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Abstract: We consider a highly anisotropic metamaterial structure, composed of parallel metal
nanostripes, and show that a thin layer of the material can be used as a tunable partial polarizer.
The transmittance of the structure for TE-polarized waves depends strongly on the incidence
angle, while for TM-polarized waves, it stays high and essentially constant. In particular, using
the structure, the degree of polarization of a partially polarized or unpolarized light can be tuned
by changing the incidence angle. The TE-wave transmittance drops from, c.a., 1 to 0 when
the incidence angle increases by 5 deg only, owing to the presence of an unusual higher-order
odd-symmetric TM mode that we have revealed in the structure. The tuning can be made
smoother by introducing another layer of a similar metal-nanostripe structure on top of the first
one. The new design allows the TE-wave transmittance to decrease gradually towards 0 with the
incidence angle increasing from 0 to about 30 deg. Our structures serve as an essential optical
component for studies involving partially polarized light.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The polarization state of light plays a critical role in various phenomena of fundamental and
applied physics, such as optical transitions between quantum states of atoms and molecules [1],
absorption and scattering of light by nanoparticles [2], and reflection and transmission of
electromagnetic waves at the boundaries between different materials [3]. Moreover, light
polarization has found numerous technological applications, e.g., in optical communications [4],
sensing [5], and imaging [6]. Even though the majority of these applications rely on completely
polarized light, radiation from most natural and artificial light sources is partially polarized.
Examples of partially polarized waves include light emitted by ordinary light bulbs and light
emitting diodes, sun rays transmitted through the atmosphere, light from distant stars and planets,
and even the cosmic microwave background radiation originating from the early Universe [7, 8].
The development of theoretical and experimental tools enabling the researchers to study and use
partially polarized fields is of great scientific and technological importance [9].

Partially polarized light beams are characterized by their degree of polarization that determines
the fraction of the polarized part of light in the beam. This parameter can be measured, e.g., by
splitting the beam into its various linearly and circularly polarized components, measuring their
intensities, and evaluating the beam Stokes parameters [10, 11]. Alternatively, one can use a
technique based on the correlations of the beam intensity fluctuations [12–15], if the statistics
of these fluctuations is known. In addition to the degree of polarization, one can measure the
dynamical parameters of polarization fluctuations, such as the polarization time or the mean
trajectory of the Poincare vector and its average deviations on the Poincare sphere [13, 16]. In all
these measurements, a tunable partial polarizer that can control the transmission of one of the
two orthogonal polarization components without affecting the other component would be a very
useful tool.
Several approaches have been demonstrated to create and control partially polarized beams.

For example, Lyot [17, 18] and double wedge [19] depolarizing systems can be applied to an
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originally polarized beam to produce inhomogeneously polarized beams that on average can
be considered as unpolarized. However, at each point in the transverse plane, the field is still
fully polarized. A true depolarizer or a true partial polarizer can for example be obtained by
using a Mach-Zehnder interferometer with polarizing beam splitters [20]. The device splits the
beam into its orthogonal polarization components and makes them uncorrelated, as long as the
length difference between the interferometer arms is larger than the coherence length of the beam
field [16]. The transmittance of one of the arms can be made tunable, which will result in a
tunable partial polarizer. This system, however, will be rather bulky and not very convenient,
especially if the application requires rotation of the system around its optical axis.

