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Understanding and controlling chirality are important because of its ubiquity in nature. In recent years,
we have witnessed the rapid development of chiral metamaterials with exceptional light-manipulating
capabilities. Here, we present a design for photonic heterostructures in chiral photonics, demonstrating that
photonic heterostructures stacked from achiral metasurfaces can create distinctive chiroptical functional-
ities. Analyses based on the symmetry group and microscopic dipolar interactions at two-dimensional
boundaries reveal the implicit mechanism of the interlayer coupling in photonic heterostructures. By flip
stacking, the photonic heterostructure gives rise to an asymmetric chiral phase from achiral composites,
and hence, provides the full spin-flipped scattering of incident photons. Incident electromagnetic waves
with arbitrary polarization orientations can be efficiently separated into two orthogonal circularly polarized
ones with orthogonal trajectories, leading to an ideal circular beam splitter. This effect is experimentally
demonstrated at microwave frequencies via the measurement of a scattering matrix. Due to its general-
ity and scalability, we expect the methodology of photonic heterostructure might open up an alternative
pathway for exploring intriguing and advanced metamaterials over a broad wavelength range.
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I. INTRODUCTION

An object is chiral if it cannot be superimposed on its
mirror image by translational and rotational transforma-
tions. Chirality is a ubiquitous geometric property in our
natural life, ranging from macrostructures, such as human
hands, to microstructures, such as molecules [1,2]. Chiral
interactions are known to affect the electron transmission
[3,4], optical responses [5], and magnetic skyrmions [6,7]
in materials; pharmacological effects in drugs [8,9]; and
other nontrivial phenomena in various disciplines. Due to
profound implications for various disciplines, the study
and manipulation of chiral interactions have attracted con-
tinuing interest from scientists. In particular, chiral optics
studies the behavior of circularly polarized light when it
interacts with chiral media. The chiroptical effects in nat-
urally occurring materials are often very weak due to the
size mismatch between molecules and the wavelength of
light.

Metamaterials comprising arrays of designer metaatoms
have been developed to achieve chiroptical responses sev-
eral orders of magnitude greater than those of the natural
materials [10–13]. Initial studies focused on the design
of three-dimensional (3D) building blocks with intrinsic
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chirality. 3D helical metamaterials are fabricated by direct
laser writing [14], glancing-angle deposition [15], tomo-
graphic rotatory growth [16], and self-assembly methods
[17,18]. Giant circular dichroism can be achieved in such
bulky metamaterials from microwave to visible frequen-
cies [10]. Another approach is stacking and twisting achiral
constituents, such as split-ring resonators [19], rods [20],
arcs [21], ellipses [22], plasmonic diastereomers [23], and
Moiré patterns [24], to form a 3D superstructure that is chi-
ral. Although the concept is simple, the 3D chiral structures
are highly sensitive to a number of degrees of freedom,
including the twisting angle and spacing distance [11]. As
the structure twists to form an intrinsic chirality, the opti-
cal response is accordingly fixed with a certain handedness
[25]. In addition, the complexities in 3D fabrication and the
lack of suitable low-loss materials at optical wavelengths
have, so far, limited practical applications.

Metasurfaces, which are the two-dimensional (2D)
counterparts to bulk metamaterials, have emerged as an
alternative platform to overcome these challenges and
provide giant chiral light-matter interactions [26–29]. Var-
ious chiral metasurfaces with 2D chirality have been
investigated, including conjugated gammadions [30–32],
shuriken-shaped indentations [33], L-shaped nanoanten-
nas [34], and many other structures [35]. Unfortunately,
a planar chiral metasurface itself does not manifest optical
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activity, owing to mirror symmetry and reciprocity [36,37].
The reported optical activity in 2D planar nanostructures
originates from broken symmetry at the air-structure-
substrate interfaces [31]. Metasurfaces with extrinsic chi-
rality have been demonstrated as a solution for strong 2D
chiroptical effects, in which the oblique incident waves,
together with the 2D metasurface, form a 3D configuration
that lacks mirror symmetry [38,39]. However, the extrin-
sic chirality is also limited by reciprocity, and therefore, no
giant circular conversion dichroism can be reached in 2D
metasurfaces with an infinitesimal thickness. As a result,
one of the main issues, so far, is the lack of an efficient
methodology for chiral building blocks with improved
efficiency, versatile functionality, and reduced complexity.

