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Abstract: Chiral metamaterials represent a special type of artificial structures that cannot be
superposed to their mirror images. Due to the lack of mirror symmetry, cross-coupling between
electric and magnetic fields exist in chiral mediums and present unique electromagnetic characters
of circular dichroism and optical activity, which provide a new opportunity to tune polarization
and realize negative refractive index. Chiral metamaterials have attracted great attentions in
recent years and have given rise to a series of applications in polarization manipulation, imaging,
chemical and biological detection, and nonlinear optics. Here we review the fundamental theory
of chiral media and analyze the construction principles of some typical chiral metamaterials. Then,
the progress in extrinsic chiral metamaterials, absorbing chiral metamaterials, and reconfigurable
chiral metamaterials are summarized. In the last section, future trends in chiral metamaterials and
application in nonlinear optics are introduced.
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1. Introduction
Though symmetry brings out special beauty in the areas of architecture, arts, and physics,
asymmetry is still the main melody in our universe. From the basic components of living things, such
as DNA and proteins, to the celestial bodies such as galaxies, asymmetry is everywhere. Chirality just
refers to the structures or geometries that have no symmetric plane and cannot superpose to their mirror
images. Due to the breaking of symmetry, extraordinary properties can be obtained in electromagnetic
chiral structures which are quite different from achiral ones. Typical electromagnetic properties are
circular dichroism (CD) and optical activity (OA). CD represents different transmission or absorption
between the right-handed circularly polarized (RCP) and the left-handed circularly polarized (LCP)
waves, while OA stands for the rotation of a polarization plane when a linearly-polarized light
transmits through chiral structures. These special optical properties can be found in natural chiral
materials, including sugar solutions and quartz crystals [1].
The optical activity of chiral materials was first discovered by Dominique Arago in 1811 [1].
He found that the polarization of linearly polarized sunlight was rotated off its original state when it
passes through a quartz crystal; the outgoing polarization can be characterized by another polarizer.
Optical activity has played an important role in analytical chemistry, crystallography, and molecular
biology [2]. It has also been used to detect life forms in space missions, as biological molecules are
mainly chiral and would lead to distinctly different physiological responses with different spatial
configurations [2]. The optical rotation and circular dichroism of natural materials are rather weak.
To efficiently make use of these two properties, thick materials are required, which leads to bulk
volume devices and systems, and is not compatible with on-chip optical instruments.
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Bulky metamaterials and two-dimensional metamaterials (metasurfaces) are artificial materials
composed of different materials or structures. By properly designing the structure type and parameters
of the units, metamaterials present exotic properties that cannot be found in natural materials;
for example, negative refraction index [3–9] and anti-Doppler effect [10]. The periodical unit cells
give rise to giant interaction between the electromagnetic wave and the artificial structures. Besides,
the interaction can be artificially controlled by tuning the type and size of the unit cells to achieve
extraordinary electromagnetic functions, such as high-efficiency absorption [11–17], broadband
polarization conversion [18–27], and optical imaging breaking through the diffraction limit [28–32].
Furthermore, the thickness and size of the fabricated devices would be greatly decreased, which
provides an opportunity to manipulate the electromagnetic radiation in the sub-wavelength scale,
and could be beneficial for highly integrated microwave or optical systems [33]. The related theories
in metamaterials or metasurfaces for generalized reflection or refraction, absorption, and polarization
manipulation has greatly enlarged the application realm of traditional electromagnetic laws [34,35].
As a typical type of metamaterial, a chiral metamaterial has special unit cells that lack mirror
symmetry and present CD and OA in macroscopy. In order to achieve giant chirality, series of chiral unit
cells are designed, including twisted cross structures [36,37], Slavic symbols [38–40], multi-layered arc
structures [41–45], twisted split rings [46–51], Y-shape structures [52,53], and helix structures [54–58]. Due to
the strong coupling between the electric and magnetic fields in chiral metamaterials, the resulting
chirality can be much larger than that in natural chiral materials, thus providing an opportunity
to realize negative refraction index, which has been theoretically and experimentally proved by
Pendry [59] and Monzon [60], independently of each other. Besides in the microwave range,
chiral metamaterials in terahertz [61–63], infrared [64,65], and visible range [66–68] have also been
constructed. These chiral metamaterials present giant potential value in biological detection, chemical
analysis, optical force, and optical display.
In this review, we outline the past achievement of chiral metamaterials, together with the
fundamental theory, constructing methods, and applications. The review is arranged as follows.
In Section 2, we analyze the fundamental theory of chiral materials. The construction methods
are reviewed in Section 3. In Sections 4–6, several kinds of chiral metamaterials are discussed,
including extrinsic chiral metamaterials, absorption chiral metamaterials, and reconfigurable chiral
metamaterials, respectively. Finally, a conclusion and perspective of future development for chiral
metamaterials is proposed.
2. Fundamentals of Chiral Media
As the lack of mirror symmetric, the coupling between the electric and magnetic fields exists in
chiral materials or structures, which is different from anisotropic mediums. The classical constitutive
relationship equations have variation in the basis form compared to traditional Maxwell equations,
as shown in Formula (1), which is proposed by Post [69].

→
→
 →
D = ε E + jξ H
→
→
→
 H = B /µ + jξ E

(1)

In the constitutive formula, ε is the permittivity and µ is the permeability, respectively. The electric
→

→

→

displacement vector D is related to both the electric field E and magnetic field B. This is also true for
→

the magnetic induction intensity H. The parameter ξ represents the coupling strength between the
electric and magnetic fields, and is named as the chiral parameter. When it equals to 0, the constitutive
equation has the same form as normal isotropic materials.
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Combing the above formula with source-free Maxwell equations, the wave equation of an electric
field in chiral materials can be derived as follows.


→
→
→
→
→
→
∇ × E = jω B = ω D − ε E /ξ = j∇ × H/ξ − ωε E /ξ


(2)
→
→
→
→
→
→
1
∇ × ∇ × E − ωε E /ξ
= j∇ × B /µ + jξ E /ξ − ωε E /ξ = −∇ × E + jωµ
where ω stands for the frequency.
Equation (2) can be transformed as follows.
→

→

→

∇ × ∇ × E − 2ωµξ ∇ × E − ω 2 µε E = 0

(3)

It is well-known that the vector calculation formula has the below formation for a passive
electric field.


→
→
→
→
∇ × ∇ × E = ∇ ∇ · E − ∇2 E = −∇2 E
(4)
→

→

Thus, it can be concluded that the wave equation of E and H in chiral materials has the
following form.
→

→

→

→

→

→

∇2 E + 2ωµξ ∇ × E + ω 2 µε E = 0

(5)

∇2 H + 2ωµξ ∇ × H + ω 2 µε H = 0
→ →

→

→

→

The electric field is defined as E = E0 exp(− jωt + j k · r ), where k is the wave vector and r is
the position vector. Then, Equation (3) can be transformed into Equation (6).
→

→

→

→

→

→

− k × k × E − j2ωµξ k × E − ω 2 µε E = 0

(6)

Subsequently, it can be concluded that the wave number k satisfies the following equation:
k2 =



ω 2 µε − k2
2ωµξ

2
(7)

The above equation has two eigensolutions in the forms of circular polarization, and the wave
numbers can be written as follows.
(
p
k R = ωµξ + ω pµε + µ2 ξ 2
(8)
k L = −ωµξ + ω µε + µ2 ξ 2
The subscripts “R” and “L”, respectively, stand for the RCP and LCP waves.
The above analysis demonstrates that the RCP and LCP waves have different propagating constant
in the chiral medium. Accordingly, the refraction index of the chiral material can be approximately
√
represented as n± = εµ ± ξ, where the subscript “+” stands for RCP and “–“ for LCP. It is notable
that when the chiral parameter is large enough, the refraction index can be negative even ε and µ are
positive, and this is the main reason for the great attention paid to chiral materials in recent years.
As the refraction indices are unequal, the transmit amplitude and phase have discrepancy between
these two circular polarizations, resulting in circular dichroism and optical activity.
In general, the optical rotation can be represented with polarization rotation angle γ with the
formula γ = (n+ − n− )πd/λ0 , where λ0 is the wavelength in vacuum, and d is the thickness of the
chiral material. To simplify the simulation and calculation, the rotation angle can also be calculated
by the transmit phase of the two circular polarizations. That is, γ = [arg( T+ ) − arg( T− )]/2, where T+
and T − are, respectively, the complex transmission for RCP and LCP waves.
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When the image parts of the refraction indices of circular polarizations are different, the absorption
or transmittances have discrepancy after passing through the chiral material, namely the circular
dichroism. The strength of CD can be represented by the ellipticity expressed as
η=


