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A B S T R A C T

In this work, we theoretically present a reconfigurable plasmonic chiral metasurface based on a sandwiched

metal–insulator–metal structure, which can strongly, spin-selectively absorb circularly polarized light. Through

finite-difference time-domain simulation, the absorption of left- or right-handed circularly polarized light can

reach nearly 100% at the resonant position, and the magnitude of the circular dichroism can be 80%, which

is larger than most of the previously reported value. This strong chiroptical effect originates from plasmonic

resonances induced by the incident circularly polarized light. Furthermore, the proposed plasmonic chiral

metasurface is able to be reconfigurable by either changing its intrinsic or extrinsic chirality, which can be

numerically confirmed by the change of the sign and magnitude of the CD. Such a reconfigurable plasmonic

chiral metasurface could find many potential applications in chirality detection/sensing, polarimetric imaging,

spin–orbit communications, etc.

1. Introduction

An object with chirality refers to the fact that its geometry cannot

be overlapped by its mirror images. In nature, chirality is ubiquitous

and widely exists in different forms ranging from quartz crystals,

proteins, acids to galaxies. One fascinating property of chiral media

is that they show different response to circularly polarized light (CPL)

with different spin states. Such phenomena typically term chiroptical

effects including optical activity and circular dichroism (CD). How-

ever, chirality in natural chiral media are usually weak so that it

cannot provide an efficient way to manipulate the spin state of the

light. In recent years, thanks to the advance of nanofabrication, this

dilemma could be solved by plasmonic metamaterials. By artificially

designing chiral building blocks, plasmonic metamaterials can exhibit

greatly enhanced chirality that is not available in natural chiral mate-

rials [1–3]. Chiral plasmonic metamaterials have already demonstrated

several intriguing properties such as giant optical activity and CD

[4–9], chirality-induced negative refraction [10,11], and asymmetric

transmission [12,13]. They have also found important applications

including chirality detection, polarimetric imaging, spin–orbit com-

munications, and so on [14–17]. One distinctive property of chiral

plasmonic metamaterials is the pronounced CD [18–21], which is

several orders of magnitude larger than that of natural chiral media.

CD is defined as the difference in absorption between left and right
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circularly polarized (LCP and RCP) light, which has vital applica-

tions in various disciplines. For example, CD spectroscopy serves as

a powerful technique in biomedicine, chemistry and pharmacy. It can

analyze structural, conformational, and thermodynamic properties of

chiral molecules. Metasurfaces are two-dimensional counterparts of

metamaterials. Recently, chiral metasurfaces become more attractive

due to their ultrathin feature yet excellent control on the phase and

the CPL polarization state at deep subwavelength scale [22,23]. Chiral

metasurface can support strong CPL-matter interaction and lead to the

maximum CD (One spin state of CPL is totally absorbed while the other

one is totally reflected/transmitted) [24–26].

However, most of the reported chiral metasurfaces are unrecon-

figurable. The functionality is fixed once the structures are designed

and fabricated, which greatly limits their applications. One of the most

important yet challenging requirements for real applications is to make

the chiral metasurfaces active. To this end, intensive effort has been

made to realize the reconfigurability or tunability [27–31]. In princi-

ple, the active control can be achieved by changing the intrinsic or

extrinsic chirality [32–35]. For example, Giessen group demonstrated

a reconfigurable plasmonic chiral metamaterial based on the phase

change material GST-326 [36]. By controlling the temperature, GST-

326 could change its phase from amorphous phase to crystalline phase

and the corresponding refractive index is changed. As a result, the
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Fig. 1. Schematic illustration of the plasmonic chiral metasurface with its unit cell

consisting of two slanted gold bars at the top layer and a gold mirror placed at the

bottom of a SiO2 layer. (a, b) The pair enantiomers of the plasmonic chiral metasurface

that are labeled as Ent A and Ent B, respectively. (c, d) The side and top views of Ent

A show the important structural parameters.

large tunable range of the CD response is achieved in mid-infrared

regime by changing the intrinsic chirality. Zheludev group designed

an array of non-chiral metal split rings to generate the strong CD

effect in GHz regime, which is coined as extrinsic chirality [37]. They

measured losses and phase retardation for CPL transmitted by the

metamaterial at different incident angles from −30◦ to +30◦ achieved
by tilting the structure around its symmetry axis, which have confirmed

reconfigurable resonant extrinsic chiral optical effect in a non-chiral

planar metamaterial.

