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High-performance chiral mirrors by twisted anisotropic photonic crystals
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The capability of anisotropic media to exert an optical torque on electromagnetic fields is crucial for
polarization control. Here we investigate twisted layered stacks of uniaxial anisotropic media to engineer
chiral mirrors for the manipulation of circularly polarized light by adjusting the layer number, thicknesses,
and orientation. To this aim, we undertake a comprehensive theoretical analysis devising a multilayered
twisted anisotropic photonic crystal enabling highly efficient circular polarization manipulation function-
alities, i.e., showing concurring close-to-unitary helicity-preserving reflectance of one circular polarization
and transmittance of the opposite one. Owing to the angular-momentum manipulation concept enabled by
our proposed devices, we envisage that such chiral mirrors are promising candidates for an alternative
class of integrated circular polarizers, holding great potential for applications in quantum technologies,
polarization-sensitive optical detectors, and electro-optical information processing.
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I. INTRODUCTION

A system is said to be chiral if it can not be super-
posed onto its mirror image by any translation or rotation.
Chiroptical effects, such as circular dichroism (CD) [1–3]
and optical rotation dispersion (ORD) [3], are produced
via the interaction between circularly polarized (CP) light
and chiral matter. However, chiral molecules show a weak
chiroptical response owing to their subwavelength size
preventing efficient magnetic-dipole interactions [4]. Con-
sequently, metamaterials (MMs) and metasurfaces (MSs)
have received a growing interest in the field of chiral
photonics due to their significantly enhanced chiroptical
responses if compared with natural materials [5–7], allow-
ing for the realization of ultracompact devices for CP light
generation, manipulation, and detection.

The helicity of light plays a crucial role in both classi-
cal and quantum optics. In particular, chiroptical spectro-
scopies heavily rely on CP control to discriminate enan-
tiomeric excess of solvated chiral molecules. It is well
known that a standard achiral mirror flips light helicity
upon reflection owing to total angular-momentum (AM)
conservation. This holds true for both simple electric
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mirrors and MM-based magnetic mirrors [8–10], which
reverse the direction of the reflected electric and mag-
netic fields, respectively. Helicity-preserving mirrors have
been designed to improve control and manipulation of
light polarization [11–13]. Chiral MMs, e.g., based on gold
helices fabricated by direct laser writing [14], have been
further employed in the realization of circular polarizers
[15] that can block CP waves with a given handedness
while transmitting the other [14]. Fabrication methods,
other than direct laser writing, include e-beam lithogra-
phy and focused-ion beam milling, enabling the fabrication
of nanophotonic structures preserving materials compat-
ibility, scalability, and integration with existing devices
[7,16,17].

Recently, two-dimensional (2D) chiral plasmonic and
dielectric MSs [7] and stacks of twisted structures [15,
18–21] with chiro-optical properties have been reported.
Plasmonic chiral MSs are based on metals and exhibit
strong light-matter interaction due to surface-plasmon res-
onances [7,22,23], which increase the efficiency of sensing
and optical frequency-conversion applications. Moreover,
metallic mirrors reflect light over a broad range of fre-
quencies incident from arbitrary angles. However, high
absorption and Ohmic losses limit their performance [7]
and a few percent of the incident power gets lost at
infrared and optical frequencies [24]. Conversely, dielec-
tric chiral MSs exhibit weak absorption losses [7,25] and
their functionality stems from Mie resonances of high-
refractive index dielectric nanostructures [26,27]. They
have several applications spanning from the control of CP
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FIG. 1. Schematic of the optical system with N × 4-layer stacks of uniaxial anisotropic media of CaCO3. Each layer in every stack
has a specific thickness and a certain extraordinary angle θE with respect to the x axis, which progressively rotates right handedly
by �θE = π/4. The mirror is illuminated by an EM field Ein(t) with arbitrary vacuum wavelength, incidence angle, and impinging
polarization. For the sake of simplicity, the illustration shows a normally incident right CP EM field.

light [28], vortex generation, and manipulation [29,30] to
spin-selective reflectors [31–33].

