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The resonant behavior of linear birefringence and linear dichroism spectra is found in anisotropic optical
metamaterials made of noble metal thin films with stripes and rectangular hole nanoapertures forming one-
or two-dimensional subwavelength gratings. Differences in effective refractive index and extinction coeffi-
cient for linearly polarized eigenstates are increased in spectral range of resonances of local and surface plas-
mon-polaritons at the normal incidence and reach the values of An = 2.5 and Ak = 2.75, respectively.
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Development of nanofabrication technology has
led to a vast variety of new tasks concerning optical
effects in metamaterials. Optical metamaterials are
produced from bulk media or thin films by litho-
graphic methods which imply spatial structuring on
the scale of tens of nanometers. This gives rise to opti-
cal properties absent in the initial material. Negative
refractive index [1, 2], spatial localization of light in
complex planar waveguides based on plasmonic crys-
tals [3], optical resolution exceeding the diffraction
limit [4, 5] were observed recently in optical metama-
terials. Noble metals are a common basis for the most
of the optical metamaterials and these effects are usu-
ally being associated with excitation of surface plas-
mon-polaritons (SPP) at metal-dielectric interfaces.
Planar metamaterials based on thin metal films are
significantly easier to manufacture than three-dimen-
sional ones and they also manifest resonant optical
response leading to various effects in optical range. Ifa
periodic array of subwavelength holes is created in a
metal film with thickness of several skin layers, the
effect of extraordinary optical transmission is
observed—the transmitted electromagnetic wave
intensity is drastically enhanced at surface plasmon
resonance wavelength with comparison to off-reso-
nance frequencies [6]. The intensity of such a wave can
reach tens of percent of the incident-wave intensity.

Metamaterials with anisotropic nanostructuring
such as arrays of rectangular nanoholes [7], elliptical
holes [8] or holes of a more complex shape [9] are
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capable of changing the polarization state of transmit-
ted or reflected light. For example, strong influence of
the shape of nanoholes on the transmission spectrum
of linearly polarized light was observed [7, 10]. The
measurement of the Stokes parameters of light trans-
mitted through the anisotropic metamaterial indicates
a high phase delay introduced to one of the polariza-
tion eigenmodes of the metamaterial [11]. However,
the role of local and surface plasmon-polaritons in
mechanisms of optical anisotropy of metamaterials
has not been established yet since it requires the study
of polarization conversion in a broad spectral range.

In this paper mechanisms of resonant enhance-
ment of polarization effects—Ilinear birefringence and
linear dichroism—are systematically studied in aniso-
tropic planar optical metamaterials made of submi-
cron noble metal films. The role of plasmon excita-
tions in polarization conversion by anisotropic
metamaterials is clarified.

Samples of anisotropic metamaterials were fabri-
cated from thin silver and gold films thermally evapo-
rated onto fused silica substrates. Sample 1 was a silver
film of 150 nm thickness with an array of rectangular
apertures made by ion-beam lithography. Holes of
100 x 300 nm size formed a square lattice with a period
of 400 nm (Fig. 1a), the size of nanostructured area
was 100 x 100 um. Sample 2 was fabricated using elec-
tron beam lithography and consisted of array of gold
stripes 130 nm in width and 30 nm in thickness with a
period of 330 nm. Total size of nanostructured area
was 30 x 30 um (Fig. 1b). Both samples possessed the
second-order rotational symmetry with axis perpen-
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Fig. 1. (a) Scanning electron microscope image of silver
film perforated with array of rectangular apertures (sam-
ple 1). The apertures have lateral size of 100 x 300 nm and
are packed in a square lattice with 400 nm period.
(b) Atomic force microscope image of the golden stripes
array (sample 2). The array has a period of 330 nm with
stripe width of 130 nm. (¢) Schematic of polarization con-
version in anisotropic metamaterial.

dicular to the plane of the sample. As linearly polar-
ized light passes through an anisotropic metamaterial
it becomes elliptically polarized with the ratio of axes
€. Major axis of the ellipse is rotated by angle ¢ rela-
tive to the direction of the polarization of the incident
light as is schematically shown in Fig. 1c. Such polar-
ization conversion corresponds to an anisotropic
absorptive medium with differences in effective refrac-
tive index An and extinction coefficient Ak for ordi-
nary and extraordinary rays.

Parameters of visible light transmitted through the
samples of metamaterials were determined by
microspectroscopy of transmission coefficient. The
setup is capable of measurement of linearly polarized
light transmission spectra providing signal detection
from a sample area of 30 x 30 pm with the control of
the rotation and ellipticity of transmitted light polar-
ization in the wavelength range from 400 to 750 nm
with an accuracy of 0.5°.

