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Abstract
In this article, the effects of the rotation angle between upper and lower n-fold rotational symmetric nano-
structures are studied. Various modes of circular dichroism (single wavelength band, dual-wavelength
bands, and more than two wavelength bands) in the wavelength band from 3.3 to 5 µm are realized.
Absorption up to 0.994 and absorptive circular dichroism up to 0.867 are observed. Meanwhile, sensitivity
of circular dichroism to the rotation angle and recon�gure strategy for opposite responses has been
discussed. Based on Born-Kuhn model, physical mechanism of mode’s switching is explained with charge
distributions. The multi-mode chiroptical responses in mid-infrared band and the variety of design
strategies have potential applications in the �eld of thermal remote sensing detection and tunable multi-
band chiral devices.

1. Introduction
Metamaterial is an arti�cial material with many electromagnetic properties that do not exist in nature,
such as perfect absorption (Chen, et al. 2020; Landy, et al. 2008; X. Zhang, et al. 2020), negative refraction
(Valentine, et al. 2008), electromagnetically induced transparency-like (Xu, et al. 2019). It has provided
excellent solutions for modulators, sensors, etc. in recent decades (Bu, et al. 2016). When metamaterials
have chiral properties, such as giant optical activity; circular dichroism; negative refractive index and etc.
(Cheng, et al. 2016; Hannam, et al. 2014; M. Li, et al. 2014; Z. Li, et al. 2013), they can be called chiral
metamaterials. Chiral metamaterials have signi�cant improvement in chiral parameters compared with
natural chiral materials because of their strong electromagnetic coupling. Therefore, chiral metamaterials
have been widely used to enhance chiral signals in molecular analysis, bio-sensor, chiral signal switch, or
occasions with chiral signals (X. Ma, et al. 2017; Yoo and Park 2019). As a typical phenomenon of
chirality, circular dichroism (CD) is used to characterize the different electromagnetic responses of
materials between left-hand circularly polarized (LCP) waves and right-handed polarized (RCP)
waves. And CD has been widely utilized in protein structure examining, nanostructural analyzing,
medicine detecting, etc. (Berova, et al. 2000; Ranjbar and Gill 2009).

Bi-layer structures are often used in the studies of chiral metamaterials (Kaya 2014; Kaya, et al. 2017;
Xiaolong Ma, et al. 2016; Yan, et al. 2017; Zhou, et al. 2012).  Some of those works replacing the material
of the dielectric layers(Kaya, et al. 2017; Yan, et al. 2017; Zhou, et al. 2012), changing some geometric
parameters of the structures(Kaya, et al. 2017; Liu, et al. 2019; Xiaolong Ma, et al. 2016), or adjusting the
incident angle of circularly polarized waves(Kaya 2014) in order to modulate the responses of
metamaterial to circularly polarized waves. As far as we know, in similar metamaterials, there are only a
few papers (Liang, et al. 2021; Wu, et al. 2013) have discussed the relative angle between the upper and
lower layers. In this paper, relative rotation angles between two layers are able to realize various CD
responses without changing the structure’s size and material properties has been further studied. And by
using speci�c recon�guration methods, the polarization direction of the response and the sensitivity of
the responses to the rotation angle can be adjusted.



Page 3/14

In this article, the effect of the rotation angle on different rotational symmetric metamaterials has been
studied in mid-infrared region. As a result, multi-mode CD responses; recon�gure strategy for opposite CD
responses; sensitivity of the CD spectra to the rotation angle; and selective absorption are realized.
Because of the atmospheric transparent windows, molecular vibration �ngerprints, and attractive
plasma resonances in mid-infrared region(Stanley 2012; Xinghui Yin, et al. 2015), this work will bene�t
the designing of n-fold chiroptical devices and has potential applications in thermal remote sensing
detection.

2. Design And Simulation
With the fold of rotational symmetry increase, the sensitivity of the CD responses to the rotation angle
disappears gradually. Since the responses of �ve-fold rotational symmetric metamaterial (Type N5) to the
rotation angle have both sensitive and insensitive wavelength band, as shown in Fig. 3(b)), so it is
selected to be illustrated in Fig. 1(a)-(c). Every unit of the metamaterial, marked by dotted box in the
�gure, is composed of a silicon dioxide substrate and two vertically placed multiple rotational symmetric
gold nano-structures. A polymer �lm is inserted between those two nano-structures. The entire unit is
periodically expanded along the x and y directions with the same period of p. The front and side views of
the unit are shown in Fig. 1(b) and Fig. 1(c) respectively. As shown in Fig. 1(b), the rotation angle of the
upper nano-structure is θ (counterclockwise). The length of the blades is l2 and the side length of the
center pentagon is l1. The line width of the nano-structures is w. As shown in Fig. 1(c), the thickness
of polymer �lm, silicon dioxide substrate, and nano-structures are h1, h2, and h3 respectively. As shown in
Fig. 1(d), different types and different fold of rotational symmetric units which will be discussed next are
illustrated, and some parameters (if not speci�cally optimized) are unchanged as Type N5: line width;
thickness of every material; period of units; length of the blades; and the perimeter of the center polygons.
In addition, two recon�gure strategies for opposite responses and more �exible designs are marked by
dashed lines in Fig. 1(d). 