In this work, we theoretically propose a reconfigurable plasmonic

chiral metasurface that is based on a sandwiched metal–insulator–

metal (MIM) structure. The proposed chiral metasurface has highly

spin-selective absorption, resulting a strong CD. The sign and magni-

tude of the CD can be dynamically reconfigured via changing either

the intrinsic or extrinsic chirality. The proposed reconfigurable plas-

monic chiral metasurface provides an efficient approach to manipulate

the CPL state and could find many potential applications in chirality

detection/sensing, polarimetric imaging, spin–orbit communications,

etc.

2. Design and theoretical analysis

The chiroptical effects originate from the cross coupling between

magnetic and electric fields for both natural and artificial media. As

illustrated in Fig. 1, to achieve large chirality, we propose a chiral

metasurface with its unit cell consisting of two slanted gold bars. A

gold mirror placed beneath the gold bars separated by a dielectric

(SiO2) layer. The top Au structure layer is surrounded by air. Figs. 1(a)

and 1(b) shows the pair of enantiomers that are labeled as Ent A and

Ent B, respectively. Figs. 1(c) and 1(d) shows the detailed structural

parameters of a unit cell with the periods of 𝑝𝑥 = 300 nm and 𝑝𝑦 =
400 nm. The two gold bars have the same thickness of ℎ = 100 nm,
width of 𝑤 = 50 nm, and length of 𝑙1 = 200 nm, respectively. The
slanted angle of each gold bar is 𝛼 = 16◦ and the staggered distance

between the two gold bars is 𝑙2 = 100 nm. The thickness of SiO2
dielectric layer is 500 nm. The thickness of the gold mirror was set

to be 100 nm, which is much larger than its skin depth so as to ensure

that there is no transmission. All the proposed structural dimensions

are the optimized parameters by considering the practicability of the

experimental realization.

To investigate the physical mechanism and chiroptical response of

the metasurface, we utilized the finite-difference time-domain (FDTD)

method to calculate the reflection spectra as well as the electromagnetic

field distribution [38]. The single unit of the nanostructure was simu-

lated with Bloch boundary conditions along x- and y-directions and

perfectly matched layer (PML) along z-direction. The mesh size in the

simulation was set to be 5 nm in all directions. The dispersion property

of gold is taken from Johnson and Christy model [39].

The refractive index of the SiO2 dielectric layer is set as 1.45. The

incident CPL can be considered as the superposition of two orthogonal

linearly polarized light that oscillates with 90◦ phase shift, and hence

can be written as [40]:

𝐸𝑅𝐶𝑃 = (𝐸𝑥,𝐸𝑦)𝑇 = (
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2
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𝐸x and 𝐸y are the linearly polarized electric fields along x- and

y-directions, respectively. Via the superposition of reflected linearly

polarized light, we can obtain the reflection complex coefficients of the

incident CPL. Their relationship can be well described by the advanced

Jones matrix [41,42]. The reflection matrix for a circular polarization

state can be written as:

𝑅 =
[
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𝛽𝑅𝑅 𝛽𝑅𝐿

]
= 1

2

[
1 1
𝑖 −𝑖

] [
𝛽𝑥𝑥 𝛽𝑥𝑦
𝛽𝑦𝑥 𝛽𝑦𝑦

] [
1 1
𝑖 −𝑖

]

= 1
2

[
𝛽𝑥𝑥 + 𝛽𝑦𝑦 + 𝑖(𝛽𝑥𝑦 − 𝛽𝑦𝑥) 𝛽𝑥𝑥 − 𝛽𝑦𝑦 − 𝑖(𝛽𝑥𝑦 + 𝛽𝑦𝑥)
𝛽𝑥𝑥 − 𝛽𝑦𝑦 + 𝑖(𝛽𝑥𝑦 + 𝛽𝑦𝑥) 𝛽𝑥𝑥 + 𝛽𝑦𝑦 − 𝑖(𝛽𝑥𝑦 − 𝛽𝑦𝑥)

