of the Bloch states of
natural birefringent crystals, the polarization dependencef® square lattice due an interaction with a basis which has
have wavelength-dependent extrema. This spectral polarizi2Wer symmetry than the symmetry of the square lattice. This

tion effect cannot be explained considering individually po-Will Iefad ftoldthe redfuclgon of the Brigoui? ZO”‘; symmetry
larization properties of a fourfold symmetry square array Orfrom ourfold to twofold symmetry. Therefore, the spectrum

twofold symmetry elliptical holes: a square array in a metaIOf the SPP excitations in the directions, which were degen-

. : - rated in the lattice with a circular basis, will be split. In this
film dogs_not provide any polarlzatlgn depepd_e nces Of. th%ase, there are two symmetry axes related to(£h@) axes
transmission at normal incidence, while an elliptical hole in a

metal film, the same as an elliptical metallic particle hasOf thg e_IIiptica[ basis. Thus, by_co_ntrolling the polarization of
o - ; . ' the incident light the transmission spectrum can be con-
principal opt!cal_axes deter_mmed only bY Its s_hébe&l-_ trolled by excitation or suppression of SPP modes corre-
though polarization conversion effects in diffraction grat'ngssponding to different directions of the Brillouin zone. The
are weII. knovyn. at oblique incidence and the polarizationremoved degeneracy of some of the SPP excitations and mix-
conversion efficiency depends on the wavelength due to varing of the SPP excitations via interaction with the basis result
ous effects including surface plasmon polaritéfiswave- iy the variety of closely spaced resonances and observed
length dependent polarization eigenstates have not been Oauasicontinuous transmission spectrum.
served. o o _ o In a strict physical consideration, the resonances of the
In the case of individual elliptical object/oids in a  system cannot be treated separately related to a basis and a
metal film or metallic particlesin the electrostatic approxi- |attice. Precise treatment of such a system would require the
mation the polarizability is given By ai~(eo=ed/les  introduction of either Wanier functions instead of Bloch
+ni(eo—&5)], Wheree, andes are the dielectric constants of modes or a linear combination of the basis excitations
the object and surroundings, respectively, ands the so- [analogous to the linear combination of atomic orbitals
called depolarization factor depending only on the shape of_LCAQO’s) used in solid-state physit¥ These approaches
the object but not the light wavelength. Thus, such an objecillow an exact treatment of the symmetry properties of a
exhibits anisotropic scattering*~ ;E" with the direction |attice basis. However, we can understand the wavelength
of the polarization eigenstates determined solely by thejependent anisotropy of the structure in a simple model. In-
shape of the objectby n;) and independent of the wave- tuitively, we can consider two types of resonances in the
length of incident lightE". Only the magnitude ofy de-  structure related to the lattice and the elliptical basis itself,
pends on the wavelength. which has two resonances in the direction of the short and
To understand the polarizaton dependences of the ohlong axes of the ellipse. The competition between these reso-
served transmission, the spectrum of surface electromagnetifances, different at different wavelengths corresponding to
excitations of the array of elliptical holes should be consid-different directions of the lattice, results in the observed phe-
ered. At normal incidence, surface plasmon polaritons can bgomenon.
excited on a metallic nanostructure with a square lattice if the |t is interesting to compare the polarization properties of
orientation of the electric field vector of the incident light hasan elliptical hole array in a metal film, which forms a SPP
a component in the direction of SPP propagatit:ksp)  crystal, and an array of metallic elliptical particles. Since the
#0. The spectrum of the excited SPP depends on the melectromagnetic interaction between the elements of the ar-
mentum conservation provided by the diffraction on theray provided by surface polaritons having their own specific
nanostructure: polarization properties is needed to achieve wavelength de-
pendent birefringence, in the case of metallic particles depos-
(1) ited on a glass substrate, this effect is not obsetVaédev-
ertheless, one can expect that in the case of an elliptical
particle array on a metal surface such effect may exist in the
wherekgpis the wave vecto(in the extended Brillouin zone certain frequency range since this system is another realiza-
schemeg of the SPP Bloch wavey, andu, are the unit re- tion of a surface polaritonic crystal with an anisotropic basis
ciprocal lattice vectors of a periodic structui,is its peri-  where polarization dependent coupling between localized
odicity assumed to be the same in batlandy directiong, surface plasmons and SPPs can be achieved.
andp andq are integer numbers corresponding to the differ-  Polarization analysis of the transmission allows us to re-
ent directions of the SPP Brillouin zone. Thus, for the square/eal a set of resonances in the broadband transmission spec-
lattice (fourfold symmetry there are two equivalent direc- tra. Elliptization of the transmitted light state is observed
tions corresponding tb-X (p=0,q#0 andp+#0,g=0) and  related to the coupling between resonant excitations in dif-
I'-M (p=q+#0) directions of the Brillouin zone. However, if ferent directions of the lattice of twofold symmetry. The po-
the SPP propagates not along the symmetry axes of the latrized spectra recorded for the light transmitted without po-
tice, there are four equivalent directions but no eightfoldlarization changes resemble unpolarized transmission spectra
symmetry[Fig. 1(c)]. (Fig. 4). Several resonances can be identified by the different
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g-;_ E—y - @ be tuned at a specific resonant band corresponding to one or