 

1
sin−1 | T+ |2 − | T− |2 / | T+ |2 + | T− |2
2

It is clear that the polarization rotation angle and ellipticity of the chiral material are directly related
to the transmission T+ and T − which can be measured experimentally and simulated using commercial
electromagnetic simulation software. The circular transmissions can also be calculated using Jones
matrices [70]. However, the effective refraction indices of circular polarizations cannot be directly
measured or calculated using the transmission efficiencies, but need a parameter retrieving method
with the participation of transmission and reflection in both circular polarizations [71–73]. Similar to
the parameter retrieval process of anisotropic metamaterials, the effective parameters of refraction
index and chirality of chiral metamaterials can be calculated using the parameter retrieval method.
3. Construction of Chiral Metamaterials
From the definition of chirality, we know that it lacks mirror symmetry in chiral structures.
Therefore, the destination of the construction of chiral metamaterial becomes simple, through the
breakage of the mirror symmetry of ordinary three-dimensional structures.
Figure 1 depicts a series of typical units of chiral metamaterials with different structures. Figure 1a
demonstrates a two-layer chiral metamaterial unit cell, which is composed of two isotropic twisted
cross structures with a twisted angle φ around its normal axis [74]. When the angle does not equal to
integer multiples of π/2, the structure has no mirror plane and presents chiral character. As shown in
Figure 1b, multiple layers of gammadion structure with a twist angle between neighboring layers make
up a chiral unit, which presents circular dichroism in two distinct resonances [75]. This construction
method of twisting layered symmetric structures with a certain angle has produced fruitful applications,
including twisted split rings [76] and Y-shaped [52] chiral metamaterials shown in Figure 1c,d, which
respectively present broadband optical activity and multiband chirality. This constructing method
can be further developed. Figure 1e is the unit cell of the chiral metamaterial, whose basic unit is
composed of four twisted U-shape metallic structures with a neighboring twist angle of π/2 [77].
Since the U-shape structure is anisotropic, the 90 degree twisted composite presents chirality and can
be used to manipulate the polarization states. Furthermore, this kind of U-shape chiral metamaterial
usually has multi-layers, and the U-shape structures in the same location in neighboring layers also
have a π/2 twist angle.
The above-mentioned chiral metamaterials are constructed by twisting multiple layered
anisotropic or isotropic structures to achieve symmetry breaking. Differently, a spiral helix has
intrinsic chirality for its continuous stereo-structure, which has been employed to achieve broadband
polarization conversion in microwave [78,79] and terahertz range [80,81].
The chiral unit cells depicted in Figure 1a–e would superpose with themselves when the unit
cells are rotated by π/2 about their normal axis. These kinds of chiral metamaterials are called
four-fold symmetric structures, or C4 symmetric structures. In these kinds of chiral metamaterials, no
conversion exists between the circular polarizations when passing through the chiral metamaterials.
With a linearly polarized incidence, a maximum circular transmission of –3 dB would be obtained.
Besides, negative refractive index has been realized using these chiral metamaterials shown in
Figure 1a,b. As seen in the scheme of the unit cell, the rotation handedness of the chiral structures
directly determines the chirality, and thus leads to the negative refractive index for left- or right-handed
circular polarization. The giant circular dichroism of Figure 1a results in the discrepancy of circular
transmission, as shown in Figure 1g [74]. Using the standard parameter retrieval process, the effective
refractive index and chirality were obtained, as depicted in Figure 1h, which is associated directly with
the transmission spectra.
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Figure 1. Typical unit cells of chiral metamaterials. (a) Twisted cross structure [74]; (b) Twisted
gammadion structure; (c) Twisted split ring structure; (d) Twisted Y-shape structure; (e) Twisted
Figure 1. Typical unit cells of chiral metamaterials. (a) Twisted cross structure[74]; (b) Twisted
U-shape structure; (f) Helix structure; (g)The circular transmission for the chiral metamaterial in (a);
gammadion structure; (c) Twisted split ring structure; (d) Twisted Y‐shape structure; (e) Twisted U‐
(h) The retrieved effective refractive index and chirality for the chiral metamaterial in (a). (a,g,h) are
shape structure; (f) Helix structure; (g)The circular transmission for the chiral metamaterial in (a); (h)
reproduced with permission from [74]. Copyright American Physical Society, 2009; (b) is reproduced
The retrieved effective refractive index and chirality for the chiral metamaterial in (a). (a), (g) and (h)
with permission from [75]. Copyright American Physical Society, 2009; (e) is reproduced with
are reproduced with permission from [74]. Copyright American Physical Society, 2009; (b) is
permission from [77]; and (f) is reproduced with permission from [55].
reproduced with permission from [75]. Copyright American Physical Society, 2009; (e) is reproduced
with permission from [77]; and (f) is reproduced with permission from [55].

Actually, some chiral metamaterials without C4 symmetry have been proposed as a polarizer
with higher efficiency, as shown in Figure 2 [42,43]. Due to the lack of C4 symmetry and mirror
The chiral unit cells depicted in Figure 1a–e would superpose with themselves when the unit
symmetry, these chiral metamaterials have circular dichroism and polarization conversion at the same
cells are rotated by π/2 about their normal axis. These kinds of chiral metamaterials are called four‐
time. By properly designing the structural parameters, the polarization conversion may contribute
fold symmetric structures, or C4 symmetric structures. In these kinds of chiral metamaterials, no
positively to the transmission of certain circular polarization, leading to the near unit polarization
conversion exists between the circular polarizations when passing through the chiral metamaterials.
conversion ratio with a linearly polarized incident wave. This may greatly increase the polarization
With a linearly polarized incidence, a maximum circular transmission of –3 dB would be obtained.
conversion efficiency.
Besides, negative refractive index has been realized using these chiral metamaterials shown in
Figure 2a shows the unit cell of a chiral metamaterial which converts the incident linearly
Figures 1a,b. As seen in the scheme of the unit cell, the rotation handedness of the chiral structures
polarized wave into different circularly-polarized waves with loss less than 0.6 dB, as shown in
directly determines the chirality, and thus leads to the negative refractive index for left‐ or right‐
Figure 2b [42]. The unit cell is composed of two twisted arcs printed on two sides of a dielectric
handed circular polarization. The giant circular dichroism of Figure 1a results in the discrepancy of
substrate. The arc on the bottom layer is twisted by an angle of θ2 with respect to the arc on the
circular transmission, as shown in Figure 1g [74]. Using the standard parameter retrieval process, the
top layer. When a linearly polarized wave is normally incident on the chiral metamaterial, it can be
effective refractive index and chirality were obtained, as depicted in Figure 1h, which is associated
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extinction ratio at four distinct resonances [43]. The distribution of the surface current reveals the
coupling between the electric and magnetic fields well. As shown in Figure 2e,f, the surface current
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distributions at the lower two resonances of the multi-band chiral metamaterial in Figure 2c shows
opposite electromagnetic coupling, which leads to opposite chirality and opposite circularly-polarized
Nanomaterialsagreeing
2017, 7, 116well with the transmission spectra in Figure 2d.
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radiation,

