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ABSTRACT: A method is proposed for controlling optical
polarization using metasurfaces formed from arrays of planar
chiral-patterned dielectric metamolecules with embedded
achiral plasmonic nanostructures. At plasmon resonance, the
subwavelength plasmonic nanoinclusions induce enhanced
polarization of the surrounding dielectric, which gives rise to
rotation of the polarization azimuth in the transmitted field.
Full-wave electromagnetic analysis is used to investigate the
optical response of various proposed media as a function of the
symmetry and spacing of the metamolecules. The analysis
shows that the metamolecules can be tailored to control the
polarization state of light and produce frequency selective giant
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rotation of the polarization azimuth exceeding 10> deg/mm in the visible to near-infrared spectrum with relatively low loss. The
proposed method opens up opportunities for the development of versatile ultrathin media that can manipulate optical

polarization for novel micro-optical applications.

KEYWORDS: metasurface, optical polarization rotation, plasmon-enhanced birefringence, chiral metamaterial

dvances in nanotechnology have enabled the rapid

development of artificial materials with extraordinary
electromagnetic properties. The interest in such metamaterials
has grown dramatically in recent years since the seminal work by
Pendry.! Metamaterials typically consist of subwavelength
constituent elements that are engineered to produce exotic
electromagnetic phenomena such as negative refraction, slow
light, and cloaking. As such, these materials hold promise for a
transformative impact in fields that include optical imaging,
sensing, communications, computing, and stealth technology,
among others.

The subject of this paper is a method for realizing ultrathin
metasurfaces that can be widely tailored to control the
polarization state of light and produce frequency-selective giant
polarization rotation with relatively low loss. Such materials open
up opportunities for the miniaturization of optical components
such as wave plates, polarization rotators, and circular polarizers,
thereby enabling new micro-optic applications that cannot be
realized using conventional optically thick components. To date,
various metamaterials have been demonstrated that can be used
to control optical polarization for such applications based on
extraordinary linear or circular birefringence.””* Examples
include metallic films with subwavelength apertures,”® meta-
surfaces with arrays of metallic nanostructures/nanoantenna,”*>
and planar chiral metamaterials (PCMs) that consist of planar
arrays of chiral metamolecules.>*'*~"” Many of these materials
suffer from high loss, whereas the method proposed here holds
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potential for achieving giant birefringence with relatively low loss
due to a more limited use of metallic constituents.

In this paper, we demonstrate the method via application to
different metasurface designs. We study polarization rotation
using numerical field analysis as illustrated in Figure 1. Here, a
linearly polarized plane wave with the electric field E, at an angle
o1 with respect to the x-axis is incident on a metasurface formed
from chiral L-shaped dielectric metamolecules that contain an
embedded achiral gold nanorod along their length. We show that
this medium gives rise to an elliptically polarized transmitted
field, and we compute the rotation of the polarization azimuth in
the transmitted field as the angle A between the semimajor axis of
the ellipse and the incident polarization as shown. We model
three different media consisting of 2D chiral L, Z, and
gammadion metamolecules, which have C,, C,, and C, (ie., 4-
fold) rotational symmetry with respect to the direction of
propagation (z-axis), respectively. The first two media contain
embedded Au nanorods, whereas the third utilizes a Au
nanocross as the plasmonic inclusion.

Recall that an object is said to be chiral if it cannot be
superimposed with its mirror image using rotations and
translations alone. Helices, DNA molecules, and the crystal
lattice of quartz are examples of 3D chiral structures. It should be
noted that the metamolecules that we consider, absent the
substrate, are not 3D chiral, as they can be rotated out of the
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plane into their mirror image. Instead, they are chiral in a 2D or
planar sense, since they cannot be superimposed with their
mirror image using rotations or translations confined to the
plane. However, the addition of the substrate breaks the out-of-
plane rotational symmetry and renders the material 3D chiral.

