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Form birefringence metal and its plasmonic anisotropy
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We constructed a uniaxial “form birefringence” metal that exhibits different dielectric
polarizabilities along different optical axes as well as its supported optical anisotropy of surface
plasmon polariton waves. The generated plasmonic index ellipsoid that exists in reciprocal space has
been directly mapped and characterized in our experiment. The discovery of this anisotropic
plasmonic metamaterial further completes analogy between artificial plasmonic metamaterials and
conventional optical crystals, thereby providing opportunities to miniaturize myriad existing optical
devices on-a-chip with plasmonics into nanometers scale. © 2010 American Institute of Physics.
关doi:10.1063/1.3299002兴
Optical anisotropy originates from atomic scale dipole
moments that vary in space depending on the crystal lattice
structure. Consequently, such crystals possess indices of refraction that depend on the crystallographic lattice structure
and in most general case are described in reciprocal space by
an index ellipsoid in three dimensions.1,2 More recently,
space-variant polarizability of isotropic dielectrics has been
achieved by creating a deeply subwavelength structure composed of two or more materials such that in electrostatic field
approximation it acts similarly to that of an anisotropic crystal, where the subwavelength scale geometry can have average polarizability varying in three dimensions of the
medium.3 These structures called “form birefringence” have
also been used for various applications to manipulate the
polarization state of the fields in forms that are not possible
with natural birefringent crystalline dielectrics.4–6 Similarly
“artificial dielectrics,” the electric metamaterial consisting of
metallic wires in a host dielectric medium has been proposed
and analyzed in both microwave and optical frequencies.7–11
In the long wavelength approximation regime using the effective medium theory,12 this reported metal-dielectric composite acts as a slab with hyperbolic dispersion properties
that have been used to manipulate the propagating optical
fields, showing negative refraction.13,14
Recently, plasmonics that uses interaction of light and
surface electrons on a metal-dielectric boundary has attracted
attention due to its ability to strongly confine light near the
interface and intrinsically localize light in small volumes.
The utilization of surface plasmon polariton 共SPP兲 can help
to create optical field localization devices, enable great functionalities on a nanometer scale and are making an impact
due to the extreme field confinement on uniquely suitable
applications.15–19 Note, that although the above reported applications rely on isotropic plasmonic properties of metals,
some applications20 would only be possible by using plasmonic anisotropy. However, since optical properties of natural metals are always isotropic, in practice, it is difficult to
realize optical plasmonic anisotropy. In this letter, we propose and experimentally demonstrate for a metal-dielectric
composite metamaterial, in contrast to Refs. 13 and 14, coma兲
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posed of dielectrics in a host metal that acts as an anisotropic
uniaxial birefringent metal, supporting propagating SPP
waves. Our metal-dielectric composite transfers its material
birefringence to the SPP’s. We construct the effective index
ellipsoid of such a metal-dielectric composite and show numerically and experimentally the corresponding SPP modes
using the reciprocal space representations.
The form birefringent metal acting as an anisotropic
plasmonic metamaterial, schematically depicted in Fig. 1共a兲,
is a two-dimensional array of air nanoholes in a thin metal
film implementing a deeply subwavelength periodic structure
with periods differing in x and y directions. The effective
dielectric constant tensor of this metamaterial can be described as
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and using the effective medium theory the three diagonal
elements are approximately expressed by12
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FIG. 1. 共Color online兲 Form birefringence metal acts as an anisotropic plasmonic metamaterial. 共a兲 Schematic of a 55 nm thick Au anisotropic plasmonic metamaterial with the design parameters: dx = 140 nm, dy = 93 nm,
and r = 35 nm. 共b兲 SEM micrograph of the fabricated structure using FIB
milling.
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FIG. 2. 共Color online兲 Characterization of SPP’s index ellipsoid at the
center wavelength of 540 nm. 共a兲
Measurement setup to directly image
SPP’s index ellipsoid in reciprocal
space in the far field, consists of a
broadband source, an oil immersion
microscope objective with NA= 1.4,
two lenses, and a CCD camera. 共b兲
Simulated SPP’s index ellipsoid in a
representation of reflected power distribution in reciprocal space. 共c兲 Experimental imaging of reflection from
the metamaterial in reciprocal space.
The dark elliptical rings indicate the
excitation of anisotropic SPP waves
and are the corresponding SPP index
ellipsoids.

