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Spin-preserving chiral mirrors, which reflect only one spin state of light under normal illumination without
reversing the light’s handedness, are intrinsically chiral structures. These mirrors are of particular interest for
applications in optical imaging, chiral quantum optics, chiral cavities, and the recognition and sensing of chiral
molecules. However, most of them are limited by complicated chiral elements of their unit cells and multilayer
structures, which are challenging to fabricate and integrate in the visible-near-infrared region. Here we propose
a thin monolithic photonic crystal (PhC) mirror with elliptical air holes to realize a giant intrinsic chiroptical
response. Beyond the past chiral mirrors, our chiral mirrors selectively reflect only one spin state of light while
preserving its handedness, exhibiting a near unity of circular dichroism (CD). The working principle of the PhC
chiral mirror is based on guided-mode resonance with the simultaneous excitation of transverse electric (TE)
and transverse magnetic (TM) eigenmodes. Interestingly, the TE and TM bands can be dynamically adjusted via
the orientation angle of the elliptical air holes, leading to their degeneracy at a certain orientation angle. Based
on the modified coupled mode theory, we show that the key point to achieving giant intrinsic CD is the angular
difference in the in-plane effective orientation of the TE and TM eigenmode currents. As a proof of concept, we
designed such an easy-fabrication PhC to serve as a spin-preserving chiral mirror, which shows superiority to the
previously reported structure. The results of this work may provide new possibilities for compact chiral sensing,
imaging, and polarization-sensitive devices.
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I. INTRODUCTION

Unlike traditional mirrors, spin-preserving chiral mirrors
[1,2] that selectively reflect only one spin state of light
while preserving its helicity are chiroptical structures of
widespread applications in chiral imaging [3], chiral quantum
optics [4], chiral cavities [5], and chiral molecule recog-
nition and sensing [6]. More recently, some methods to
obtain the intrinsically chiral mirror have been proposed in
both theory and experiment through chiral metamaterials and
quasi-2D metasurfaces. However, the realization of a thin
monolithic chiral mirror still has some challenges. First, the
intrinsic chirality under normal incidence requires the simul-
taneous excitation of in-plane magnetic and electric dipoles,
which is the main challenge to achieving a spin-preserving
chiral mirror in monolithic planar all-dielectric structures.
Since intrinsic chiroptical effects in the thin 2D lossless
structures are usually prohibited due to the difficult excita-
tion of in-plane magnetic dipoles. Recently, metastructures
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consisting of 2D subwavelength arrays of three-dimensional
chiral elements, such as the typical chiral elements contain-
ing spiral shapes [7] and multilayer structures [8], have been
proposed to address this issue. However, the fabrication tech-
nology and integration of chiral elements at the nanoscale
are challenging. Subsequently, some 2D/planar counterparts
without breaking the symmetry along the z-direction symme-
try were proposed to alleviate this challenge. For example,
planar ultrathin chiral plasmonic metasurfaces with reduced
in-plane symmetry have been designed to manipulate intrinsic
chiral response, like nanoslits [9] and fish-scale plasmonic
structures [10]. Despite progress, the inevitable ohmic losses
still hinder real-life applications. Therefore, the planar all-
dielectric chiral metasurface with low loss and high refractive
index becomes an ideal platform for intrinsic chirality [11].
When the planar all-dielectric structure possesses a proper
thickness, not only in-plane magnetic moments, but even
higher-order moments can be effectively excited to achieve
intrinsic chirality. By way of illustration, the large intrinsic
circular dichroism (CD) in a variety of all-dielectric metasur-
faces has been achieved, such as Z-shaped metaatoms [12] and
gammadion-shaped metasurfaces [13]. However, these meta-
surfaces mainly exhibit selective chiral transmission through
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high-order multipole selective excitation, such as magnetic
octupole.

Second, upon normal illumination, the handedness preser-
vation of reflected light is also a challenge. While conven-
tional mirrors or uniform interfaces reflect linear polarizations
without polarization change, the helicity of circularly polar-
ized waves is reversed upon reflection. The recently developed
“magical mirrors” that reflect one circular polarized light
(CPL) without a spin-state change while completely absorb-
ing the other CPL with the opposite handedness have been
demonstrated using planar metasurfaces with back metallic
mirrors [14–16]. In principle, to achieve perfect absorption
of the selected polarization, the back metallic mirrors are
indispensable in 2D planar metasurfaces. Although the de-
veloped “magical mirrors” have shown great performance,
the realization of spin-preserving chiral mirrors in monolithic
planar all-dielectric structures with lower loss, lighter weight,
and ease of integration remains a challenge.