In this work, we design a metamaterial structure able to act as a tunable partial polarizer that
changes the intensity ratio between two orthogonal polarization components of the beam. The
structure is a single layer of periodically arranged metal nanostripes designed to affect the two
polarizations differently. The configuration is similar to that of a wire-grid polarizer [21–23],
but its purpose is very different. Indeed, wire-grid polarizers operate in a cutoff regime for the
transverse-electric wave component (polarized along the wires) to block it completely at all
possible incidence angles. Our structure, in contrast, is highly transmissive for both transverse
magnetic (TM) and transverse electric (TE) polarizations at normal incidence, and when the
incidence angle increases, the transmittance of the TE component gradually decreases to zero
while that of the TM component stays high. Hence, the metasurface can act as a tunable partial
polarizer with the tunability provided by the adjustable incidence angle. We also show that
by using two layers of similar metal nanostripes, one can make the tuning smoother and move
the tunability region to smaller incidence angles. Our metamaterial-based devices have clear
advantages over the devices based on tilted dielectric plates near the Brewster angle [24] (as
the tunability range of these plates is small even in the presence of several interfaces) and
tunable polarizers utilizing anisotropic absorption in graphene [25, 26] (as they operate at
terahertz frequencies and in the reflection mode only). It is worth mentioning that, while many
metamaterial and metasurface structures have been proposed and demonstrated to control light
polarization [27–32], none of them have been designed to act as a tunable partial polarizer similar
to our metamaterial-based component. We anticipate that the new type of an optical polarizer
proposed in this work can become a part of many polarization-sensitive optical measurement
setups and devices.

2. Theory and design

2.1. Tuning the degree of polarization

The degree of polarization of a partially polarized optical wave can be expressed as the ratio of
the intensity of its polarized part to the total intensity of the wave [3], i.e.,

p =
Ipolarized

Itotal
. (1)

If the wave is unpolarized, its orthogonal polarization components do not correlate and have equal
intensities, i.e., Ix = Iy for a wave propagating in the z-direction. The degree of polarization
in this case is equal to 0. If one of the components becomes weaker in intensity, the degree of
polarization increases in accordance with

p =
|Ix − Iy |
Ix + Iy

. (2)

If one of the components vanishes, p becomes equal to 1. Hence, by controlling the intensity of
one polarization component without affecting the other one, the degree of polarization can be
tuned between 0 and 1. A tunable partial polarizer can be used to achieve this control. Moreover,
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Fig. 1. Schematic of a layer of an anisotropic metamaterial composed of silver nanostripes
in a dielectric medium. The width and separation distance of the nanostripes are w and d,
respectively. The thickness of the metamaterial layer given by the height of the nanostripes
is h.

using the same device, an arbitrary partially polarized beam can be made unpolarized. The
polarized part of a partially polarized beam can be removed by the partial polarizer, thus setting
Ix − Iy = 0. If the polarized part is elliptically polarized, then a quarter-wave plate can be used
first to make this part linearly polarized. Such a wave plate can also be made in the form of a thin
metamaterial layer [27].

2.2. Metamaterial design

A planar metamaterial structure that we propose is a periodic array of silver nanostripes embedded
in a transparent dielectric medium (see Fig. 1). The width, height and separation of the
nanostripes are w, h and d, respectively. We start by assuming that the height h of the stripes is
infinite and calculate the effective refractive indices nTE and nTM for fundamental TE and TM
modes of the structure using the following equations [33]:

tan( 12 k0d
√
εd − n2

TE)

tan( 12 k0w
√
εm − n2

TE)
= −

√
εm − n2

TE√
εd − n2

TE

, (3)

tan( 12 k0d
√
εd − n2

TM)

tan( 12 k0w
√
εm − n2

TM)
= −

εd

√
εm − n2

TM

εm

√
εd − n2

TM

. (4)

Here, k0 is the wavenumber in vacuum and εm and εd are the dielectric constants of the metal and
the dielectric, respectively. The mode polarizations are shown in Fig. 1. We choose the metal
to be silver and the dielectric to be glass with εd = 2.25. The refractive index of silver is taken
from [34]. For the structure to operate at a wavelength of 780 nm, we select w = 90 nm and
d = 310 nm and obtain nTE ≈ 1.0 and nTM ≈ 1.6. For a finite structure, at the glass-metamaterial
interface, the TM mode must exhibit a high transmittance that is nearly independent of the
incidence angle, while the transmittance of the TE mode should decrease when the incidence
angle approaches the critical angle of total internal reflection θc = arcsin(nTE/nd) ≈ 42 deg.
However, in the presence of the metamaterial-glass interface, a TE wave at a non-zero incidence
angle can excite an additional higher-order mode in the metamaterial. This mode shows a
non-zero x-component of the electric field originating from a periodic charge distribution in
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Fig. 2. Electric field profiles in the XZ plane of the structure for the incident TE- and
TM-polarized waves for a 1.53 µm tall and 90 nm wide metal nanostripes: (a) shows the
y-component of the excited TE mode in the structure when a TE-polarized plane wave is
incident on it at normal incidence, (b) shows the x-component of the excited OTM mode
when a TE-polarized wave is incident at an angle of 5 deg, and (c) shows the x-component
of the excited TM mode for a TM-polarized incident wave at normal incidence.