Figure 2. Chiral metamaterials based on twisted arc structures. (a) Unit cell with two twisted
Figure 2. Chiral metamaterials based on twisted arc structures. (a) Unit cell with two twisted arcs; (b)
arcs; (b) Circular transmission spectra of (a) with a linearly-polarized incidence; (c) Unit cell with
Circular transmission spectra of (a) with a linearly‐polarized incidence; (c) Unit cell with two pairs of
two pairs of twisted arcs; (d) Circular transmission spectra of (c) with linearly-polarized incidence;
twisted arcs; (d) Circular transmission spectra of c with linearly‐polarized incidence; (e) and (f) The
(e,f) The surface current distribution of the chiral metamaterial in (c) at the first and second resonances,
surface current distribution of the chiral metamaterial in (c) at the first and second resonances,
respectively. (a,b) are reproduced with permission [42]. Copyright IEEE, 2014; (c–f) are reproduced
respectively. (a) and (b) are reproduced with permission [42]. Copyright IEEE, 2014; (c)–(f) are
with permission [43]. Copyright AIP Publishing LLC, 2012.
reproduced with permission [43]. Copyright AIP Publishing LLC, 2012.
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4. Extrinsic Chirality in Planar Metamaterials

polarization conversion (T+− and T−+) spectra of the circularly polarized waves with the rotation angle
of 30°. The first subscript stands for the radiated polarization, and the second subscript for the
incident polarization. The symbol “+” represents the RCP while “−” represents the LCP. It is clear that
the metamaterial demonstrates circular dichroism at two distinct frequencies, where obvious
Nanomaterials
2017, 7, 116
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the circular transmission spectra is observed.

Figure 3. Extrinsic planar chiral metamaterials and their transmission spectra under oblique incidence.

Figure 3. Extrinsic planar chiral metamaterials and their transmission spectra under oblique
(a) Extrinsic planar chiral metamaterial with split rings; (b) Circular transmission and circular
incidence. (a) Extrinsic planar chiral metamaterial with split rings; (b)
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polarization conversion spectra of the split ring metamaterial with 30◦ rotation angle; (c) Planar
circular
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withconversion
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in (c)angle;
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spectra
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Planar
metamaterial
with
split
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apertures;
(d)
Circular
±30 rotation angles; (e) Planar metamaterial with U-shape unit cells; (f) Transmission spectra of in
(c) with
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angles;
(e) Planar
metamaterial
with U‐shape
unit cells; (f)
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spectra
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(RCP)
and left-handed
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(LCP)
with different
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angle
of
the
unit
in
(e).
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[82].
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Society, 2009; (e) and (f) are are reproduced with permission [85]. Copyright American Physical
In Figure
Society,
2012. 3c, the complementary structure of unit cell in Figure 3a is presented [84]. The chiral
metamaterial is composed of period of split ring apertures in a metallic board, and is also anisotropic
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When the rotation angel equals to ±30◦ , the circular dichroism spectra are opposite to each other,
with electromagnetic wave normally impinging onto it. By rotating the metamaterial around the
as shown in Figure 3d, which demonstrates obvious chirality of the metamaterial in the oblique
diagonal axis (the red dashed line depicted in Figure 3c, the chiral character would be reversed. When
situation. Figure 3e is another example of extrinsic chiral metamaterial with single layer of U-shape
the rotation
equals
to ±30°,
theangle
circular
dichroism
are−opposite
each
other,
as shown
unit [85].angel
With the
oblique
incident
changing
in the spectra
range from
50◦ to 50◦ ,tothe
opposite
varying
trend of the RCP and LCP transmission can be observed, and CD gets larger when the incident angle
is increased. It can be seen that the transmission of these two circular polarizations coincide at 0◦
incident angle, which validates the intrinsic achiral character of the metamaterial.
The above examples show that even in symmetrical structures, chirality can still be achieved by
rotating the structures around a certain axis. Because this chirality does not originate from the intrinsic
unit cell structure, it is called extrinsic chirality.
Aside from the extrinsic chirality of the unit cells of the metamaterial, some metasurfaces have
also presented analogical properties by arranging their anisotropic unit cells in a chiral way [86–92].
These chiral distributed metasurfaces usually have 2D structures and have the advantages of ultrathin
thickness and ultra-light weight compared to traditional optical lenses. The basic unit cells have
different structures and spatial distributions to achieve various optical functions. In these metasurfaces,
geometry phase, rising from the process of polarization conversion in anisotropic subwavelength
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structures, is utilized to control the wave front of the incident light [93]. The varying trend of the
geometry phase is opposite for different circular polarizations. Therefore, different field distributions
would be present when the LCP and RCP light are incident upon the metasurface, which is analogous
to the circular dichroism of chiral materials and can be categorized as extrinsic chiral metamaterials.
Figure 4a demonstrates the spirally distributed catenary structures to generate a high-order Bessel
beam, and the produced light beam is shown in Figure 4b [94]. The catenary structures can be found
in biological tissues like nepenthes. It is a typical example of natural structures inspiring optical
devices. With an RCP planar light illumination, the transmitted light beam is converted to a high-order
Bessel beam. Nevertheless, the transmitted light would emanate with an LCP incidence. Besides, the
continuous phase manipulation of this catenary structure has been employed to achieve the perfect
generation of light beams carrying orbital angular momentum. Figure 4c,d depict a stretchable extrinsic
chiral metamaterial, and its focus lengths can be tuned with different strain ratios of the substrate by
force [95]. The metasurface is composed of rectangular nanorods with chiral distribution. Similarly,
the focusing function of this metasurface is still sensitive to the rotation direction of the incident
circularly polarized light. Figure 4e,f shows a chiral metamaterial for producing a full-color hologram
and the corresponding generated holograms. The metasurface shown in Figure 4e is constructed by
periodic elliptical holes with chiral distribution on a single layer of metallic membrane [96]. With certain
circularly-polarized incidence, the hologram of leaves with RGB color was obtained, as seen in
Figure 4f. It is also proved that an opposite hologram can be realized when the incident light has
cross polarization. Figure 4g is the SEM image of a dielectric chiral metasurface used as an imaging
lens at multiple wavelengths. The unit cells of the metasurface are rectangular TiO2 dielectric posts
arranged with chiral phase distribution [97]. As shown in Figure 4h, using this planar lens, images of
the beetle Chrysina gloriosa can be observed at distinct wavelength covering the visible range. This kind
of
metasurface
Nanomaterials
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5. Chiral Metamaterials for Absorption
Theoretical analysis of chiral media reveals that the refraction indices of LCP and RCP have
discrepancy at the resonant frequencies, which is the basis of optical activity and circular dichroism.
According to the above‐mentioned fundamental theory of chiral media, we know that circular
dichroism originates from the difference between the image part of circular polarization refraction
indices, and leads to different absorption between the circular polarizations while passing through
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5. Chiral Metamaterials for Absorption
Theoretical analysis of chiral media reveals that the refraction indices of LCP and RCP have
discrepancy at the resonant frequencies, which is the basis of optical activity and circular dichroism.
According to the above-mentioned fundamental theory of chiral media, we know that circular
dichroism originates from the difference between the image part of circular polarization refraction
indices, and leads to different absorption between the circular polarizations while passing through
the chiral medium, which indicates that chiral media can be utilized as absorbers for certain circular
polarization and promise new applications in detecting, imaging, stealth, and communication systems.
Li et al. proposed a chiral absorber and achieved giant circular dichroism in the near-infrared
range [98]. The schematic structure of the chiral metamaterial is shown in Figure 5a, where periodic
metallic Z-shape chiral units are deposited on Ag substrate with a polydimethylsiloxane (PMMA)
spacer. Obvious discrepancy in circular absorptions were obtained when the circularly-polarized light
normally impinged onto it, as depicted in Figure 5d. It was observed that the incident LCP light was
nearly perfectly absorbed, while the absorption of the RCP was less than 10%. Upon combining this
chiral absorber with an active material (e.g., a semiconductor), tunable absorption character can be
Nanomaterials 2017, 7, 116
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obtained with bias DC voltage stimuli. Figure 5b shows another chiral metamaterial with two layers of
twisted metallic rod in each unit [99]. At the wavelength of 8 µm, the incident RCP light is perfectly
linearly‐polarized waves. Figure 5f depicts the absorption spectra of this chiral metamaterial, in
absorbed while the LCP light is reflected, demonstrating giant circular dichroism, as seen in Figure 5e.
which two separate absorption peaks can be observed. The absorption remains◦ well when the
Furthermore, this chiral absorption can be realized in a wide angle range up to ±80 . The above
incident
angle varies by ±30°. It is concluded that the chiral metamaterial provides an efficient method
two chiral metamaterials with selective absorption for circularly polarized light may have potential
to construct
absorbers
with
variousdisplay,
destinations.
applications
in biology
detection,
and sensor devices.