Figure 2 shows transmission spectra of anisotropic
metamaterial samples for different orientations of the
incident radiation polarization obtained without ana-
lyzer. Spectra 1 and 3 correspond to the polarization of
incident light along the stripes and along the major
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Fig. 2. Linearly polarized light transmission spectra of
anisotropic metamaterials at normal incidence. The inset
shows the geometry of the experiment, where the arrows
indicate the polarization orientation.

axis of rectangular nanoholes, respectively, and do not
contain any resonances in the visible and near-IR
bands. Spectrum 2 obtained for polarization orthogo-
nal to the stripes of sample 2 demonstrates a resonance
at A = 585 nm with a width of 80 nm. The ratio of
transmission coefficients for orthogonal linear polar-
ized states at this wavelength is approximately 2.4.
Spectra 7 and 2 intersect at A = 670 nm indicating the
absence of linear dichroism at this wavelength. Spec-
trum 4 obtained for the orientation of light polariza-
tion parallel to the minor axis of rectangular nano-
holes increases with wavelength and has two local
maxima of transmittance at wavelengths of 580 nm
and 640 nm. Spectra 3 and 4 intersect at A = 620 nm
providing zero linear dichroism.

Optical response of sample 2 can be considered as
polarization-sensitive response of long nanorods with
elliptical cross-section. The polarizability of a single
rod with subwavelength cross-section is given as o o
(L(e(L) — &) + €)', where the polarization is ori-
ented along the major axis of the cross-section, &
stands for rod material permittivity, g, stands for sur-
rounding medium permittivity and L is a form-factor,
which depends on geometrical parameters of rod
cross-section [12]. For axes ratio of 30 nm : 130 nm
one can get L = 0.19 and a o (¢(A) + 4.3g))7". As
€(A) = —4.3g, resonant response of the rod and extinc-
tion enhancement related to local plasmon resonance
are observed. Variation of g, from 1 (air) to 2.4 (quartz
substrate) results in spectral shift of resonant wave-
length from 520 nm to 660 nm that explains the
extinction maximum spectral position in Fig. 2. Such
resonance is absent for orthogonal polarization state
because local plasmons are weakly excited.
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Peculiarities observed in transmission spectra of
sample 1 are caused by excitation of SPP modes of dif-
ferent nature. As light is diffracted along the surface of
the grating SPPs are excited at metal-dielectric inter-
face. In this case the wavelength of SPP resonance
excitation is given as

oY)

_ 2_11 1 €€
()] a,

—5
2 aNE+
Jit P NET B

where € and g, are the permittivities of metal and
dielectric surrounding, respectively, i andj are integers
and q, is grating period [6]. For sample 1 resonances
with low values of i andj exist in visible and UV regions

at k?,,o) = 525 nm, X?,,O) = 440 nm, and 7“?1,1) =

415 nm and Kfl’ 1y = 365 nm (indices g and a corre-

spond to silver-quartz and silver-air interfaces, respec-
tively). Resonant wavelength depends strongly on the
hole configuration, namely, the increase of axes ratio
causes the redshift of resonances [13]. The reason for
such a shift is existence of another type of plasmonic
modes in metamaterials, so-called localized plas-
monic modes [14]. The energy of a localized mode is
concentrated inside aperture and transferred from
SPPs scattered by the aperture. The wavelength of the
first localized mode represents the cut-off wavelength
A. of the aperture and it is the longest wavelength
which light can possess to effectively pass through the
hole. The wavelength A, is redshifted if the shape of the
aperture is changed from square to rectangular one
[15]. The cut-off wavelength for sample 1 is located in
IR region and equals to A, = 890 nm for light polarized
perpendicular to the major axis of the hole. The com-
bination of propagating and localized SPP excitations
defines the following picture of the transmission spec-
trum: the (1, 0) g-maximum is redshifted into the
near-IR region, while all other maxima are shifted
into the visible. The cut-off wavelength for the light
with orthogonal polarization state is A, = 390 nm
which explains the monotonic decay of the transmit-
tance spectrum with the increase of the wavelength.

Output polarization state parameters such as ellip-
ticity ‘€(y) and rotation angle ¢(y) were measured as
functions of the azimuth angle y for determination of
birefringence and dichroism. Typical dependences for
samples 1 and 2 are presented in Fig. 3 for wavelengths
of 640 nm and 585 nm which are central wavelengths
of resonant peculiarities for samples 1 and 2, respec-
tively.

Depolarization of transmitted light was defined for
sample 1 at L = 625 nm by placing a quarter-wave plate
in front of the analyzer in such a way that the variation
of light intensity / coming out from analyzer was max-
imal on the full range of the analyzer angle. Ratio
I.../1..x is defined to be approximately 0.2 €? for
every y value. Depolarization is most likely caused by
the high value of numerical aperture of the illuminat-
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Fig. 3. (Top) The rotation angle ¢ of the polarization
ellipse and (bottom) the ellipticity ‘€ of light transmitted
through anisotropic optical metamaterial samples versus
the azimuth angle y. Experimental data are shown (open
circles) for sample 1 at AL = 640 nm and (closed circles) for
sample 2 at A = 585 nm. The solid curves show the fit of the
experimental data with Eq. (6) with An + 1Ak = 1.3 + 0.61
and An + 1Ak = 1.4 + 2.71. For comparison, the depen-
dences ¢(y) and é(y) for the quarter-wave plate are
shown by the dotted lines.

ing system which causes the presence of different spa-
tial Fourier-harmonics in incident light beam having
different polarization-sensitive cross-sections [16].