The interest in PCMs stems from their unique polarizing
properties. They can be engineered to produce giant polarization
rotation”*~** with asymmetric transmission of circularly and
linearly polarized waves.** ™" To date, most PCMs have been
fabricated using metallic, dielectric, multilayered metallo-
dielectric, and doped semiconductor array structures that are
patterned into 2D chiral shapes; that is, there are no separate
achiral constituents in the structures as proposed here.'*”'®
However, polarization rotation has been demonstrated using
planar media with achiral metallic elements alone. Examples of
such media include metasurfaces with optical nanoantenna
arrays”® and PCMs with achiral metallic metamolecules.”” The
rotation in the former is due to linear birefringence and is
polarization sensitive. Polarization rotation in the latter is based
on the principle of extrinsic chirality, wherein the rotation is
achieved at oblique incidence.”

As noted above, we consider three different metasurfaces with
L, Z, and gammadion metamolecules, respectively. The media
with L or Z metamolecules possess both linear birefringence, due
to the anisotropic optical properties of the metamolecules, and
circular birefringence, because these 2D chiral structures reside
on a substrate, which renders the media 3D chiral. These surfaces
also possess frequency-dependent linear dichroism due to the
absorption properties of the embedded Au nanorods. We show
that they can be tailored to exhibit giant polarization rotation due
to plasmon-enhanced linear birefringence. The metasurface
formed from gammadion metamolecules possesses circular
birefringence® and frequency-dependent absorption due to
the Au nanocross inclusions. We demonstrate that this medium
can be tailored to produce giant polarization rotation with
relatively low ellipticity based on plasmon-enhanced circular
birefringence.

B L METAMOLECULES

We first consider a metasurface consisting of L-shaped
metamolecules as shown in Figure 1. We study its optical
response using full-wave time-harmonic field analysis and solve
for the E-field, which satisfies

V X (u'V X E) - koz[er - jL)E =0

WE, ( 1)
where y, and ¢, are the relative permeability and permittivity of
the various constituent materials, respectively. For gold nano-
particles at optical frequencies, i, = 1, and ¢, is modeled using an
analytical expression using an analytical expression that is based
on the experiment-fitted critical points model of gold.*"** The
COMSOL finite-element-based RF solver (www.comsol.com) is
used for the analysis.

The computational domain for a unit cell of this media is
shown in Figure 2a. This contains a single metamolecule, i.e., a
dielectric L-structure with an embedded gold nanorod. We study
a metamolecule with the following dimensions: height & = 200
nm, width w = 300 nm, length L = 350 nm (x-direction) and
length of the short segment s = 180 nm (y-direction) (see inset in
Figure 1). The dielectric is lossless and has an index of refraction
of n = 1.6, which is essentially that of conventional negative
photoresist SU8. The gold nanorod is 200 nm long and 80 nm
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Figure 1. Linearly polarized light (E,) incident on a 2D array of
dielectric chiral L-structures with embedded gold nanorods producing
elliptically polarized transmitted light with the rotation of polarization
azimuth A.

wide and is embedded in the center of the long segment of the L-
structure as shown. The L metamolecules reside on a lossless
glass substrate with an index of refraction of n = 1.5. Perfectly
matched layers (PMLs) are applied at the top and bottom of the
computational domain to reduce backscatter from these
boundaries. Computational models with the PMLs are shown
in the Supporting Information. The height of the domain
between the PMLs is 1500 nm along the z-axis, and the direction
of propagation (k) is downward, along the z-axis. The x- and y-
dimensions of the unit cell in this case are 600 nm each, and
periodic boundary conditions are applied at x and y boundaries to
account for the 2D array of identical structures. Throughout this
paper we assume that the incident field is a uniform downward-
directed plane wave that is linearly polarized at normal incidence.
The incident field is generated by a time-harmonic surface
current positioned in the x—y plane directly below the upper
PML.>>**