Here, we report on the design of photonic heterostruc-
tures in chiral photonics, showing how the stacking of
individual 2D metasurfaces can create chiroptical func-
tionalities that are not accessible in monolayer 2D metasur-
faces. Symmetry consideration and reciprocity theorem are
employed together to reveal the design principle of spin-
flipped beam splitting. With suitably stacked metasurfaces,
all incident photons can be separated into two orthogo-
nal trajectories with flipped spin states, indicating an ideal
prismlike chiral beam splitter. The underlying mechanism
and interlayer coupling between photonic monolayers are
revealed by exploring the microscopic dipolar interac-
tions. We note that our approach is conceptually different
from previous techniques aimed at engineering compli-
cated metaatoms with intrinsic chirality, since the photonic
heterostructure enables promising chirality functionalities
from a much simpler design methodology. We expect that
the concept of photonic heterostructure can revolutionize
the methodology in the area of photonic metamaterials and
metadevices.

In addition to eliminating the need for bulky and sophis-
ticated 3D structures, the photonic heterostructure has
unique physical properties that make it useful for chi-
ral photonics. First, its chirality behavior is determined
by flip stacking, rather than the twisting that is widely
used in traditional approaches. Two stacking strategies,
direct stacking and flip stacking, give rise to entirely dis-
tinct chiral phases. In contrast to a conventional chiral
metamaterial, the photonic heterostructure is inherently
achiral, but provides more chiral properties within a thin
optical interface. Second, due to the stacking configura-
tion, the photonic heterostructure is no longer subject to the
theoretical limit of circular conversion efficiency at a 2D
electromagnetic boundary. The spin-stacked heterostruc-
ture can realize a near-unity efficiency of circular beam
splitting, along with the full spin flipping in both reflection
and transmission. These features make it a good candi-
date for a circular beam splitter without destroying the
energy balance between two spin photons upon scatter-
ing. Third, the photonic heterostructure platform exhibits
useful properties for multichirality wave steering, such

as asymmetric transmission and chirality switching for
spin photons with opposite longitudinal and transverse
momenta, respectively. It is hence suitable for optical sys-
tems in which the backward signals reflected from objects
need to be suppressed, especially in chiral devices.

II. RESULTS

A. Principle of photonic heterostructure design

The design concept of photonic heterostructure and
its chiroptical behavior are schematically presented in
Fig. 1(a). 3D metamaterials with intrinsic chirality trans-
mit specific circularly polarized waves (e.g., RCP waves).
Due to the homogeneous chirality that is enabled by the
fourfold rotational symmetry, two circular polarizations
have identical characteristic impedances, and thus, LCP
waves will be totally absorbed. This is the circular dichro-
ism in normal chiral media. We call it zero spin flipping
because no cross-polarized photons are generated. In 2D
metasurfaces, the intrinsic chirality no longer exists due
to inherent mirror symmetry with respect to the trans-
verse plane. Only extrinsic chirality can be implemented
when circularly polarized light is obliquely incident on an
anisotropic structure (e.g., split-ring resonators). In this sit-
uation, a thin metasurface supports only surface electric
currents and cannot efficiently absorb all incident waves.
Therefore, to achieve strong chirality, one of two circu-
lar polarizations (e.g., LCP) must be reflected with its spin
state flipped, while the other circular polarization (e.g.,
RCP) is transmitted with its spin state preserved. This is
the case we called half spin flipping. To break the theo-
retical limit of 50% efficiency in single 2D metasurfaces,
we introduce the concept of photonic heterostructure. The
photonic heterostructure stacked from two identical 2D
metasurfaces is proposed to fully flip the spin angular
momenta of the incident photons, and simultaneously sep-
arate the two circular polarizations along two orthogonal
trajectories. In other words, the photonic heterostructure
behaves as an ordinary metallic mirror and a half-wave
plate for LCP and RCP waves, respectively.

The underlying mechanism of the photonic heterostruc-
ture (designed for RCP waves) is depicted in Fig. 1(b). In
general, upon illumination, a thin planar layer with uni-
formly arranged scatters is polarized both electrically and
magnetically, yielding to the boundary discontinuities [40]

E>
t × ẑ − E<

t × ẑ = −iωMTE, (1)

ẑ × H>
t − ẑ × H<

t = −iωPTE, (2)

where MTE = Mt − ẑ × (kt/ωε)Pz and PTE = Pt + ẑ ×
(kt/ωμ)Mz represent the total equivalent tangential mag-
netic and electric surface polarization densities, respec-
tively. Here, ε and μ are the permittivity and permeability
of the surrounding medium, respectively; ẑ is the unit
normal vector to the metasurface plane; and kt is the
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(a)