Figure 5. Chiral metamaterials for absorption. (a) Schematic structure of planar chiral metamaterial
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6. Reconfigurable Chiral Metamaterials
It has been desired to actively tune the electromagnetic properties of chiral metamaterials, which
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Besides the selective absorption character, chiral metamaterials are suitable to construct
multi-band absorbers due to their multiple modes of cross-coupling between the electric and magnetic
fields. As shown in Figure 5c, the twisted structure with two branches in each arm is a variant of
gammadion [100]. The introduction of the extra branches can increase the resonant frequency bands
of the metamaterial, and has been widely used in the design of metamaterials. When this chiral
metamaterial is applied as an absorber, it achieves multi-band near-perfect absorption of the incident
linearly-polarized waves. Figure 5f depicts the absorption spectra of this chiral metamaterial, in which
two separate absorption peaks can be observed. The absorption remains well when the incident angle
varies by ±30◦ . It is concluded that the chiral metamaterial provides an efficient method to construct
absorbers with various destinations.
6. Reconfigurable Chiral Metamaterials
It has been desired to actively tune the electromagnetic properties of chiral metamaterials, which
is also the key function to achieve intelligent electromagnetic devices. Nevertheless, it remains a large
challenge to construct active chiral metamaterials, due to the need to invert the handedness of the
asymmetric structures. In recent years, active materials such as semiconductors [101,102], phase change
materials [103], and micro-electro-mechanical systems (MEMS) [104] have been introduced into
the design process of chiral metamaterials to obtain reconfigurable chirality and controllable
electromagnetic properties. In the microwave range, active devices such as positive-intrinsic-negative
(PIN) diodes and varactors have been employed to construct active chiral metamaterials [105].
By controlling the outer bias voltage, the working states of the diodes can be switched on and off.
In the structural scheme, the diodes can be analogous to a metallic strip or a dielectric gap in the unit
cell. Therefore, it has the ability to rebuild the structure of the metamaterial. Figure 6a depicts the unit
cell of the reconfigurable chiral metamaterial in microwave range [105]. It is composed of metallic
structures with rectangular and cross apertures in the bottom and top layers, respectively. In the
cross aperture, four PIN diodes are loaded and divided into two groups with opposite working states.
Therefore, the handedness of the chiral metamaterial can be switched by exchanging the working
states of the PIN diodes, leading to the opposite circular transmission character, as shown in Figure 6b.
Active devices have been widely used in microwave active metamaterials for their tunable
character [106,107]. However, they are not suitable for higher frequency metamaterials due to
their millimeter-scale volume. In metamaterials with operating frequency higher than terahertz,
phase-change materials, semiconductor materials, and MEMS are common active materials to construct
reconfigurable chiral metamaterials. Yin et al. employed a layer of phase-change material Ge3 Sb2 Te6
between two stacked nano-rods to form a reconfigurable chiral metamaterial [108]. The refraction
index of Ge3 Sb2 Te6 in the mid-infrared range would change from 3.5 + 0.01i to 6.5 + 0.06i when it was
heated up to 160 ◦ C. With thermal control, a large spectral shift of circular dichroism reaching 18%
was realized. Kenanakis et al. proposed several chiral structures based on Si which can be transformed
from insulating to conducting state through photo-excitation, to achieve giant tunable optical activity
in terahertz band [102]. Zhang et al. introduced a 3D chiral metamaterial with Si pads (green parts) in
the unit cell, as shown in Figure 6c [109]. When the metamaterial was illuminated by near-infrared
laser pulses with an intensity of about 1 mJ/cm2 , the conductivity of Si could be sharply increased to
a highly conducting state, leading to the chirality switching of the metamaterial. The reversion of the
circular dichroism of the chiral metamaterial can be obtained in Figure 6d, proving that the chirality
character is switched from left-handed to right-handed. Figure 6e depicts a planar chiral metamaterial
with gammadion shape [110]. In this chiral metamaterial, semiconductor Si (purple square in Figure 6e
was employed as the substrate of the chiral metamaterial, and dynamic control of the chirality was
accomplished by exciting photocarriers in the intrinsic silicon islands using near-infrared femtosecond
laser pulses. The rotation angle of the chiral metamaterial could be tuned from 12◦ to near 1◦ as the
laser power increased from 0 to 40 µJ/mm2 , as demonstrated in Figure 6f.

(purple square in Figure 6e was employed as the substrate of the chiral metamaterial, and dynamic
control of the chirality was accomplished by exciting photocarriers in the intrinsic silicon islands
using near‐infrared femtosecond laser pulses. The rotation angle of the chiral metamaterial could be
tuned from 12° to near 1° as the laser power increased from 0 to 40 μJ/mm2, as demonstrated in Figure
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nanoparticles.Furthermore,
Furthermore,these
these artificial
artificial
chiralities based on DNA origami method can also be switched, either controlling the handedness
of the twisted direction of nanoparticles or aligning the direction of the fabricated structure to be
perpendicular or parallel to the light beam. This switchable chirality category has obvious advantage
in biological sensing.
7. Conclusions and Outlook
Chiral metamaterials have developed rapidly in recent years, and the operating frequencies
have risen from the microwave to the optical range. The progress in fundamental theory and
fabrication technology has accelerated the development of chiral metamaterials and resulted in
fruitful applications in polarization manipulating, imaging, and detecting areas. The above chiral
metamaterials have been reviewed, as have the two main characters, namely circular dichroism
and optical activity. Meanwhile, chiral metamaterials also have other attractive properties, such as
optical nonlinearity [115,116], asymmetric transmission [117], and optical force [118,119]. In recent
years, the concept of chirality has been enlarged from media and structures to electromagnetic fields,
and asymmetric electromagnetic fields such as circularly polarized light are also known as chiral and
are named as superchiral light [120].
It can be expected that chiral metamaterials will get more applications in biological detection
because most biological molecules and tissues are chiral. Crossing and integration of disciplines
would help chiral metamaterials go further. However, the study of chiral metamaterials still needs
detailed investigation—both in theory and fabrication technology—to enhance the strength of chirality.
Broadband and high efficiency would be the main focus for the future direction of chiral metamaterials.
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Furthermore, the design of reconfigurable chiral metamaterials is still a challenge, and should be paid
enough attention for the increasing requirement in active polarization manipulation in smart detection
and communication systems.
Acknowledgments: This work was supported by 973 Program of China (No. 2013CBA01700) and National
Natural Science Funds No. 61405201 and 61675208.
Author Contributions: Xiaoliang Ma, Mingbo Pu, Xiong Li, Yinghui Guo and Ping Gao discussed the content of
the paper. Xiaoliang Ma wrote the paper. Xiangang Luo supervised the paper.
Conflicts of Interest: The authors declear that there is no conflict of interest.

References
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.
11.
12.
13.

14.
15.
16.

17.

18.