To overcome the two main challenges mentioned above,
a class of geometrically straightforward optical structures to
boost their chiroptical performances was presented. Metasur-
faces containing rotated rods or air holes are easy to fabricate
and possess an additional degree of freedom to manipulate
light, such as a rotated angle. This kind of metaatom has been
widely used to control the light through the Pancharatnam-
Berry geometric phase [17,18]. Then the chiroptical response
in such geometrically simple platforms was reported. As well
known, elliptical or rectangular structures have anisotropy
for x-polarized and y-polarized light [19,20], so by sim-
ply rotating the elliptical or rectangular structures [21–27],
the chiroptical response can occur. Although these planar
all-dielectric structures can lead to exotic chiroptical ef-
fects such as circular conversion dichroism and asymmetric
transmission, it is crucial to note that they remain funda-
mentally distinct from the intrinsic chirality characteristic of
spin-preserving mirrors. Very recently, Semnani et al. have
developed a spin-preserving mirror utilizing a PhC, featuring
a unique tripartite arrangement of perforated holes [28]. The
principle of the PhC mirror is based on guided-mode reso-
nance (GMR), which involves the concurrent stimulation of
leaky transverse electric (TE) and transverse magnetic (TM)
Bloch modes within the PhC. Despite its excellent intrinsic
chirality performance, the structural units are still complex.
In fact, this tripartite arrangement of perforated holes can
be simply replaced by single elliptical air holes, which both
possess C2 rotational symmetry and mirror symmetry in the z
direction. The strong intrinsic chirality can be achieved with
these simpler and more intuitive structures, besides, the intro-
duced rotational degree of freedom offers a richer platform for
further investigating the underlying mechanisms containing
two eigenmodes [29].

Here we propose a thin monolithic PhC slab with ellipti-
cal air holes to achieve a spin-preserving mirror by its giant
intrinsic chiroptical response. The PhC slab introduces an
orientation angle as a tunable degree of freedom for the TE
and TM bands. By rotating the elliptical air holes, the de-
generacy for the TE and TM eigenmodes is revealed in the
visible-near-infrared (NIR) region and leads to a giant chi-
roptical response (CD = 0.92), which can selectively reflect

FIG. 1. (a) Schematic of the chiroptical response of the designed
PhC at the resonant wavelength. (b) The unit cell of the planar
PhC with rotated elliptical air holes. (c) The diagram shows the TE
(red surface) and TM eigenmode (blue surface) with the variation
of orientation angle η and k vector near � point, the black lines
denote the at-� eigenmode for TE and TM mode tuned by orientation
angle, the degeneracy point of TE and TM eigenmode is marked by
yellow dot.

the one-handedness of light without reversing its helicity. To
get a deeper understanding of this phenomenon, the coupled
mode theory (CMT) considering TE and TM eigenmodes
is developed. Combining the modified CMT and numerical
simulation, we conclude that achieving significant chirality
requires the angle difference between the effective currents
of the TE and TM modes to be 45 degrees. Moreover, the
near-field electromagnetic fields also depict the relationship
at TE and TM mode degeneracy point, where the effective
currents of the eigenmodes are nearly at a 45-degree angle
to each other. To elucidate the underlying physics of the sig-
nificant chirality, we further illustrate this phenomenon from
the perspective of electromagnetic multipole analysis, demon-
strating the alignment of the electromagnetic multipoles forms
a nearly 45-degree relationship between the effective currents.
In the end, we designed such an easy-fabrication PhC to act as
a spin-preserving chiral mirror, which has been proven to be
superior to the previously reported structure. Our work could
provide new possibilities for compact chiral sensing, imaging,
and polarization-sensitive devices.

II. STRUCTURE DESIGN AND THE CHIROPTICAL
RESPONSE OF THE PLANAR PHOTONIC CRYSTAL

Figure 1(a) shows the schematic diagram of the different
responses to LCP and RCP incident light for a PhC slab with
rotated elliptical air holes. Under normal illumination, the
ideal spin-preserving mirror totally reflects one spin state of
light without changing its handedness, while the incident light
with opposite handedness is transmitted as shown in Fig. 1(a).
Figure 1(b) displays the square unit cell structure from the top
view, and its structure parameters are a = 700 nm, lx = 127
nm, ly = 254 nm, and t = 371 nm. The square unit cell is
composed of Si3N4 (refractive index n = 2.02) with elliptical
air holes, showing C2 rotation symmetry around the z axis.
Here the elliptical air holes can rotate within the x−y plane
with an orientation angle η, which will break all the in-plane
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FIG. 2. (a), (b) The copolarization reflection spectra (RRR and RLL, respectively) of the PhC concerning the orientation angle and
wavelength. (c) The cross-polarization reflection spectra (RRL/RLR) of the PhC concerning the orientation angle and wavelength. (d) CD spectra
of the PhC with the variation of the orientation angle and wavelength at normal incidence. Here the dotted lines are the at-� eigen-wavelengths
of TE/TM modes, and the three degeneracy points of the TE and TM modes are marked by P1, P2, and P3, respectively.

mirror symmetry of the lattice for η �= n × 45◦(n ∈ Z). While
for η = n × 45◦(n ∈ Z), two in-plane mirror symmetries
will be preserved, thus no chiroptical response will appear.
Besides, the PhC has mirror symmetry along the z direc-
tion, thus the GMR of the PhC can be divided into TE and
TM eigenmodes [30,31]. As shown in Fig. 1(c), the eigen-
wavelengths of TE and TM modes can be flexibly tuned by
orientation angle around � point. The two black lines denote
the at-� TE and TM eigenmode, corresponding to the normal
incidence. Clearly, with the variation of orientation angle, the
TE and TM modes will degenerate, here the degeneracy point
is marked by a yellow sphere. The degeneracy of TE and
TM eigenmodes is indispensable for giant intrinsic chiroptical
response in PhCs with C2 symmetry. Based on this principle,
We naturally raise such a crucial question: how does the
degeneracy of TE and TM eigenmodes lead to intrinsic giant
chirality for spin-preserving chiral mirrors?