In this paper, we introduce another concept for radi-
ation AM manipulation by devising twisted anisotropic
photonic crystals (TAPCs) for CP manipulation function-
alities. In particular, we engineer a chiral mirror working
concurrently as a CP diode for one polarization, i.e., trans-
mitting efficiently CP light with a specific helicity, and as a
helicity-preserving mirror for the opposite one. To this end,
we properly adjust the TAPC layer number, thicknesses,
and orientation of extraordinary axes, as schematically
depicted in Fig. 1. CP optical diode functionalities have
already been reported by cholesteric liquid crystals [34]
and MMs based on dielectric helices [35], circumvent-
ing problems of plasmonic nanostructures. However, we
emphasize that the devised TAPCs reported here do not
solely transmit one CP while blocking the opposite CP,
which is actually reflected with close-to-unitary (CTU)
efficiency while conserving its helicity, conversely to stan-
dard achiral mirrors. Moreover, owing to the flat inter-
faces of our proposed TAPCs, one can engineer the CP-
selective reflectance and transmittance bandwidths from
the near UV to the near IR by properly adjusting the layer
thicknesses. The TAPC AM manipulation is attained by
engineering of the torque volume density τ

pol
V = P × E =

D × E [36], where D = ε0E + P is the displacement vec-
tor embedding the electric field E acting self-consistently
on the polarization P of the medium. Due to conservation
of the total AM of the full system [electromagnetic (EM)
field plus the chiral mirror], the field itself is subject to

the opposite optical torque density τEM
V = −D × E. This

mechanism favors the transmission of one CP component
with respect to the other within each anisotropic layer with
a fixed thickness. To devise the TAPC functionalities, we
perform a comprehensive theoretical analysis by consid-
ering an impinging monochromatic plane EM wave with
arbitrary incidence angle, polarization, and wavelength.
Our theoretical model is based on the well-established
EM transfer-matrix approach to birefringent layered media
[37–39]. By specializing our model to anisotropic lay-
ers of calcite (CaCO3), we numerically assess the optimal
layer properties to concurrently maximize transmittance of
a specific impinging helicity and reflectance of the oppo-
site one. Remarkably, we find realistic physical parameters
enabling >99% CP-sensitive reflectance, indicating that
TAPCs constitute a promising candidate for polarization
control at the microscale, enabling future CP-sensitive
splitters, diodes, and cavities.

The paper is organized as follows. In Sec. II we
investigate the mechanical effects produced by a sin-
gle anisotropic layer of calcite (CaCO3), i.e., a standard
quarter-wave plate, on the impinging EM field polariza-
tion, illustrating the pathways towards its manipulation. In
Sec. III we design a TAPC composed of a series of N × 4
layers of progressively rotated CaCO3 crystals, see Fig. 1,
where thicknesses can be optimized to impart the appro-
priate phase to each EM field component within each layer,
enabling our device to concurrently act as a highly efficient
CP diode for one CP and as a helicity-preserving mirror for
the opposite one.
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II. SINGLE ANISOTROPIC LAYER

We first consider a monochromatic EM field with angu-
lar frequency ω, impinging from vacuum on an uni-
axial anisotropic medium, i.e., a quarter-wave plate. In
our calculations we focus on CaCO3 [40] thanks to its
optimal refractive-index step, characterized by the ratio
|�n(ω)|/n(ω), where �n(ω) = nE(ω) − nO(ω), n(ω) =
[nE(ω) + nO(ω)]/2, and nE,O indicate the extraordinary
(E) and ordinary (O) refractive indices, see Fig. 2(a). We
first solve Maxwell’s equations in vacuum for an arbi-
trary direction of propagation, expressing the solution in
the basis of left and right CP light (LCP and RCP light,
respectively). Thus, for z < 0, the EM field is given by

Evac (r, t) =
∑

s=±1

Re
{[

A(I)
s n̂(I)

s eikI·r + A(R)
s n̂(R)

s eikR·r] e−iωt},

Hvac (r, t) =
∑

s=±1

Re
{

s
iμ0c

[
A(I)

s n̂(I)
s eikI·r

+ A(R)
s n̂(R)

s eikR·r] e−iωt
}

, (1)

where c is the speed of light in vacuum, μ0 is the vacuum
permittivity, kI = kIx êx + kIy êy + kIz êz and kR = kIx êx +

kIy êy − kIz êz are the incident and reflected wave vectors,
respectively, the indices I(R) indicate incident (reflected)
waves, s = ±1 refer to the right (s = 1) and left (s = −1)
CP waves, n̂(I,R)

s are CP unit vectors of impinging and
reflected waves with CP index s, and êx,y,z are the x, y, z
axes unit vectors. Note that the reflected wave vector satis-
fies the conservation of the transversal component kI⊥ =
kIx êx + kIy êy arising from translational invariance of the
system in the x-y plane. Moreover, Maxwell’s equations
for impinging and reflected waves imply the dispersion
relation |kI|2 = |kR|2 = ω2/c2.