(b)

FIG. 1. Design concept and chiroptical response of the photonic heterostructure. (a) Schematic illustration of reflection and transmis-
sion by a 3D chiral metamaterial, a 2D metasurface, and a photonic heterostructure. The 3D chiral metamaterial with intrinsic chirality
transmits right-handed circularly polarized (RCP) waves without flipping the spin state and absorbs all left-handed circularly polarized
(LCP) waves. The 2D metasurface with extrinsic chirality reflects LCP waves back and flips the spin, which transmits RCP waves with
preserved spin. The photonic heterostructure splits and flips both circularly polarized waves simultaneously. (b) The design principle
for highly efficient spin-flipped transmission for RCP illumination. The induced tangential electrical and magnetic polarizations can
be decomposed into right-handed and left-handed components that radiate two circular polarized waves. The symmetric and asymmet-
ric radiation features of electrical and magnetic dipoles contribute to the directional radiation. Full spin-flipped splitting arises when
radiated waves interfere destructively and constructively in reflection and transmission, respectively; this results in zero reflection.

transverse wave vector. We mark the normal and tangential
components by subscripts “z” and “t”, respectively. The
> and < superscripts refer to the fields at z = 0+ and 0−,
respectively. The tangential radiated fields from the surface
polarizations are expressed by

E>
t,rad = iω

2
Z ·

[
PTE − Z

−1 · ẑ × MTE

]
, (3)

E<
t,rad = iω

2
Z ·

[
PTE + Z

−1 · ẑ × MTE

]
, (4)

with a 2 × 2 dyadic

Z = η

(
cos θ

ktkt

k2
t

+ 1
cos θ

ẑ × ktẑ × kt

k2
t

)
,

where η = √
μ/ε is the intrinsic wave impedance in the

host medium and θ is the angle of incidence. At the two
sides of the thin layer, the radiated fields of electric surface

polarizations are identical in both amplitude and phase,
while those of magnetic ones show 180° phase differences.
In other words, electric and magnetic surfaces polariza-
tions can generate symmetric and asymmetric radiations,
respectively.

To ensure zero reflection and total spin flipping in trans-
mission for RCP waves, the heterostructure must create a
copolarized forward plane wave, which cancels the inci-
dent plane wave, and a cross-polarized forward plane wave
with an equal intensity. At the same time, the heterostruc-
ture should not create any radiation in the direction towards
the source. In fact, conduction or polarization currents are
induced on a surface sheet by the incident waves, which
radiate symmetrically in both directions, resulting in the
theoretical limit of 50% efficiency for an infinitely thin
absorber [41]. Therefore, magnetic surface polarization is
crucial to provide asymmetric radiation and suppress the
reflection channel, so as to improve the efficiency of spin
flipping in transmission. Moreover, to achieve unity effi-
ciency of spin flipping, the induced surface polarizations
should radiate both LCP and RCP waves with equal
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amplitudes. The radiated RCP wave then destructively
interferes with the incidence and leaves only the trans-
mission of spin-flipped photons. Such a configuration can
only be realized in a stacking system consisting of at least
two photonic monolayers. More detailed analysis on the
surface polarizations can be found in Appendix A. Based
on the above discussion, the required surface polarizations
yield the following relationships:

M x
TE = ηPy

TE
1

cos θ
, M y

TE = −ηPx
TE cos θ ,

Px
TE

Py
TE

=
(

Px
TE

Py
TE

)∗
,

M x
TE

M y
TE

=
(

M x
TE

M y
TE

)∗
. (5)

Analysis of reciprocity and symmetry group offers a the-
oretical tool to understand the interlayer coupling and
photonically bonding mechanism in heterostructures. We
consider a planar device enclosed by a fictitious bound-
ary surface � around it [Fig. 2(a)]. The device inside �

is assumed to be linear, time-dependent, and reciprocal.
There are four lossless reciprocal ports for waves enter-
ing �, with each port comprising two orthogonal modes.
For simplicity, two linear polarizations are taken into con-
sideration. The local coordinates of each port are defined
as u, v, and w, with w pointing in the forward direction
(that is, into the structure). Input and output waves are
described by the complex amplitudes �ai = [aiu, aiv]T and
�bi = [biu, biv]T, respectively. For such a linear and recip-
rocal system, the relation between incoming and outgoing
waves can be described by a symmetric scattering matrix
[36,42]:

⎡
⎢⎢⎣

�b1
�b2
�b3
�b4

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

S11 S12 S13 S14
ST

12 S22 S23 S24
ST

13 ST
23 S33 S34

ST
14 ST

24 ST
34 S44

⎤
⎥⎥⎦

⎡
⎢⎣

�a1
�a2
�a3
�a4

⎤
⎥⎦ , (6)

where Smn is 2 × 2 matrix that describes how the inci-
dent wave of �an scatters into �bm. Specifically, Snm = ST

mn
indicates that the backward transmission matrix equals the
transpose of the forward one. If the matrix is converted
into the circular base, we can also relate the forward and
backward circular transmission matrices for an arbitrary
combination of two ports (see Appendix A)

Sf
circ =

[
tRR tfRL

tfLR tLL

]
= (Sb

circ)
T =

[
tRR tbLR
tbRL tLL

]
, (7)

with the superscripts f and b representing the forward and
backward elements, respectively. Due to the reciprocity,
it is clear that the spin-flipping efficiency (namely, cross-
polarization transmission) yields the relations tfRL = tbLR

and tfLR = tbRL.

(a)

(b) (c)

(d) (e)

FIG. 2. The designer photonic heterostructure. (a) Transmis-
sion matrix properties of the heterostructure from flip stacking.
After stacking, the macroscopic chiral phase undergoes a tran-
sition from a phase of spin-locked circular dichroism (CD) to a
phase of spin-flipped CD. (b)–(d) Simulated transmission spectra
for (b) single metasurface, (c) directly stacked metasurface, and
(d) flip-stacked heterostructure. (e) Simulated reflection spectra
of the flip-stacked heterostructure.

The symmetric group of metaatoms, along with the
stacking approach, plays a critical role in the macroscopic
behavior of the photonic heterostructure. Before stacking,
the monolayer metasurface shown in Fig. 2(a) consists of
an array of bianisotropic split-ring resonators. Due to its
mirror symmetry with respect to the xy planes (Mxy), the
circular scattering matrices have the relationships tRL,31 =
tLR,24 and tLR,31 = tRL,24, where the subscripts “31” and
“24” represent the scattering from ports 1 to 3 and 4
to 2, respectively. In addition, the structure also shows
a mirror symmetry about the yz plane and thereafter the
cross-polarization scattering items from port 3 to port 1
are tRL,13 = tLR,24 and tLR,13 = tRL,24. Subsequently, for-
ward and backward cross-polarization transmission coef-
ficients yield tRL,31 = tRL,13 and tLR,31 = tLR,31. In other
words, the spin-flipping behavior obeys the relationship
of tfLR = tbRL = tbLR = tfRL = tcr. For direct stacking of the
photonic monolayers, such mirror symmetry is preserved,
and thus, the characteristic of the scattering matrix is
identical to that of a single layer. The situation becomes
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completely different for the case of flip stacking. During
flip stacking, the Mxy symmetry is broken and an additional
twofold rotational symmetry, with respect to the x axis,
appears. Moreover, the mirror image of the photonic het-
erostructure about the xz plane, from the point view of the
forward direction, is identical to the photonic heterostruc-
ture itself from the point view of the backward direction.
As a consequence, two copolarized transmission coeffi-
cients have identical amplitude, namely, tRR = tLL = tco.
This approach enables us to achieve a transition from a
chiral phase of spin-locked CD to that of a spin-flipped CD.

