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Abstract: Circular dichroism – the spin-selective absorp-

tion of light – finds diverse applications in medicine,

antennas and microwave devices. In this work, we pro-

pose and experimentally demonstrate an ultrathin elec-

tronically reconfigurable chiral metasurface which exploits

the intrinsic symmetries of the meta-molecule to realize

any spin absorption based on the handedness of the chi-

rality chosen. We construct the left-chiral and right-chiral

states by reconfiguring the meta-molecule into two enan-

tiomeric states, which achieve strong circular dichroism

exceeding 82 % at the design frequency of 9.5 GHz. The

meta-molecule can be switched into a third (non-chiral)

state which is isotropic and transparent. The achieved cir-

cular dichroism characteristics remain insensitive to inci-

dence angles up to ±45◦. The proposed reconfigurable chi-
ral metasurface achieves left- and right- circular dichro-

ism at the same frequency and with high efficiency,

and is an attractive candidate for wide-ranging practi-

cal applications in imaging, wireless communication and

medicine.
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1 Introduction

Circular dichroism (CD), defined as the difference in

the absorption of right-handed and left-handed circular

polarizations, has attracted a great deal of attention in the

scientific community due to its pivotal role in fundamental

applications in chemistry, biology, pharmaceutical industry

andmicrowave devices. CD is exhibited in several naturally

occurring molecules such as proteins, DNA and viruses. The

main geometrical feature giving rise to CD is the chirality

of the structure. Chirality is defined as the lack of mirror

symmetry: a chiral object is not superimposable on its mir-

ror image through rotations and translations, where for

two-dimensional structure the rotations are restricted to a

single rotation plane while for three-dimensional structure

all rotations are allowed. A chiral object and its mirror

image form an enantiomeric pair: they possess the same

spin-selective behavior but for opposite spins of light.

To extend the horizon of CD and overcome the lim-

itations inherent to the natural materials such as weak

and narrowband chiroptical effects, researchers turn their

attentions to artificially engineered planar structures called

metasurfaces which have intriguing properties of control-

ling the phase, amplitude and polarization of the electro-

magnetic (EM)waves [1]–[5]. Since it was first demonstrated

that chirality can be tailored to achieve negative refrac-

tive index [5], several functional meta-devices based on

chiral metasurfaces have been realized manifesting optical

responses such as circular dichroism [6], [7], polarization

conversion [8]–[15] and asymmetric transmission [16]–[20].

Chiral geometries such as gammadian-shaped [21] S-shaped

[22] L-shaped [23] E-shaped [24] and twisted split-rings

[25], [26] have been reported to achieve chiroptical effects

giving rise to spin-dependent absorption of electromag-

netic waves. Both intrinsic [27]–[29] and extrinsic [30]–[32]

chirality have been reported to realize spin-dependent

absorption of light. Although the aforementioned designs

achieve CD, they feature static meta-atoms with fixed chi-

ral responses, which somewhat limits their spectrum of

applications.
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Several reconfigurable metasurfaces of varying chiral

properties have been reported. In Refs. [33], [34] recon-

figurable chiral metasurfaces are designed to achieve tun-

able asymmetric transmission of linear polarization. How-

ever, reconfigurable chiral metasurfaces with spin-selective

absorption (i.e. circular dichroism) are much less explored.

In Ref. [6] an Origamimetasurface is claimedwhich exhibits

spin-selective reflection and transmission, however, it is dif-

ferent from our work which realizes spin-selective absorp-

tion of light. Chirality tuning has been reported [7] through

a phase changing material in infra-red wavelengths. How-

ever, our work is different from it as it achieves reconfigura-

bility through electrical biasing in GHz domain for normal

as well as oblique incidence which is not demonstrated for

reported design in Ref. [7]. In Ref. [35] an S-shaped meta-

mirror is proposed which realizes circular dichroism upon

reflection in the near-infrared range. The LiNbO3 film is

electrically biased to shift the operation frequency, but the

circular dichroism is not explicitly tuned. Further, the effect

has not been experimentally demonstrated. Moreover, most

of the above-mentioned chiral metasurfaces operate solely

upon normal incidence. A metasurface which provides full

reconfigurability of the circular dichroism at the same oper-

ation frequency, and supports a wide range of illumination

angles, will provide tremendous freedom in the selective

tuning of circularly polarized waves, and will find use in

a plethora of applications including imaging, wireless com-

munication and medicine.