Then, we solve Maxwell’s equations inside a single
CaCO3 layer with orientation illustrated in Fig. 2(a) and
thickness d, obtaining

E(±)
an (r, t) =

∑

ξ

2∑

l=1

Re
[
E(l,±)

ξ (z)êξ eikI⊥·r−iωt
]

, (2a)

H(±)
an (r, t) =

∑

ξ

2∑

l=1

Re
[
H (l,±)

ξ (z)êξ eikI⊥·r−iωt
]

, (2b)

where ξ = x, y, z, the index l = 1, 2 refers to one of the
two propagation modes within the anisotropic medium,

(d)

d (b) (c)

(f)(e)

(a) (b) (c)

(d)

in

FIG. 2. EM field propagation within a uniaxial anisotropic medium. (a) On the left, schematic of a uniaxial anisotropic slab of
CaCO3 with thickness d = 5 µm and a fixed extraordinary angle θE = 0 with respect to the x axis, normally illuminated by an EM
field Ein(t) with vacuum wavelength λ = 500 nm and linear polarization forming a χ angle with the x direction. The inset on the right
illustrates the wavelength dependence of the ordinary (nO) and extraordinary (nE) refractive indexes of CaCO3 [40]. (b) Dependence
of the optical torque density over the LP angle χ , exerted by the medium on the EM field, upon refraction by the medium in z = 0.
(c) Dependence of the optical chirality C over the propagation coordinate z for distinct impinging LP angles χ . (d) Dependence of the
forward and backward (FW and BW) EM fields’ Stokes parameters on z for χ = π/4. (e),(f) Dependence of (e) the optical torque
volume density and (f) the effective optical torque per unit surface on z for several distinct impinging LP angles χ , see the upper-right
color legend.
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and ± indicates forward and backward propagating waves,
respectively. From Maxwell’s equations we retrieve the
following system of coupled ordinary differential equa-
tions for the EM field components:

d2E(l,±)
p

dz2 − ikIp
dE(l,±)

z

dz

=
[

k2
Iq − ω2

c2 εpp

]
E(l,±)

x −
[
ω2

c2 εpq + kIpkIq

]
E(l,±)

q ,

(3a)

kIx
dE(l,±)

x

dz
+ kIy

dE(l,±)
y

dz
= i

[
|kI⊥|2 − ω2

c2 εzz

]
E(l,±)

z , (3b)

where p , q = x, y, εxx = εE cos2 θE + εO sin2 θE, εxy =
εyx = (εE − εO) sin θE cos θE, εyy = εE sin2 θE + εO cos2 θE,
εzz = εO, and θE is the extraordinary angle, i.e., the angle
between the extraordinary and the x axes, see Fig. 2(a). In
such expressions εO,E = n2

O,E are the ordinary and extraor-
dinary relative dielectric constants along the directions
that diagonalize the dielectric tensor of the anisotropic
medium. With the ansatz E(l,±)

x,y,z = C(l,±)
x,y,z e±iβlz, we find the

normalized eigenmodes

C(1,±)
x = sin θEβ1A(±)

1 /D1,

C(1,±)
y = − cos θEβ1A(±)

1 /D1,

C(1,±)
z = ±γ (kI⊥, θE)A(±)

1 /D1,

(4)

where D1 = [
(ω2/c2)εO − α2(kI⊥, θE)

]1/2, and β1 =[
(ω2/c2)εO − |kI⊥|2]1/2. Similarly, for the C(2,±)

x,y,z mode we
find

C(2,±)
x =

[
ω2

c2 cos θE − kIx

εO
α (kI⊥, θE)

]
A(±)

2 /D2,

C(2,±)
y =

[
ω2

c2 sin θE − kIy

εO
α (kI⊥, θE)

]
A(±)

2 /D2,

C(2,±)
z = ∓ 1

εO
α (kI⊥, θE) β2A(±)

2 /D2,

(5)

where

D2 = [
(ω2/c2) − ε−1

O α2 (kI⊥, θE)
]1/2

× [
(ω2/c2) + (εE − εO)α2 (kI⊥, θE) /ε2

O

]1/2
, (6)

and β2 = [(ω2/c2)εE − (εE/εO)α2 (kI⊥, θE) − γ 2 (kI⊥,
θE)]1/2. In such expressions we have defined the functions
α (kI⊥, θE) = kIx cos θE + kIy sin θE and γ (kI⊥, θE) = −kIx
sin θE + kIy cos θE. We are now able to investigate the
effects of anisotropy on the polarization of reflected and
refracted EM fields. We begin our analysis with linearly
polarized (LP) waves (with LP angle χ with respect to the

x axis) impinging at normal incidence on a single layer
of CaCO3, see Fig. 2(a). Owing to linearity, for the sake
of simplicity we assume an impinging electric-field ampli-
tude |Ein| = √

2 V/m. Figure 2(b) shows the dependence of
the optical torque density on the LP angle at z = 0. Note
that, for χ ranging from 0 to π/2, the EM field is subject to
a positive torque density. Conversely, for χ ranging from
π/2 to π , the torque becomes negative. This implies that
the anisotropic medium is forcing the field to acquire RCP
for 0 < χ < π/2 and LCP for π/2 < χ < π . Moreover,
the maximum absolute value of the torque density is asso-
ciated to χ = π/4, 3π/4, while for χ = 0, π/2 the torque
density vanishes since the fields are polarized along the in
plane principal axis for θE = 0, and thus are eigenstates of
the vectorial problem. This result can be better understood
in terms of time averages of the torque density at z = 0