B. The designer photonic heterostructure

According to the above design principle for stacked
heterostructures, a proof-of-concept heterostructure is
designed at the microwave region. As illustrated in
Fig. 2(b), the single-layer metasurface with Mxy symme-
try comprises an array of split-ring resonators with the
periodicities px = py = 8 mm, which are much smaller
than the operating wavelength to avoid undesired diffrac-
tions. The inner and outer lengths of the resonators are
l1 = 7 mm and l2 = 5 mm, respectively, that is, the width
of the arm is s = 1 mm. The gap size is g = 2 mm. Cop-
per is selected as the material with an electric conductivity
σ = 5.8 × 107 S/m and a thicknesses of 0.035 mm. Figure
2(b) presents the response of the single-layer metasurface
on a substrate under an oblique incident angle of θ = 45°.
Due to the Mxy symmetry of the metasurface, the cross-
polarized transmission coefficients (tLR, tRL) for both RCP
and LCP illumination are almost equal. The slight differ-
ence around 15.8 GHz is caused by the presence of the sub-
strate. It breaks specific inversion and mirror symmetries;
thus generating additional polarization effects in chirality
[43]. The difference between the copolarized transmis-
sion coefficients contributes to the spin-locked CD. In the
case of direct stacking [Fig. 2(c)], a chiral resonant mode
is induced around 14 GHz, whereby the CD response is
largely enhanced. This is the typical feature of extrinsic
chirality. The simulation result of the photonic heterostruc-
ture from flip stacking is demonstrated in Figs. 2(d) and
2(e). An unprecedented photonic behavior of spin-flipped
splitting happens. At 14.7 GHz, tLR reaches as high as
0.97 and other transmission coefficients are less than 0.1.
For comparison, rRL is about 0.99, and other reflection
coefficients are significantly reduced. Reflective and trans-
missive CDs reach 0.98 and 0.92 at this chiral resonant
mode. Consequently, right-handed photons pass through
the heterostructure, while the left-handed ones are totally
reflected, with all of their spin angular momenta flipped.
Here, F4BM is adopted as the dielectric spacer between top
and bottom metallic layers, with a relative permittivity of
2.55 and a loss tangent of 0.0015; the substrate thickness is
d = 1 mm. More details of the performance dependence on
the heterostructure geometries and angle of incidence can

be found in Appendix B. It is worth mentioning that the
chirality will disappear due to the existence of mirror sym-
metry, if the incident plane is switched to the yz plane. The
proposed structure is an extension of 2D chiral asymmetry
into heterostructures [38,44]. During stacking, the in-plane
mirror symmetry of 2D metasurfaces can be broken and
results in distinctive extrinsic chirality performance.

The discussed chiroptical effect goes beyond that of
usual circular dichroism in chiral metamaterials. To val-
idate this intriguing behavior, we fabricate a sample and
perform a set of experiments with a three-port system
[Fig. 3(a)]. The heterostructure is prepared by stacking two
single-layer metasurfaces with a dielectric spacer between
them. The bottom layer is rotated 180° about the z axis,
to implement the configuration of flip stacking. A photo-
graph of the fabricated sample is shown in Fig. 3(a) and
its overall area is 200 × 200 mm2. The parameters for lin-
ear polarization are measured by using a Keysight PNA-X
vector network analyzer with three linear horn antennas.
The reflection and transmission matrices for circular polar-
ization are calculated from the results of linear ones. The
angle of incidence is 45°, so that the propagating direction
of the reflected wave is perpendicular to those of both the
incident and transmitted waves. From the measured spectra
in Figs. 3(b) and 3(c), we observe that the cross-polarized
transmission, tLR, for the RCP wave is nearly 0.88 at a res-
onant frequency of 14.68 GHz, while other components
are very low. In the case of LCP illumination, for com-
parison, the incoming wave is efficiently reflected to the
RCP state, with a reflection coefficient of rRL = 0.90. As
we can see, nearly perfect chiral beam splitting is realized.

(a)

(b) (c)

FIG. 3. Experimental measurements. (a) Schematic illustration
of the measurement setup and photograph of the fabricated sam-
ple. (b) The measured transmission matrix. (c) The measured
reflection matrix.
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Importantly, all experiment results are in good agreement
with the full-wave simulations. The slight disagreement
may be caused by the fabrication precision and inaccuracy
of material parameters.

C. Microscopic dipolar interactions

To better understand the underlying mechanism, we fur-
ther investigate the microscopic electromagnetic response
of the photonic heterostructure. As shown in Fig. 4, the
Ez field distributions are plotted at two planes near the
inner boundaries of the split-ring resonators. Two planes
are selected: plane 1 refers to the xy plane 0.01 mm below
the top resonator; plane 2 refers to the plane 0.01 mm
above the bottom resonator. The surface charge distribu-
tion can be calculated from the boundary condition of the
metallic surface: ρ1,2 = n̂ · �D. The normal electric field
fluxing out of the surface represents the accumulation of
positive charges and vice versa. The patterns of surface
charge density are obtained under RCP illuminations. In
the case of direct stacking [Fig. 4(a)], a chiral resonance
occurs at 14 GHz [the black curve in Fig. 2(c)]. As the
time increases over half of a period (T/2 = 35.7 ps), the
charge density oscillates on each resonator and creates an
asymmetric quadruple mode. Two resonant modes pro-
duce out-of-plane magnetic dipoles with the same ampli-
tude and a 180° phase difference. Moreover, the electric
charge densities on the two planes exhibit intriguing sym-
metric properties: ρ1(x, y) ≈ −ρ1(−x, y) and ρ1(x, y) ≈
−ρ2(x, y). Consequently, the interlayer coupling between
two photonic monolayers only creates strong macroscopic
dipolar resonances py and my . As discussed previously,