In this work, we exploit symmetries of a novel meta-

molecule to realize electronically reconfigurable enan-

tiomeric chiral states exhibiting operating-band invariant

efficient spin-dependent absorption of light. Our proposed

metasurface can be configured into the LC and RC states,

which selectively absorb LCP and RCP light respectively. It

can also be configured into a third (non-chiral) statewhere it

is transparent in the operating band for both light spins. We

switch between different states through PIN diodes which

are properly positioned in the meta-molecule to demolish

or construct certain symmetries depending on the on- or

off-state of the corresponding diodes. We want to empha-

size that switching among enantiomeric states of an intrin-

sically chiral meta-molecule is different from the previ-

ously reported paths to reconfigurabilitywhich switches the

functionality or frequency band of operation. The former

requires the fulfillment of the stringent condition to switch

between two spin responses without any shift in the operat-

ing frequency band. A distinguishing feature of our design

is that left- and right-chiral behaviors occur in the same

operating band, whichmeans it can be electronically config-

ured to achieve left-handed or right-handed spin absorption

for the same frequency. With this design, we realize highly

efficient circular dichroism with a peak amplitude exceed-

ing 82 % for both enantiomeric states. Moreover, the pro-

posed designmaintains its functionality against the changes

in the incidence angle of the impinging wave up to 45◦.

The detailed experimental verification for both normal and

oblique illuminations validate the functionality of the pro-

posed metasurface.

2 Theoretical formulation

We begin by briefly overviewing the basic physical prin-

ciples of spin dependent light–matter interactions due to

which circular dichroism emerges. A basic property of light

is its polarization which at the quantum level is related

to the spin of the photon which can be either +1 or −1.
RCP light is composed of photons with spin +1 while LCP
has photons with spin −1. Linearly polarized light has

photons which are in a superposition of both spin states.

A non-chiral electromagnetic structure interacts with LCP

and RCP light in the same manner and hence is unable to

distinguish between the two spins of light. However, chi-

ral objects can distinguish LCP and RCP light upon elec-

tromagnetic interaction. When an electromagnetic wave

impinges on the surface of the metasurface, it induces

electric and magnetic dipole moments in the structure

which in turn generate the scattered waves. The spin-

dependent light–matter interaction is intimately related

with bi-anisotropy of the structure with some further con-

straints [3]. To enhance spin-dependent interaction, it is

necessary to tailor meta-molecules to possess geometrical

features enhancing bi-(an)isotropy which causes the cou-

pling of the structure’s electric/magnetic dipole moment

with the incident magnetic/electric field. Depending upon

the geometrical structure of the unit cell, magnetoelectric

coupling can arise betweenparallel components of thefields

and dipole moments, such as in chiral structure helixes,

or between the perpendicular components of the fields

and dipole moments, as in the case of non-chiral omega

particles [36]. In a chiral structure, the induced electric

dipole moment produced by the co-coupling of the electric

field is parallel to the induced magnetic dipole due to the

cross-coupling of the electric field. Moreover, the part of

the induced dipole moment caused by co-coupling (electric-

electric or magnetic-magnetic) has a 90◦ phase difference

with the part of the induced dipole moment caused by

cross-coupling (electric-magnetic or magnetic-electric cou-

pling). The chirality factor 𝜅 is used as a measure to quan-

titatively characterize bi-anisotropic electric-magnetic and
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magnetic-electric cross-coupling. In a particular basis sys-

tem, the dipolemoments and fields of a bi-anisotropic chiral

medium are related by [37]:

[
D

B

]
=

[
𝜺 −i𝜿∕c

i𝜿∕c 𝛍

][
E

H

]
(1)

where 𝜺, 𝝁 and c are the permittivity, permeability and

velocity of light while D = [Dx , Dy]
T is the electric displace-

ment. The material parameters 𝜺, 𝝁 and 𝜿 are all 2 × 2

tensors. The real part of the chirality factor Re[𝜅] is respon-

sible for the optical rotatory dispersion while the imaginary

part Im[𝜅] is related with CD. The chirality factor 𝜿 causes

circular birefringence: it leads to different refractive indices

for RCP and LCP waves, n± = no ± 𝜅, leading to polarization

plane rotation for a linearly polarizedwave. Since themeta-

surface acts linearly on the incident fields and gives output

fields (transmitted and reflected fields), the incident and

transmitted fields are related through the following, under

a particular chosen basis:

[
Etx

Ety

]
= T lin

[
Eix

Eiy

]
=

[
txx txy

tyx tyy

][
Eix

Eiy

]
(2)

where tji represents transmission coefficient when the inci-

dent linear polarization is ‘i’ while the transmitted field

polarization is ‘j’. Once the transmission coefficients of the

metasurface are found in a particular basis system, they be

translated to any other basis, rotated with respect to origi-

nal by an arbitrary angle, through suitable transformation

matrices. Also, the given transmission matrix can be used

to obtain transmission coefficients for the cases where the

metasurface is rotated by an arbitrary angle in the same

plane. Similarly, one can perform a co-ordinate transfor-

mation to find the transmission coefficients for circularly

polarized waves from those for linearly polarized waves:

Tcir =
[
t++ t+−

t−+ t−−

]

= 1

2

[
txx + tyy + i

(
txy − tyx

)
txx − tyy − i

(
txy + tyx

)
txx − tyy + i

(
txy + tyx

)
txx + tyy − i

(
txy − tyx

)
]

(3)

The + symbol is used to represent RCP while ‘−’ rep-
resents LCP wave. In the same way, reflection coefficient

matrix for the circular polarization, Rcir can be obtained

which contains the co- and cross polarized coefficients

when the incident wave is circularly polarized. The power

absorbed by themetasurface for a particular incident polar-

ization ‘i’ is obtained by subtracting the transmitted and

reflected power from the normalized incident power, and

is given by:

A+ = 1−
(||t++||2 + ||t−+||2 + ||r++||2 + ||r−+||2)

A− = 1−
(||t+−||2 + ||t−−||2 + ||r+−||2 + ||r−−||2)

(4)

where A+ and A− are the absorptions for RCP and LCP

waves, respectively. Circular dichroism is quantitatively

defined as the difference of the two absorptions:

CD = A+ − A− (5)

Thus, a passive surface should have a CD ranging

from 1 to −1: the former belonging to a surface which

strongly absorbs RCP waves and transmits LCP waves with-

out loss, and the latter belonging to a surfacewhich strongly

absorbs LCP waves and passes RCP waves without loss. The

simultaneous achievement of both, at the same frequency

upon proper reconfiguration, is an unprecedented feat and

should have tremendous value in the control of circularly

polarized waves.

Our proposed reconfigurable chiral metasurface,

which accomplishes the aforementioned reconfigurable

chirality, is depicted in Figure 1. The “meta-molecule” of

the metasurface, as shown in Figure 1(d), is composed of

four mutually rotated (by 90◦) T-shaped metallic structures

which we call “meta-atoms”. The meta-atoms are patterned

on both sides of the dielectric spacer and connected

through metallic vias. Each meta-atom contains four PIN

diodes, shown in blue (PIN-L) and yellow (PIN-R), which are

judiciously positioned on both sides of each T which can

be independently turned on and off. By turning on and off

the appropriate PIN diodes, the T-shaped scatterer, which

is non-chiral, is reconfigured into a connected L-shaped

scatterer, which is chiral, plus two non-resonant short

metal strips which do not interact appreciably with the

incident light. Based on the combination of switched-on and

switched-off diodes, the meta-molecule can be switched to

the left-chiral (PIN-L is on and PIN-R is off) and right-chiral

(PIN-L is off and PIN-R is on) geometries as depicted in

Figure 1(e). It can be noted from the two chiral states shown

in Figure 1(e) that each top and bottom layer lack reflection

symmetry along any axis and hence are chiral. The chirality

of the complete three-dimensional meta-molecule can be

verified from the lack of reflection and center inversion

symmetry. Moreover, the meta-molecule has C4 symmetry

(90◦ rotational symmetry) in all three states, qualifying it for

an isotropic chiral structure when operated in chiral mode.

It can be also observed from Figure 1(e) that the left-chiral

and right-chiral meta-molecules are enantiomers as they

are mirror images of each other. In the third state, all the
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Figure 1: Schematic of the metasurface, (a) the non-chiral state where metasurface is transparent to both spins, (b) the left-chiral state where only

left-handed spin is absorbed, (c) the right-chiral state where only right-handed spin is absorbed, (d) a single meta-molecule of the structure, (e) single

effective meta-molecule in different states where for RC-state PIN-R is on and PIN-L is off while for LC-state PIN-R is off and PIN-L is on. For NC-state

all PIN diodes are turned on.

diodes are turned on, rendering the meta-molecule mirror

symmetric and hence non-chiral. The unique advantage

of the designed meta-molecule is that it offers enough

degrees of freedom to be tuned among two enantiomeric

states (left-chiral and right-chiral) and a non-chiral state.

Moreover, all achieved states possess C4 symmetry, which

enables the metasurface to attain strong spin-selectivity

for the chiral states and polarization insensitivity for the

non-chiral state.

3 Design and simulation

We design the metasurface at the microwave regime and

investigate its chiroptical response using the full-wave sim-

ulation software Ansys HFSS. The dielectric spacer is an F4B

substrate, with a relative permittivity of 2.65, a loss tangent

of 0.01 and a thickness of 0.8 mm, which is 0.025𝜆o at the

design frequency of 9.5 GHz. The metallic patterns on both

sides of the spacer are made of copper with a conductiv-

ity of 5.8 × 107 S/m both in simulations and experiments.