〈
τEM

V

〉
T = ε0|Ein|2

8G(+)

O G(+)
E

[(
G(+)

O

)2
−

(
G(−)

O

)2
] [(

G(+)
E

)2
+

−
(

G(−)
E

)2
]

(εE − εO) sin [2 (θE − χ)] êz, (7)

where G(±)

O = 1 ± 1/
√

εO and G(±)
E = 1 ± 1/

√
εE. This

expression clearly indicates that the sign of the torque
density depends on the angle between the extraordi-
nary axis and the polarization direction, and on the dif-
ference between εE and εO, which for CaCO3 at λ =
500 nm are εO = 2.776 and εE = 2.219 [40]. In Fig. 2(c)
we show the time average of the optical chirality C =
1
2 [E · (∇ × D) + H · (∇ × B)] as a function of the propa-
gation coordinate z within a single anisotropic medium and
of the impinging LP angle χ . This quantity is a measure of
the local density of chirality of the EM field [41]. It was
initially introduced as a first integral of Maxwell’s equa-
tions in vacuum by Lipkin in 1964 [42], but was dismissed
as holding no physical significance. However, the lines of
a chiral field wrap around a central axis keeping a non-
trivial component parallel to that axis, and thus later it has
been understood that the optical chirality C embodies this
geometrical picture [43,44]. The expression we use is the
most complete form without any restrictions on the nature
of the medium, as elaborated in Ref. [41]. Note that the
optical chirality oscillates while the EM field propagates
within the anisotropic medium, meaning that the polariza-
tion of the total EM field periodically changes helicity as a
result of polarization beating produced by anisotropy. This
is related to the fact that, fixing the extraordinary direc-
tion, there is no reason why the arbitrary polarization of
the EM field should acquire one definite preferred helic-
ity upon propagation. However, this can be engineered by
adjusting the anisotropic medium thickness for fixed input
polarization. Notice that for χ = 0, π/2 the optical chi-
rality vanishes, consistently with the considerations above
pertaining Fig. 2(b). Figure 2(d) illustrates the z evolution
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within the anisotropic medium of the forward and back-
ward (FW and BW) waves polarization on the Poincaré
sphere for χ = π/4. This figure clearly shows that the
EM polarization is not simply rotating, but it is actually
periodically changing becoming elliptical, and eventually
circular, which is exactly the underlying principle of λ/4
retarding wave plates. In Figs. 2(e) and 2(f) we illus-
trate the z dependence of time averaged (e) optical torque
volume density and (f) effective torque per unit surface,
defined as τ

(EM)
S = ∫ z

0 dz′ 〈τEM
V

〉
T · êz, for several distinct

impinging LP angles χ . The behavior of these quantities
is similar to the one of optical chirality in Fig. 2(c), that
is, making exception for χ = 0, π/2, they oscillate over z.
This is due to the fact that, according to the sign of the cross
product between the displacement vector and the electric
field, i.e., according to the polarization of the field at a
certain z, the optical torque can be either positive or neg-
ative and, due to the symmetry of the system, it does not
have a preferred direction. Excitation by CP radiation of a
single quarter-wave plate provides analogous results to LP
reported in Fig. 2 owing to the CP beating produced by the
wave plate. Indeed, as illustrated in Fig. 2(d), the polar-
ization evolves periodically from circular to linear. In turn,
CP excitation produces minor reflectance deviations and a
phase shift of the oscillations observed in Fig. 2(d).

III. N -FOUR LAYERS

We here consider a TAPC composed of N × 4 lay-
ers of CaCO3. While our calculations below are suitable
for a generic arrangement of extraordinary axes orienta-
tion in the x-y plane, we specialize them in a particular
configuration where we progressively rotate by π/4 the
extraordinary axis angle θ

(m)
E = (m − 1)π/4, where the

index m = 1, 2, 3, 4 indicates each layer within a four-
layer stack, as depicted in Fig. 1. By solving Maxwell’s
equations in every layer, we can express the total electric

field as

E(r, t) = Evac(r, t)�(−z) + Evac(rR, t)�[z − z(N ,4)
R ]

+
N∑

n=1

4∑

m=1

[
E(+)

an (rL, t) + E(−)
an (rL, t)

]
�

(n,m)

in (z),

(8)

where rL = r − z(n,m)
L êz, rR = r − z(N ,4)

R êz, �
(n,m)

in (z) =
�(z − z(n,m)