these equivalent tangential polarizations cannot produce
needed radiation for the chiroptical behavior of fully
spin-flipped splitting. Once the two monolayers of the
heterostructure are flip-stacked, their interlayer coupling
manifests distinctive responses. As shown in Fig. 4(b), the
symmetric properties of the charge density distributions
are destroyed, and generic electric and magnetic dipoles
with all components (p = [px, py , pz] and m = [mx, my ,
mz]) are efficiently induced. This is the necessary condition
for the desired chiroptical response, that is, simultaneous
generation of tangential surface polarizations described
in Eq. (5). Consequently, the photonic heterostructure
flips the spin angular momenta of the incident photons
and separates two circular polarizations into orthogonally
propagating directions. The microscopic dipolar response
contributes to the macroscopic reciprocal magnetoelectric
coupling or electromagnetic chirality described by a chiral
tensor κ in the constitutive relations D = εE − (i/c)κ

T
H

and B = μH + (i/c)κE [45,46].

D. Polarization insensitivity of the chiral beam splitter

It is worth mentioning that this designer chiral beam
splitter is insensitive to the polarization of the incidence.
In other words, it can divide an incident wave of arbi-
trarily linear polarization into two orthogonally circu-
lar polarizations. To characterize this feature, we further
investigate the polarization states of the transmitted and
reflected waves. As shown in Fig. 5(a), the incident,
reflection, and transmitted electric fields are expressed
as Ei = û1Eu1 + v̂1Ev1, Er = û2Eu2 + v̂2Ev2, and Et =

(a)

(b)

FIG. 4. Microscopic dipo-
lar responses of the photonic
heterostructure. (a) The time-
dependent Ez field distributions of
the directly stacked metasurface.
The charge distributions indicate
a symmetric resonant mode, with
approximately equivalent dipolar
moments of p = [0, py , 0] and
m = [0, my , 0]. (b) The time-
dependent Ez field distributions of
the flip-stacked heterostructure.
An asymmetric resonant mode
appears with equivalent dipolar
moments of p = [px, py , pz] and
m = [mx, my , mz].
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(a)

(b) (c)

FIG. 5. Polarization insensitivity of the chiral beam splitter.
(a) Schematic illustration of the defined polarization angle, ϕ,
of the incident waves and the ellipticity angle, τ , for reflected
and transmitted waves. (b),(c) The dependence of transmitted and
reflected ellipticity angles on the incident polarization orientation
at different frequencies.

û3Eu3 + v̂3Ev3, respectively. The angle ϕ is the polariza-
tion angle of the incident wave relative to the horizontal
direction in the incident plane. The ellipticity angle, τ ,
of the scattered electric field can be calculated by Stokes
parameters [47]. Figures 5(b) and 5(c) show the depen-
dence of the ellipticity angles of the transmitted and
reflected waves on the polarization angle of the incident
wave. Intriguingly, the ellipticity angle, τ , of the trans-
mitted wave ranges from 34.7° to 43.8° at the resonant
frequency of 14.7 GHz. Upon reflection, τ varies between
−42.8° and −39.1° as the polarization angle ϕ increases.
It is highly consistent with the prediction that incoming
photons are equally converted into two orthogonal circu-
lar polarizations, namely, LCP in transmission and RCP
in reflection channels. Such a performance is close to the
behavior of a polarization-independent chiral beam split-
ter, which is not available in traditional circular beam
splitters due to the lack of chiral eigenstates. Furthermore,
compared with the circular beam splitter based on Huy-
gens metasurfaces [48–50], the proposed mechanism does
not introduce additional momenta to the incident photons
and, thereafter, avoids the deflection of the photon trajecto-
ries. Specifically, another peak of the transmitted ellipticity
angle, τ , rises up at 15.9 GHz, in which three transmission
coefficients (tRL, tRR, and tLL) approach zero. In this case,
the transmitted energy is extremely low, and hence, it is
not an efficient working frequency.