We first investigate the optical response with the incident E
field aligned with the long segment of the L-structure, i.e., along
the x-axis as shown in Figure 2a (qbpol = 0 in Figure 1). In
subsequent analysis, we will vary the direction of polarization
(¢P01) to determine its impact on the rotation spectrum. It is
instructive to compare polarization rotation with and without the
Au nanorod inclusion in the near-infrared (NIR) spectral range.
As shown in Figure 3a, the peak rotation due to an array of
lossless L-structures occurs at 846 nm and is approximately 0.12
degree for a metamolecule thickness of & = 200 nm. Note that the
rotation for the right-handed (Agy) vs left-handed (A )
structures has an opposite sign as expected. The same dielectric
structure with an embedded Au nanorod produces a peak
rotation A = 24.1 degrees at 965 nm, as shown in Figure 3b. This
peak occurs near the absorption resonance of the nanorod, which
is 974 nm. The rotation A depends on both the magnitude and
phase of the field components E, and E, in the transmitted field.
The induced polarization P, that produces a transmitted E, is
mainly dependent on the near-field (NF) around the plasmonic
inclusion. However, E, is more affected (attenuated) by
absorption. Since the rotation is a function of both of these
components, it has a complex dependency on NF enhancement
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Figure 2. L metamolecule: (a) computational model for a unit cell and field analysis showing E, in the transmitted field with the incident polarization
along the x-axis (¢P01 =0°); (b) plasmon-enhanced polarization P, in the short segment of the L, orthogonal to the incident polarization.
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Figure 3. Polarization rotation spectra: (a) for an array of right-handed
(solid blue line) and left-handed (dashed red line) lossless dielectric L-
structures on a substrate and (b) for an array of right -handed (solid blue
line) and left-handed (dashed red line) L-structures with an embedded
Au nanorod. The normalized absorption spectrum is also plotted

(dotted black line).
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Figure 4. L metamolecule: polarization rotation vs s (length of short L-
segment).

and absorption. Moreover, these effects typically have different
spectral profiles and resonant wavelengths, especially for larger
particles, e.g., with dimensions on the same order as the
wavelength. These differences are due to phenomena such as
depolarization of the radiation across the particle and radiative
damping.***~*" To this point, the embedded nanorods that we
study are 200 nm long, which is an appreciable fraction of the
incident wavelength (e.g, 800—1100 nm). Therefore, it is not
surprising that the rotation and absorption peak are offset from
each other in a spectral sense as observed.

Note that the peak rotation we obtain represents a 2000-fold
increase in rotation A over the same structure without the Au
nanorod and corresponds to a giant specific polarization rotation
of 1.2 X 10° deg/mm. As a point of comparison, the specific
rotation of quartz is 13.3 deg/mm at 4 = 730.7 nm. It should be
noted that throughout this paper the specific rotation is
calculated based on the thickness of the metamolecules alone,
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Figure 5. L metamolecule: polarization rotation A vs polarization (c,bpol)
and transmittance for ¢, = 30°.
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Figure 7. L metamolecule: polarization rotation and transmittance
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Figure 8. L metamolecule: rotation vs size of the unit cell (¢pol =30°).

i.e,, neglecting the thickness of the substrate. We show that the
substrate has little impact on the magnitude of the rotation in a
subsequent analysis. Also, while it is instructive to compare the
rotational performance of the metasurface to a bulk material, it
should be kept in mind that if a scaled-up “bulk” metametarial is
formed from layers of such metasurfaces, the near-field coupling
between neighboring layers might degrade the optical perform-
ance.

The giant rotation of the polarization azimuth with ¢, = 0 is
due to plasmon-enhanced polarization of the chiral-patterned
dielectric, predominantly polarization P, in the short segment (s)
of the L-structure as shown in the right-side inset of Figure 1 and
in Figure 2b. The plasmon-enhanced magnitude of P, is 4.5 X
107 C/m? at the center of the segment. This is 2 orders of
magnitude greater than the corresponding value of 4.1 X 107" C/
m? that is obtained without the nanorod. Since P, is orthogonal
to the incident field, E, = E,, it produces a corresponding
scattered field component E, (shown in Figure 2a), which gives
rise to an elliptically polarized transmitted field with a
polarization azimuth that is rotated with respect to the incident
field as illustrated in Figure 1.

An additional study of the effects of the induced P, is shown in
Figure 4. Here, we consider the L metamolecule of Figure 1 and
investigate rotation as a function of the length s of the short
segment (see left-side inset in Figure 1). For s = 0 nm, we have a
single Au nanorod embedded in an achiral rectangular I-
structure. Although plasmon resonance of the nanorod is excited,
this shape cannot support a net P, when the incident polarization
is along the nanorod (for Dpor = 0). Consequently, there is no
rotation, as shown in Figure 4. However, as s increases, A
increases and there is a slight red-shift in the rotation spectrum.
The increase in rotation is due to an increase in the magnitude of
the induced P, in the short segment of the L. The red-shift is due
to an increase in the ambient dielectric constant around the
nanorod that occurs as the short dielectric segment increases and
replaces free space. As shown in the figure, the maximum peak
rotation in the spectral plots occurs when s = 250 nm. After that,
the peak rotation very gradually decreases but continues to red-
shift.