To explore the chiroptical response concerning orientation
angle η and wavelengths in the PhC, the reflection spectra
for normal incidence of CPL, and the eigen-wavelengths of
TE and TM modes at � point corresponding to normal in-
cidence in real space are shown in Fig. 2. The simulation
is performed using 3D Finite Element simulation software
Comsol Multiphysics. We can use the Jones matrix under
a circular basis to describe the reflection of the system.
The reflection is Ri j = |ri j |2, here ri j is the reflection coef-
ficient in the Jones matrix, and i, j denote the polarization
state of the reflected and incident wave, respectively, which
can be presented as RCP(R) and LCP(L) wave. The chi-
roptical response of the system can be expressed by CD =
RRR + RLR − RLL − RRL. It is important to note that, with
the wave vector being reversed for the incident and reflected

CPL, the handedness of the reflected CPL is inverted rela-
tive to that of the incident CPL when the observation plane
remains constant.

To see the chiroptical response of the chiral mirror intu-
itively, we start by analyzing the reflection acquired from the
Jones matrix. As shown in Figs. 2(a) and 2(b), we plot the
copolarization reflection RRR and RLL of the Jones matrix,
respectively. Besides, to study the influence of the Bloch
eigenmode on the chiroptical response, we also plot the eigen-
wavelengths of the leaky TE and TM eigenmodes at � point
in the wavelength range in Figs. 2(a)–2(d), which are marked
as TE1, TE2, TM1, and TM2 modes through different colored
dashed lines. The TE and TM bands can be manipulated by
the orientation angle η and have three degeneracy points at
η = 8.8o (P1 point), 23.9o (P2 point), and 31.3o (P3 point), re-
spectively (the enlarged views of the three degeneracy points
are shown in Fig. S3 in the Supplemental Material [32]). The
near-unity spin-preserving reflection appears at the orientation
angle η = 24.8o in Fig. 2(a), while the reflection of the op-
posite handedness at the same orientation angle in Fig. 2(b)
is almost zero. Thus, the PhC fully reflects the RCP incident
wave without reversing its helicity at η = 24.8o, forming a
spin-preserving mirror in planar PhC with a simplified and
tunable structure. Similarly, the value is reversed for RRR and
RLL at η = 65.2o, which in turn fully reflects the LCP inci-
dent wave without reversing its helicity. Since the orientation
angle will only break all the in-plane mirror symmetry while
still preserving the C2 symmetry, thus the cross-polarization
reflection is the same (RLR = RRL) as shown in Fig. 2(c).
The RLR (RRL) are nearly zero at the three degeneracy points.
We can also notice from Figs. 2(a) and 2(b) that the near-
unity reflection only appears near the degeneracy point P2.
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Meanwhile, all the peaks of the RRR and RLL in Figs. 2(a)
and 2(b) are along the TE and TM bands, which indicates the
excitation of the Bloch eigenmode in the PhC.

Based on these reflection spectra of the Jones matrix, we
get the CD value accordingly. The CD spectra with the varia-
tion of orientation angle η is shown in Fig. 2(d). We find that
the variation of the orientation angle η can tune the value of
the CD. Meanwhile, the magnitude of the CD is symmetric
with η = 45◦. Still, the sign of CD is reversed, and the two
complementary angles that exhibit the same magnitude of
CD have the relationship η1 + η2 = 90◦, which forms chiral
enantiomers with opposite CD. The magnitude of CD is small
at individual TE and TM bands (|CD| < 0.5), and the maxi-
mum magnitude of CD = 0.92 appears near the P2 point at
η = 24.8◦, the reason for the slight deviation from the degen-
eracy point will be illustrated in the next section. However, the
CD is nearly zero at P1 and P3 points, indicating that the in-
teraction of TE and TM modes cannot always lead to a strong
chiroptical response. The reason behind this phenomenon is
explored in the next section. Here we only focus on the
spin-preserving phenomenon for reflection, the transmission
spectra of this monolithic PhC are shown in Fig. S6 in the
Supplemental Material [32].