The €(y) and ¢@(y) dependences demonstrate
presence of two incident light polarization states with
v = 0°, 90° which are conserved upon propagation
through the samples. These directions correspond to
E-field parallel and perpendicular to the optical axes
of the metamaterials. Taking the Oy axis coincides
with the optical axis as is shown in Fig. 1¢, normalized
initial polarization state vector can be written as

siny
Py = { coswj' 2)

The linear birefringence of the medium causes the
phase delay A¢ between the E, and E, components of
the electric field E proportional to the refractive index
difference n, — n,. Linear dichroism of the medium
changing the E,/E| relation and is characterized by Ay,
proportional to the extinction coefficient difference.
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Fig. 4. Spectra of complex birefringence (closed circles) An
and (open circles) Ak for samples (left) 1 and (right) 2. The
arrows indicate the maxima and minima of Ax depen-
dences and corresponding inflection points of An depen-
dences.

The output polarization state vector is written as fol-

lows:
P= 1({ siny elAH"J, 3)
cosy
where
Ad = 2%1&1, Ay = 2%1AK, (4)

K is a constant accounting for absorption and reflec-
tion and it does not affect the polarization state and d
is metamaterial thickness. Polarization vector circum-
scribes an ellipse whose FE-field absolute value is
described by the following expressions:

|E(1) = JEXD) + Ex()

= Je_2AXsin2wcosz(A¢ +1)+ cos2\|/cos2t.

(&)

Light ellipticity and polarization plane rotation are
equal to
Eoin
%(W) — | min ,
|Emax|

ReE (Tma)
ReEy(tmax)

cos(Ao + tmax)) v

COSZ 0y

o(y) = arctan 6)

= arctan(eiAxtan\v ,
where |E,,;,| and |E,,,,| are minimal and maximal val-
ues of electric field in Eq. (5), 7, stands for the time
moment at which the absolute value of the E-field
reaches its maximum. Birefringence and dichroism
magnitudes are defined by fitting the experimental
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dependences é(y) and ¢(y) by Eq. (6). Figure 3
shows fitting curves obtained for An + 1Ak = 1.3 + 0.61
at A = 640 nm for sample 1 and An + 1Ak = 1.4 + 2.751
at A = 585 nm for sample 2.

Figure 4 shows dependences An(\) and Ax(L) for
both anisotropic metamaterial samples. An(A) and
Ax()) dependences indicate dichroism maximum as
well as the birefringence increase for sample 2 in the
vicinity of local plasmon resonance at A = 585 nm.
An(\) turns to zero at A = 640 nm corresponding to the
intersection of linear polarized light transmission
spectra in Fig. 2 while An gets saturated and changes
weakly over near-IR range. Birefringence is absent in
the region of A < 520 nm where plasmon propagation
length is less than a wavelength of light. This deter-
mines the importance of a plasmonic excitation in
optical anisotropy of the metamaterial. Similar depen-
dences are observed for sample 1: maxima and minima
of Ak(L) dependence coincide with inflection points
of An()\) dependence.

Refractive index difference reaches the value of
An = 2.5 for sample 2 that is about an order of magni-
tude larger than that for conventional bulk anisotropic
media such as BBO crystal with An = 0.12 in the visi-
ble. The phase shift introduced by metamaterial with
rectangular holes reaches the value of 0.7m at A =
700 nm that corresponds to the value of An = 1.65.
Such a large phase delay is most likely provided by low
group velocity of SPPs in one of the polarization
modes [17]. The phase delay exceeds that of anisotro-
pic nanoparticle arrays by approximately 4 times [18].

In conclusion, plasmonic enhancement of linear
birefringence and dichroism is observed in anisotropic
optical metamaterials made of nanostructured silver
and gold films. Experimental spectra of refractive
index and extinction coefficient differences for ordi-
nary and extraordinary rays demonstrate the enhance-
ment of linear birefringence and dichroism up to An =
2.5 and Ak = 2.75 in the vicinity of local and propagat-
ing surface plasmon resonances. Large phase delays
and polarization-sensitive transmission at submicron
thicknesses allow the effective control of the polariza-
tion state of light at the subwavelength scale by aniso-
tropic plasmonic metamaterials.

This work was supported by the Russian Founda-
tion for Basic Research and the Federal Agency for
Education.
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