The n-fold rotational symmetry refers to the symmetry that the structure completely coincides with itself
after the structure rotates 360º/n around the axis of rotation. It should be noted that the rotational
symmetry mentioned in this paper refers to each layer of gold structure in the unit (as shown in Fig. 1(b)),
not the whole metamaterial after periodic expansion (as shown in Fig. 1(a)).

In this paper, the metamaterials are designed and optimized by CST Microwave Studio. The boundary
condition is set to unit cell and the incident waves are set to circular polarization. The direction of
incidence is opposite to the z-axis. In order to obtain CD responses in the mid-infrared band, some
parameters are optimized as follows: l1=1.2 μm; l2=1 μm; w=200 nm; p=4 μm; h1=1.2 μm; h2=100 nm;
h3=200 nm; and Gap=1 μm. The refractive index (RI) of polymer �lm is set to 1.35 (PTFE) (Saadeldin, et
al. 2019). The optical constants of gold has been set from Johnson and Christy’s data (Johnson and
Christy 1972). The RI of silicon dioxide has been set to 1.4 (Liu, et al. 2019).
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3. Results And Analysis
In order to discuss the modulation effect of the rotation angle on the transmission spectra more
clearly, Type N4 with rotation angle of 0°, 10°, 40°, and 80° are demonstrated in Fig. 2. Here, tRCP and tLCP

represent the co-polarized transmission coe�cient of RCP and LCP waves respectively. When the rotation
angle is set to 0° (i.e., Fig. 2(a)), signi�cant asymmetric transmission can be observed in short
wavelength band (3.3-3.95 μm), middle wavelength band (3.95-4.26 μm), and long wavelength band
(4.26-5 μm). When the rotation angle is set to 10° (Fig. 2(b)), a large asymmetric transmission can be
observed in the middle and long wavelength bands. When the rotation angle is set to 40° (Fig. 2(c)),
asymmetric transmission can be observed only in middle wavelength band. And when the rotation angle
is set to 80° (Fig. 2(d)), strong asymmetric transmission can be seen in short and middle wavelength
bands. It should be noted that when the wavelength is less than 3.7 μm, there is nearly no asymmetric
transmission in the metamaterial of Type N4.

To further investigate the modulation effect of rotation angle on chirality, the asymmetric transmission
has been assessed by the CD (CD= |tRCP|2-|tLCP|2)(Jing, et al. 2018; S. Li, et al. 2020; Z. Wang, et al. 2017).
As much as 0.609, 0.843, and 0.727 of the CD responses can be reached in three wavelength bands
respectively. The CD spectra of four different rotation angles are shown in Fig. 2(e), where four different
combinations of CD response in transmission spectra are marked as Mode 1, Mode 2, Mode 3, and Mode
4. Since the rotation period of the proposed metamaterial is 90°, the corresponding change of CD
responses under the rotation angle from 0° to 90° have been simulated in Fig. 2(f), where the four modes
mentioned before are marked by dash lines in the �gure. This simulation can help to fully discover the
impact of rotation angle on CD spectrum. It can be seen that when the rotation angle is adjusted
periodically, the modes of proposed metamaterial can be switched cyclically.

As shown in Fig. 3(a), different folds of rotational symmetric structures are further studied. CD responses
of three-fold rotational symmetric nano-structure can be modulated with the changing of rotation angle,
which is same as Type N4. Five-fold rotational symmetry, as shown as Type N5, it can be observed that
the CD responses in the short wavelength band can be modulated by rotation angle which is like Type N3
and Type N4. However, the CD responses in middle and long wavelength band will not be modulated. So,
the responses which are not able to be modulated are de�ned as constant responses and the responses
able to be modulated by rotation angle can be de�ned as switchable responses. To further investigate the
relationship between the fold of rotational symmetry and CD responses, the CD spectra of the nano-
structures with six and eight fold of rotational symmetry have been simulated, as shown in Fig. 3(c) and
(d), where the CD spectra are almost unchanged with different rotation angles.