III. CHIROPTICAL RESPONSE OF THE DEGENERACY
OF TE AND TM EIGENMODES

To understand the intrinsic chirality in the PhC, we develop
the CMT theory to further quantitatively illustrate the reason
for the different chiroptical responses at the three degeneracy
points in Fig. 2. The CMT for the single TE/TM mode is
shown in Sec. 1 in the Supplemental Material [32] (see also
Refs. [29,33–35] therein). Here, we propose the modified
CMT for the degeneracy of TE and TM modes. The main
equation of the dual mode CMT can be written as

dp
dt

= (i� − �)p + MTa,

b = Sa = Mp + Ca, (1)

where, a= [aR aL a′
R a′

L]T, b = [bR bL b′
R b′

L]T, p =
(pTE pTM)T, � = (

ω − ωTE 0
0 ω − ωTM

), � = (
γTE g

g γTM
), M =

(
mTER mTEL m′

TER m′
TEL

mTMR mTML m′
TMR m′

TML
)T, a and b are the normal input

and output waves at two ports of the photonic crystal mirror
and the subscript L/R means the LCP/RCP polarized light,
p is the complex amplitude of the oscillating eigenmode, �

is the mode’s resonant frequency, � is the decay rate due to
the radiation, S is the scattering matrix, M is the coupling
matrix between the resonances with incident and outgoing
waves, and the subscript TE and TM refer to TE and TM
eigenmodes, respectively. The nonresonant background C has
the form

C =

⎛
⎜⎜⎝

0 ρ τ 0
ρ 0 0 τ

τ 0 0 ρ

0 τ ρ 0

⎞
⎟⎟⎠. (2)

Due to energy conservation, C in Eq. (2) needs to satisfy
the relationship C†C = I. Thus, two real parameters can be

introduced to express the background scattering coefficients:

τ = eiα cos β, ρ = ieiα sin β, (3)

where phase α varies from 0 to 2π , and β varies from −π/2
to π/2. Obviously, α affects the phase of reflection, and β is
related to the amplitude of reflection. For a dielectric PhC,
the background scattering coefficients show no chiroptical
response; besides, these coefficients rely on the material and
the thickness of the slab [36]. Apart from the background
scattering coefficients, the coupling coefficients in matrix M
in Eq. (1) for TE and TM eigenmodes to RCP and LCP wave
can be written as (the detailed derivations are shown in Sec. 1
in the Supplemental Material [32], see also Ref. [29] therein):

mTER = i

√
γTE

2
ei α+β

2 −iθTE , mTEL = i

√
γTE

2
ei α+β

2 +iθTE , (4)

mTMR =
√

γTM

2
ei α−β

2 −iθTM , mTML =
√

γTM

2
ei α−β

2 +iθTM . (5)

Here, the θTE/θTM is the effective orientation angle of the
eigenstate current within the xy plane. Specifically, this pa-
rameter is reliant on the geometrical structure: The orientation
angle of the elliptical air holes in the PhC mirror. We can see
from Eqs. (4) and (5) that the magnitude of the coupling co-
efficients of TE/TM eigenmode to LCP and RCP are always
the same, thus, the CD is very small at individual TE and TM
eigenmodes shown in Fig. S2 in the Supplemental Material
[32]. Meanwhile, Eqs. (4) and (5) obey the following relation-
ship due to the even/odd function of current corresponding to
the TE or TM eigenmode along the z direction:

m′
TER = mTEL, m′

TEL = mTER, (6)

m′
TMR = −mTML, m′

TML = −mTMR. (7)

The matrix M also needs to satisfy the following relationship
due to the energy conservation:

M†M = 2�. (8)

Thus, we can get the far-field coupling g = 0 in � matrix
between TE and TM mode by substituting Eqs. (6) and (7)
into Eq. (8). Therefore, The S-matrix in Eq. (1) can be derived
as

S =

⎛
⎜⎜⎜⎝

rRR rRL t ′
RR t ′

RL

rLR rLL t ′
LR t ′

LL

tRR tRL r′
RR r′

RL

tLR tLL r′
LR r′

LL

⎞
⎟⎟⎟⎠,

= C − M
[

i

(
ω − ωTE 0

0 ω − ωTM

)
− �

]−1

MT. (9)

The detailed expressions of the elements in matrix S are
shown in Sec. 2 in the Supplemental Material [32]. Given that
the eigenmodes of the PhC determine the values of ωTE/TM

and γTE/TM, we only need to ascertain four unknown param-
eters α, β, θTE, and θTM. According to the matrix S, the CD

115401-4



SPIN-PRESERVING CHIRAL MIRROR BASED ON A … PHYSICAL REVIEW B 110, 115401 (2024)

can be written as

CD =RRR − RLL =|rRR|2 − |rLL|2 =−
{
γTEγTM[(γTEω1 − γTMω2) cos(2β ) + (γTEγTM + ω2ω1) sin(2β )] sin[2(θTE − θTM)](

γTE
2 + ω2

2
)(

γTM
2 + ω1

2
)

}
,

(10)

where ω1 = ωTM − ω and ω2 = ωTE − ω. The CD can be
simplified as the following when the TE and TM modes
(GMR) have the same resonant frequency ω = ω0, ωTE = ω0

and ωTM = ω0:

CD = − sin(2β ) sin[2(θTE − θTM)]. (11)

We can deduce from Eq. (11) that the CD is only related
to β and θTE − θTM, which corresponds to the nonchiral
background scattering and the angular difference in the effec-
tive orientation of the eigenstate currents within the xy-plane
for TE and TM eigenmodes. The magnitude of CD will
be maximal when β = ±(45◦ + n × 90◦) and θTE − θTM =
±(45◦ + n × 90◦)(n ∈ Z). Note that for the more general and
complicated expression in Eq. (10), due to the influence of
both β and θTE − θTM, the maximal magnitude of CD will
have the potential to appear when ω1 �= 0 and ω2 �= 0. This
explains why the wavelength corresponding to the maximum
CD will slightly deviate from the degeneracy point of TE and
TM modes.