E. Asymmetric transmission and multichirality
applications

Another distinctive feature of the photonic heterostruc-
ture is asymmetric transmission [51–53], that is, one

(a) (b)

FIG. 6. Applications of the designer photonic heterostructure.
(a) Schematic illustration of a transverse beam splitter by com-
bining the heterostructure with an ordinary metallic mirror. Nat-
ural light, with randomly polarized photons, can be divided into
two transverse trajectories. (b) An example of chiral retroreflec-
tor from the combination of the designer heterostructure and a
polarized mirror.

designated circular polarized wave experiences different
impedance when it impinges on the slab in opposite direc-
tions (tRL �=tLR). Due to this property, interesting applica-
tions can be realized with this heterostructure. One pos-
sibility is a transverse beam splitter [Fig. 6(a)], in which
the transmitted LCP waves are reflected by an ordinary
reflective mirror. The spin state is thus flipped and RCP
waves come back to hit the photonic heterostructure. Sub-
sequently, the RCP waves will be reflected again in the
back side of the slab. As a result, the incident waves can
be divided into two orthogonal circular beams, with their
propagating directions opposite to each other. Another
interesting application is the chiral retroreflector, as shown
in Fig. 6(b). While replacing the mirror with a polarized
one, the functionality of which preserve the spin states
upon reflection [54], the reflected waves will pass through
the slab again and make the whole system behave as a
spin-selective retroreflector. Only RCP photons can be
reflected back to the time-reversed and normal trajecto-
ries. In addition to the above functions, more applications
can be achieved with our designer metasurface through
appropriate designs.

III. CONCLUSION

In summary, we achieve a giant spin-flipped chiropti-
cal response by applying the concept of a heterostructure
to chiral photonics. All incident photons can be sepa-
rated into two orthogonal trajectories with the flipped spin
states by a flip-stacked metasurface. We apply symme-
try group analysis and numerical simulations to reveal
the implicit mechanism of interlayer coupling in pho-
tonic heterostructures. To verify the theory, a proof-of-
concept heterostructure is designed and demonstrated at
the microwave region. The simulated and experimented
results coincide with the theoretical analysis. Moreover,
our designer metasurface proves to be insensitive to the
polarization of the incidence. Due to these features, our
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design could serve as a good candidate for a chiral beam
splitter and many applications can be realized by combin-
ing it with other elements. Finally, we expect the method-
ology of photonic heterostructure might provide an alter-
native pathway for designing advanced electromagnetic
metamaterials.
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APPENDIX A

1. Radiation of the hybrid surface polarizations

In this section, we aim to find scattering responses of
generic planar intefaces with tangential polarization vec-
tors PTE and MTE. The radiated fields evaluated at the
boundary are given by

E>
t,rad = iω

2
Z · [PTE − Z

−1 · ẑ × MTE], (A1)

E<
t,rad = iω

2
Z · [PTE + Z

−1 · ẑ × MTE]. (A2)

When the plane of incidence is fixed to the xz plane, the
transverse wave vector is kt = x̂kx, and the dyadic Z can
be expressed as Z = η[x̂x̂ cos θ + ŷ ŷ(1/ cos θ)]. Substitut-
ing each tangential components of the polarization (PTE =
x̂Px

TE + ŷPy
TE, MTE = x̂M x

TE + ŷM y
TE) into Eqs. (A1) and

(A2), we can obtain

E>
t,rad = iω

2

[
x̂(ηPx

TE cos θ + M y
TE)+ ŷ

(
ηPy

TE
1

cos θ
− M x

TE

)]
,

(A3)

E<
t,rad = iω

2

[
x̂(ηPx

TE cos θ − M y
TE)+ ŷ

(
ηPy

TE
1

cos θ
+ M x

TE

)]
.

(A4)

To ensure zero reflection under RCP illuminations, the
radiated fields from electric and magnetic polarizations
must destructively interfere, that is, E>

t,rad = 0. The nec-
essary condition relates the complex amplitudes of the

tangential polarizations

M x
TE = ηPy

TE
1

cos θ
, M y

TE = −ηPx
TE cos θ . (A5)

Meanwhile, the radiated field in the lower space (E<
t,rad)

must consist of two parts: a radiated RCP wave to destruc-
tively interfere with the incidence (Ei

t), and a LCP wave
with an equal amplitude to produce near-perfect perfor-
mance of spin flipping. Consequently, the radiated field
E<

t,rad should be pure linear polarization. Hence, another
relationship between the tangential polarizations can be
given by

Px
TE

Py
TE

=
(

Px
TE

Py
TE

)∗
,

M x
TE

M y
TE

=
(

M x
TE

M y
TE

)∗
, (A6)

which means the incident RCP waves can induce x-
and y-component polarizations with the same phase
profile.

