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ABSTRACT: Chiral optical metamaterials have attracted a great deal of attention due to
their intriguing properties with respect to fundamental research and practical applications. For
metamaterials with achiral structures, the system composed of metamaterials and obliquely
incident light has extrinsic chirality and can produce circular dichroism (CD) effect. However,
there have been few studies on the azimuth-dependent CD spectra of achiral metamaterials
that have greatly improved our understanding of optical phenomena caused by external
chirality. In this work, we experimentally studied the azimuth-dependent CD that originated
from the extrinsic chirality of the metamaterials in an asymmetric-U shape and a U-bar-shape
gold unit structure, separately. We explain the origin of the CD in the coupling of the macro-
electric dipole and magnetic dipole, and the simulation results are in good agreement with the
experiment. Our results provide a possible way to build an on-chip azimuth sensor based on
azimuth-dependent CD spectra of metamaterials.

When an object cannot be superposed on its mirror image by
rotations or translations, it has chirality. Materials with chirality
are omnipresent in nature, from solid crystals to organic
macromolecules, such as quartz crystals,1 perovskites,2 amino
acids,3 and proteins.4 Chiral substances are divided into left
and right handedness, and they have different responses to left
circularly polarized (LCP) light and right circularly polarized
(RCP) light.5,6 Therefore, optical method can be effectively
used to study chirality. For example, circular polarization
selective Raman spectroscopy can be used to study the
vibration characteristics of chiral phonons,7 circular polarized
fluorescence spectroscopy can be used to study the
luminescence properties of chiral molecules,8 and circular
dichroism (CD) spectroscopy can directly measure the
reflection or transmission difference between LCP and RCP
light of the object with a chiral structure or a chiral electronic
structure.9−11 Among the methods mentioned above, CD
spectroscopy is widely used to study chirality because of its
directness and convenience, and it has very important
applications in many fields such as analytical chemistry,12,13

biological monitoring,10,14 and nano-imaging technology.15

However, the CD produced by chiral matter in nature is
usually very weak, which limits its wide and further application.
Because of the development of sample processing technology,
metamaterials with chiral structure that responsd in a wide
frequency band can be manufactured.16−18 Metamaterials are
kinds of artificial composite structure materials that have
properties not present in nature.19,20 They are usually
composed of an array of metallic or dielectric nanostructures.21

Due to the strong interactions of plasmons in metal
nanostructures, they can produce CD that is stronger than
that of chiral substances in nature.22−24 In the past few years,

many chiral metamaterials with different geometric structures
have been designed to achieve strong CD in broad bands from
optical to acoustic wavelengths,19,25−27 which greatly enriches
the fundamental research and practical applications of chiral
materials.
In addition to intrinsic chirality in chiral geometric

metamaterials, extrinsic chirality can also be induced for the
metamaterials with nonchiral planar structures23,28,29 when the
incident light is oblique to the normal direction of the sample.
In this case, a system composed of the wave vector of the
oblique incident light and the achiral structure does not
coincide with its mirror image, so this nonsuperimposable
mirror symmetry of the system produces extrinsic chirality.29,30

Extrinsic chirality has greater tunability, such as changing the
angle of the incident light to the normal of the sample, the size
of the sample, the symmetry of the unit structure, etc.23,28,31 At
the same time, the extrinsic chirality of the system can be
modulated by the azimuth of metamaterials, and the
magnitude and sign of CD caused by extrinsic chirality will
also change accordingly. Here the azimuth refers to the angle
between the direction of the sample symmetry axis and the
direction of projection of the incident light on the sample
surface. The azimuth-dependent CD spectra have great
application prospects for the perception and control of
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rotational motion, determination of the azimuth angle of tiny
objects as azimuth sensors, detecting the direction of incident
light, etc. Although azimuth-dependent CD spectroscopy of
three-dimensional (3D) plasmonic metamaterial has been
reported,32 3D sample processing is more complicated than
that of two-dimensional (2D) plasmonic metamaterials.
Previous reports of azimuth-dependent CD spectra of 2D
plasmonic metamaterials were limited to some special azimuth
angles,29,33 and few experiments have systematically studied
the relationship between the azimuth angle and CD in the
visible light range.
Here we demonstrate azimuth-dependent optical CD