The meta-molecule is repeated in the x- and y-directions

using periodic boundaries. The parametrically optimized

geometrical parameters of themeta-molecule, as labelled in

Figure 1(d), are (in mm): W = 10, L = 3.5, u = 0.5, 𝑣 = 0.5,

d = 4.0 and m = 1.35. In our simulation model we use

commercially available PIN diodes (MADP-000907-14020x)

with RLC boundaries implementing their on- and off-state

equivalent circuits. We use Floquet ports to excite the meta-

surface and measure the x- and y-polarized transmission

coefficient matrix T lin introduced in (2). Thereafter, we

obtain the circularly polarized transmission coefficientsTcir

through (3) and find the spin-specific absorption efficien-

cies (A+ and A−) and the circular dichroism (CD) using (4)

and (5). Figure 2 shows the simulated performance of the

metasurface when operated in the RC state. It can be seen

from Figure 2(a) that in the RC state, the proposed structure

absorbs RCP lightwithmore than 87 % absorption efficiency

around the resonance frequency of 9.5 GHz whereas for the

LCP wave the absorption efficiency is negligibly small (less

than 5 % for all frequencies). Thus, a strong CD, represented

by |ΔA| in the figure, exceeding 85 %, is manifested around
the resonance frequency in the RC state. The LCP wave is

mostly transmitted with the co-polarized transmission coef-

ficient magnitude: ||t−−|| exceeds 95 % around the operating

frequency as shown in Figure 2(b). This high LCP trans-

mission efficiency is achieved across the entire frequency

range because no current is induced on the right-handed

chiral structure, thus allowing the wave to pass without
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Figure 2: Simulation results for the RC-state. (a) Absorption and circular dichroism. (b) Magnitudes of co- and cross-polarized transmission

coefficients. (c) Magnitudes of co- and cross-polarized reflection coefficients. (d) Power transmitted and reflected for LCP and RCP incidence.

The inset in (a) shows the effective meta-molecule for the RC state.

any interaction with the metasurface. Correspondingly, as

shown in Figure 2(c), the reflection coefficient magnitude

within the operating band 9.3–9.6 GHz is less than 0.27, indi-

cating that negligible power is reflected both for RCP and

LCP waves. Figure 2(d) shows that across a wide bandwidth

from 7 to 10.5 GHz, the incident power is transmitted with

efficiency higher than 80 % for both LCP and RCP waves,

with the exception that the RCP wave is absorbed strongly

within the operating band. As a linearly polarized wave is a

combination of RCP and LCP waves, therefore, the RC-state

also acts as a linear-to-circular polarizer in the operating

band by absorbing the RCP part while passing the LCP. It

is also important to note that the geometrical structure of

the proposed metasurface allows a symmetric response in

both forward and backward direction. In other words, it

absorbs the same spin both in the forward and backward

direction, therefore, its response is invariant to whether

the impinging wave strikes the metasurface in the +z or
−z direction. Moreover, the response of the metasurface is
invariant to the rotation of the metasurface by any angle

in the xy-plane. This is attributed to the C4 symmetry of the

meta-molecule.

Figure 3 shows the simulated performance of themeta-

surface when operated in the LC state. When the metasur-

face is reconfigured to the LC state, which is the mirror

image or enantiomer of the RC state, its interaction with

the spin of the incident wave is reversed as expected from

the geometrical symmetry of themeta-molecule. Figure 3(a)

show that the metasurface absorbs LCP waves with more

than 87 % absorption efficiency in the operating band while

the RCP wave is transmitted with less than 5 % absorption

for all frequencies. Similarly, Figure 3(b) and (c) present the

magnitudes of the co- and cross-polarized transmission and

reflection coefficients respectively for both RCP and LCP

incidence, showing that the reflection is negligible in all

cases, the transmission of RCP waves is near unity (||t++|| ≈
1), and the transmission of LCP waves for frequencies away

from the operation band. Similarly, it can be observed

from Figure 3(d) that the incident power is transmitted with

efficiency higher than 90 % for both spins except in the

operating band where LCP is absorbed. This time, high

RCP transmission efficiency is achieved because no cur-

rent is induced on the left-handed chiral structure, thus

allowing the wave to pass without any interaction with the

metasurface.

Figure 4 shows the simulated metasurface perfor-

mance in the non-chiral state. In this state, all the PIN

diodes are turned on resulting in a non-chiral metasur-

face with 90◦ rotational symmetry. Since the meta-molecule

is non-chiral, it interacts equally with both RCP and LCP

waves, leading to negligible circular dichroism as is evi-

dent from Figure 4(a). Further, since the T-shaped element

is non-resonant at the operation frequency, the metasur-

face interacts with neither RCP nor LCP waves, and thus
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Figure 3: Simulation results for the LC-state. (a) Absorption and circular dichroism. (b) Magnitude of co- and cross-polarized transmission coefficients.