2. Change the linear basis to the circular basis

Assume �u and �v are the two linear bases that represent u
and v polarizations for an arbitrary port, respectively, and
�β+ and �β− are the two circular bases of RCP and LCP
waves, respectively.

(1) Case 1: wave propagates along the +w direction
(input modes).

In this case, two circular polarizations can be decom-
posed into the combinations of two linear polarizations

�β in
+ = 1√

2
(�u + i�v), �β in

− = 1√
2
(�u − i�v). (A7)

The transformation matrix P relates two bases

( �β in
+ , �β in

− )P−1 = (�u, �v). (A8)

Substituting Eq. (A7) into Eq. (A8), we can obtain the
transformation matrix

P = 1√
2

[
1 1
i −i

]
. (A9)

(2) Case 2: wave propagates along the –w direction
(output modes).

In this case, because the propagating direction is
reversed, we must decompose two circular polarizations
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into different combinations

�βout
+ = 1√

2
(−�u + i�v), �βout

− = 1√
2
(−�u − i�v). (A10)

Similarly, another transformation matrix, Q, relates two
bases

( �βout
+ , �βout

− )Q−1 = (�u, �v). (A11)

Then matrix Q can be derived from Eqs. (A10) and (A11)

Q = 1√
2

[−1 −1
i −i

]
. (A12)

3. The scattering matrix for circular polarizations

An arbitrary incident mode from the m-th port can be
expressed in the linear basis as

�Ei = xu�um + xv �vm = (�um, �vm)[xu, xv]T, (A13)

or in the circular basis (propagating in the + w direction)
as

�Ei = y+ �β in
+ + y− �β in

− = ( �β in
+ , �β in

− )[y+, y−]T

= (�um, �vm)P[y+, y−]T. (A14)

The scattered fields going to the n-th port can be written in
a similar way, with the linear basis

�Es = xs
u�un + xs

v �vn = (�un, �vn)[xs
u, xs

v]T, (A15)

and the circular basis

�Es = ys
+ �βout

+ + ys
− �βout

− = ( �βout
+ , �βout

− )[ys
+, ys

−]T

= (�un, �vn)Q[ys
+, ys

−]T. (A16)

The scattering matrix relates the input and output fields and
can be expressed in the linear basis

[xs
u, xs

v]T = Snm[xu, xv]T, (A17)

or the circular basis

[ys
+, ys

−]T = Scirc[y+, y−]T. (A18)

Combining Eqs. (A14)–(A18), we can thus obtain the
relationship between the matrices

Scirc = Q−1SnmP. (A19)

4. Proof of Eq. (7) that Sf
circ = (Sb

circ)
T

The scattering matrix, Snm (for either reflection or
transmission), relates how the incident wave from the
m-th port scatters into the n-th port. Here, we denote it
as the forward scattering matrix and convert it into the
circular basis

Sf
circ = Q−1SnmP, (A20)

Similarly, due to the reciprocal property (Smn = ST
nm), the

backward scattering matrix is given by

Sb
circ = Q−1SmnP = Q−1ST

nmP, (A21)

By substituting Eq. (A20) into Eq. (A21), we can prove
that Sf

circ = (Sb
circ)

T.

APPENDIX B: PERFORMANCE DEPENDENCE
ON THE STRUCTURAL PARAMETERS

To investigate changes in reflection and transmission
of the proposed metasurface, with respect to the struc-
tural parameters and the angle of incidence, we have
simulated different situations. Figures 7(a) and 7(b) show

(a) (b)

(c) (d)

(e) (f)

FIG. 7. The dependence of spin-flipped reflection coefficients
for LCP and spin-flipped transmission coefficients for RCP on
(a),(b) the incident angle, (c),(d) the thickness of the dielectric
substrate, and (e),(f) the misalignment between upper and bottom
layers along the x direction.
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the spin-flipped reflection coefficients for LCP (rRL) and
spin-flipped transmission coefficients for RCP (tLR) with
incident angles of 30°, 45°, and 60°; substrate thicknesses
of 0.7 mm, 1.0 mm, and 1.3 mm; and misalignments
between the upper and bottom layers along th ex direc-
tion of 0 mm, 2 mm, and 4 mm. We see that the amplitude
of the coefficients barely changes and the resonant fre-
quency shifts only a little bit; this indicates that a slight
change in structural parameters will not significantly affect
the performance of the metasurfaces.
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