measurements covering the range from −90° to 270° based
on the extrinsic chirality of two planar metamaterials, where
their unit structures are a planar asymmetric-U shape with
weak chirality and a U-bar shape without chirality. We define
the bottom of the metamaterial as the x-direction and the
direction perpendicular to the bottom as the y-direction.
Through theoretical simulation, the dipole current distribution
at the characteristic wavelength of CD for metamaterials at an
azimuth of 0° is obtained, and the macro-magnetic dipole and
electric dipole induced by the dipole current help us to
understand the origin of CD from the perspective of the
coupling between the magnetic dipole and electric dipole. At
the same time, the simulation results of the change in CD with
azimuth are in good agreement with the experimental results.
The results show that the periodicity of CD changes with
azimuth is closely related to the structure of the metamaterial.
For asymmetric-U metamaterials, the two characteristic modes
of CD originate from the different parts of the structure. At
622 nm, the CD is asymmetric about 90° because the current
at the two asymmetric arms plays a major role, while the CD at
840 nm originates from the bottom bar with symmetry about
the y-axis; therefore, the CD is the same when the azimuth
angles are −90°, 90°, and 270°. For the U-bar shape, the CD at
the characteristic wavelength of 660 nm is mainly derived from
the two symmetrical arms, so the change in CD with azimuth is

symmetrical about the y-axis. Because the widths of the upper
and lower bars of the U-bar are not equal, the magnitudes of
CD at 800 nm originating from the upper and lower bars
before and after 90° of azimuth have obvious differences.
Therefore, for a structure that has both symmetrical and
asymmetrical elements, from the symmetry of CD with respect
to azimuth, we can deduce which part of the structure causes
the CD at the characteristic wavelength. For CD modes with
symmetry about the azimuth, the azimuth value can be
uniquely determined by combining the value of CD and the
differential value of d(CD)/d(φ) in the range of −90° to 270°.
Due to the convenience of processing metamaterials and the
adjustability of external chirality, the development of an
azimuth sensor based on such metamaterial is possible.
The metamaterials were fabricated by electron beam

lithography (EBL) as described in our previous paper.34 The
material constituting the metamaterial is gold, and its substrate
is indium tin oxide (ITO). The scanning electron microscopy
(SEM) images, schematic diagram, and geometric parameters
of the unit structure are shown in Figure 1a, where we define
that the x-direction of the sample is parallel to the bottom bar
of the unit structure and the y-direction is perpendicular to the
bottom of the unit structure. The unit structures are
asymmetric-U and U-bar shapes, respectively. The periods of
the unit structures represented by dx and dy are 480 and 600
nm, respectively. Their other geometric parameters are
summarized in the table in Figure 1a.

■ METHODS

In the CD measurements, supercontinuum white light is
dispersed into monochromatic light by an iHR320 mono-
chromator, with a corresponding wavelength range of 550−
900 nm. The direction of polarization of the laser and the main
axis of the photoelastic modulator (Hinds Instruments, Inc.)
present a 45° angle. The photoelastic modulator periodically
(50 kHz) modulates the linearly polarized light into LCP and
RCP light. Before photoelastic modulation, the incident

Figure 1. (a) SEM images of golden metamaterials on an ITO substrate with asymmetric-U shape and U-bar shape unit structures. The geometric
parameters are marked in the schematic diagram of the unit structure, and their values are summarized in the table. (b) Experimental configuration
for CD measurements, taking the U-bar shape as an example. The x-direction is the bottom of the U-bar shape, and the y-direction is perpendicular
to it. The red line represents the incident and reflective circularly polarized light (LCP and RCP) at a certain incident angle θ, and azimuth φ is the
angle between the projection of incident light on the sample plane and x-axis. The blue dotted line represents a projection auxiliary line. (c)
Schematic diagram in which the dipole current is represented by the arrow and the arrow points in the direction with negative charge. The circular
current can induce a magnetic dipole m. The total dipole current in any direction is p, and the angle between p and the x-axis is φ. Their
projections along the direction of r are m′ and p′, respectively. The black arrow dotted line represents the direction of r, and the red arrow line
represents the wave vector k of incident light.
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linearly polarized light is modulated by a chopper (SR540)
working at 177 Hz. Because the CD signal is weaker than the
reflected signal, here we use two lock-in amplifiers (SR830) to
obtain the reflection and CD signal simultaneously. The signal
synchronized with the chopper corresponds to the sum of the
reflected light intensity of LCP and RCP light, while the signal
synchronized with the photoelastic modulator is the difference
between the reflected light intensity of LCP and RCP light.35