Barron, L.D. Molecular Light Scattering and Optical Activity; Cambridge University Press: Cambridge, UK, 2004.
Wang, Z.; Cheng, F.; Winsor, T.; Liu, Y. Optical chiral metamaterials: A review of the fundamentals, fabrication
methods and applications. Nanotechnology 2016, 27, 412001. [CrossRef] [PubMed]
Pendry, J.B. Negative refraction makes a perfect lens. Phys. Rev. Lett. 2000, 85, 3966–3969. [CrossRef]
[PubMed]
Shelby, R.; Smith, D.; Schultz, S. Experimental verification of a negative index of refraction. Science 2001, 292,
77–79. [CrossRef] [PubMed]
Smith, D.; Padilla, W.; Vier, D.; Nemat-Nasser, S.; Schultz, S. Composite medium with simultaneously
negative permeability and permittivity. Phys. Rev. Lett. 2000, 84, 4184–4187. [CrossRef] [PubMed]
Parazzoli, C.G.; Greegor, R.B.; Li, K.; Koltenbah, B.E.C.; Tanielian, M. Experimental verification and
simulation of negative index of refraction using Snell’s law. Phys. Rev. Lett. 2003, 90, 107401. [CrossRef]
[PubMed]
Smith, D.R.; Pendry, J.B.; Wiltshire, M.C.K. Metamaterials and negative refractive index. Science 2004, 305,
788–792. [CrossRef] [PubMed]
Lezec, H.J.; Dionne, J.A.; Atwater, H.A. Negative Refraction at Visible Frequencies. Science 2007, 316, 430.
[CrossRef] [PubMed]
Soukoulis, C.M.; Linden, S.; Wegener, M. Negative Refractive Index at Optical Wavelengths. Science 2007,
315, 47. [CrossRef] [PubMed]
Veselago, V.G. The electrodynamics of substances with simultaneously negative values of ε and µ.
Sov. Phys. USPEKHI 1968, 10, 509–514. [CrossRef]
Landy, N.I.; Sajuyigbe, S.; Mock, J.J.; Smith, D.R.; Padilla, W.J. Perfect Metamaterial Absorber. Phys. Rev. Lett.
2008, 100, 207402. [CrossRef] [PubMed]
Teperik, T.V.; Garcia de Abajo, F.J.; Borisov, A.G.; Abdelsalam, M.; Bartlett, P.N.; Sugawara, Y.; Baumberg, J.J.
Omnidirectional absorption in nanostructured metal surfaces. Nat. Photon. 2008, 2, 299–301. [CrossRef]
Tao, H.; Bingham, C.M.; Strikwerda, A.C.; Pilon, D.; Shrekenhamer, D.; Landy, N.I.; Fan, K.; Zhang, X.;
Padilla, W.J.; Averitt, R.D. Highly flexible wide angle of incidence terahertz metamaterial absorber: Design,
fabrication, and characterization. Phys. Rev. B 2008, 78, 241103. [CrossRef]
Ye, Y.Q.; Jin, Y.; He, S. Omnidirectional, polarization-insensitive and broadband thin absorber in the terahertz
regime. J. Opt. Soc. Am. B-Opt. Phys. 2010, 27, 498–504. [CrossRef]
Wang, M.; Huang, C.; Pu, M.; Hu, C.; Pan, W.; Zhao, Z.; Luo, X. Electric-controlled scanning Luneburg lens
based on metamaterials. Appl. Phys. A 2013, 111, 445–450. [CrossRef]
Lal, N.N.; Soares, B.F.; Sinha, J.K.; Huang, F.; Mahajan, S.; Bartlett, P.N.; Greenham, N.C.; Baumberg, J.J.
Enhancing solar cells with localized plasmons in nanovoids. Opt. Express 2011, 19, 11256–11263. [CrossRef]
[PubMed]
Pu, M.; Hu, C.; Wang, M.; Huang, C.; Zhao, Z.; Wang, C.; Feng, Q.; Luo, X. Design principles for infrared
wide-angle perfect absorber based on plasmonic structure. Opt. Express 2011, 19, 17413–17420. [CrossRef]
[PubMed]
Zürcher, J.F. A meander-line polarizer covering the full E-band (60-90GHz). Microw. Opt. Technol. Lett. 1998,
18, 320–323. [CrossRef]

Nanomaterials 2017, 7, 116

19.

20.
21.

22.
23.
24.
25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

38.
39.
40.
41.
42.

13 of 17

Schau, P.; Fu, L.; Frenner, K.; Schäferling, M.; Schweizer, H.; Giessen, H.; Venancio, L.M.G.; Osten, W.
Polarization scramblers with plasmonic meander-type metamaterials. Opt. Express 2012, 20, 22700.
[CrossRef] [PubMed]
Dietlein, C.; Luukanen, A.; Popovi, Z.; Grossman, E. A W-Band Polarization Converter and Isolator.
IEEE Trans. Antennas Propag. 2007, 55, 1804–1809. [CrossRef]
Grady, N.K.; Heyes, J.E.; Chowdhury, D.R.; Zeng, Y.; Reiten, M.T.; Azad, A.K.; Taylor, A.J.; Dalvit, D.A.R.;
Chen, H.-T. Terahertz metamaterials for linear polarization conversion and anomalous refraction. Science
2013, 340, 1304–1307. [CrossRef] [PubMed]
Ekinci, Y.; Solak, H.H.; David, C.; Sigg, H. Bilayer Al wire-grids as broadband and high-performance
polarizers. Opt. Express 2006, 14, 2323–2334. [CrossRef] [PubMed]
Ma, X.; Huang, C.; Pu, M.; Hu, C.; Feng, Q.; Luo, X. Single-layer circular polarizer using metamaterial and
its application in antenna. Microw. Opt. Technol. Lett. 2012, 54, 1770–1774. [CrossRef]
Pu, M.; Chen, P.; Wang, Y.; Zhao, Z.; Huang, C.; Wang, C.; Ma, X.; Luo, X. Anisotropic meta-mirror for
achromatic electromagnetic polarization manipulation. Appl. Phys. Lett. 2013, 102, 131906. [CrossRef]
Guo, Y.; Wang, Y.; Pu, M.; Zhao, Z.; Wu, X.; Ma, X.; Wang, C.; Yan, L.; Luo, X. Dispersion management
of anisotropic metamirror for super-octave bandwidth polarization conversion. Sci. Rep. 2015, 5, 8434.
[CrossRef] [PubMed]
Ren, L.S.; Jiao, Y.C.; Li, F.; Zhao, J.J.; Zhao, G. A Dual-Layer T-Shaped Element for Broadband Circularly
Polarized Reflectarray with Linearly Polarized Feed. IEEE Antennas Wirel. Propag. Lett. 2011, 10, 407–410.
Guo, Y.; Pu, M.; Ma, X.; Li, X.; Luo, X. Advances of dispersion-engineered metamaterials. Opto-Electron. Eng.
2017, 44, 3–22.
Luo, X.; Ishihara, T. Surface plasmon resonant interference nanolithography technique. Appl. Phys. Lett.
2004, 84, 4780–4782. [CrossRef]
Luo, X.; Ishihara, T. Subwavelength photolithography based on surface-plasmon polariton resonance.
Opt. Express 2004, 12, 3055–3065. [CrossRef] [PubMed]
Fang, N.; Lee, H.; Sun, C.; Zhang, X. Sub-diffraction-limited optical imaging with a silver superlens. Science
2005, 308, 534–537. [CrossRef] [PubMed]
Liu, Z.; Lee, H.; Xiong, Y.; Sun, C.; Zhang, X. Far-field optical hyperlens magnifying sub-diffraction-limited
objects. Science 2007, 315, 1686. [CrossRef] [PubMed]
Xu, T.; Agrawal, A.; Abashin, M.; Chau, K.J.; Lezec, H.J. All-angle negative refraction and active flat lensing
of ultraviolet light. Nature 2013, 497, 470–474. [CrossRef] [PubMed]
Pu, M.; Ma, X.; Li, X.; Guo, Y.; Luo, X. Merging plasmonics and metamaterials by two-dimensional
subwavelength structures. J. Mater. Chem. C 2017, 5, 4361–4378. [CrossRef]
Luo, X. Principles of electromagnetic waves in metasurfaces. Sci. China-Phys. Mech. Astron. 2015, 58, 594201.
[CrossRef]
Zhao, Z.; Pu, M.; Wang, Y.; Luo, X. The generalized laws of refraction and reflection. Opto-Electron. Eng.
2017, 44, 129–139.
Decker, M.; Ruther, M.; Kriegler, C.E.; Zhou, J.; Soukoulis, C.M.; Linden, S.; Wegener, M. Strong optical
activity from twisted-cross photonic metamaterials. Opt. Lett. 2009, 34, 2501–2503. [CrossRef] [PubMed]
Kenanakis, G.; Zhao, R.; Stavrinidis, A.; Konstantinidis, G.; Katsarakis, N.; Kafesaki, M.; Soukoulis, C.M.;
Economou, E.N. Flexible chiral metamaterials in the terahertz regime: A comparative study of various
designs. Opt. Mater. Express 2012, 2, 1702–1712. [CrossRef]
Zhao, R.; Zhang, L.; Zhou, J.; Koschny, T.; Soukoulis, C.M. Conjugated gammadion chiral metamaterial with
uniaxial optical activity and negative refractive index. Phys. Rev. B 2011, 83, 035105. [CrossRef]
Plum, E.; Fedotov, V.A.; Schwanecke, A.S.; Zheludev, N.I.; Chen, Y. Giant optical gyrotropy due to
electromagnetic coupling. Appl. Phys. Lett. 2007, 90, 223113. [CrossRef]
Huang, W.; Zhang, Y.; Tang, X.; Cai, L.S.; Zhao, J.; Zhou, L.; Wang, Q.; Huang, C.; Zhu, Y. Optical properties
of a planar metamaterial with chiral symmetry breaking. Opt. Lett. 2011, 36, 3359–3361. [CrossRef] [PubMed]
Ma, X.; Huang, C.; Pu, M.; Hu, C.; Feng, Q.; Luo, X. Multi-band circular polarizer using planar spiral
metamaterial structure. Opt. Express 2012, 20, 16050–16058. [CrossRef] [PubMed]
Ma, X.; Huang, C.; Pan, W.; Zhao, B.; Cui, J.; Luo, X. A dual circularly polarized horn antenna in Ku-band
based on chiral metamaterial. IEEE Trans. Antennas Propag. 2014, 62, 2307–2311. [CrossRef]