] (3)

In above equations, 𝛽 denotes the reflection coefficients, the first

and second subscripts of 𝛽 refer to the reflected and incident waves

and L/R refer to LCP/RCP as viewed along the z-direction. In this way,

we can analyze all the components of the reflected RCP and LCP light:

𝑅𝑅 = ||𝛽𝑅𝑅 + 𝛽𝑅𝐿
||, 𝑅𝐿 = ||𝛽𝐿𝑅 + 𝛽𝐿𝐿

||. Note that x and y refer to the
orthogonal linearly polarized light with the polarization along x- and

y-directions, respectively.

3. Results and discussion

The CD can be calculated as 𝐶𝐷 = ||𝐴𝑅𝐶𝑃 − 𝐴𝐿𝐶𝑃
||. Due to the

energy conservation law, 𝐴 = 1 − 𝑇 − 𝑅. Since the gold mirror is thick

enough, the transmission is totally blocked. Therefore, CD can be also

simplified as 𝐶𝐷 = ||𝑅𝑅𝐶𝑃 − 𝑅𝐿𝐶𝑃
||. Figs. 2(a) and 2(b) depicts the

reflection and CD spectra for LCP and RCP light within the wavelength

range from 600 to 900 nm for both Ent A and B. We can see a giant

difference in reflection between LCP and RCP at ∼650 nm, indicating
strong chirality. The chiral metasurface structures Ent A and B have

nearly unit absorption for the incident LCP and RCP, respectively.

The simulated CD is more than 70%. To understand the underlying

mechanism of the chiroptical response, the detailed four components

of the 𝛽 matrix are further calculated. Due to the C2 symmetry of the

chiral nanostructure, R matrix in the circular representation can be

given as [40]:

𝑅 =
[
𝛽𝐿𝑅 𝛽𝐿𝐿
𝛽𝑅𝑅 𝛽𝑅𝐿

]
= 1

2

[
𝛽𝑥𝑥 + 𝛽𝑦𝑦 𝛽𝑥𝑥 − 𝛽𝑦𝑦 − 𝑖(𝛽𝑥𝑦 + 𝛽𝑦𝑥)

𝛽𝑥𝑥 − 𝛽𝑦𝑦 + 𝑖(𝛽𝑥𝑦 + 𝛽𝑦𝑥) 𝛽𝑥𝑥 + 𝛽𝑦𝑦

]
(4)

Fig. 2(c) and 2(d) exhibits the calculated results of simulation.

Since we have 𝑅𝑅𝐿 = 𝑅𝐿𝑅, the corresponding curves are completely

overlapped. The strong CD effect is mainly attributed to the compo-

nents, 𝑅𝑅𝑅 and 𝑅𝐿𝐿. That is to say, the reflected or absorbed CPL is

caused by the same state of the incident CPL, which is quite different

from the regular mirror. In comparison with the MIM structure, we

also carried out the simulation for the top Au structure alone and

the achieved results are shown in Fig. 2(e). We can see that the Au

structure itself only demonstrates a weak chiroptic effect. The CD value

is ∼20%, which is far less than that of the MIM structure (nearly 80%).

Obviously, the MIM structure forms a resonant cavity that amplifies the

plasmonic resonance and further enhance the chiral effect significantly.

The spin-selective absorption arises from the excitation of plasmonic

resonance modes in the chiral metasurface, which is induced by charge

oscillation and accumulation on the metal–insulator interface. In order

to further understand the physical mechanism, we calculate the induced

11
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Fig. 2. Simulated reflection and CD spectra of the plasmonic chiral metasurface for Ent A (a) and B (b). The reflection spectra of the LCP and RCP components for Ent A (c) and

B (d). The reflection spectra of the LCP and RCP components for Ent A (e) with the slanted gold-bar structure alone..