In the simulation, electric conductivity σ of gold is set as
4.09 × 107 S m−1. The commercial software (CST Studio)
based on a finite element method in the frequency domain
solver is employed to simulate the CD spectrum in range of
550−900 nm. The simulated structural parameters are the
same with the experimental parameters. The unit cell boundary
is set in the x- and y-directions, and the incident port is at an
angle of 5° to the z-direction for excitation. The CD spectrum
is simulated every 15° of azimuth starting from −90°. The
reflection intensity of RCP light is RRCP = |r12|

2 + |r11|
2, and the

reflection intensity of LCP light is RLCP = |r22|
2 + |r21|

2, where rij
represents the reflection coefficient for a reflection with j
polarizations at i polarization incidence.
As shown in Figure 1b, the modulated circularly polarized

light is incident with a small angle (∼5°) with the normal line
on the sample surface; upon deviation from the center of the
objective lens, the reflective light can be collected by the same
objective lens and detected by the photodiode. Consistent with
the general definition, the so-called azimuth is the angle
between the projection of the incident light vector on the
sample surface and the x-direction of the sample. Taking into

account the symmetry of the unit structure, we can change the
azimuth in the range of −90° to 270° and measure the value of
CD every 15°.
In a medium with a chiral optical response, because the

chiral tensor is not zero, the coupling between the electric field
vector and the magnetic field vector is a necessary condition
for the generation of chiral optical effects.36 In a system
consisting of a metal structure and a dielectric substrate, free
electrons in the metal oscillate under light excitation to form
plasmons that transmit at the surface and resonate at specific
wavelengths. Their motions in a fixed direction can be
regarded as a dipole current macroscopically, and the
macroscopic circular current can induce a magnetic dipole.
The origin of the extrinsic CD effect can be explained from the
perspective of the dipole current distribution.29 As shown in
Figure 1c, under incident light excitation, the dipole current
generated in the metamaterial plane can be regarded as an
electric dipole p, and the circular current in the plane can be
equivalent to a magnetic dipole m perpendicular to the surface
of the metamaterial. The magnitude of CD is proportional to
the coupling between electric dipoles p′ and magnetic dipoles
m′ of metamaterials in the direction perpendicular to the light
propagation vector, expressed as CD ∝ Im(p′·m′).37,38 Here,
we define r as the unit vector perpendicular to the propagation
direction of incident light, k as the unit wavevector of the
incident light, and θ as the incident angle. The projection
components of the electric dipole and magnetic dipole along
the r direction are m′ = m sin(θ) r and p′ = p cos(φ) cos(θ) r,
where φ is the azimuth angle. Then we have p′·m′ = 1/2mp

Figure 2. Azimuth-resolved CD spectrum of an asymmetric-U shape. (a) False color mapping of CD spectra of the materials with an asymmetric-U
shape. The wavelength is in the range of 550−900 nm, and the azimuth is from −90° to 270°. The red color corresponds to positive CD, and the
blue color corresponds to negative CD. (b) Comparison between experimental and simulation results of CD at an azimuth of 0°. Black dotted lines
represent experimental results, and the red dotted line represents the simulation result. (c) Macro-dipole current distribution of 622 and 840 nm
modes excited by LCP light and RCP light, respectively, in the simulation. Small red arrows correspond to the dipole current induced by high-
intensity light. Small blue arrows correspond to the dipole current induced by low-intensity light. Black arrows are macro-current directions based
on dipole distributions. (d) Measured azimuth-resolved CD spectra at 622 and 840 nm.
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cos(φ) sin(2θ). This means that the CD is 0 when the incident
light is either perpendicular (θ = 0) or parallel (θ = π/2) to the
plane of achiral metamaterials.
When incident angle θ is fixed, the CD changes periodically