the metal nanostripes along z. It is therefore an odd-symmetric (or anti-symmetric) transverse
magnetic (OTM) mode with the refractive index nOTM given by

tan( 12 k0d
√
εd − n2

OTM)

tan( 12 k0w
√
εm − n2

OTM)
= −

εm

√
εd − n2

OTM

εd

√
εm − n2

OTM

. (5)

Similarly to Eqs. (3) and (4), this equation has been derived by matching the fields at the metal-
dielectric interface. For the considered structure, Eq. (5) gives nOTM ≈ 1.2. The correctness
of the evaluated mode indices was verified numerically using COMSOL Multiphysics. The
numerically calculated field distributions of the three modes are illustrated in Fig. 2 for h = 1.53
µm. A distinctive feature of the higher-order OTM mode is that it has a low coupling efficiency
to plane waves propagating in the substrate. As a result, it exhibits a high reflection coefficient
at the metamaterial-glass interface and a high finesse when the mode satisfies the Fabry-Perot
resonance condition inside the metamaterial layer. When h = 200 nm, the Fabry-Perot resonance
for this mode takes place at θ = 13 deg. For a finite h, all three modes undergo phase shifts
upon reflection and transmission at the glass-metamaterial interface. These phase shifts, however,
are not determined solely by the index contrast, but also include the contribution from plasmon
excitations at the edges of the metal stripes and the near-field interaction effects between them.
Furthermore, inside the material, upon reflection, part of the energy is transferred from TE to
OTM mode of the structure and vice versa. Therefore, the multiple reflections of these modes
in the metamaterial slab must be described in terms of the mode reflection and transmission
matrices

r̂ = ©«
rTE-TE rTE-OTM

rOTM-TE rOTM-OTM

ª®¬ , (6)
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t̂ = ©«
tTE tOTM

a b

ª®¬ , (7)

where ri−j is the reflection coefficient for the mode j converted to the mode i upon reflection and
tj is the transmission coefficient of mode j of the structure to the TE-polarized plane wave in the
surrounding medium. If the surrounding medium is a homogeneous dielectric, as in our case, the
coefficients a and b in the transmission matrix are equal to zero, because the OTM mode remains
evanescent outside the material. We have evaluated the reflection and transmission coefficients
in Eqs. (6) and (7) numerically at the metamaterial-glass interface. In the analytical model, the
incident wave vector with the complex amplitude of the electric field Ei is expressed in the basis
of the TE and OTM modes as

Ei =
©«

Ei

0
ª®¬ . (8)

Since the incident wave has only a TE-polarized component, the second element of Ei is equal to
zero. The reflection and transmission matrices for the incident TE wave are expressed as

r̂i =
©«

rTE 0

0 rOTM

ª®¬ , (9)

t̂i =
©«

t ′TE c

t ′OTM d

ª®¬ , (10)

where t ′j is the transmission coefficient of the TE-polarized wave to mode j of the structure. The
coefficients c and d are the transmission coefficients of the OTM mode in glass to the TE and
OTM modes in the metamaterial which do not contribute to the field inside the metamaterial
because the OTM mode does not exist in the incident field. The vector of the transmitted wave is
calculated using the transfer matrix formalism of [35] as

Et =
©«

Et,TE

Et,OTM

ª®¬ , (11)

where
Et = t̂[I − p̂r̂p̂r̂]−1p̂t̂iEi. (12)