L ) − �(z − z(n,m)
R ), and z(n,m)

L,R indicate the left
or right side positions of the mth layer within the
nth four-layer stack. Analogous considerations hold for
the magnetic field. We connect the field amplitudes
using the transfer-matrix approach [37–39], as shown in
Appendix A, and we evaluate numerically the full trans-
fer matrix to calculate the reflectance and transmittance of
the considered TAPC. By fixing the orientation of extraor-
dinary axes shown in Fig. 1, we aim at transmitting as
much RCP as possible of the impinging light, while reflect-
ing the LCP one. To do so, we numerically optimize the
thicknesses of layers at normal incidence with N = 30,
obtaining d1 = 37.0 nm, d2 = 54.2 nm, d3 = 39.4 nm,
and d4 = 28.0 nm. Our optimization procedure consists
in the systematic quest for concurrent maxima of the left
reflectance with impinging left circularly polarized radia-
tion (R(L)

L ) and of the right transmittance with impinging
right circularly polarized field (T(R)

R ). We iteratively vary
the thicknesses of each layer in a range from 10 to 100
nm finding concurrent local maxima of the functional
R(L)

L + T(R)
R , and then adjust the thickness ranges and steps

to attain global maxima of R(L)
L + T(R)

R .
Before discussing multistack results, in Fig. 3 below

we report numerical results obtained considering a sin-
gle four-layer stack with N = 1 illuminated by RCP and
LCP impinging light in order to illustrate the effect pro-
duced by a single building block of the total optical system
on the optical chirality. Figure 3(a) shows the z depen-
dence of the optical torque density, indicating an alternate

(a) (b) (c)

FIG. 3. EM field propagation within a single 4-layers stack of uniaxial anisotropic media. Each layer in every stack has a specific
thickness dm (d1 = 37.0 nm, d2 = 54.2 nm, d3 = 39.4 nm, and d4 = 28.0 nm) and a certain extraordinary angle θ

(m)
E = (m − 1)π/4

with respect to the x-axis, which progressively rotates by π/4. The mirror is normally illuminated by an EM field with vacuum
wavelength λ = 500 nm and either RCP/LCP (illustrated by red/blue curves, respectively). (a)–(c) Dependence of the (a) optical
torque density, (b) effective optical torque per unit surface, and (c) the optical chirality over the propagation distance z.
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dynamics averaging to vanishing net effect for RCP, which
is confirmed by the z dependence of the effective optical
torque per unit surface, see Fig. 3(b). Conversely, for LCP
illumination, the optical torque density remains always
positive while decreasing layer by layer. Given the general
expression τEM

V = −D × E, this phenomenon is related to
the fact that the electric-field amplitudes of the two for-
ward modes within the anisotropic medium are decreasing
over propagation, i.e., light is undergoing Bragg reflec-
tion. Moreover, consistently with the optical torque density
canceling out, in Fig. 3(b) the optical torque per unit sur-
face is saturating to a giant positive value. To conclude,
Fig. 3(c) shows that the optical chirality of RCP light at the
end of the multilayer approximately amounts to the one at
the beginning, while it increases for LCP light due to the
torque action produced by the chiral system.

By increasing the number of multilayers one can
amplify these effects reaching a near-unity reflectance for
LCP and transmittance for RCP, thus engineering an inte-
grated optical device capable of efficiently transmitting
one CP while reflecting the other. In order to illustrate
the potential functionalities of TAPCs, i.e., the capabil-
ity to efficiently work concurrently as optical diodes for
one CP and as helicity-preserving mirrors for the oppo-
site CP, we maintain the orientation of the extraordinary
axes illustrated in Fig. 1, but report the full results of
the considered (N = 30) × 4-layer stack with the previ-
ously reported thicknesses (total thickness amounting to

dtot = 4.578 µm, which should not impact the mechani-
cal stability of the system) obtained through the systematic
concurrent maximization of RCP transmittance and LCP
reflectance. Numerical results are illustrated in Fig. 4. Note
that, while RCP light is weakly affected by the anisotropy
of the whole system, the LCP counterpart experiences a
torque forcing the opposite handedness and leading to an
almost complete reflection, see Figs. 4(a) and 4(b), as
confirmed also by Fig. 4(c) illustrating the wavelength
dependence of the averaged torque volume density upon
RCP and LCP excitation. We emphasize that the addition
of four-layer stacks amplifies the effect of the single-stack
optical torque, see Figs. 3(a)–3(c) and 4(a)–4(c), owing to
the efficient backscattering produced by the TAPC. Note
that the stack thicknesses have been optimized at λ = 500
nm, providing maximized functionality, see Fig. 4(c) and
Figs. 4(d) and 4(e) illustrating the reflectance and trans-
mittance upon (d) LCP and (e) RCP illumination. We
emphasize that the system can also be optimized to oper-
ate at distinct spectral regions and opposite impinging CP
(e.g., setting a rotation of the anisotropic crystal axes over
the opposite anticlockwise direction) by adjusting the stack
thicknesses. From a fundamental perspective, such a pro-
cess can be grasped by the z dependence of optical chiral-
ity, illustrated in Fig. 4(f), staying approximately constant
for RCP illumination thanks to the preferential handedness
imposed by the chiral mirror, while increasing towards
zero upon LCP illumination. In turn, the TAPC forces LCP