(c) Magnitude of co- and cross-polarized reflection coefficients. (d) Power reflected and transmitted for RCP and LCP incidence. The inset in (a) shows

the effective meta-molecule for the LC state.

transmits them with high efficiency. This fact is supported

by the simulated transmission and reflection spectra shown

in Figure 4(b) and (c) respectively. It is also important to note

that all parameters: absorption, transmission and reflection

coefficients are same for both LCP and RCPwaves due to the

non-chiral and isotropic geometry of the structure. More-

over, the non-chiral state is symmetric along z-axis which

results in same transmission and reflection coefficients

for both forward and backward incidence. Unlike the two

chiral states, the non-chiral state preserves time-reversal

symmetry.

Surface current distribution for different states is pre-

sented in Figure 5 for both RCP and LCP normally incident

waves at 9.3 GHz at the same phase. It can be observed

fromFigure 5 that the RC state interactsmaximallywith RCP

light which induces surface current in the meta-molecule

while it remains inactive for LCP light. Similarly, the LC state

responds maximally to LCP light which induces maximum

surface current while the RCP light excites a negligible sur-

face current and is passed unnoticed. It is important to note

that the surface currents shown in Figure 5 are for a partic-

ular phase of the incident field due to which the predom-

inant currents are only on the diagonal meta-atoms with

substantially small currents on the off-diagonalmeta-atoms.

However, for different phases, these currents can appear

on off-diagonal elements. Similarly, there can be phases

at which surface currents appear both on the diagonal as

well as the off-diagonal meta-atoms. As the NC-state does

not interact with both spins of light, the induced surface

currents are negligible.

Figure 4: Simulation results for non-chiral state. (a) Absorption and circular dichroism. (b) Magnitudes of co- and cross-polarized transmission

coefficients. (c) Magnitudes of co- and cross-polarized reflection coefficients for non-chiral state. The inset in (a) shows effective meta-molecule

for the non-chiral state.
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Figure 5: Surface current distribution for right-chiral, left-chiral and non-chiral states for RCP and LCP incidence at 9.3 GHz.

As in most practical applications, the EM wave can

impinge from an arbitrary incidence angle, it is therefore

important to investigate the chiroptical response of the

proposed metasurface under obliquely incidence. In this

regard, we simulated the metasurface under oblique inci-

dence from 0◦ to 45◦ and present the results in Figure 6

for all three configurations. It can be seen that the CD

is quite robust against variation in the incidence angles

for all left-chiral, right-chiral and non-chiral states as pre-

sented in Figure 6(a)–(c), respectively. We observe that CD

decreases for the LC case in Figure 6(b), however, it remains

above 60 % for incidence angles up to 45◦. We find that the

sub-wavelength size of the meta-molecule (0.322𝜆o), judi-

cially positioned vias and parametrically optimized dimen-

sions of the meta-molecule contribute to the robust-

ness against the variations in the incidence angle. This

agrees well with previous findings on non-chiral and non-

reconfigurable chiral meta-molecules [2], [38].

4 Experimental verification

We fabricate and characterize the reconfigurable chiral

metasurface to experimentally demonstrate its spin-

selective absorption characteristics. Figure 7(b) shows the

Figure 6: Variation of the circular dichroism with incidence angle for (a) the RC state, (b) the LC state, (c) the non-chiral state.
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Figure 7: Metasurface fabrication and absorption spectrum measurement. (a) Measurement setup. (b) Top view of the fabricated metasurface and

a zoomed view of the metasurface where biasing lines, lumped elements (PIN diodes and inductors) are visible. (c) Equivalent circuit for the ON-state

and OFF-state of the PIN diode. Measured and simulated absorption for RCP and LCP incidence for (d) the RC state, (e) the LC state and

(f) the non-chiral state.

top layer of prototype (the bottom layer has an identical

meta-molecule distribution as canbe seen fromFigure 1, but

has slightly different placement of bias lines). We fabricate

the metasurface on a 120 × 120 mm2 F4B substrate using

established printed circuit board etching and component

soldering technology. The fabricated design is composed of

10 × 10 unit-cells where each unit cell has top and bottom

metallic layers which are connected through metallic vias.

The bias voltages for the PIN diodes are supplied by bias

lines. In order to minimize the effects of bias lines on the

functionality of the proposed structure, the biasing lines

are taken with minimum thickness so that coupling with

incident fields is minimized. Moreover, lumped inductors

are judiciously positioned in the bias lines so that they

block the high-frequency alternating currents and allow

the biasing dc currents. Furthermore, the overall topology

of the bias lines is kept such that it they are symmetric

enough so that one polarization is not preferred over the

other so that the original functionality of the metasurface

is not significantly disturbed. In spite of all this, it will be

seen that the inclusion of the bias lines slightly affects the

performance of the metasurface but allows it to retain its

salient properties.