Different from the P2 and P3 points in Fig. 2(a)
which can only consider the interaction of TE and TM
modes, four modes should be considered due to the
proximity of the four bands at P1 points. Similarly,
for Eq. (1), here p = (pTE1 pTE2 pTM1 pTM2)T,

� = (
ω − ωTE1 0 0 0

0 ω − ωTE2 0 0
0 0 ω − ωTM1 0
0 0 0 ω − ωTM2

),

� = (
γTE1 g1 0 0
g1 γTE2 0 0
0 0 γTM1 g2
0 0 g2 γTM2

), and M =

(
mTE1R mTE2R mTM1R mTM2R
mTE1L mTE2L mTM1L mTM2L
m′

TE1R m′
TE2R m′

TM1R m′
TM2R

m′
TE1L m′

TE2L m′
TM1L m′

TM2L

). Through substituting the

M matrix to Eq. (8) and considering Eqs. (6) and (7), we
can get the value of g1 and g2 corresponding to the far-field
coupling of TE1−TE2 and TM1−TM2 modes as follows:

g1 = √
γTE1γTE2 cos (θTE1 − θTE2), (12)

g2 = √
γTM1γTM2 cos (θTM1 − θTM2). (13)

The S matrix can also be acquired through Eq. (9).
Leveraging the modified CMT, we can fit both the reflec-

tion and CD spectra, along with the phase of the reflection
coefficient at the three degeneracy points. This approach fa-
cilitates the identification of four critical unknown parameters
(α, β, θTE, and θTM), which is helpful for us to reveal the
physical mechanisms of chiroptical responses induced by ori-
entation angles. In Figs. 3(d)–3(i), the lines represent the
numerical results, while the solid spheres denote the fitting
results obtained from CMT. The numerical and theoretical

results fit well for both the reflection and phase spectra in
Fig. 3. First, Fig. 3(a) shows the unit cell of η = 8.8◦, cor-
responding to the degeneracy of TE1 and TM2 band of Fig. 2.
Since the PhC mirror has mirror symmetry along the z di-
rection, thus RRL = RLR, we only plot the RRL = |rRL|2 and
the phase of rRL. In Fig. 3(d), we can see the RLL

∼= RRR at
the degeneracy point, which is indicated by the gray dotted
line, leading to CD = −0.023 at λ = 811.3 nm. Besides,
the magnitude of CD is lower than 0.2 near the degeneracy
point, showing a weak chiroptical response caused by the
interaction of TE1 and TM2 bands. The phase diagram in
Fig. 3(g) shows the resonance at the P1 point. The four fitting
parameters are shown in Table 1, from which we can see that
θTE1

∼= θTM2, resulting in sin[2(θTE − θTM)] ∼= 0. This is the
reason for the near-zero CD at the P1 point. Note that in this
case, the CD is mainly affected by θTE1 and θTM2 compared
with θTE2 and θTM1 as shown in Fig. S7 in the Supplemental
Material [32].

For the structure with η = 24.8◦ in Fig. 3(b), the CD is 0.92
at λ = 822.9 nm as shown in Fig. 3(e). We can only consider
TE2 and TM2 eigenmodes during the fitting process. The
fitting results lead to sin[2(θTE − θTM)] ∼= 0.97. Besides, β is
larger than that for η = 8.8◦, these two factors both contribute
to the giant chirality. The phase spectra also fit well between
the numerical results and CMT as shown in Fig. 3(h). The
structure of the third degeneracy point for η = 31.3◦ is shown
in Fig. 3(c). Similar to the P1 point, the interaction of TE1

and TM1 eigenmodes leads to a weak chiroptical response as
shown in Fig. 3(f). The reason can also be found in the fitting
results in Table 1, the nearly orthogonal θTE1 and θTM1 lead
to sin[2(θTE − θTM)] ∼= 0. In Fig. 3(i), the spectral lines of the
phase are in excellent agreement with the CMT. These results
prove the accuracy of the modified CMT in analyzing the
chiroptical response of the planar PhC with rotated elliptical
air holes.