(a) (b) (c)

(f)(d) (e)

FIG. 4. EM field propagating within (N = 30) × 4-layer stack of uniaxial anisotropic media. (a) Dependence on the number of
multilayers of the optical torque density for both normally incident RCP and LCP light. (b) Dependence on the number of multilayers
of the optical torque per unit surface for both normally incident RCP and LCP light. (c) Wavelength dependence of the length average
of the optical torque density for both normally incident RCP and LCP light. (d) Wavelength dependence of the reflectance and trans-
mittance of LCP light with normally incident LCP light (R(L)

L and T(L)
L , respectively). (e) Wavelength dependence of the reflectance and

transmittance of RCP light with normally incident RCP light (R(R)
R and T(R)

R , respectively). The dashed circles in (d),(e) indicate the
reflectance and transmittance at λ = 500 nm. (f) Dependence on the number of multilayers of the optical chirality for both normally
incident RCP and LCP light.
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(a) (b) (c)

FIG. 5. Reflectance and transmittance for an EM field impinging with an arbitrary angle of incidence and propagating within
(N = 30) × 4-layer stack of uniaxial anisotropic media. (a) Schematic illustration of the considered EM field azimuthal and zenithal
angles of incidence. (b) Dependence of R(L)

L at λ = 500 nm over the angle of incidence. (c) Dependence of T(R)
R at λ = 500 nm over

the angles of incidence. Note that for θ ranging from zero to the red dashed lines in (b),(c) R(L)
L , T(R)

R > 0.90.

impinging light to be completely reflected into LCP, as
illustrated in Fig. 4(d) showing near-unity LCP reflectance
R(L)

L = 0.998 for λ = 494.2 nm. Note that, while such
results are obtained at normal incidence, the considered
TAPC possesses also a degree of omnidirectional features
to some extent, as illustrated in Fig. 5(b) showing a LCP
reflectance >90% within the cone θ � 20◦. Moreover,
Fig. 4(e) illustrates a very high RCP transmittance T(R)

R =
0.9728 for λ = 499 nm. Again, such a chirally-sensitive
functionality remains valid over a broad range of imping-
ing zenithal angles θ � 20◦ displaying RCP transmittance
>90%, as illustrated in Fig. 5(c). Again, we emphasize that
by adjusting the TAPC thicknesses, it is possible to attain
optimal parameters providing maximum LCP reflectance
and RCP transmittance (or vice versa, at will) at arbitrary
angles of incidence.

However, as already mentioned, results illustrated in
Figs. 4 and 5 are related to the configuration obtained after
an appropriate optimization of the thicknesses of the slabs.
In order to give a quantitative estimate of the uncertainty
affecting reflectance and transmittance of the chiral mir-
ror due to technologically achievable margins, we vary the
configuration as follows. For each layer, we consider that
the thickness could assume three possible values: the esti-
mated one used in our previous simulations and the other
two obtained with an error of ±2 nm. Moreover, in order
to account for errors in the orientation of extraordinary
axes, we consider the values reported previously for θ

(m)
E

and those obtained as ±1◦. In total, we have 38 configu-
rations for a single TAPC building block. Averaging the
reflectivities obtained over each of such configurations,
we calculate the mean reflectance and transmittance with
appropriate standard deviations, obtaining at λ = 500 nm
R(L)

L = 0.92 ± 0.08 and T(R)
R = 0.91 ± 0.06, as illustrated

in Fig. 6 aside. This indicates that TAPC functionalities
are quite robust over crystal-orientation angles and thick-
ness fluctuations. Regarding the practical realization of

TAPCs, we emphasize that CaCO3 crystals can be grown
by mimicking nature and further adopted as optical func-
tional materials [45], and some biological systems enable
the growth to be perpendicular to the extraordinary axis
[46]. In turn, the morphology of calcitic prisms is deter-
mined not only by the atomic structure of calcite, but
largely by organic components, the presence or absence of
which drastically affect the growth mode, thus suggesting

(b)(a)

(d)(c)

FIG. 6. Check for the robustness of the considered TAPC over
crystal orientation angles and thicknesses fluctuations. (a) The
smoother curves represent the averaged R(L)