Nanomaterials 2017, 7, 116

43.
44.
45.
46.
47.
48.
49.
50.

51.
52.
53.

54.

55.
56.
57.
58.

59.
60.
61.
62.
63.
64.
65.
66.
67.

14 of 17

Ma, X.; Huang, C.; Pu, M.; Wang, Y.; Zhao, Z.; Wang, C.; Luo, X. Dual-band asymmetry chiral metamaterial
based on planar spiral structure. Appl. Phys. Lett. 2012, 101, 161901. [CrossRef]
Cui, Y.; Kang, L.; Lan, S.; Rodrigues, S.; Cai, W. Giant chiral optical response from a twisted-arc metamaterial.
Nano Lett. 2014, 14, 1021–1025. [CrossRef] [PubMed]
Rodrigues, S.P.; Lan, S.; Kang, L.; Cui, Y.; Cai, W. Nonlinear Imaging and Spectroscopy of Chiral
Metamaterials. Adv. Mater. 2014, 26, 6157–6162. [CrossRef] [PubMed]
Mutlu, M.; Ozbay, E. A transparent 90◦ polarization rotator by combining chirality and electromagnetic
wave tunneling. Appl. Phys. Lett. 2012, 100, 051909. [CrossRef]
Mutlu, M.; Akosman, A.E.; Serebryannikov, A.E.; Ozbay, E. Asymmetric chiral metamaterial circular polarizer
based on four U-shaped split ring resonators. Opt. Lett. 2011, 36, 1653–1655. [CrossRef] [PubMed]
Decker, M.; Zhao, R.; Soukoulis, C.M.; Linden, S.; Wegener, M. Twisted split-ring-resonator photonic
metamaterial with huge optical activity. Opt. Lett. 2010, 35, 1593–1595. [CrossRef] [PubMed]
Wang, B.; Zhou, J.; Koschny, T.; Soukoulis, C.M. Nonplanar chiral metamaterials with negative index.
Appl. Phys. Lett. 2009, 94, 151112. [CrossRef]
Li, Z.; Zhao, R.; Koschny, T.; Kafesaki, M.; Alici, K.B.; Colak, E.; Caglayan, H.; Ozbay, E.; Soukoulis, C.M.
Chiral metamaterials with negative refractive index based on four “U” split ring resonators. Appl. Phys. Lett.
2010, 97, 081901. [CrossRef]
Novitsky, A.V.; Galynsky, V.M.; Zhukovsky, S.V. Asymmetric transmission in planar chiral split-ring
metamaterials: Microscopic Lorentz-theory approach. Phys. Rev. B 2012, 86, 075138. [CrossRef]
Ma, X.; Huang, C.; Pu, M.; Pan, W.; Wang, Y.; Luo, X. Circular dichroism and optical rotation in twisted
Y-shaped chiral metamaterial. Appl. Phys. Express 2013, 6, 022001. [CrossRef]
Wongkasem, N.; Akyurtlu, A.; Marx, K.A.; Dong, Q.; Li, J.; Goodhue, W.D. Development of Chiral Negative
Refractive Index Metamaterials for the Terahertz Frequency Regime. IEEE Trans. Antennas Propag. 2007, 55,
3052–3062. [CrossRef]
Gansel, J.K.; Thiel, M.; Rill, M.S.; Decker, M.; Bade, K.; Saile, V.; von Freymann, G.; Linden, S.; Wegener, M.
Gold helix photonic metamaterial as broadband circular polarizer. Science 2009, 325, 1513–1515. [CrossRef]
[PubMed]
Gansel, J.K.; Wegener, M.; Burger, S.; Linden, S. Gold helix photonic metamaterials: A numerical parameter
study. Opt. Express 2010, 18, 1059–1069. [CrossRef] [PubMed]
Mark, A.G.; Gibbs, J.G.; Lee, T.C.; Fischer, P. Hybrid nanocolloids with programmed three-dimensional
shape and material composition. Nat. Mater. 2013, 12, 802–807. [CrossRef] [PubMed]
Frank, B.; Yin, X.; Schäferling, M.; Zhao, J.; Hein, S.M.; Braun, P.V.; Giessen, H. Large-Area 3D Chiral
Plasmonic Structures. ACS Nano 2013, 7, 6321–6329. [CrossRef] [PubMed]
Esposito, M.; Tasco, V.; Todisco, F.; Cuscunà, M.; Benedetti, A.; Sanvitto, D.; Passaseo, A. Triple-helical
nanowires by tomographic rotatory growth for chiral photonics. Nat. Commun. 2015, 6, 6484. [CrossRef]
[PubMed]
Pendry, J.B. A Chiral Route to Negative Refraction. Science 2004, 306, 1353–1355. [CrossRef] [PubMed]
Monzon, C.; Forester, D. Negative refraction and focusing of circularly polarized waves in optically active
media. Phys. Rev. Lett. 2005, 95. [CrossRef] [PubMed]
Ding, Y.; Zhang, G.; Cheng, Y. Giant optical activity and negative refractive index in the terahertz region
using complementary chiral metamaterials. Phys. Scr. 2012, 85, 065405. [CrossRef]
Sabah, C.; Roskos, H.G. Design of a terahertz polarization rotator based on a periodic sequence of chiral
metamaterial and dielectric slabs. Prog. Electromagn. Res. 2012, 124, 301–314. [CrossRef]
Singh, R.; Plum, E.; Menzel, C.; Rockstuhl, C.; Azad, A.K.; Cheville, R.A.; Lederer, F.; Zhang, W.; Zheludev, N.I.
Terahertz metamaterial with asymmetric transmission. Phys. Rev. B 2009, 80, 153104. [CrossRef]
Cheng, H.; Chen, S.; Yu, P.; Li, J.; Deng, L.; Tian, J. Mid-infrared tunable optical polarization converter
composed of asymmetric graphene nanocrosses. Opt. Lett. 2013, 38, 1567–1569. [CrossRef] [PubMed]
Krasavin, A.V.; Schwanecke, A.S.; Zheludev, N.I. Extraordinary properties of light transmission through
a small chiral hole in a metallic screen. J. Opt. -Pure Appl. Opt. 2006, 8, S98–S105. [CrossRef]
Christofi, A.; Stefanou, N.; Gantzounis, G.; Papanikolaou, N. Giant Optical Activity of Helical Architectures
of Plasmonic Nanorods. J. Phys. Chem. C 2012, 116, 16674–16679. [CrossRef]
Du, L.; Kou, S.S.; Balaur, E.; Cadusch, J.J.; Roberts, A.; Abbey, B.; Yuan, X.C.; Tang, D.; Lin, J. Broadband
chirality-coded meta-aperture for photon-spin resolving. Nat. Commun. 2015, 6, 10051. [CrossRef] [PubMed]

Nanomaterials 2017, 7, 116

68.