In addition, the achiral background coefficients (α and β)
in Table 1 strongly depend on the thickness and the effective
index of the PhC rather than the specific structure of the
PhC [36]. Therefore, the thickness of the PhC has the most
significant impact on the CD, while the long and short axes of
the elliptical air holes have a slight effect as shown in Fig. S5
in the Supplemental Material [32]. Besides thickness, the
orientation angle acts as a crucial parameter manipulating the
chiroptical response, as they result in varied effective current
orientations of the TE and TM eigenmodes. Thus, it is very
important to find a straightforward way to define the effective
current orientations (θTE and θTM in CMT) with the variation
of orientation angle η.

Due to the leakage radiation of TE and TM modes in GMR
to the far field, it can be inferred that the far-field radiation
will exhibit characteristics of near-field current distribution.
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FIG. 3. (a)–(c) Schematic diagrams of the PhC for different orientation angles η = 8.8◦, 24.8◦, and 31.3◦, respectively, which correspond
to the P1, P2, and P3 points in Fig. 2(a). (d)–(f) Simulated and fitted reflection and CD spectra for η = 8.8◦, 24.8◦, and 31.3◦, respectively.
(g)–(i) Simulated and fitted phase spectra of different elements of the Jones matrix for η = 8.8◦, 24.8◦, and 31.3◦, respectively.

In Fig. 4(a), we show the azimuthal angles ψ of the far-field
eigen-polarization states of TE1/TE2 and TM1/TM2 modes
in Fig. 2(a) with the variation of orientation angles η. The ψ

is defined as arg(S1+iS2 )
2 , here S1 and S2 are Stokes parameters

[37]. The trend of the variation of ψ with η is different for
each TE1/TE2 and TM1/TM2 band. The corresponding fitting
angle results are in Table 1 for the three degeneracy angles are
marked with squares in Fig. 4(a). The fitting results agree well
with the numerical far-field eigen-polarization eigenstates,
which means the effective current orientation (θTE and θTM)
in the CMT can be acquired simply from azimuthal angles
ψ of the far-field polarization, and their relationship can
be expressed as θTE(η) ∼= ψTE(η), θTM(η) ∼= ψTM(η). Thus,

Eq. (11) can be written as

CD = − sin(2β ) sin {2[ψTE(η) − ψTM(η)]}. (14)

As shown in Fig. 4(a), for the orientation angles η that
preserve in-plane mirror symmetry, i.e., when η = 0◦ and 90◦,
the absolute value of ψTE and ψTM will be either 0◦ or 90◦.
When η = 45◦, the absolute value of ψTE and ψTM will be 45◦,
thus leading to sin{2[ψTE(η) − ψTM(η)]} = 0, no chiroptical
response will appear at these orientation angles of elliptical
air holes. Then, we can substitute the azimuthal angles ψ (η)
to the CMT, since we mainly focus on the θ (η), here, we
chose β = 0.5 as a constant, which is within the range of
the fitted value for β as shown in Table 1. The CD spectra

TABLE I. The fitting results of the reflection and CD spectra for η = 8.8◦, 24.8◦, and 31.3◦, respectively.

η(deg) α β θTE1(deg) θTE2(deg) θTM1(deg) θTM2(deg)

8.8 0.0020 0.4610 −41.5910 80.2542 64.2687 −43.4875
24.8 0.2500 0.5730 — 59.2954 — −68.4799
31.3 −0.4230 0.4901 −61.4211 — 25.1758 —
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FIG. 4. (a) The azimuthal angles of the at-� eigen-polarization states of TE/TM modes with the variation of orientation angles. The squares
in the figure are the fitted results of the current orientations of TE and TM. (b) The CD spectra are plotted based on the results derived from
CMT, here θTE and θTM are acquired from the azimuthal angle of TE/TM eigenmodes in panel (a). (c), (e), (g) The amplitude and phase of the
z component of the magnetic field for TE eigenmode for η = 8.8◦, 24.8◦, and 31.3◦, respectively. (d), (f), (h) The amplitude and phase of the
z component of the electric field for TM eigenmode for η = 8.8◦, 24.8◦, and 31.3◦, respectively. The electromagnetic fields are extracted from
z = t/2. The black arrows in panels (c)–(h) correspond to the electric field.

with the variation of the orientation angle and wavelength
calculated by the modified CMT are shown in Fig. 4(b). The
results based on the modified CMT are consistent with the
simulation results in Fig. 2(d), which proves that the effective
current orientation angles in the modified CMT are equal to
the azimuthal angles of the corresponding polarization states.
The other reflection spectra acquired from CMT are shown in
Fig. S8 in the Supplemental Material [32].