L and T(L)
L over the

unit stack configuration, while the others show the correspond-
ing quantities with the optimized fixed parameters. Everything
is plotted as a function of the excitation wavelength. (b) The
smoother curves represent the averaged R(R)

R and T(R)
R over the

unit stack configuration, while the others show the correspond-
ing quantities with the optimized fixed parameters. Everything
is plotted as a function of the excitation wavelength. (c) Wave-
length dependence of the standard deviation associated with
reflectance and transmittance of LCP light with normally incident
LCP light. (d) Wavelength dependence of the standard deviation
associated with the reflectance and transmittance of RCP light
with normally incident RCP light.
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the potential feasibility of calcite growth over a specific
orientation. Thin films of calcite with a thickness of the
order of tens of nanometers could be fabricated through a
bottom-up approach consisting of an epitaxial growth pro-
cess in which a thin film of calcite is formed on top of
a sacrificial layer. For example, in Ref. [47] the growth
of a thin calcium carbonate film was achieved by means
of the atomic-layer chemical-vapor-deposition technique.
This method has been demonstrated to provide a high
degree of control over both the thickness of the film and
the crystal orientation. We emphasize that to construct a
stack in which each layer is rotated at a specific angle
relative to the adjacent layers, it is essential to under-
take efforts to identify which growth parameters can be
altered to modify the crystal orientation along the growth
axis. Another possible fabrication method could follow a
top-down approach, namely the SmartCutTM technology,
which has been employed for the realization of thin lay-
ers of Si [48] and LiNbO3 [49], which possesses the same
space-group symmetry of calcite. The process is based
on ion implantation (hydrogen, helium, argon, etc.) and
wafer bonding, allowing for single-crystal layers to be
transferred onto substrates. The diverse constituents of the
four-layer stack could be aligned one over the other by
means of a stacking machine, similarly to the fabrication of
2D material heterostructures. However, we emphasize that
the choice of CaCO3 in our calculations ensues from its
large refractive-index step between ordinary and extraor-
dinary waves, thus maximizing birefringence. We stress
that our proposed TAPC concept does not rely on the
particular anisotropic material choice and can straightfor-
wardly rely on other materials. In general, however, to
maximize miniaturization and preserve mechanical sta-
bility, highly birefringent materials such as CaCO3 are
desirable. Finally, in practical realizations one would be
interested in zeroth-order and higher-order wave plates,
but our theoretical calculations solely focus on the AM
manipulation mechanism provided by TAPCs and does not
focus on such potential advanced functionalities, which
could be the subject of future investigations. Moreover, we
stress that the concurrent maximization of one CP helicity-
preserving reflectance and the opposite CP transmittance
are practically attained by the engineering of phase shifts
of the CP projections over ordinary and extraordinary axes
for both forward and backward waves to produce CP-
selective Bragg reflection. In turn, the proposed TAPCs
are inherently narrowband, see Figs. 4(d) and 4(e), and this
constitutes an inherent limitation of such systems. Never-
theless, the operational wavelength range can be tuned by
the adjustment of the TAPC thicknesses.

IV. CONCLUSIONS

We have developed a general theoretical framework to
describe propagation of monochromatic EM fields within

TAPCs realized as twisted stacks of uniaxial anisotropic
crystals. Our approach enables the evaluation of optical
torques and polarization dynamics upon arbitrary imping-
ing direction and orientation of the extraordinary axes
of each layer. Furthermore, our theoretical framework
enables high-performance CP-selective helicity-preserving
mirrors to be devised based on TAPCs consisting of
CaCO3, an uniaxial anisotropic medium, with π/4-rotated
extraordinary axes upon propagation. We find that, thanks
to its extraordinarily efficient chirally sensitive Bragg res-
onances, such a system can operate as a CTU helicity-
preserving mirror for one CP while concurrently enabling
CTU transmittance of the opposite CP. This is accom-
plished by properly fixing the layer number and thick-
nesses. We further unveil that the effect of polarization
splitting is a consequence of the optical torque density,
which affects the EM field over its propagation within each
anisotropic medium. Our results hold great promise for
polarization control at the micro- and nanoscale. Owing
to the operational functionalities of TAPCs, the potential
applications range from the development of chirally selec-
tive cavities for chiroptical sensing to the management
of CP of quantum emitters and many other applications
involving CP manipulation.
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APPENDIX: TRANSFER-MATRIX METHOD