69.
70.
71.
72.
73.

74.
75.
76.
77.
78.
79.

80.
81.
82.
83.
84.
85.
86.
87.

88.
89.

90.
91.

15 of 17

Esposito, M.; Tasco, V.; Todisco, F.; Benedetti, A.; Sanvitto, D.; Passaseo, A. Three dimensional chiral metamaterial
nanospirals in the visible range by vertically compensated focused ion beam induced-deposition. Adv. Opt. Mater.
2014, 2, 154–161. [CrossRef]
Post, E.J. Formal Structure of Electromagnetics: General Covariance and Electromagnetics; Dover Publications:
Mineola, NY, USA, 1997.
Xie, X.; Simon, J.D. Picosecond circular dichroism spectroscopy: A Jones matrix analysis. J. Opt. Soc. Am. B
1990, 7, 1673–1684. [CrossRef]
Menzel, C.; Rockstuhl, C.; Paul, T.; Lederer, F. Retrieving effective parameters for quasiplanar chiral
metamaterials. Appl. Phys. Lett. 2008, 93, 233106. [CrossRef]
Zhao, R.; Koschny, T.; Soukoulis, C.M. Chiral metamaterials: Retrieval of the effective parameters with and
without substrate. Opt. Express 2010, 18, 14553–14567. [CrossRef] [PubMed]
Kwon, D.H.; Werner, D.H.; Kildishev, A.V.; Shalaev, V.M. Material parameter retrieval procedure for
general bi-isotropic metamaterials and its application to optical chiral negative-index metamaterial design.
Opt. Express 2008, 16, 11822–11829. [CrossRef] [PubMed]
Zhou, J.; Dong, J.; Wang, B.; Koschny, T.; Kafesaki, M.; Soukoulis, C.M. Negative refractive index due to
chirality. Phys. Rev. B 2009, 79, 121104. [CrossRef]
Plum, E.; Zhou, J.; Dong, J.; Fedotov, V.A.; Koschny, T.; Soukoulis, C.M.; Zheludev, N.I. Metamaterial with
negative index due to chirality. Phys. Rev. B 2009, 79. [CrossRef]
Huang, C.; Ma, X.; Pu, M.; Yi, G.; Wang, Y.; Luo, X. Dual-band 90◦ polarization rotator using twisted split
ring resonators array. Opt. Commun. 2013, 291, 345–348. [CrossRef]
Liu, N.; Giessen, H. Three-dimensional optical metamaterials as model systems for longitudinal and
transverse magnetic coupling. Opt. Express 2008, 16, 21233–21238. [CrossRef] [PubMed]
Wu, C.; Li, H.; Yu, X.; Li, F.; Chen, H.; Chan, C.T. Metallic Helix Array as a Broadband Wave Plate.
Phys. Rev. Lett. 2011, 107, 177401. [CrossRef] [PubMed]
Zhang, P.; Yang, Z.; Zhao, M.; Wu, L.; Lu, Z.; Cheng, Y.; Gong, R.; Zheng, Y.; Duan, J. Similar structures,
different characteristics: Circular dichroism of metallic helix arrays with single-, double-, and triple-helical
structures. J. Opt. Soc. Am. A 2013, 30, 677–681. [CrossRef] [PubMed]
Li, S.; Yang, Z.; Wang, J.; Zhao, M. Broadband terahertz circular polarizers with single- and double-helical
array metamaterials. J. Opt. Soc. Am. A 2011, 28, 19–23. [CrossRef] [PubMed]
Yu, Y.; Yang, Z.; Li, S.; Zhao, M. Higher extinction ratio circular polarizers with hetero-structured
double-helical metamaterials. Opt. Express 2011, 19, 10886–10894. [CrossRef] [PubMed]
Plum, E.; Fedotov, V.A.; Zheludev, N.I. Optical activity in extrinsically chiral metamaterial. Appl. Phys. Lett.
2008, 93, 191911. [CrossRef]
Plum, E.; Fedotov, V.A.; Zheludev, N.I. Extrinsic electromagnetic chirality in metamaterials. J. Opt. Pure
Appl. Opt. 2009, 11, 074009. [CrossRef]
Plum, E.; Liu, X.X.; Fedotov, V.A.; Chen, Y.; Tsai, D.P.; Zheludev, N.I. Metamaterials: Optical activity without
chirality. Phys. Rev. Lett. 2009, 102, 113902. [CrossRef] [PubMed]
Sersic, I.; van de Haar, M.A.; Arango, F.B.; Koenderink, A.F. Ubiquity of Optical Activity in Planar
Metamaterial Scatterers. Phys. Rev. Lett. 2012, 108, 223903. [CrossRef] [PubMed]
Ma, X.; Pu, M.; Li, X.; Huang, C.; Wang, Y.; Pan, W.; Zhao, B.; Cui, J.; Wang, C.; Zhao, Z.; et al. A planar chiral
meta-surface for optical vortex generation and focusing. Sci. Rep. 2015, 5, 10365. [CrossRef] [PubMed]
Khorasaninejad, M.; Chen, W.T.; Devlin, R.C.; Oh, J.; Zhu, A.Y.; Capasso, F. Metalenses at visible wavelengths:
Diffraction-limited focusing and subwavelength resolution imaging. Science 2016, 352, 1190. [CrossRef]
[PubMed]
Pu, M.; Zhao, Z.; Wang, Y.; Li, X.; Ma, X.; Hu, C.; Wang, C.; Huang, C.; Luo, X. Spatially and spectrally
engineered spin-orbit interaction for achromatic virtual shaping. Sci. Rep. 2015, 5, 9822. [CrossRef] [PubMed]
Luo, J.; Zeng, B.; Wang, C.; Gao, P.; Liu, K.; Pu, M.; Jin, J.; Zhao, Z.; Li, X.; Yu, H.; et al. Fabrication of
anisotropically arrayed nano-slots metasurfaces using reflective plasmonic lithography. Nanoscale 2015, 7,
18805–18812. [CrossRef] [PubMed]
Li, Y.; Li, X.; Chen, L.; Pu, M.; Jin, J.; Hong, M.; Luo, X. Orbital angular momentum multiplexing and
demultiplexing by a single metasurface. Adv. Opt. Mater. 2017, 5, 1600502. [CrossRef]
Lin, D.; Fan, P.; Hasman, E.; Brongersma, M.L. Dielectric gradient metasurface optical elements. Science 2014,
345, 298–302. [CrossRef] [PubMed]

Nanomaterials 2017, 7, 116

92.
93.
94.

95.
96.
97.
98.

99.
100.
101.
102.
103.

104.

105.
106.
107.
108.
109.

110.

111.

112.
113.