Therefore, with the fold of rotational symmetry increasing, the modulation effect of the rotation angle on
the CD spectra will disappear gradually. In the wavelength band between 3.3 to 5 μm, rotation angle
cannot change the CD spectra effectively when the fold of rotational symmetry exceeds �ve. 
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Selective absorption of circularly polarized waves is realized in this paper, as shown in Fig. 4. The
absorption of LCP and RCP waves (ALCP and ARCP) (Cao, et al. 2013; Ouyang, et al. 2018; L. Wang, et al.
2019)can be calculated as:                                                                                                                    

                                                             
                                                           

Here, the RRL (RLR) is the cross-polarized re�ectance of LCP (RCP) wave, and RLL (RRR) is the co-polarized
re�ectance of LCP (RCP) wave. The TRL (TLR) is the cross-polarized transmittance of LCP (RCP) wave,
and TLL (TRR) is the co-polarized transmittance of LCP (RCP) wave. 

The parameters of the different fold of rotational symmetric nano-structures are optimized to obtain their
high selective absorption. Absorption of RCP waves can obtain 0.650, 0.987, 0.973, and 0.994 in Fig. 4(a),
(b), (d), and (e) respectively. Absorption of LCP waves can obtain 0.915 in Fig. 4(c). Meanwhile,

absorptive circular dichroism (CDAb) spectra, which is calculated by    are used to
discuss the selective absorption of circularly polarized waves. Here, ARCP (ALCP) is the absorption of RCP
(LCP) waves. As shown in Fig. 4(f), relatively high CDAb up to 0.867 is observed in Type N4. It should be
noted that the absorption in Type N3, Type N4, and Type N5 can also be modulated by rotation angle
which same as Fig. 3. So it is not being discussed in Fig. 4. 

In addition, two recon�gure strategies are studied for more �exible designs. For Type N4S1 shown in Fig.
5, the direction of blades in both layers are different from Type N4, when the upper nano-structure is
rotated clockwise (θ<0°), CD spectra are shown in Fig. 5(a), opposite to Fig. 2(e). Similarly, Mode -1, Mode
-2, Mode -3, and Mode -4 are used to mark the occasions for rotation angles of 0°, -10°, -40°, and
-80° respectively.

By changing the direction of blades in upper layer’s nano-structure of Type N4 only, a unit as Type
N4S2 shown in Fig. 5 has been investigated. Metamaterial of this design has signi�cantly different CD
spectra as shown in Fig. 5(b). Following the previous discusses, four different modes, three wavelength
bands; short and middle wavelength bands; single wavelength band; middle and long wavelength bands,
are analyzed in the �gure corresponding to the rotation angles of 0°, 10°, 30°, and 80° respectively. It
should be noted that different fold of rotational symmetric nano-structures which are discussed in Fig. 3
and 4 are able to follow these two recon�gure strategies for more different responses.

To explain the underlying physical mechanism of the proposed metamaterial, the charge distribution of
three different modes at middle and long wavelength bands are simulated, as shown in Fig. 6. For Mode
1, when the metamaterial is excited by RCP waves at 4.04 μm, the local electric dipoles in the two
horizontal nano-rods of lower layer are mainly left pointing and both of the vertical nano-rods of the lower
layer have local electric dipoles pointing upward. Similarly, local electric dipoles in the upper layer are
pointing right in the horizontal nano-rods and pointing upward in the vertical nano-rods. To simplify the
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analysis, equivalent electric dipoles (M. Zhang, et al. 2018) have been provided as a reference and
marked with solid arrows. It can be observed that the angle between the two equivalent electric dipoles is
obtuse. For a Born–Kuhn model (X. Yin, et al. 2013), those two dipoles with an obtuse angle between
them can form a bonding mode. In Mode 1, it can be found that the equivalent electric dipoles of the
upper and lower layers are parallel when the charge distribution excited by LCP waves. That is, from the
Born–Kuhn model, those two dipoles with the same pointing direction can form an antibonding mode.

To explain why modes switching can be implemented by angle rotation in the proposed metamaterial, the
charge distribution at 4.58 μm of Mode 2 and Mode 3 are studied. Under the excitation of different
circularly polarized waves, the local electric dipoles of Mode 2 at 4.58 μm build two different hybrid
modes and the local electric dipoles of Mode 3 at 4.58 μm build two bonding modes, where the former
one has strong CD response, but the latter one almost has no CD response. Furthermore, same method is
used to analysis Type N8, it is found that the rotation angle between upper and lower nano-structures is
not enough to change the hybrid modes. And the same hybrid modes lead to the insensitivity of the CD
spectra to the rotation angle.

