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Giant spatial-dispersion-induced birefringence in metamaterials
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‘We demonstrate experimentally giant spatial-dispersion-induced birefringence in metamaterials. The difference
between the reflection coefficients for (1,1,0)- and (0,0, 1)-polarized light reflected from the [1,1,0] surface of
a metamaterial reaches 78%. The magnitude of spatial-dispersion-induced birefringence in the transparency
windows of the structure reaches n,7y — ngo; = —0.13, which is at least three orders of magnitude larger than the
typical values reported for natural crystals. Our results elucidate the important role of spatial dispersion effects

in a wide class of metamaterials.
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The characterization of metamaterials’ electromagnetic
properties is a cornerstone problem in materials science.
Metamaterials physics [1-7] offers unique opportunities not
achievable for natural structures, such as negative refraction
[8], subwavelength imaging [9], and cloaking [10]. How-
ever, there exists a number of phenomena including spatial-
dispersion-induced birefringence that are known for natural
crystals [11] but have not yet been studied in metamaterials.
In the present Rapid Communication we report the results
of an experimental investigation of spatial-dispersion-induced
birefringence in a three-dimensional metamaterial.

It is known that cubic crystals composed of isotropic parti-
cles are optically isotropic within the local effective medium
model validity domain [11]. However, as Lorentz pointed out
[12,13], the direction of the wave vector of the wave propa-
gating in a crystal provides a selected direction in space. If the
material parameters of the structure depend on the wave vector,
i.e., spatial dispersion effects are present, the material would
acquire anisotropic properties. Spatial dispersion (or nonlocal-
ity) is often treated as a weak effect [14]. However, nonlocal
effects turn out to be the intrinsic property of a wide class of
metamaterials in contrast with the natural crystals [15—18].

The phenomenon of spatial-dispersion-induced birefrin-
gence is usually studied experimentally either in transmission
types of experiments or in experiments on reflection from the
boundary of the crystal parallel to the [1,1,0] symmetry plane
[Fig. 1(a)]. The magnitude of the effect is characterized by
the difference of refractive indices for two orthogonal linear
polarizations of light propagating along the (1,1,0) direction,
An = njp — noo1- The values of An were measured [19-22]
for crystals such as CuBr, Cul, KI, Nal, Csl, NaCl, BaF,, CaF,,
etc. The typical reported values of An for natural materials
do not exceed |Anma| & 5 x 1075, The measured difference
between the reflection coefficients for (1,1,0) and (0,0,1)
polarizations was not greater than 1% for Si and Ge [23].

Isotropic metamaterials [24—-30] constitute an important
class of artificially structured media. Such metamaterials
are usually composed of resonant inclusions. We consider a
three-dimensional structure composed of isotropic resonant
particles arranged in a cubic lattice, shown in Fig. 1(a).
Such isotropic meta-atoms can be implemented as plasmonic
particles [31-33], or as high-contrast dielectric [34-38] or
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magnetodielectric [39,40] particles. Regardless of the nature
of the resonance (electric or magnetic), a meta-atom can be
described by the Lorentzian-like polarizability o(w),
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FIG. 1. (a) The view of the three-dimensional metamaterial under
study. The boundary of the structure is parallel to the [1,1,0]
plane, and the normal incidence of light is studied. The reflection
coefficients are measured for (1,1,0) and (0,0, 1) linear polarizations
of the impinging wave. (b) Theoretical results for reflectance of
the structure with parameters A/a* = 0.15, y a/c = 1.02 x 1072,
ap/a® = 0.0279, Ag/a = 4.5, where a is the lattice period, Ag =
21w c/wy, and wy is the particle resonance frequency. Particle
polarizability is extracted from numerical simulations in Ansoft
HESS.
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where o is a bare particle polarizability (without a radiation
loss contribution), wq is a particle resonance frequency, oy
is a background polarizability due to the substrate, and y is
a term describing losses in the particle material. Typically,
the structure in Fig. 1(a) is described by the effective
medium model and the effective permittivity (or permeabil-
ity) of the structure is defined by the Clausius-Mossotti
formula [41]

1 + 87 ap(w)/(3a’)
1 — 47 ap(w)/(Ba’)’

The reflection coefficients from the boundary of isotropic
material under the normal incidence are the same for all
polarizations of the impinging wave. However, a more rigorous
theoretical approach based on the discrete dipole model
[42-44] reveals a significant difference between the
reflectances for (0,0,1) and (1,1,0) polarizations. The
calculated results for a five-layer structure are depicted in
Fig. 1(b). Noteworthy, in the vicinity of the individual scatterer
resonance when a /A = 0.22, the reflection coefficients for two
polarizations are calculated to be Rog; = 0.70 and R,7y = 0.30
and thus the relative difference between them is § =
2 (Roo1 — Ri10)/(Roo1 + Ry79) X 100% = 80%. Furthermore,
the reflectance for (0,0,1) polarization is well captured by
the effective medium model, whereas the reflectance for
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FIG. 2. Effective refractive indices for (0,0,1) and (1,1,0) linear
polarizations of light propagating along the (1,1,0) direction in the
metamaterial [Fig. 1(a)]. Calculations are performed by the discrete
dipole model. (a) Real part of refractive indices. (b) Imaginary part
of refractive indices.
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polarization (1,1,0) deviates significantly from the effective
medium model result. Using the discrete dipole model we also
plot refractive indices for both polarizations of the structure
eigenmodes (Fig. 2). Our results suggest that in transparency
windows of the metamaterial (Imn/Ren < 0.02) in the
spectral interval a/A < 0.200 or a/A > 0.274, the anisotropy
of the structure can be as large as An = —0.13, which is at
least three orders of magnitude larger than that measured for
natural cubic crystals. Moreover, there is a drastic difference in
the imaginary parts of the refractive indices [Fig. 2(b)], which
means that the structure acquires giant dichroism. For example,
at the resonance frequency, Imngy/Imnjo = 14. On the
other hand, losses in the particle material are sufficiently small.
Therefore, the large imaginary part of ngo; in the vicinity of
the individual particle resonance should be attributed to the
evanescent nature of (0,0, 1)-polarized waves in this spectral
region. This conclusion is in agreement with the theoretical
model [44].