Here, p̂ is the propagation matrix of the modes inside the metamaterial slab given in terms of the
z-component of the wavevector kz by

p̂ = ©«
exp(−ihkz,TE) 0

0 exp(−ihkz,OTM)

ª®¬ . (13)

The transmittance for the incident TE mode is then found from

TTE =
����Et,TE

Ei

����2 . (14)

Note that Et,OTM would be equal to zero because transmission coefficients a and b for the OTM
mode in Eq. (7) are equal to zero. For the incident TM-polarized wave, the transmittance TTM is
calculated using a standard expression for a Fabry-Perot resonator of a slab with a refractive index
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Fig. 3. The transmittance (T) of the designed metamaterial slab as a function of the incidence
angle θ in glass and θair in air. The results of semianalytical calculations are shown by solid
lines and those of purely numerical calculations by dashed lines and circles. The green curve
shows the degree of polarization (DOP) of an initially unpolarized wave transmitted by the
device. The dimensions of the structure are h = 200 nm and d = 310 nm. The width of the
metal nanostripes is w = 90 nm in (a) and w = 30 nm in (b).

nTM = 1.62, because the wave does not split into different modes during propagation through or
surface reflections in the metamaterial.

Using the numerically calculated complex reflection and transmission coefficients obtained for
the modes at the metamaterial-glass boundaries, we apply the above equations and calculate TTE
and TTM of the metamaterial slab as functions of the incidence angle and obtain the curves shown
in Fig. 3(a) (see the blue and red solid lines). The sharp decrease of TTE at θ = 13 deg is caused
by destructive interference of the transmitted resonant OTM and TE modes. The transmittance
of the TM wave, in contrast, remains close to 1 independently of the incidence angle. For
comparison, the results of purely numerical calculations based on COMSOL Multiphysics are
illustrated in Fig. 3 by circles. The two approaches give very similar results, verifying the
correctness of our intuitive physical picture. The phase difference acquired by the TE and TM
components upon transmission through the material is approximately equal to 0.5π at all the
angles of incidence considered in the calculations, which can be of relevance in some cases
dealing with initially polarized incident light. The green lines in Fig. 3 show the degree of
polarization of an initially unpolarized light transmitted by the structure as a function of θ. If the
structure is embedded in a parallel glass plate, the incidence angle in air, θair, is larger than θ.
This angle is also shown in the figure.

The position of the dip in the curve TTE(θ) can be tuned by tuning the geometrical parameters
of the structure. For example, for metal nanostripes with a smaller width, the dip appears at
larger angles. Figure 3(b) shows the transmittance curves calculated for the case of w = 30 nm.
The degree of polarization of an unpolarized incident light beam can now be tuned by changing
the incident angle from 15 to 21 deg. We keep the separation between the stripes the same, which
makes the period of the structure equal to 340 nm. It is interesting to note that now the phase
difference of the TE and TM waves gained in the transmission through the material is about
0.8π. In principle, if needed, it can be set to a desired value by adjusting the dimensions for the
structure.
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Fig. 4. A bi-layered metamaterial structure. The center-to-center separation of the layers is
t. Each layer is composed of an array of silver nanostripes of height h and width w. The
period of the structure is Λ. The incident wavevector lies in the XZ plane and makes an
angle θ with the z-axis.