In plasma resonances excited by electromagnetic waves, bonding mode has lower resonance energy than
antibonding mode, similar to molecular orbital theory (Q. Li and Zhang 2016; Prodan and Nordlander
2004). More speci�cally, the phenomenon that bonding modes have higher transmission coe�cient than
antibonding modes’ as shown in Fig. 2 is consistent with the theories. In a summary, the hybrid mode
excited by different circularly polarized waves can be adjusted by changing the rotation angle. The CD
responses are very weak when the same hybrid modes are excited by different circularly polarized waves.
Otherwise, if different hybrid modes excited by different circularly polarized waves, the relatively strong
CD responses will appear.

It should be noted that when the rotation angle is 0°, the separate two layer of gold structure is no longer
3D chiral. However, each layer of gold structure is placed on a substrate of different thicknesses and
different materials, and the gold structure of lower layer is wrapped by polymer �lm. The whole
metamaterial unit (gold structure-polymer-gold structure wrapped by polymer-silica) is still 3D
chiral(Arteaga, et al. 2016).

To reveal the advantages of this work more completely, a compassion table is established (Table. 1). As
for transmitted CD, it can be seen that in the series of rotational symmetric metamaterials we discussed,
different types possess different maximum transmitted CD and different number of modes can be
modulated. Among the different types mentioned in this article, Type N4 has the largest number of modes
and can achieve the strongest transmitted circular dichroism response. And through the recon�gure
strategies which are proposed in Fig. 5, much more modes of transmitted CD can be realized. As for
absorptive CD, it can also be found that strong absorptive CD are realized in Type N4 which is relatively
high in the similar chiral absorbers(M. Li, et al. 2014; L. Wang, et al. 2019).

Table. 1 Some types mentioned in this work and comparison with some other chiral metamaterials



Page 7/14

Metamaterial Number
of
modes

Single
wavelength
band

Dual-
wavelength
bands

Triple-
wavelength
bands or
more

Transmitted
circular
dichroism

Absorptive
circular
dichroism

(Yan, et al.
2017)

1 √     0.75  

(Cao, et al.
2014)

1     √ 0.17  

(M. Li, et al.
2014)

1 √       0.76

(L. Wang, et
al. 2019)

3   √*     0.79

Type N3 3 √ √ √ 0.75 0.49

Type N4 4 √ √* √ 0.84 0.87

Type N5 3   √ √* 0.54 0.57

Type N6 1     √ 0.63 0.70

Type N8 1     √ 0.74 0.77

* More than one mode and all of them are dual-wavelength bands (triple-wavelength bands or more).
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Conclusion
In a summary, a series of n-fold rotational symmetric metamaterials are studied in this paper. By
changing the rotation angle between the upper and lower nano-structures, various modes of CD
responses are realized. Meanwhile, recon�gure strategy for opposite CD responses, sensitivity of CD
spectra to rotation angle, and selective absorption are studied in this work. The multi-mode chiroptical
responses and the variety of designs and modulation strategies in mid-infrared have proved that this
work is bene�cial to the applications of thermal remote sensing detection; molecular structure detection;
and bio-sensing.
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Figure 1

(a) is schematic diagram of metamaterial structure (Type N5); (b) is front view and (c) is side view of one
unit with geometric parameters. (d) shows different types of metamaterials which are studied in this
paper. Two recon�gure strategies which are applicable to all types are marked by dashed lines. The
rotation angles in (b), (c) have been set to 36°; in (d) have been set to 45°.
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Figure 2

(a)-(d) is transmission spectrum of RCP and LCP waves with rotation angle of 0°, 10°, 40° and 80°
respectively (Type N4). (e) is the CD spectra calculated from each transmission spectrum. (f) is the
relationship between CD, rotation angles and wavelengths with dash lines marking different modes. It
should be noted that Mode 1 is at the 0° coordinate axis.

Figure 3

(a), (b), (c), and (d) are the CD spectra of the metamaterial with three, �ve, six, and eight folds of
rotational symmetry respectively. The rotation angle of Type N3, Type N5, Type N6, and Type N8 in the
middle of the �gure has been set to 60°, 36°, 30°, and 22.5° respectively. The fold of rotational symmetry
(n) has been marked in the �gure.
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Figure 4

(a)-(e) absorption of different fold of rotational symmetric nano-structures with optimized parameters
marked in the �gures; (f) is absorptive circular dichroism of (a)-(e).

Figure 5
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(a) is the CD spectra of Type N4S1; (b) is the contour map of CD spectra, rotation angles, and
wavelengths for Type N4S2. The rotation angles of Type N4S1 and Type N4S2 in the middle have been
set to -45° and 45°.

Figure 6

The charge distribution of upper and lower layers at middle and long wavelength bands with Mode 1,
Mode 2 and Mode 3 in device Type N4. The red dash line arrows and solid line arrows represent the local
electric dipoles and calculated equivalent electric dipoles of two layers.