with azimuth φ and the electric dipole plays a major role in the
relationship between the CD and azimuth. When azimuth φ is
zero, the dipole currents of different unit structures are
different, which leads to different CD for different structures.
For example, when the dipole current direction is along the y-
direction, the angle between the dipole current direction and
the x-axis is π/2, then the electric dipole perpendicular to the
light propagation is expressed as p′ = p cos(θ) cos(π/2), and
the resulting CD signal is close to zero. When the dipole
current direction is in the x-direction, the electric dipole
perpendicular to the light propagation should be expressed as
p′ = p cos(θ) cos(0), and the resulting CD signal approaches
the maximum value. Generally, the total electric dipole is the
vector sum of the currents in the structure and can be
determined according to the simulation and experiment
showing which part of the current plays the main role in the
CD spectrum.
For the metamaterial with an asymmetric-U shape unit

structure. The measured azimuth-dependent CD spectrum is
shown in Figure 2a. The azimuth is from −90° to 270°, and
wavelength of incident light is in the range of 550−900 nm.
The magnitude of CD changes periodically with the azimuth.
The maximum value of CD can reach 0.07, and the minimum
can reach −0.04. Within the change period of the azimuth,
there are two obvious characteristic wavelengths, at 622 and

840 nm. To verify the origins of the CD at the specific
wavelength, CST Microwave Studio software was used to
simulate the CD spectra, and the simulation results are in good
agreement with the experimental results as shown in Figure
S1a.
When the azimuth is zero, the simulation result is shown in

Figure 2b. In the simulation, the CD signal oscillates in the
short wavelength region due to the diffraction behavior with an
oblique incidence and a mismatch of the excitation light
wavelength and structure period. This is consistent with
previous results.39 The diffraction effect leads to the inability to
clearly distinguish CD signals of specific wavelengths.
Generally, the diffraction effect is due to the wavelength of
the incident light being comparable to the size of the sample.
The characteristic size of the unit structure of the asymmetric
U-shape metamaterial is ∼600 nm, so the diffraction behavior
occurs at short wavelengths in the CD spectrum. Inaccuracy in
sample processing may lead to the difference between the CD
in the experiment and the simulation results at 840 nm. At the
characteristic wavelength of CD of 622 nm, the energy position
of the experimental and simulated results is more consistent.
Therefore, the simulation can help us understand the origin of
CD from the dipole current distribution in the characteristic
modes.
As shown in Figure 2c, the simulated current distributions

are obtained for the asymmetric-U shape metamaterials under
the excitation of LCP light and RCP light. For the mode at 622
nm, under LCP light excitation, the mainly distributed currents
in the two arms of the asymmetric-U shape are upward while

Figure 3. Azimuth-dependent CD spectrum of the U-bar shape. (a) False color mapping of CD spectra of the materials with a U-bar shape. The
wavelength is in the range of 550−900 nm, and the azimuth is from −90° to 270°. The red color corresponds to positive CD, and the blue color to
negative CD. (b) Comparison between experimental and simulation results of CD at an azimuth of 0°. Black dotted lines represent experimental
results, and the red dotted line represents the simulation result. (c) Macro-dipole current distribution of 660 and 800 nm modes excited by LCP
light and RCP light, respectively. Small red arrows correspond to the dipole current induced by high-intensity light. Small blue arrows correspond
to the dipole current induced by low-intensity light. Black arrows are macro-current directions based on dipole distributions. (d) Measured
azimuth-resolved circular dichroism spectra at 660 and 800 nm.
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the current intensity on the left is greater than the current on
the right. The current at the bottom diffuses to both sides, and
the intensity is smaller than the current at the two arms. The
dipole currents formed in the asymmetric-U shape can be
regarded as two magnetic dipoles in opposite directions, and
the currents in the two arms contribute to the electric dipoles;
however, the current at the bottom is still not negligible. Upon
excitation by RCP light, the direction of the current
distribution is the same as that upon excitation by LCP light,
but the current at the right arm is stronger.
For the mode at 840 nm, under LCP light excitation, the

current is distributed clockwise on the asymmetric-U shape
surface; however, the intensity of the current at the bottom is
stronger, so the current can be equivalent to an upward
magnetic dipole and a main right electric dipole. Upon
excitation by RCP light, the current can be regarded as the
coupling of the outward magnetic dipole and the left electric
dipole, because the current at the bottom contributes to the
main electric dipole.
The relationships between CD and the azimuth at 622 and