To further clarify the statement above, we will illustrate
the effective current orientation from a near-field electromag-
netic diagram. For η = 8.8◦, the amplitude and the phase of
the z component of the magnetic field for TE1 eigenmode
are shown in Fig. 4(c), the black arrows denote the electric
field, while the amplitude and the phase of the z component
of electric field for TM2 eigenmode are shown in Fig. 4(d).
The near-field electric currents marked by white arrows are
parallel with each other, which is consistent with the results
of the overlapped azimuthal angles in Fig. 4(a). The phase
patterns of the TE/TM eigenmodes are indicative of the
in-plane wave vector’s direction. As depicted in Figs. 4(c)–
4(d), the phase trends for both eigenmodes align, signifying
that their in-plane propagation directions are identical. This

correlation between phase patterns and propagation direc-
tion offers insights into the behavior and interaction of these
eigenmodes within the photonic structure. For η = 24.8◦, the
angular difference of the near-field currents for TE2 and TM2

eigenmodes is nearly 135◦ as shown in Figs. 4(e) and 4(f),
which matches well with the results of the corresponding
azimuthal angles in Fig. 4(a) and contributes to the giant CD
based on the modified CMT in Fig. 4(b). For η = 31.3◦, the
angular difference of the near-field currents for TE1 and TM1

eigenmodes are nearly orthogonal as shown in Figs. 4(g) and
4(h), which are in excellent agreement with the results of
the azimuthal angles in Fig. 4(a). The phase patterns also
show the relationship between the two modes. Thus, the
degeneracy of TE1 and TM1 eigenmodes results in a weak
chiroptical response as shown in Fig. 4(b). Furthermore, the
optical near-field chirality, known as optical chirality (OC)
density [38], is also provided in Fig. S9 in the Supplemental
Material [32] (see also references [38,39] therein) to investi-
gate the relationship between near-field OC and far-field CD.
The results indicate a direct spectral correspondence between
the difference in OC under RCP/LCP and CD at the three
degeneracy points. This correspondence is consistent with the
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FIG. 5. Scattering cross-section spectra of electric dipole (P), magnetic dipole (M), electric quadrupole (Qe), and magnetic quadrupole (Qm)
under RCP/LCP incidence for (a) η = 8.8◦, (b) 24.8◦, and (c) 31.3◦, respectively. (d) Multipole contributions of the at-� TE/TM eigenmodes
for η = 8.8◦, 24.8◦, and 31.3◦, respectively, here xz and yz components of EQ and MQ are supported by TM and TE eigenmode individually.

results previously discovered in chiral metamaterial [39,40].
To more closely study the physical origin of this intrinsic

chiral response at the three degeneracy points in Fig. 2(d),
we studied the impact of multipole interactions. We cal-
culate the scattering cross sections for electric dipole (P),
magnetic dipole (M), electric quadrupole (Qe), and magnetic
quadrupole (Qm) under RCP/LCP illumination, and the cal-
culation methods are shown in Sec. 5 in the Supplemental
Material [32] (see also Refs. [41,42] therein). To begin with,
we analyze the multipole contributions for each TE and TM
eigenmode with the variation of orientation angle in Fig. S10
in the Supplemental Material [32], from which we can see
that M and Qe are dominantly supported by TM eigenmode
and P and Qm are dominantly supported by TE eigenmode,
thus the two pairs of electromagnetic multipoles are normal-
ized, respectively, in Figs. 5(a)–5(c) to analyze the intrinsic
chiroptical response supported by two individual eigenmodes.
Here the multipole moments under RCP excitation are plotted
by dashed lines and solid lines are used for that under LCP
excitation. As shown in Fig. 5(a), for η = 8.8◦, the main
contributions are P, Qe, and Qm at the degenerate resonance
wavelength. This phenomenon can be confirmed by elec-
tromagnetic field patterns. As shown in Figs. 4(c)–4(h), the
amplitude of Hz and Ez of TE1 and TM1 eigenmode show two
pairs of nodes, indicating the quadrupole-dominated response.
For η = 24.8◦, the dominant multipole contributions are P,

Qe, and Qm as shown in Fig. 5(b). The strength of Qm displays
differences for LCP and RCP incidence, which will contribute
to the intrinsic chiroptical response. In Fig. 5(c), P, M, Qe and
Qm all show a peak at the degenerate resonance wavelength
for η = 31.3◦. Note that in Figs. 5(a)–5(c), the Qe is always
dominant for TM mode at the three orientation angles. While
for the multipole moments supported by TE mode, the P
and Qm strength is different for the three orientation angles.
However, the obvious distinctions can be observed for the Qm

under LCP and RCP, which shows the irreplaceable role of
Qm for the intrinsic chirality. Thus, in the following, the mul-
tipole expansion for Qe and Qm under Cartesian coordinates
is performed for the TE and TM eigenmodes in Fig. 5(d), and
the xz and yz components of electric and magnetic quadrupole
are dominated due to characteristics of TE (Hz-dominated)
and TM (Ez-dominated) eigenmodes. The multipole contribu-
tions are normalized, respectively, at each orientation angle
as shown in Fig. 5(d). For η = 8.8◦, the intensity of Qe

xz and
Qm

yz are larger than Qe
yz and Qm

xz, respectively, thus the nearly
orthogonal electric and magnetic quadrupoles will cause the
parallel effective current orientation of the corresponding TE
and TM modes, which results in a small CD like that of the
modified CMT. For η = 31.3◦, we can see that the intensity of
Qe

xz and Qm
yz are nearly the same as Qe

yz and Qm
xz, respectively,

thus the nearly parallel electric and magnetic quadrupoles will
cause the orthogonal effective current orientation, which also
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FIG. 6. The spin-dependent reflection image based on the planar PhC. (a) Schematic of the pattern containing the letter L, n1−n4 are the
numbers of the unit cells for this finite structure, and here n1 = 112, n2 = 151, n3 = 75, n4 = 75. (b) The fractional reflectivity (FR) spectra
of the finite PhC structure as shown in Fig. 6(a) (black line) and the single unit cell with periodic boundary conditions (red line). (c) The RCP
and (d) LCP component of the reflected electric field intensity under RCP illumination at λ = 825.7 nm. (e) The LCP and (f) RCP component
of the reflected electric field intensity under LCP illumination at λ = 825.7 nm.