冉

z = m 1 −

冊

r2
r2
+ 0
,
d xd y
d xd y

共2兲

where m and 0 are the dielectric constants of metal 共e.g.,
Au兲 共Ref. 21兲 and dielectric medium in the nanoholes 共e.g.,
air兲, respectively, r is the radius of nanoholes, and dx and dy
are the periods of the deeply subwavelength structure in the
x and y directions, respectively. Since all three parameters in
Eq. 共2兲 are negative, the constructed metamaterial can be
considered as an anisotropic metal. Therefore, it is evident
that the different effective dielectric constants will inevitably
result in different SPP eigenmodes with their corresponding
dispersion relations along the x and the y axes, thus creating
optical anisotropy for SPP fields.
To validate our proposed anisotropic plasmonic metaldielectric metamaterial, we use focused-ion-beam milling to
fabricate fine deeply subwavelength features shown in Fig.
1共a兲 using an Au film 共Au was chosen since it is unlikely to
be oxidized兲 on a glass substrate. The scanning electron microscopy 共SEM兲 micrograph of the fabricated structure is
shown in Fig. 1共b兲. The excited SPP modes in the fabricated
metamaterial are characterized in reciprocal space by analyzing reflection images 关see Fig. 2共a兲兴 obtained from the glass
substrate side of the samples inserted in an oil immersion
microscope objective 共MO兲 with high numerical aperture
共NA= 1.4兲.
Figure 2 shows the numerically simulated and experimentally measured index ellipsoids of SPPs on the artificial
form birefringent metal in reciprocal space at the wavelength
around 540 nm. A converging unpolarized spherical wave is
used as an illumination function to code a wide-band angular
momentum of the illumination function to a constant radial
position within the illumination circle. Lens 1 and the microscope objective are used to construct a typical 4-f imaging
system. The charge coupled device 共CCD兲 camera is located
at the focal plane of lens 2 so that it can directly capture the
corresponding Fourier transform, which represents the SPP’s
index ellipsoid in the k space. Some of these spatial frequencies satisfy the phase matching condition and thus excite
SPPs. The size of the obtained image is limited by the NA of
our MO that corresponds to a free space wavevector of 1.4k0.
Note that the central dark ring in Fig. 2共c兲 共i.e., image of the

phase ring inside the phase contrast MO兲 obscures some information but the information of interest here occurs at larger
wavevectors. The bright circle represents the boundary of the
illumination at the angle corresponding to total internal reflection 共TIR兲 when the transverse component of the illumination wavevector is k0. Outside this TIR circle, an elliptical
dark ring caused by excitation of SPPs manifests the optical
plasmonic anisotropy of the excited SPP waves. From this
index ellipsoid, we can also retrieve experimentally the effective wavevectors of SPP modes propagating along x and y
optical axes as well as other azimuthal angles.
With considering the boundary continuity, the eigenvectors of SPPs along x and y axes yield
x,y
= k0
kspp
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where k0 represents the wavevector of light in free space.
The experimentally measured wavevectors from Fig. 2 are
integrated into Fig. 3 for comparison with the analytical calculations using Eq. 共3兲 and numerical simulations in which
the wavevectors of SPPs is determined as the positions of
dips in the simulated reflection spectra. The index ellipsoid

FIG. 3. 共Color online兲 Anisotropic SPP dispersion relations. Upper and
lower symbols represent SPP’s wavevectors along the x and y directions,
respectively. Solid curve, dashed curve, and square dot correspond to the
data retrieved from analytical calculations according to Eqs. 共1兲–共3兲, numerical simulations and experimental measurements, respectively. For experimental data, the error-bar in wavelengths indicates the bandwidth 共10
nm兲 of the bandpass filters used in the experimental measurement.
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FIG. 4. 共Color online兲 Simulated and
measured SPP index ellipsoids with
different polarization orientations.
关共a兲–共c兲兴 Simulated reflection map in
reciprocal space. 关共d兲–共f兲兴 Experimental imaging of reflection in reciprocal
space. The polarization states in 关共a兲,
共d兲兴, 关共b兲, 共e兲兴, and 关共c兲, 共f兲兴 are oriented along the y, x, and at 45°-axis,
respectively.

and SPP’s dispersion relations of wavevectors are measured
as a function of optical wavelength by analyzing images obtained using a series of 10 nm bandpass interference filters in
the spectral range of interest, i.e., from 540 to 680 nm. The
plasmonic anisotropy in the range of interest attributes to the
effective dipole moments engineered in an “artificial-atomic”
scale with deep subwavelength features that vary in space
depending on the crystal lattice of our form birefringent
metal. The effective SPP indices in different directions vary
since the plasmonic field interactions between unit cells
strongly change with different duty cycles and dipole orientations, and thus manifest different averaged plasmonic
E-fields in both individual unit cells and holes.
Polarized illumination was used to extract more detailed
features and properties of the excited SPP modes on our form
birefringent metal. Depending on the state of polarization of
the illuminating field, only a fraction of SPP modes on the
index ellipsoid will be excited. Both measured and simulated
results are consistent with the results shown in Fig. 2 obtained with unpolarized illumination. When the polarization
of the illumination field is along one of the optic axes 关see
Figs. 4共a兲, 4共b兲, 4共d兲, and 4共e兲兴, a symmetric SPP modes
distribution with respect to the direction of the polarization is
observed. Note, that the SPP wavevector propagating along
the x direction has a relatively larger wavevector but a
smaller Quality factor with a wider spatial frequency bandwidth. When the illumination field is polarized at 45° with
respect to the optic axes, the SPP modes distribution is
clearly asymmetric along the x and y directions, suggesting
plasmonic anisotropy. Data on SPP modes wavevectors extracted from Figs. 4共c兲 and 4共f兲 are found in good agreement
with the results obtained with unpolarized illumination 共Fig.
2兲 and other polarizations in Fig. 4.
Analog to optical birefringent crystals in nature, an artificial form birefringence metal has been constructed and
demonstrated different polarizabilities along different optical
axes. This material anisotropy leads to optical plasmonic anisotropy of excited SPP modes. It is worth noting that the
concept of form birefringence metal is not limited within the
specific case shown above. The three-dimensional case can
be designed more complicated to adapt more complex Bravais crystal lattices and thus realize a bi- or multiaxial aniso-

tropic metal. Therefore, form-birefringence metals provide
more flexibility in engineering inherent metal properties for
complex homogeneous and inhomogeneous plasmonic devices that highly demand a wide-range adiabatic change of
metal’s dielectric constant and SPP’s index in optical circuit
design.
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