For measuring transmission coefficients, the fabricated

prototype is characterized inside an anechoic chamber. As

shown in Figure 7(a), the metasurface is placed between

two circularly polarized conical horns (EMCO 3102) oper-

ating from 7 to 10 GHz. One antenna transmits circularly

polarized wave while the other receives the transmitted

wave after passing through metasurface. For co-polarized

transmission coefficients, transmitting and receiving anten-

nas have the same helicity while for cross-polarized coef-

ficients, the helicity of the receive antenna is reversed.

The Keysight E8363C Vector network analyzer (VNA) is con-

nected to the transmit and receive antennas to co-ordinate

the measurement.

Different states of the metasurface are obtained by for-

ward biasing the corresponding PIN diodes while reverse

biasing others through DC source. Equivalent circuits of the

PIN diode in the ON and OFF-state is shown in Figure 7(c).

Both co- and cross-polarized transmission and reflection

coefficients are measured for all the three states, from

which the corresponding absorptions for RCP and LCP

waves are calculatedusing equations (2)–(5). Figure 7(d)–(f)

show the measured and simulated absorption coefficients

for the two enantiomeric states and the non-chiral state of

the structure. It can be seen from Figure 7 that the mea-

sured and simulated results are in good agreement with

each other. It is important to note that the simulation and

measurement results shown in Figure 7(d)–(f) are for the
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Figure 8: Comparison of simulation and experimental magnitude of circular dichroism (|CD|) for oblique incidence. (a) RC state, (b) LC state,
(c) non-chiral state. The insets show the meta-molecule schematic for the respective states.

metasurface in the presence of bias lines. The geometric

arrangement of the bias lines weakens the enantiomeric

relation between the RC-state and LC-state as is evident

from the simulation and experimental absorption spectra

of the RC and LC-state in Figure 7(d)–(e). We observe that

the RC-state has an extra smaller peak around 8.6 GHz. Nev-

ertheless, we see that the main functionality of strong CDs

of±0.8 is achieved for the LC and RC states at the operating
frequency for both simulation and experiment. The experi-

mental resonance is slightly shifted up in frequency, most

likely due to slight substrate property deviations and/or

fabrication errors, but such frequency shift can be easily

corrected through fine adjustments in meta-atom dimen-

sions. At the non-chiral state, the cell is transparent and

high-efficiency transmission is achieved.

Figure 8 shows a comparison of the circular dichro-

ism of the proposed design (in the presence of bias lines)

under oblique incidence. It can be observed that CD remains

within an acceptable range for all three states. The dis-

crepancy between the simulation and experimental results

can be attributed to the small size of the metasurface, the

geometrical asymmetry caused by the presence of bias lines

and fabrication imperfections.

5 Conclusion

We have designed and experimentally realized an ultra-

thin electronically reconfigurable chiral metasurface which

exploits the intrinsic symmetries of the meta-molecule

to achieve a tunable and operating-band invariant spin-

selective absorption of light.Wedemonstrated that based on

the chosen state (RC, LC or non-chiral) of themeta-molecule,

the metasurface can either absorb RCP light only (RC state),

absorb LCP light only (LC state), or transmit both spins with

high efficiency (non-chiral state), at the same frequency

of 9.5 GHz. This is achieved using a novel meta-molecule

composed of four T-shaped meta-atoms. By electronically

reconfiguring the PIN-diodes, we created two enantiomeric

states (the LC and RC states) and a non-chiral non-resonant

state of operation. In the chiral states, the CD exceeds 82 %

over a 3 %operating band centered at 9.5 GHz for both enan-

tiomeric states. We also showed that the circular dichroism

remains robust to the variations in the incidence angle up to

45◦. We have performed experimental demonstration and

obtained results which agree very well with our simula-

tion results. The reconfigurable chiral metasurface hereby

proposed is hence a prominent candidate for a wide range

of applications in imaging, wireless communication and

medicine.

Research funding: This work was supported by the

Research Grants Council of Government of Hong Kong

through grants C6012-20 GF and AoE/E-101/23-N.

Author contribution:All authors have accepted responsibil-

ity for the entire content of this manuscript and approved

its submission. MIK and AMHW conceived the idea. MIK

performed the theoretical investigation and simulations,

MIK, TAK, and MA performed the experimental work, MIK

drafted the paper and all authors helped edit the paper.

AMHWsupervised thework and obtainedfinancial support.

Conflict of interest: Authors state no conflict of interest.

Ethical approval: The conducted research is not related to

either human or animals use.

Data availability: The data generated in this study can be

shared by the authors upon reasonable request.

References

[1] D. R. Smith, J. B. Pendry, and M. C. Wiltshire, “Metamaterials and

negative refractive index,” Science, vol. 305, no. 5685, pp.