Next, we investigate rotation as a function of the incident
polarization. We compute the rotation spectra with the incident
polarization set at three different angles, ¢, = 30°, 45°, 60°, as
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Figure 9. Z metamolecule: (a) computational model and field analysis showing E, in the transmitted field for a unit cell with the incident polarization
along the x-axis (¢P01 =0°); (b) plasmon-enhanced polarization P,, orthogonal to the incident polarization.

measured with respect to the x-axis (see Figure 1). Figure S
clearly shows that the rotation is polarization sensitive, which is
due to the linear birefringence of the media. The peak rotation
for each value of ¢, occurs near the plasmon resonance of the
nanorod, and an overall maximum rotation A = 41.55° occurs
when ¢, = 30°. This corresponds to a giant specific rotation of
2.08 X 10° deg/mm. The transmittance is 35.5% at the peak
rotation. The ellipticity 7 of the transmitted field for ¢, = 30° is
plotted as a function of wavelength in Figure 6.

It is instructive to examine the effect of the chiral-patterned
dielectric layer on the optical response of the metasurface. To this
end, we eliminate this layer and analyze a 2D array of bare
nanorods on a substrate using the same dimensions as above.
The nanorods give rise to linear birefringence as before, but we
find that the peak rotation at ¢, = 30° is only 12°, which is less
than 30% of the value obtained with the patterned dielectric.
Moreover, there is no rotation when the field is aligned with the
nanorods (¢pol = 0°), which is in sharp contrast to the giant
rotation, A = 24.1°, obtained when the nanorods are
encapsulated. We performed a similar analysis with the nanorods
embedded in a uniform (unpatterned) dielectric layer and found
that the peak rotation was also less that obtained with the
patterning. The patterned dielectric layer produced a larger
rotation over a broader range of polarizations than either bare
nanorods or the nanorods embedded within a uniform dielectric.

We also determine the impact of the substrate on A. To do so,
we set the permittivity of the substrate to that of free space and
compute the rotation and transmittance spectra with ¢, = 30°.
These profiles are plotted in Figure 7 and are substantially the
same as those obtained with the substrate present (Figure 5),
except slightly blue-shifted due to a decrease in the ambient
dielectric constant. The substrate has a negligible effect on
rotation because the latter is principally due to the linear
birefringence of metamolecules. Thus, it is appropriate to
compute the specific rotation of the polarization azimuth for this

medium using the thickness of the metamolecules alone, i.e.,
ignoring the thickness of the substrate.

The dependence of rotation on the lattice spacing between the
metamolecules is also of interest. We investigate this by
computing the rotation spectra with the polarization at ¢, =
30° for three different square unit cells, i.e., 500, 550, and 600 nm
on a side, respectively. These data, which are plotted in Figure 8,
show that as the lattice spacing decreases, the peak rotation
increases and the spectrum blue-shifts to shorter wavelengths.
This is due to the near-field plasmonic coupling between the
longitudinal resonances of nanorods, analogous to exciton
coupling in H-aggregates of organic chromophores.*® To verify
this, we repeated the analysis with all of the dielectric material in
the computational domain replaced by free space, i.e., leaving
only a 2D array of nanorods. We observed a similar blue-shift in
the absorption spectra as the lattice spacing decreased.

B Z METAMOLECULES

We now consider the Z-shaped metamolecules. These are
formed by adding an additional short dielectric segment
symmetrically to the L-structure, which results in a C, rotational
symmetry. The dimensions and material properties are the same
as for the L-structure, and we repeat the same analysis as above. A
computational model is shown in Figure 9. Here, the unit cell is
square, 600 nm on a side, and the incident polarization is along
the x-axis. Figure 9a shows surface plots of E, above and below
the metamolecule, and Figure 9b shows the induced polarization
P, that gives rise to E,.