05] —PLA(=0) =+’ another SPP Bloch mode of the system. This allows us to

049 ——y=st tune the dominating wavelength of light transmitted through
§o3] —we the studied nanostructure in a wide spectral range.

In conclusion, we have studied the polarization properties
of the transmission spectra of a periodic array of elliptical

§g'g: —FPliA I holes in a metal film. In contrast to birefringence in natural
8057 —piaw0n) [=% . .

§ 04 - crystals for which the symmetry of the crystal lattice
£ 034 uniquely determines the polarization eigenstates, the wave-

length dependent orientation of the polarization eigenstates
T in such a metallic structure was observed. This unusual effect
700 800 shows that conclusions of conventional crystal optics, which
are reached in the assumption of the light wavelength being
FIG. 4. (Color on-line Spectra of polarized transmission of the much greater than the lattice period, should be reconsidered
array measured for the incident light polarizati@y ¢=0° and(b) for systems for which the wavelength of light is comparable
45°. The spectra of the light transmitted without polarization stateto the lattice period. Reducing the symmetry of the lattice,
change (PIIA), with orthogonal polarizationP LA, ¢=0), and elliptical holes allow us to achieve an enhanced broadband
close to orthogonal polarizatiop=+8 and 15 are shown. transmission through the structure, while the transmission
o _ spectrum can be controlled by choosing polarizations of the
degrees of elliptization at around 750, 650, and 550 nm withncident and/or transmitted light. This effect can find numer-
other possible unresolved resonances present. At the sarg@is applications in optical communications and computing
time the long-wavelength resonance at around 800FiB  \here polarization spectral effects can be important for mul-
2) related to the symmetry axis of the lattice exhibits & verytip|xing and demultiplexing devices. Combined with nonlin-
small degree of elliptization. The elliptization in the trans- ez effects which are significantly enhanced in metallic struc-
mission depends crucially on the polarization of the incidentyres due to surface plasmons, the observed polarization
light. At incident light polarization in the direction of the properties will allow us achieve active optical control for
symmetry axis of the lattice or ) the spectral changes of gppjications in integrated photonic circuits. Polarization ef-
the depolarized light are symmetrical with rotation of thefects are also important for studies of quantum mechanical
analyzer with respect to the crossed orienta{Biy. 4b)l.  processes involving many-body electron systems such as sur-
While for the incident polarizationp=0° along the array face plasmon polaritons in metallic nanostructures.
axis, the similar analyzer rotation results in the nonsymmetri-
cal transmission changes with respect to the clockwise and We are indebted to C. Cassidi for the sputtering thin gold
anticlockwise directions. Thus, by controlling the polariza-films used in these experiments and W. Dickson for help with
tion of the incident and transmitted light, the broadbandthe FIB programs. This work was supported, in part, by
spectrum of the transmission of the elliptical hole array carEPSRC.
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