Importantly, the predicted effects associated with spatial
dispersion can be manifested at any frequency range from the
microwave to the visible domain, depending on the properties
of the meta-atoms.

To verify the proposed concept of giant spatial-dispersion-
induced birefringence, we fabricated a metamaterial with
parameters corresponding to the theoretical ones (Fig. 3).
For the sake of fabrication simplicity, we chose a planar
realization of meta-atoms that were arranged in the sites of
a cubic lattice [Fig. 3(a)]. Note that the reflection coefficients
were measured for the normal incidence only in which case
polarization perpendicular to the plane of the meta-atom is not
excited and the presence of the substrate does not introduce
additional anisotropy into the system. Therefore, for this
particular situation, the experimental system shown in Fig. 3
perfectly emulates the idealized system in Fig. 1(a).

A planar lattice of resonant isotropic particles [45,46] with
the radius R = 4.8 mm [Fig. 3(b)] was printed on a common
FR4 substrate Kingboard Laminates KB-6164. The period of
the manufactured cubic lattice is a = 16.3 mm. The typical

(1,1,0)

FIG. 3. (a) The sketch of the simplified structure used in the
experiment. (b) Resonant copper particles isotropic in plane [1,1,0]
having the following geometric parameters: w = 0.5 mm, R =
48 mm, b =3 mm, g =0.5 mm. (c) The photograph of the
manufactured five-layer metamaterial sample composed of resonant
meta-atoms. The period of the cubic lattice is a = 16.3 mm.
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FIG. 4. The scheme of the experiment on the measurement of the
reflection coefficients in an anechoic chamber.

substrate permittivity in the frequency band under study is
€, = 4.58, the dielectric loss tangent is equal to tan § = 0.019,
and the thickness of the substrate layer is Ay = 1.5 mm.
Each layer contains 16 x 19 particles and has the dimensions
368 x 309 mm. The bulk metamaterial structure consists of
five parallel layers. The assembled five-layer structure was
inserted in the window of the same dimensions in a wall
covered by microwave absorbers to suppress the influence of
the edge diffraction effects at the boundaries of the sample. To
measure the reflection coefficients for both orthogonal linear
polarizations, the setup with a single TEM-horn antenna was
used, as shown in Fig. 4. The horn was installed 2 m away
from the sample and connected to a calibrated 50-2 port of
the vector network analyzer Agilent PNA E8362C.

The reflection coefficients were determined in the spectral
range from fmi, = 2.0 GHz to fi.x = 6.0 GHz. The values of
the reflection coefficients were extracted from the measured
values of the §;; parameter for the metamaterial sample and
for the calibrating metal plate of the same dimensions. To
suppress the influence of multiple reflections between the
studied sample and the horn antenna, the time gating technique
was employed [47].

The measured reflectances for two polarizations of the
incident wave are depicted in Fig. 5 and they demonstrate
a good agreement with the theoretical results for reflectance.
In particular, the experimental data show that in the vicin-
ity of the individual particle resonance at frequency 4.03
GHz, the reflectances are Rgg; = 0.483 and R;7y = 0.211
and the relative difference between the reflectances is § =
2 (Roo1 — Ri10)/(Roo1 + Riip) x 100% = 78%. Noteworthy,
the detected anisotropy in reflectance is almost two orders
of magnitude larger than that measured for semiconductors
such as Si and Ge [23]. Experimental results reveal also that
the reflectance maxima for (0,0,1) and (1,1,0) polarizations
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FIG. 5. Experimental results on the reflectance of the five-layer
structure composed of resonant meta-atoms.

correspond to the different frequencies fyo; = 4.104 GHz
and fi790 = 4.216 GHz and thus the frequency shift of the
reflectance maxima is Af = 0.112 GHz.

With regard to these results it is important to highlight
the essentially three-dimensional nature of the structure.
For a two-dimensional system [a single layer of particles
depicted in Fig. 3(a)], the polarization dependence of the
reflection coefficient emerges due to the low symmetry of
the lattice even in the absence of spatial dispersion. Therefore,
the measurement of reflectances for a single particle layer
does not allow one to extract directly the spatial dispersion
corrections from the measured reflectance anisotropy. Note
that a detailed characterization of the spatial dispersion effects
in two-dimensional (2D) structures employing Mueller-matrix
spectroscopy and based on the measurements of the reflection
coefficients for various incidence angles as well as different
azimuthal angles was conducted in Refs. [48,49].

Our experimental results prove the importance of spatial
dispersion effects in a wide class of metamaterials composed
of resonant particles. It is the resonant nature of inclusions
that ensures giant spatial-dispersion-induced birefringence
exceeding that in the natural materials at least by three
orders of magnitude. The described effects can be observed
in any metamaterial consisting of resonant isotropic inclusions
(plasmonic or dielectric) arranged in a cubic lattice. Our results
suggest that a number of metamaterials deemed to be isotropic
in the local effective medium framework can nevertheless
acquire pronounced anisotropic properties in a certain spectral
range due to spatial dispersion effects.
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