As a first step, we compare the polarization rotation for L- and
Z-shaped metamolecules when the incident field is aligned with
the nanorods (¢, = 0°). It is instructive to also consider an
achiral C-shaped metamolecule to emphasize the structural
dependence of the plasmon-enhanced polarization and its effect
on rotation. The rotation spectra for the three structures are
shown in Figure 10. Note that the Z metamolecule produces the
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Figure 10. Polarization rotation for L-, Z-, and C-shaped metamolecules
with ¢,y = 0°% red arrows indicate direction of induced dielectric
polarization.
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Figure 11. Z metamolecule: rotation spectra vs polarization (¢P01) and
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Figure 12. Z metamolecule: ellipticity for ¢, = 30°.

largest rotation, while the C metamolecule produces no rotation.
The Z metamolecule produces more rotation than the L
metamolecule because P, components are induced in each of its
short segments, and these are in phase as indicated by the red
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Figure 13.Z metamolecule: rotation vs size of the unit cell for ¢, = 30°.

polarization arrows. The L metamolecule has only one short
segment and therefore less net induced polarization. As for the C
metamolecule, its short segments are polarized, but the
polarizations are 180° out of phase and their effects cancel.

Next we compute the rotation spectra for the Z metamolecules
with the incident polarization at three different angles, ¢,,, = 30°,
45°, and 60°, and the transmittance spectrum for ¢, = 30°. As
shown in Figure 11, these profiles are similar to those obtained
for the L metamolecules; however the peak rotations are slightly
lower, the transmittance is slightly higher, and the rotation
spectra are red-shifted due to an increase in ambient dielectric
material in proximity to the nanorod (ie., the additional
dielectric segment that forms the Z). The maximum rotation is
A =38.84° at A = 980 nm when ¢,,,; = 30°, which corresponds to
a giant specific rotation of 1.942 X 10° deg/mm. The
transmittance is 43.52% at this peak. We also found that the
same level of rotation is obtained without the substrate, similar to
that of the L metamolecule (see Figure 7). The ellipticity of the
transmitted field for ¢, = 30° is shown in Figure 12 and is
similar to that of the L metamolecule as well (see Figure 6).

Lastly, we compute the rotation spectra for ¢, = 30° as a
function of the lattice spacing for square unit cells, 500, 550, and
600 nm on a side. These are plotted in Figure 13 and exhibit a
similar behavior to those obtained for the L metamolecules; that
is, as the cell size decreases, the spectra blue shift and the peak
rotation increases slightly due to an increase in plasmonic
coupling between the nanorods.

B GAMMADION METAMOLECULES

The last metasurface we consider consists of an array of
gammadion metamolecules with an embedded achiral Au cross.
The metamolecules have C, rotational symmetry, which gives
rise to a rotation A that is independent of the incident
polarization. The computational model for a unit cell is shown
in Figure 14a. The gammadion is 200 nm in height and has a
square cross-section that spans 350 nm on each side. The width
of the constituent segments is 100 nm. The embedded Au cross is
150 nm high, 80 nm wide, 300 nm end-to-end, and centered in
the dielectric as shown in Figure 14b.

The gammadion array has a lattice spacing of 450 nm. A
representative rotation spectrum and corresponding trans-
mittance are shown in Figure 15. Note that a peak rotation of

dx.doi.org/10.1021/ph5000192 | ACS Photonics 2014, 1, 507—515
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Figure 14. Gammadion metamolecule: (a) computational model and field analysis showing E, in the transmitted field for a unit cell with the incident
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polarization along the x-axis (qﬁpol =0°); (b) plasmon-enhanced polarization P,, orthogonal to the incident polarization.
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Figure 15. Gammadion metamolecule: rotation spectra and trans-
mittance.