Fig. 3. The induced charge distributions of Ent A at three different monitoring positions

with the left and right panels for the incident RCP and LCP light, respectively. The

corresponding resonant wavelength is 650 nm.

charge distribution at the resonant wavelength of 650 nm. Fig. 3 depicts

the corresponding charge distributions of Ent A at three different planes

of ℎ1 = 100 nm (Fig. 3(a) and 3(d)), ℎ2 = 50 nm (Fig. 3(b) and 3(e)) and

ℎ3 = 0 nm (Fig. 3(c) and 3(f)) from the top surface of SiO2 dielectric

layer. For better comparison, the color scale bars are set to be same

for all mappings. We can then see obvious differences of the charge

distributions under the LCP and RCP light illumination. The charge

accumulation mainly occurs at the nanostructure’s edges and corners,

confirming that the observed optical response results mainly from the

plasmonic resonances. For structure Ent A, it is obvious that the LCP-

induced charge distributions in the right panel is much stronger than

the RCP-induced ones in the left panel, resulting in a strong chiroptical

effect, which is in good agreement with the results in Fig. 2(a). The

different resonant position manifests that the resonant modes are highly

dependent on the CPL spin state, while the charge distribution of

the other areas can be neglectable. The CPL absorption is principally

attributed to the ohmic dissipation of the induced current, which leads

to the drastically different absorption, reflection and large CD.

3.1. Intrinsic chirality-induced reconfigurability

Up to now, most of reported chiral metasurfaces cannot be recon-

figurable (i.e., only passive) without changing the physical dimensions

of nanostructures, which is disadvantageous for many applications. To

overcome this issue, one feasible method is to integrate active materials

with the passive chiral metasurfaces. In this regard, liquid crystals

(LCs) could be an ideal candidate for designing reconfigurable chiral

metasurfaces due to their large birefringence, versatile driving methods

and wide working frequency window [43–46].

Fig. 4. Schematic of the chiral metasurface (Ent A) integrated with LCs. The right part

shows the respective alignment of LC molecules at ‘‘OFF’’ and ‘‘ON’’ states driven by an

applied voltage. Incident light propagates through the metasurface and LC layer along

−z-direction.

For convenient integration of the chiral metasurface with LCs, we

replace the SiO2 dielectric layer with a LC layer in the previous de-

sign. The resulted design is schematically shown in Fig. 4. With this

design, the gold bar nanostructures can be fabricated on a separate

conductive substrate. A thin polyvinyl alcohol (PVA) layer can be spin-

coated on the gold mirror for LC alignment. A nematic LC, E7 [47,48],

was used with its ordinary and extraordinary refractive indices being

well described by the extended Cauchy model [49]. In our numerical

simulation, we use an anisotropic medium model to simulate the LC. The

wavelength-dependent dispersion of the LC E7 was calculated using the

extended Cauchy model and then used for FDTD simulations in our proposed

LC-based chiral metasurface. The LC E7 has a large birefringence with

its ordinary refractive index of 𝑛𝑜 = 1.5211 and extraordinary refractive
index of 𝑛𝑒 = 1.7464 at 20 ◦C.

As known, the plasmonic resonance is highly sensitive to the sur-

rounding dielectric medium [50–52]. In our design, the LC molecules

can be reoriented by an externally applied voltage, hence resulting

in the change of the effective refractive index of the LC layer and

making the plasmonic chiral metasurface reconfigurable. In addition,

since the orientation of the LC molecules is not perpendicular to the

x-y plane, the refractive indices experienced by the x- and y-polarized

light are different, which will further cause the x- and y-polarized light

to propagate at different velocities through the LCs layer. The induced

phase retardation can be given as [53]:

𝛥𝜑 =
2𝜋ℎ ||𝑛𝑒 − 𝑛𝑜

||
𝜆

(5)

The phase retardation 𝛥𝜑 is proportional to the thickness of the LC

layer h. When 𝛥𝜑 = 𝜋, the spin state of the incident CPL could be then

completely changed to the other opposite state by designing the proper

thickness of the LC layer, leading to the sign change of CD and the spin
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Fig. 5. (a) The CD mapping with the tilting angle of the LC molecules under the CPL illumination. Simulated reflection and CD spectra of the LC-integrated plasmonic chiral

metasurface at ‘‘ON’’ (b) and ‘‘OFF’’ (c) conditions.