788−792, 2004..
[2] M. I. Khan, Q. Fraz, and F. A. Tahir, “Ultra-wideband cross

polarization conversion metasurface insensitive to incidence

angle,” J. Appl. Phys., vol. 121, no. 4, p. 045103, 2017,.



406 — M. I. Khan et al.: Electronically reconfigurable chirality with an enantiomeric metasurface

[3] Z. Wang, H. Jia, K. Yao, W. Cai, H. Chen, and Y. Liu, “Circular

dichroism metamirrors with near-perfect extinction,” ACS

Photonics, vol. 3, no. 11, pp. 2096−2101, 2016..
[4] M. I. Khan, Z. Khalid, and F. A. Tahir, “Linear and circular

polarization conversion in X-band using anisotropic metasurface,”

Sci. Rep., vol. 9, no. 1, p. 4552, 2019..

[5] J. B. Pendry, “A chiral route to negative refraction,” Science, vol.

306, no. 5700, pp. 1353−1355, 2004..
[6] Y. Zheng, et al., “Chirality-switching and reconfigurable

spin-selective wavefront by origami deformation metasurface,”

Laser Photonics Rev., vol. 18, no. 1, p. 2300720, 2024..

[7] X. Sha, et al., “Chirality tuning and reversing with resonant

phase-change metasurfaces,” Sci. Adv., vol. 10, no. 21, p. eadn9017,

2024..

[8] M. Mutlu and E. Ozbay, “A transparent 90◦ polarization rotator by

combining chirality and electromagnetic wave tunneling,” Appl.

Phys. Lett., vol. 100, no. 5, p. 051909, 2012..

[9] J. K. Gansel, et al., “Gold helix photonic metamaterial as broadband

circular polarizer,” Science, vol. 325, no. 5947, pp. 1513−1515, 2009..
[10] Y. Zhao, M. A. Belkin, and A. Alù, “Twisted optical metamaterials

for planarized ultrathin broadband circular polarizers,” Nat.

Commun., vol. 3, p. 870, 2012,.

[11] H. X. Xu, G. M. Wang, M. Q. Qi, T. Cai, and T. J. Cui, “Compact

dual-band circular polarizer using twisted Hilbert-shaped chiral

metamaterial,” Opt. Express, vol. 21, no. 21, pp. 24912−24921, 2013..
[12] M. I. Khan and F. A. Tahir, “A compact half and quarter-wave plate

based on bi-layer anisotropic metasurface,” J. Phys. D: Appl. Phys.,

vol. 50, no. 43, p. 43LT04, 2017..

[13] N. I. Zheludev, E. Plum, and V. A. Fedotov, “Metamaterial

polarization spectral filter: isolated transmission line at any

prescribed wavelength,” Appl. Phys. Lett., vol. 99, no. 17, p. 171915,

2011..

[14] W. Ji, et al., “High-efficiency and ultra-broadband asymmetric

transmission metasurface based on topologically coding

optimization method,” Opt. Express, vol. 27, no. 3, pp. 2844−2854,
2019..

[15] J. Y. Feng, L. P. Wu, S. Y. Shi, M. H. Li, and J. F. Dong, “Asymmetric

transmission of circularly polarized waves in a bi-layered extrinsic

chiral metamaterial,” J. Electromagn. Waves Appl., vol. 34, no. 10,

pp. 1410−1419, 2019..
[16] V. A. Fedotov, P. L. Mladyonov, S. L. Prosvirnin, A. V. Rogacheva,

Y. Chen, and N. I. Zheludev, “Asymmetric propagation of

electromagnetic waves through a planar chiral structure,” Phys.

Rev. Lett., vol. 97, no. 16, p. 167401, 2006..

[17] V. A. Fedotov, A. S. Schwanecke, N. I. Zheludev, V. V. Khardikov,

and S. L. Prosvirnin, “Asymmetric transmission of light and

enantiomerically sensitive plasmon resonance in planar chiral

nanostructures,” Nano Lett., vol. 7, no. 7, pp. 1996−1999,
2007..

[18] E. Plum, V. A. Fedotov, and N. I. Zheludev, “Planar metamaterial

with transmission and reflection that depend on the direction of

incidence,” Appl. Phys. Lett., vol. 94, no. 13, p. 131901, 2009..

[19] J. Han, et al., “An ultrathin twist-structure polarization transformer

based on fish-scale metallic wires,” Appl. Phys. Lett., vol. 98, no. 15,

p. 151908, 2011..

[20] M. Mutlu, A. E. Akosman, A. E. Serebryannikov, and E. Ozbay,

“Diodelike asymmetric transmission of linearly polarized waves

using magnetoelectric coupling and electromagnetic wave

tunneling,” Phys. Rev. Lett., vol. 108, no. 21, p. 213905, 2012..