3° is obtained at A = 798 nm with a corresponding transmittance
of approximately 24%. This corresponds to a giant specific
rotation of 1.5 X 10* deg/mm near the absorption resonance of
the Au cross, which occurs at 1 = 804 nm. Note that the peak
rotation is an order of magnitude lower than that obtained with
the L or Z metamolecules. A similar analysis for an all dielectric
gammadion, ie., without the gold cross, resulted in a peak
rotation of less than 0.1°. Thus, plasmon enhancement produces
more than a 30-fold increase in the rotation. It is important to
note that the giant specific rotation obtained here is greater than
that reported for purely metallic (Au) gammadion metamole-
cules, and the transmittance is higher because of the reduced
metallic content.”> Specifically, a fabricated metasurface
consisting of a 2D array of 95 nm high Au gammadions with a
lattice spacing of 500 nm exhibited a peak rotation of polarization
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Figure 16. Gammadion metamolecule: ellipticity and absorption
spectra.

of approximately 1.5° at A = 640 nm and a transmission of less
than 10% at this wavelength (see Figure 2 of ref 22). By way of
comparison, the proposed metamolecules have a similar lattice
spacing and essentially twice the height as their Au counterparts,
and they produce more than twice the rotation and transmission.

The embedded Au cross gives rise to circular dichroism (CD),
i.e., a differential absorption of right and left circularly polarized
(RCP and LCP) light. The linearly polarized incident field can be
decomposed into RCP and LCP components, which acquire
different amplitudes as they pass through the metasurface. The
superposition of these components in the transmitted field yields
elliptically polarized light, with a polarization that is rotated with
respect to the incident field. The change in the sign of the
rotation near the absorption resonance (in this case negative to
positive) as shown in Figures 15 and 17 is a characteristic of chiral
behavior and depends on the handedness of the metamolecule.

dx.doi.org/10.1021/ph5000192 | ACS Photonics 2014, 1, 507—515
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Figure 17. Gammadion metamolecule: polarization rotation vs the size
of the unit cell.

The ellipticity # and normalized absorption spectra for the
metamolecule are plotted in Figure 16. The peak ellipticity
occurs near the absorption resonance and is relatively low, which
implies that the transmitted polarization is nearly linear.

Finally, we investigate the rotation spectrum as a function of
the metamolecule lattice spacing for square unit cells that are
450, 500, and 550 nm on a side, respectively. We find that as the
lattice spacing decreases, the rotation spectra have the same
general form, but the peak rotation increases and the rotation
spectrum blue-shifts as shown in Figure 17. These effects are due
to enhanced plasmonic coupling between neighboring meta-
molecules that occurs when the intermolecule spacing decreases.

B CONCLUSIONS

We have introduced a method for controlling optical polarization
at normal incidence using ultrathin metasurfaces formed from
arrays of subwavelength chiral-patterned dielectric metamole-
cules that contain achiral plasmonic inclusions. Giant polar-
ization rotation can be obtained near the absorption resonance of
the inclusions, which is due to enhanced polarization of the
encapsulating dielectric. The size, shape, and spacing of the
metamolecules can be widely tailored to produce frequency-
selective rotation in the visible to NIR spectrum with relatively
low loss. We have found that polarization-sensitive giant specific
rotation in excess of 10° deg/mm can be realized at normal
incidence with linear birefringent media that exhibit C, and C,
rotational symmetry. A corresponding polarization-independent
rotation exceeding 10* deg/mm can be obtained with relatively
low ellipticity using C, symmetric metamolecules. This level of
rotation is greater than that reported for media containing purely
metallic chiral metamolecules,*” and the transmittance is higher
because of the relatively lower metallic content. We have also
shown that a chiral-patterned dielectric layer provides higher
polarization rotation over a broader range of incident polar-
ization angles than a corresponding media with an unpatterned
layer. Also, it is worth noting that we initially considered the
partial embedding of plasmonic elements in a patterned
dielectric, but found that this resulted in much lower polarization
rotation as compared to fully embedded nanoinclusions.
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Moreover, we found that the embedded inclusions need to be
carefully sized and positioned within the dielectric to optimize
the polarization rotation. The proposed metasurfaces lend
themselves to intuitive designs, as their optical response is
based primarily on the plasmonic behavior of well-studied achiral
nanostructures, and they can be fabricated usin§ a variety of top-
down techniques such as stencil lithography” The approach
presented here should stimulate research at the intersection of
chiral photonics and plasmonics and lead to a new class of
ultrathin materials for manipulating the polarization of light.
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