Fig. 6. (a) Schematic of the incident CPL on the plasmonic chiral metasurface. The incident angle of CPL varies from 0 to 45◦. (b) The calculated CD mapping as a function of

incident angle.

change of the CPL absorption. These characteristics make the integrated

chiral metasurface reconfigurable by changing its intrinsic chirality.

Fig. 5(a) shows the calculated magnitude and sign of the CD as a

function of the tilting angle of the LC molecules. Note that in Fig. 5(a),

we followed the convention to define the CD as 𝐶𝐷 = 𝐴𝑅𝐶𝑃 − 𝐴𝐿𝐶𝑃 =
𝑅𝐿𝐶𝑃 −𝑅𝑅𝐶𝑃 , indicating that the sign of the CD can vary from positive

to negative, and vice versa. For the sake of comparison, we used

the absolute value of the CD elsewhere in this work without further

mentioning. The tilting angle 𝜙 of the LC molecules can be changed

from 0◦ (‘‘ON’’ condition) to 90◦ (‘‘OFF’’ condition) by an externally

applied voltage, as shown in the inset of Fig. 5(a). We can see that

due to the realignment-induced the change of the effective index of the

LCs, the LC-integrated plasmonic chiral metasurface shows different CD

responses. According to Eq. (5), if we chose the resonant wavelength

of 𝜆 ≈ 900 nm, and set 𝛥𝜑 and | 𝑛𝑒− n𝑜| as 𝜋 and 0.2, respectively,

the required thickness of the LC layer can be then estimated to be

∼2200 nm. Due to the fact that the incident CPL is reflected back to
the LC layer upon the gold mirror, the actual LC layer will be only

half of the estimated thickness, i.e., ∼1100 nm. Figs. 5(b) and 5(c)

exhibits the reflection and CD spectra for LCP and RCP light. At ‘‘ON’’

condition, the calculated CD is more than 80% and the absorption is

nearly 100% for the incident LCP light. At ‘‘OFF’’ condition, due to

the inhomogeneous refractive index, although the result is not as good

as the ‘‘ON’’ condition, the achieved CD is still larger than 50%. With

the decreased 𝜙 from 90◦ to 0◦ (i.e., from ‘‘OFF’’ condition to ‘‘ON’’

condition), the magnitude of CD response varies accordingly and the

sign of CD is also flipped. Due to the change of the LCs’ effective

refractive index, the resonant wavelength also shifts. Hence, the LC-

integrated plasmonic chiral metasurface is reconfigurable via changing

its intrinsic chirality by externally applying a voltage.

3.2. Extrinsic chirality-induced reconfigurability

Due to the oblique CPL incidence, the time of the light propagating

through different areas of the chiral metasurface structure is unequal.

For some specially designed metasurface structures, the difference of

the asymmetric absorption between the incident RCP and LCP light

can produce significant CD. The phase difference of the resonant modes

stimulated by the two CPL spin states results in strong interferences of

the modes. It leads to different absorption between the LCP and RCP

incidence to achieve the extrinsic chirality. With the above optimized

design, we further check the dependence of CD on the incident angle

𝜃, as shown in Fig. 6. From Fig. 6(b), we can see clearly that with

the increase of the incident angle, the CD gradually decreases. At the

incident angle of 45◦, the CD effect nearly disappears. As a result, we

could then make the plasmonic chiral metasurface reconfigurable by

changing its extrinsic chirality via varying the incident CPL angle.

4. Conclusion

In summary, we have numerically demonstrated a reconfigurable

chiral metasurface based on a sandwiched MIM structure. The FDTD

simulation results showed that one spin state of specific CPL can be

completely absorbed by the metasurface, and the magnitude of the

CD can be more than 80%. In addition, by either changing the CPL

incident angle or integrating the metasurface with nematic LCs, the

sign and magnitude of the CD can be dynamically reconfigured. Such

a reconfigurable plasmonic chiral metasurface could find many poten-

tial applications in chirality detection/sensing, polarimetric imaging,

spin–orbit communications, etc.
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