leads to near-zero CD. For η = 24.8◦, the intensity of Qe
yz

is stronger than Qe
xz, while the intensity of Qm

xz and Qm
yz are

nearly equal, which causes the angle between the electric and
magnetic quadrupoles to approach 45◦/135◦, resulting in the
giant CD like that of the modified CMT.

IV. SPIN-PRESERVING CHIRAL MIRROR FOR FINITE
PHOTONIC CRYSTAL SLABS

The above study not only identified the largest intrinsic
CD but also systematically investigated the physical mecha-
nisms behind its formation. Notably, at an orientation angle
η = 24.8◦, RCP light is completely reflected while preserving
its handedness, whereas the reflection of LCP light remains
minimal. Importantly, this structural design is planar and
does not necessitate any additional back-reflection mirrors.
Thus, based on the designed spin-preserving PhC above, here
we demonstrate the spin-dependent reflection image com-
posed of an L shape as shown in Fig. 6(a). The L-shaped
pattern contains elliptical air holes with orientation angle
η = 24.8◦, and the unit cell numbers of this finite structure
composed of PhC are n1 = 112, n2 = 151, n3 = 75, n4 = 75.
The fractional reflectivity spectra for the ideal single unit
cell with periodical boundary conditions and finite PhC with
perfect match layers are shown in Fig. 6(b). The fractional
reflectivity (FR) is calculated as RRR

(RRR+RLR ) , which reflects the
proportion of spin-preserving reflection, for this finite struc-
ture, we can see that the FR approaches 1 at the resonant
wavelength as shown in Fig. 6(b). To better compare the FR
spectra acquired from a single unit cell of PhC and finite PhC

structure around the resonant wavelength, we also show the
FR spectra of ideal infinite PhC as shown in Fig. 6(b). We
can see that the FR results calculated from the finite PhC
structure show a similar trend to that of the single unit cell.
The slight deviation of resonant wavelength and the reduction
in the amplitude of reflection are due to the finite geomet-
rical structure. At resonant wavelength λ0 = 825.7 nm, our
results confirm the selective reflection of two different spin
incident light with the FR approaching RRR

(RRR+RLR ) ≈ 90% and

the extinction ratio up to RRR
RLL

= 9.3 in the finite PhC structure.
Such excellent spin-preserving strongly performs the previ-
ously reported structure, for example, Kang et al. reported
spin mirrors with metallic substrate have an extinction ratio
of ∼4 [14], Hu et al. designed asymmetric dimer-on-mirror
metasurface showing an extinction ratio of ∼4.4 [43], and
Gryb. et al proposed a rotated meta-atom with an extinction
ratio of ∼7 [25]. To demonstrate the imaging performance of
the PhC chiral mirrors, we display the reflection image of the
different components under RCP and LCP incidence as shown
in Figs. 6(c)–6(f). The RCP component of reflected electric
field intensity under RCP illumination is significantly stronger
than the other components. Thus, as a proof of concept, the
proposed thin monolithic all-dielectric PhC with rotated ellip-
tical air holes acts effectively as a spin-preserving mirror for
image display.

V. CONCLUSIONS AND DISCUSSION

In conclusion, we propose a geometrically simple thin
monolithic all-dielectric PhC with rotated elliptical air holes
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to achieve a spin-preserving mirror by its intrinsically strong
chiroptical response. This configuration introduces the ori-
entation angle as a new degree of freedom to manipulate
the chiroptical response. By adjusting the orientation angle,
the TE and TM bands can be dynamically controlled, which
causes the emergence of the degeneracy point of TE and TM
modes. The maximum intrinsic CD appears at one degeneracy
point, which can perfectly serve as a spin-preserving mirror.
Combining the modified CMT and numerical simulation, we
conclude that CD will be maximal when the angle difference
between the effective currents of the TE and TM modes is 45
degrees, and when the in-plane currents of TE and TM modes
are either orthogonal or parallel, CD will be zero. Moreover,
the near-field patterns of TE and TM modes and multipole
analysis are combined to further illustrate the relationship
between the in-plane current orientation of TE and TM modes.

Finally, we demonstrate the potential applications of the
imaging application composed of the designed PhC. This
work not only opens perspectives in the novel design
of spin-preserving mirrors, but also has potential appli-
cations for chiral quantum optics, and chiral light-matter
interactions.
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