As illustrated in the main text, we use the transfer-matrix
approach to connect the field amplitudes at different inter-
faces. The refraction and reflection at the TAPC interfaces
are accounted by three transfer matrices, i.e., from vacuum
to an anisotropic medium layer (V-AN), between two dis-
tinct layers (AN-AN), and from the last layer to vacuum
(AN-V). Adopting the index m = 1, 2, 3, 4 to label each
layer in a single four-layer stack, we insert the appropri-
ate expressions for the EM field in the boundary conditions
constraints, i.e., Eq. (1) for the vacuum field and Eqs. (4)
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and (5) for the modes within the anisotropic medium to
obtain the V-AN (m = 1) and the AN-V transfer matrices
(m = 4), while Eqs. (4) and (5) specialize to two different
anisotropic layers for the AN-AN matrix (m = i, j , with
i �= j ). Thus, the boundary conditions for the continuity of
(i) magnetic field, (ii) normal component of the displace-
ment vector, and (iii) tangential components of the electric
field, provide what is reported in Eq. (A1), where in the
second equality j , i = 1, 2, 3, 4, with j �= i, and in the last
one T denotes the transmitted wave amplitudes.

M̂vac

⎡

⎢⎢⎢⎢⎣

A(I)
1

A(I)
−1

A(R)

1

A(R)

−1

⎤

⎥⎥⎥⎥⎦
= M̂1

⎡

⎢⎢⎢⎢⎣

A(+,1)

1

A(+,1)

2

A(−,1)

1

A(−,1)

2

⎤

⎥⎥⎥⎥⎦
,

M̂i

⎡

⎢⎢⎢⎢⎣

A(+,i)
1

A(+,i)
2

A(−,i)
1

A(−,i)
2

⎤

⎥⎥⎥⎥⎦
= M̂j

⎡

⎢⎢⎢⎢⎣

A(+,j )
1

A(+,j )
2

A(−,j )
1

A(−,j )
2

⎤

⎥⎥⎥⎥⎦
, (A1)

M̂4

⎡

⎢⎢⎢⎢⎣

A(+,4)

1

A(+,4)

2

A(−,4)

1

A(−,4)

2

⎤

⎥⎥⎥⎥⎦
= M̂vac

⎡

⎢⎢⎢⎣

A(T)

1

A(T)

−1

0
0

⎤

⎥⎥⎥⎦ .

In particular,

M̂vac = N

⎡

⎢⎢⎢⎣

1 1 1 1
M (−)

vac −M (+)
vac −M (+)

vac M (−)
vac

−ikI ikI −ikI ikI

−ikIM (−)
vac −ikIM (+)

vac ikIM (+)
vac ikIM (−)

vac

⎤

⎥⎥⎥⎦ ,

(A2)

where M (±)
vac = (ikIkIz ± kIxkIy)/(k2

Iz + k2
Iy), N =√

(k2
Iz + k2

Iy)/
(
2k2

I

)
and

M̂m =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

sin θ
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E β

(m)

1

D(m)

1

ω2
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E − kIx

ε
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O
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D(m)

2
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1
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1

ω2
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ε
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O
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D(m)

2
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(m)
E β
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1
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1

ω2
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O
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2
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1
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2
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−
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c2 ε
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2
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2
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.

(A3)

In the chosen anisotropic crystal mode basis, in-layer propagation matrices are easily obtained as P̂m =
diag

[
eiβ(m)

1 dm , eiβ(m)
2 dm , e−iβ(m)

1 dm , e−iβ(m)
2 dm

]
. This allows us to solve the linear problem for the amplitudes and express

the field on one side of the mirror in terms of the field on the other side, that is

⎡

⎢⎢⎢⎣

A(T)

1

A(T)

−1

0
0

⎤

⎥⎥⎥⎦ = M̂4→vacP̂4M̂3→4P̂3M̂2→3P̂2M̂1→2P̂1

(
M̂4→1P̂4M̂3→4P̂3M̂2→3P̂2M̂1→2P̂1

)N−1
M̂vac→1

⎡

⎢⎢⎢⎢⎣

A(I)
1

A(I)
−1

A(R)

1

A(R)

−1

⎤

⎥⎥⎥⎥⎦
, (A4)

where M̂vac→1 = (
M̂1

)−1M̂vac, M̂i→j = (
M̂j

)−1M̂i, and M̂4→vac = (
M̂vac

)−1M̂4. Eventually, we obtain the reflectance

and transmittance for RCP and LCP as R(R,L) = ∣∣A(R)

±1

∣∣2
/ (∣∣A(I)

1

∣∣2 + ∣∣A(I)
−1

∣∣2), T(R,L) = ∣∣A(T)

±1

∣∣2
/(∣∣A(I)

1

∣∣2 + ∣∣A(I)
−1

∣∣2). In

turn, results reported in Figs. 2–6 of the main text are obtained by the numerical inversion of the scattering matrix Ŝ
[37–39], connecting reflected and transmitted CP EM wave components to impinging CP ones, by rearranging the entries
of the total transfer matrix in Eq. (A4).
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