16 of 17

Aieta, F.; Kats, M.A.; Genevet, P.; Capasso, F. Multiwavelength achromatic metasurfaces by dispersive phase
compensation. Science 2015, 347, 1342–1345. [CrossRef] [PubMed]
Li, X.; Ma, X.; Luo, X. Principles and applications of metasurfaces with phase modulation. Opto-Electron. Eng.
2017, 44, 255–275.
Pu, M.; Li, X.; Ma, X.; Wang, Y.; Zhao, Z.; Wang, C.; Hu, C.; Gao, P.; Huang, C.; Ren, H.; et al. Catenary optics
for achromatic generation of perfect optical angular momentum. Sci. Adv. 2015, 1, e1500396. [CrossRef]
[PubMed]
Ee, H.S.; Agarwal, R. Tunable Metasurface and Flat Optical Zoom Lens on a Stretchable Substrate. Nano Lett.
2016, 16, 2818–2823. [CrossRef] [PubMed]
Li, X.; Chen, L.; Li, Y.; Zhang, X.; Pu, M.; Zhao, Z.; Ma, X.; Wang, Y.; Hong, M.; Luo, X. Multicolor 3D
meta-holography by broadband plasmonic modulation. Sci. Adv. 2016, 2, e1601102. [CrossRef] [PubMed]
Khorasaninejad, M.; Chen, W.T.; Zhu, A.Y.; Oh, J.; Devlin, R.C.; Rousso, D.; Capasso, F. Multispectral Chiral
Imaging with a Metalens. Nano Lett. 2016, 16, 4595–4600. [CrossRef] [PubMed]
Li, W.; Coppens, Z.J.; Besteiro, L.V.; Wang, W.; Govorov, A.O.; Valentine, J. Circularly polarized light detection
with hot electrons in chiral plasmonic metamaterials. In Proceeding of the Frontiers in Optics 2015, San Jose,
CA, USA, 18–22 October 2015; OSA Publishing: Washington, DC, USA, 2015.
Wang, Z.; Jia, H.; Yao, K.; Cai, W.; Chen, H.; Liu, Y. Circular Dichroism Metamirrors with Near-Perfect
Extinction. ACS Photonics 2016, 3, 2096–2101. [CrossRef]
Tehrani, K.N.; Abdolali, A.; Zarifi, D.; Hojjat-Kashani, F. Application of chiral layers and metamaterials for
the reduction of radar cross section. Prog. Electromagn. Res. 2013, 137, 759–773. [CrossRef]
Lv, T.T.; Zhu, Z.; Shi, J.H.; Guan, C.Y.; Wang, Z.P.; Cui, T.J. Optically controlled background-free terahertz
switching in chiral metamaterial. Opt. Lett. 2014, 39, 3066–3069. [CrossRef] [PubMed]
Kenanakis, G.; Zhao, R.; Katsarakis, N.; Kafesaki, M.; Soukoulis, C.M.; Economou, E.N. Optically controllable
THz chiral metamaterials. Opt. Express 2014, 22, 12149–12159. [CrossRef] [PubMed]
Wang, Q.; Rogers, E.T.F.; Gholipour, B.; Wang, C.M.; Yuan, G.; Teng, J.; Zheludev, N.I. Optically reconfigurable
metasurfaces and photonic devices based on phase change materials. Nat. Photonics 2016, 10, 60–65.
[CrossRef]
Kan, T.; Isozaki, A.; Kanda, N.; Nemoto, N.; Konishi, K.; Takahashi, H.; Kuwata-Gonokami, M.;
Matsumoto, K.; Shimoyama, I. Enantiomeric switching of chiral metamaterial for terahertz polarization
modulation employing vertically deformable MEMS spirals. Nat. Commun. 2015, 6, 8422. [CrossRef]
[PubMed]
Ma, X.; Pan, W.; Huang, C.; Pu, M.; Wang, Y.; Zhao, B.; Cui, J.; Wang, C.; Luo, X. An active metamaterial for
polarization manipulating. Adv. Opt. Mater. 2014, 2, 945–949. [CrossRef]
Huang, C.; Pan, W.; Luo, X. Low–Loss circularly polarized transmitarray for beam steering application.
IEEE Trans. Antennas Propag. 2016, 64, 4471–4476. [CrossRef]
Cui, J.; Huang, C.; Pan, W.; Pu, M.; Guo, Y.; Luo, X. Dynamical manipulation of electromagnetic polarization
using anisotropic meta-mirror. Sci. Rep. 2016, 6, 30771. [CrossRef] [PubMed]
Yin, X.; Schäferling, M.; Michel, A.K.U.; Tittl, A.; Wuttig, M.; Taubner, T.; Giessen, H. Active Chiral Plasmonics.
Nano Lett. 2015, 15, 4255–4260. [CrossRef] [PubMed]
Zhang, S.; Zhou, J.; Park, Y.S.; Rho, J.; Singh, R.; Nam, S.; Azad, A.K.; Chen, H.T.; Yin, X.; Taylor, A.J.;
et al. Photoinduced handedness switching in terahertz chiral metamolecules. Nat. Commun. 2012, 3, 942.
[CrossRef] [PubMed]
Zhou, J.; Chowdhury, D.R.; Zhao, R.; Azad, A.K.; Chen, H.T.; Soukoulis, C.M.; Taylor, A.J.; O’Hara, J.F.
Terahertz chiral metamaterials with giant and dynamically tunable optical activity. Phys. Rev. B 2012, 86,
035448. [CrossRef]
Kuzyk, A.; Schreiber, R.; Fan, Z.; Pardatscher, G.; Roller, E.M.; Hogele, A.; Simmel, F.C.; Govorov, A.O.;
Liedl, T. DNA-based self-assembly of chiral plasmonic nanostructures with tailored optical response. Nature
2012, 483, 311–314. [CrossRef] [PubMed]
Kuzyk, A.; Schreiber, R.; Zhang, H.; Govorov, A.O.; Liedl, T.; Liu, N. Reconfigurable 3D plasmonic
metamolecules. Nat. Mater. 2014, 13, 862–866. [CrossRef] [PubMed]
Shen, X.; Asenjo-Garcia, A.; Liu, Q.; Jiang, Q.; García De Abajo, F.J.; Liu, N.; Ding, B. Three-dimensional
plasmonic chiral tetramers assembled by DNA origami. Nano Lett. 2013, 13, 2128–2133. [CrossRef] [PubMed]

Nanomaterials 2017, 7, 116

17 of 17

114. Hur, K.; Francescato, Y.; Giannini, V.; Maier, S.A.; Hennig, R.G.; Wiesner, U. Three-dimensionally
isotropic negative refractive index materials from block copolymer self-Assembled chiral gyroid networks.
Angew. Chem. Int. Ed. 2011, 50, 11985–11989. [CrossRef] [PubMed]
115. Mamonov, E.; Kolmychek, I.; Murzina, T.; Maydykovsky, A.; Aktsipetrov, O.; Valev, V.; Verbiest, T.;
Silhanek, A.; Moshchalkov, V. Circular dichroism in optical second harmonic generated in reflection from
chiral G-shaped metamaterials. J. Phys. Conf. Ser. 2012, 352, 012029. [CrossRef]
116. Valev, V.K.; Baumberg, J.J.; Clercq, B.D.; Braz, N.; Zheng, X.; Osley, E.J.; Vandendriessche, S.; Hojeij, M.;
Blejean, C.; Mertens, J.; et al. Nonlinear superchiral meta-surfaces: Tuning chirality and disentangling
non-reciprocity at the nanoscale. Adv. Mater. 2014, 26, 4074–4081. [CrossRef] [PubMed]
117. Li, Z.; Mutlu, M. Highly asymmetric transmission of linearly polarized waves realized with a multilayered
structure including chiral metamaterials. J. Phys. Appl. Phys. 2014, 47, 075107. [CrossRef]
118. Zhao, R.; Zhou, J.; Koschny, T.; Economou, E.N.; Soukoulis, C.M. Repulsive Casimir Force in Chiral
Metamaterials. Phys. Rev. Lett. 2009, 103, 103602. [CrossRef] [PubMed]
119. Zhao, R.; Koschny, T.; Economou, E.; Soukoulis, C. Comparison of chiral metamaterial designs for repulsive
Casimir force. Phys. Rev. B 2010, 81, 235126. [CrossRef]
120. Tang, Y.; Cohen, A.E. Enhanced enantioselectivity in excitation of chiral molecules by superchiral light.
Science 2011, 332, 333–336. [CrossRef] [PubMed]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