840 nm are shown in Figure 2d. When the wavelength is 622
nm, the value of CD is not equal at −90° and 90°, which
originates from the current in the two arms asymmetric about
the y-axis. The intensity of the current in the bottom bar is
different; therefore, when the azimuth is 0°, the CD value is
not zero. When the wavelength is 840 nm, the CD values are
equal at −90° and 90°, which is mainly caused by the current
in the bottom bar that is symmetric about the y-axis. Therefore,
the origin of CD can be determined by observing the
symmetry of CD with the azimuth without a specific
calculation.
We also studied the azimuth-dependent CD of the U-bar

shape metamaterials. Its unit structure is achiral and sym-
metrical about the y-axes. As shown in the Figure 3a, there are
two obvious resonant modes in the CD spectrum of the U-bar
shape, located at 660 and 800 nm. The maximum CD is 0.15,
and the minimum is −0.07. At the same time, for the position
of CD and the trend with azimuth, the simulation results are in
good agreement with the experimental results as shown in
Figure S1b. The magnitude of CD in the simulation is larger
than the result of the experiment perhaps due to the loss of the
signal in the experiment.
In Figure 3b, we show the experimental and simulation

results when the azimuth is 0°. As seen for the asymmetric-U
shape, near a wavelength of 660 nm, there is oscillation in the
CD simulation, which is possibly due to the diffraction effect,
but the position of energy can be considered consistent. In the
simulation, there are two characteristic peaks near 660 nm, but
in the experiment, it is a continuous broad spectrum that
includes the two characteristic peaks. We mainly focus on CD
at 660 nm considering the higher intensity and its consistency
with other wavelength positions. The characteristic wave-
lengths of CD at 800 nm in the experimental and simulation
result are in good agreement.
In Figure 3c, we show the simulated current distributions of

two modes at an azimuth of 0°. When the excitation
wavelength is 660 nm, the current excited by the LCP light
and the RCP light can be considered as the combination of the
counterclockwise circular current and the current upward in
the y-direction in the right arm of the U-bar. Because the
current intensity of RCP light excitation is greater than that of
LCP light excitation, this results in a non-zero CD signal at 660
nm.

For the mode at 800 nm, the current excited by the LCP
could be considered as a combination of a counterclockwise
circular current and a strong rightward current formed at the
top bar of the U-bar. The counterclockwise ring current in the
U part can be regarded as a magnetic dipole pointing outward
to the plane, and the rightward current in the top bar mainly
contributes to the electric dipole. The current in the U-bar
excited by RCP light can be regarded as a combination of a
counterclockwise ring current and a leftward current formed at
the bottom bar of the U-bar. The counterclockwise ring
current can be regarded as a magnetic dipole pointing outward
to the plane, and the leftward current mainly contributes to the
electric dipole.
The trends of the variation of CD at 660 and 800 nm with

the azimuth are shown in Figure 3d; because the CD at 800
nm is caused by two bars with unequal widths that are
symmetrical about the y-axis in the U-bar, the values of CD are
equal at −90° and 90°, but there is a large difference in
intensity between −90° to 90° and 90−270°. While the CD at
660 nm is caused by the two arms at the left and right, they are
symmetrical about the y-axis and exhibit equal widths. The CD
at 660 nm is ∼0 when the azimuth is 0° because the current is
along the y-direction, and the CD reaches the minimum when
the azimuth is ∼180°. Because the structure of the U-bar is
symmetrical about the y-axis, but not symmetrical about the x-
axis, their CD values are not equal at azimuths of 0° and 180°.
The symmetry of the azimuth-dependent CD spectrum at

the characteristic wavelength of 800 nm is the same with the
structural symmetry, and the minimum CD value deviates
significantly from 0. This shows that the main cause of CD is
the current in the x-direction, which is consistent with the
simulation results.
For asymmetric-U and U-bar shapes, the CD that originated