[21] R. Zhao, L. Zhang, J. Zhou, T. Koschny, and C. M. Soukoulis,

“Conjugated gammadion chiral metamaterial with uniaxial optical

activity and negative refractive index,” Phys. Rev. B, vol. 83, no. 3,

p. 035105, 2011..

[22] J. Zhang, et al., “High-efficiency polarization conversion phase

gradient metasurface for wideband anomalous reflection,” J. Appl.

Phys., vol. 122, no. 1, p. 014501, 2017..

[23] D. Frese, Q. Wei, Y. Wang, L. Huang, and T. Zentgraf,

“Nonreciprocal asymmetric polarization encryption by layered

plasmonic metasurfaces,” Nano Lett., vol. 19, no. 6, pp.

3976−3980, 2019..
[24] T. T. Lv, et al., “Hybrid metamaterial switching for manipulating

chirality based on VO2 phase transition,” Sci. Rep., vol. 6, p. 23186,

2016,.

[25] Y. Li, et al., “Achieving wideband polarization-independent

anomalous reflection for linearly polarized waves with

dispersionless phase gradient metasurfaces,” J. Phys. D: Appl. Phys.,

vol. 47, no. 42, p. 425103, 2014..

[26] Z. Li, W. Liu, H. Cheng, S. Chen, and J. Tian, “Tunable dual-band

asymmetric transmission for circularly polarized waves with

graphene planar chiral metasurfaces,” Opt. Lett., vol. 41, no. 13,

pp. 3142−3145, 2016..
[27] D. B. Stojanović, G. Gligorić, P. P. Beličev, M. R. Belić, and L.

Hadžievski, “Circular polarization selective metamaterial absorber

in terahertz frequency range,” IEEE J. Sel. Top. Quantum Electron.,

vol. 27, no. 1, p. 4700506, 2020..

[28] D. B. Stojanović, P. P. Beličev, G. Gligorić, and L. Hadžievski,

“Terahertz chiral metamaterial based on twisted closed ring

resonators,” J. Phys. D: Appl. Phys., vol. 51, no. 4, p. 045106, 2018..

[29] B. Sun and Y. Yu, “Analysis of circular dichroism in chiral

metamaterial at terahertz frequencies,” J. Phys. D: Appl. Phys.,

vol. 52, no. 2, p. 025105, 2018..

[30] T. Cao, C. W. Wei, and Y. Li, “Dual-band strong extrinsic 2D chirality

in a highly symmetric metal-dielectric-metal achiral metasurface,”

Opt. Mater. Express, vol. 6, no. 2, pp. 303−311, 2016..
[31] S. Lee, Z. Wang, C. Feng, J. Jiao, A. Khan, and L. Li, “Circular

dichroism in planar extrinsic chirality metamaterial at oblique

incident beam,” Opt. Commun., vol. 209, pp. 201−204, 2013,.
[32] S. Zhou, et al., “Tunable chiroptical response of graphene achiral

metamaterials in mid-infrared regime,” Opt. Express, vol. 27, no. 11,

pp. 15359−15367, 2019..
[33] Z. Wei, et al., “High-efficiency modulation of broadband

polarization conversion with a reconfigurable chiral metasurface,”

Nanoscale Adv., vol. 4, no. 20, pp. 4344−4350, 2022..
[34] S. Dong, Q. Hu, W. Y. K. Qu, K. Chen, T. Jiang, and Y. Feng,

“Direction-reversible asymmetric transmission with tunable chiral

metamaterial,” Appl. Phys. Lett., vol. 121, no. 19, p. 191701, 2022..

[35] J. Fan, T. Lei, and X. Yuan, “Tunable and reconfigurable dual-band

chiral metamirror,” IEEE Photonics J., vol. 12, no. 5, p. 4601108, 2020..

[36] V. S. Asadchy, A. Díaz-Rubio, and S. A. Tretyakov, “Bianisotropic

metasurfaces: physics and applications,” Nanophotonics, vol. 7,

no. 6, pp. 1069−1094, 2018..
[37] I. V. Lindell, A. H. Sihvola, S. A. Tretyakov, and A. J. Viitanen,

Electromagnetic Waves in Chiral and Bi-isotropic Media, 1st ed.

Boston, United Kingdom, Artech House, 1994.

[38] M. I. Khan, B. Hu, Y. Chen, N. Ullah, M. J. I. Khan, and A. R. Khalid,

“Multiband efficient asymmetric transmission with polarization

conversion using chiral metasurface,” IEEE Antenn. Wireless Propag.

Lett., vol. 19, no. 7, pp. 1137−1141, 2020..


	1 Introduction
	2 Theoretical formulation
	3 Design and simulation
	4 Experimental verification
	5 Conclusion


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