2.3. Bi-layered metamaterial

The transmittance of a TE wave through the metamaterial structure described above is extremely
sensitive to the incidence angle in the range of the OTM-mode resonance, which can be a problem,
e.g., if the transmittance has to be tuned with high precision. The second structure that we
propose has a much lower angle sensitivity. It contains two metamaterial layers, as shown in
Fig. 4. Each of the layers acts as a polarization-sensitive mirror and the whole structure is in
essence a Fabry-Perot resonator. Figure 5 shows the dependence of the reflectance of a single
layer of the structure on dimensions h and w with a fixed period Λ = 200 nm. The period is
chosen such that the TE-polarized light at λ0 = 780 nm is in the cutoff regime with both TE and
OTM modes inside the layer. We see that the reflectance for TM-polarized light depends mainly
on the width of the metal nanostripes, while the reflectance of TE-polarized light depends on the
cross-sectional area (σ = hw) of the stripes. For large σ, the metamaterial slab acts as a wire
grid polarizer. Using two such metamaterial layers, we can form a Fabry-Perot resonator with
different reflection coefficients for the incident TE- and TM-polarized waves. In particular, we
expect the resonator to be highly transmitting for TM-polarized waves at all incidence angles.
Simultaneously, for TE-polarized waves that show high single layer reflectivity, the resonator
transmittance must depend on the incidence angle, because the Fabry-Perot resonance condition
depends on this angle.
The dimensions chosen for our design are h = 100 nm and w = 40 nm, which gives the

reflectances of TE- and TM-polarized waves to be 57% and 2%, respectively, at normal incidence
(Figs. 5(a) and 5(b)). The distance t = 740 nm is chosen to obtain a Fabry-Perot resonance for
TE polarized light at normal incidence (θ = 0) and maximize the transmittance of the device.
Figure 5(c) shows the transmittance of the device as a function of distance t at λ0 = 780 nm.
Then, when θ increases, the resonator becomes off-resonant and the transmission decreases. The
numerically calculated angle-dependent transmittance of the structure for TE- and TM-polarized
light are shown in Fig. 5(d) by the blue and red curves, respectively. The transmittance of
TE-polarized light decreases from 95% to 5% as the incidence angle increases from 0 to 30 deg.
The transmittance of TM-polarized light remains high at all incidence angles as expected. The
on-resonance transmittance values are lower than 100% because of a non-negligible absorption
loss in the structure. The green curve in the figure shows the degree of polarization of an initially
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Fig. 5. Dependence of the reflectance of a single metamaterial layer with Λ =200 nm for
normally incident (a) TE-polarized and (b) TM-polarized waves on parameters h and w. The
transmittance of the bi-layered metamaterial (h = 100 nm and w = 40 nm) for the incident
TE-polarized and TM-polarized waves is shown by the blue and red lines, respectively, in (c)
as a function of size t and in (d) as a function of the incidence angle at t = 740 nm. The
degree of polarization (DOP) of originally unpolarized light transmitted by the device is
shown by the green curve in (d).

unpolarized wave transmitted by the device. The degree of polarization is seen to smoothly
increase from 0 to 0.9 when the incidence angle increases from 0 to 30 deg.
For convenience in practical applications, the designed partial polarizer can be attached to

a mount that can be rotated and tilted. By rotating it around the optical axis, one can choose
the directions for the TE and TM polarization components of the light. The amplitudes of these
components are then controlled by tilting. Such a device can be used either to tune or measure
the degree of polarization of partially polarized optical waves.

3. Conclusions

We have theoretically analyzed a highly birefringent metamaterial structure made of parallel
metal stripes in a dielectric host medium and found that, under certain conditions, a slab of such
a material can support an unusual higher-order odd-symmetric TM mode. This mode, being only
weakly coupled to external plane waves, shows a sharp resonance feature that, for TE-polarized
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incident light, leads to a high sensitivity of the material’s response to the incidence angle. Using
the revealed properties of the material, we have designed two metamaterial structures that can
be exploited as tunable partial polarizers. The tunability is based on the angle of incidence,
which makes the device easy to use in experiments. The sensitivity of the first of the proposed
structures to the incidence angle is high, which can find applications also in optical sensors or
modulators. The second structure, with a lower sensitivity, can be more convenient for precise
tuning or exact measurement of the degree of polarization of partially polarized optical beams.
While the presented designs are optimized for a wavelength of 780 nm, it is easy to change the
operation wavelength by changing the structure parameters. Due to simplicity of the design we
expect that large-scale fabrication of the proposed structures is possible using nanoimprint or
optical interference lithography.
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