from the extrinsic chirality is significantly dependent on the
azimuth. Therefore, at the characteristic wavelength, the
relationship between the CD and azimuth can be used to
make an azimuth sensor, for example, the relationship between
the CD and azimuth of the asymmetric-U shape at 840 nm and
the relationship between the CD and azimuth of the U-bar
shape at 660 nm. The difference in the symmetry of their
geometric structure leads to the difference in the symmetry of
their azimuth-resolved CD spectrum. For the asymmetric-U
shape, it is asymmetric about the x- and y-directions, but at 840
nm, the CD is mainly from the current at the bottom of the
asymmetric-U shape, which is symmetric about the y-axis. For
the U-bar, it is only symmetric about the y-axis, and the value
of CD is not equal when the azimuth is −90° and 90°.
However, due to the symmetry of the structure, when a CD
value is measured, there are two corresponding azimuths, so
the azimuth cannot be uniquely determined by only the CD
value. However, their changing trend with azimuth is opposite
at different azimuth regimes even for the same values of CD, so
the azimuth can be uniquely determined by checking the
differential curve of the azimuth-dependent CD spectrum.
In Figure 4a, we plot the first-order differential spectrum of

the angle-resolved experimental CD spectrum at 840 nm of the
asymmetric-U shape and at 660 nm of the U-bar shape
metamaterials. The value of the first-order differential spectrum
has opposite signs on the two sides of the specific degree of
azimuth, which ensures that the value of the azimuth can be
identified by combining the CD value and the value of the first-
order differential spectrum δ = d(CD)/d(φ) of the CD
spectrum.
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In Figure 4b, we summarize the azimuth range determined
by the range of CD values and the sign of δ at the specific
wavelength for the asymmetric-U shape and U-bar shape,
respectively. For the asymmetric-U shape at 840 nm, when the
CD is in the range of −0.042 to 0.07 and the δ is positive, the
detectable azimuth is 0−90°; when the δ is negative, the
detectable azimuth is in the range of −90° to 0°. When the CD
is from 0 to 0.07 and the δ is positive, the detectable azimuth is
in the range of 90−180°; when the δ is negative, the detectable
azimuth is in the range of 180−270°. For the U-bar shape,
when the CD is in the range of −0.012 to 0.022 and the δ is
positive, the detectable azimuth is in the range of −90° to 0°,
and when the δ is negative, the detectable azimuth is in the
range of 0−90°. When the CD is in the range of −0.052 to
−0.012 and the δ is positive, the detectable azimuth is in the
range of 180−270°, and when the δ is negative, the detectable
azimuth is in the range of 90−180°. The CDs of the two
shapes of metamaterials have different dependences on the
azimuth, but all of their azimuth sensitivity can reach 10−4

deg−1. In the experiment, our system precision of CD is on the
order of 10−5. This means we can detect azimuthal changes of
>1° using azimuth-resolved CD spectrum.
In summary, we experimentally studied azimuth-dependent

CD spectra that are caused by the extrinsic chirality of gold
metamaterials with asymmetric-U and U-bar shape basic units
in the optical band through oblique incidence. The small
incident/reflective angle (∼5°) achieved by striking the
incident light on the edge of the same one objective lens
ensures the high spatial resolution and stable measurements
over the whole range of −90° to 270°. With the help of the
simulation results, we can obtain the dipole current
distribution and identify the resonant modes in CD spectra.
The dipole current can induce macro-electric dipoles and
magnetic dipoles, and their interaction with the light field
constitutes the physical origin of the CD effect. The
asymmetric-U shape and U-bar shape have different
symmetries, and the periodicity of the changes in CD with
the azimuth is closely related to the structure of the
metamaterial. In our experiment, the azimuth-resolved CD
signal is highly sensitive, reaching a value of 10−4 deg−1.
Considering the experimental accuracy, an azimuth sensitivity
of better than 1° can be distinguished. Therefore, the azimuth
sensor can be made by using the relationship between the CD
and azimuth. Due to the existence of symmetry of the
asymmetric-U and U-bar shapes, when a CD value is
measured, there are usually two azimuths corresponding to it
in the whole period (−90° to 270°), but the azimuth value can
be uniquely determined by combining the value of the CD
spectrum and the value of the first-order differential spectrum

d(CD)/d(φ). Our results provide an effective solution for on-
chip azimuth sensors based on the azimuth-resolved circular
dichroism of metamaterials.
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