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Vertical Routing of Spinning-Dipole Radiation from a Chiral Metasurface
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We propose a perfect photonic router based on a specially designed chiral bimetasurface membrane for
spin-polarized point light sources. Due to the mirror symmetry breaking in the chiral metamembrane, the
radiation power flux of the clockwise and counterclockwise spinning dipoles to the opposite sides of the
slab becomes different. We show that spinning dipoles in the specially designed chiral D4-symmetrical
bimetasurface membrane can emit light either upward or downward depending on their rotation direction.
We attribute this phenomenon to the Fano-resonance effect, which is a result of the guided modes coupling
with the far field. We show the advantage of D4-symmetrical structures for the achievement of 100% rout-
ing efficiency. This phenomenon can find applications in spintronics for spin-selective interchip coupling
or as a measurement tool of spin polarization in memory cells.
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I. INTRODUCTION

The ability to control the polarization-sensitive direc-
tivity of light propagation in various photonic structures
attracts great interest from researchers due to the opportu-
nities it presents in optoelectronics, quantum information
processing, and biosensing. It is important for many appli-
cations to engineer and enhance a circular dichroism of
chiral photonic structures. At the nanoscale, the degrees
of freedom, represented by the orbital angular momen-
tum of the light and its circular polarization, influence
each other [1–14]. This phenomenon is referred to as spin-
orbit interaction of light and it can bring a wide range
of functionalities to optical nanodevices based on chiral
light-matter interaction.

Various photonic systems have recently been exploited
for directional coupling of light into different optical
modes [2,15–28]. For example, one can use hyperbolic
metamaterials for polarization-controlled routing of emis-
sion from spinning dipoles [18,24], whereas the possibil-
ity of separating circularly polarized photons spectrally
in a chiral cavity with mirrors made of a hyperbolic
metasurface without applying an external magnetic field
has been considered in Ref. [21]. Color routing with
a specially designed metasurface has been demonstrated

*s.dyakov@skoltech.ru

in Ref. [22]. The routing of exitonic emission in a
diluted-magnetic-semiconductor quantum well in hybrid
plasmonic semiconductor structures has been demon-
strated in Ref. [23]. As for quantum information, in, e.g.,
Ref. [15], the authors presented a scheme for interfacing
an optically addressed spin qubit to a path-encoded photon
using a crossed-waveguide device.

In the above examples, the light routing has been real-
ized mostly inside a planar structure assisted by waveg-
uided modes or surface-plasmon-polariton modes. Subse-
quent manipulation with these photons will require addi-
tional devices, which may impose some limitations on
the size and sensitivity of the system. In some applica-
tions, e.g., for interchip coupling in spintronics, it would
be promising to direct the light emission of spin-polarized
light sources to the opposite normals of a planar struc-
ture.

To demonstrate the possibility of vertical radiative rout-
ing of spin-polarized light sources, we consider a periodic
silicon membrane with a chiral morphology (see Fig. 1). It
consists of a homogeneous slab of thickness d sandwiched
between two photonic crystal slabs of equal thickness
h. The upper and lower photonic crystal slabs are mir-
ror symmetric with respect to the vertical mirror plane.
We will demonstrate that such a D4-symmetrical structure
can be a perfect photonic router. The spin-polarized light
sources are simulated by spinning point dipoles, i.e., by
the classical model of radiating molecules or quantum dots
undergoing a spin-polarized transition.
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FIG. 1. (a) The schematics of a silicon structure with chi-
ral photonic crystal slabs. The geometrical parameters are a =
801 nm, b = a/4, c = a/2, h = 686 nm, and d = 401 nm. (b)
Unit cells of the upper and lower photonic crystal slabs (PCSs),
as seen from the top of the structure.

II. THEORETICAL METHOD

In this work, we use the Fourier modal method in
the scattering-matrix form [29] (also known as rigorous
coupled-wave analysis [30]) to calculate the optical prop-
erties of a chiral metamembrane. The power flow of the
dipole’s radiation through the horizontal planes at opposite
sides of the metamembrane is calculated as a z projection
of the Poynting vector integrated over the structure period.
In momentum space, it is replaced with summation over
the Floquet-Fourier harmonics:

P = c
16π

(E†
x Hy + ExH †

y − E†
y Hx − EyH †

x ), (1)

where Ex,y and Hx,y are the vectors of the Floquet-Fourier
components of the x and y projections of the electric and
magnetic vectors of the dipole’s radiation field, c is the
speed of light, and the dagger denotes the conjugate trans-
pose. According to the Fourier-modal-method formalism,
Ex,y and Hx,y are found from the vectors of amplitudes by
means of the material matrix F:
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where the indices u and d mean that the corresponding
quantities are taken in the substrate or superstrate; �o is a
zero vector of the same size as �u and �d, the outgoing hyper-
vectors, which can be found by the method of oscillating
currents [31–36]:
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In Eqs. (3)–(4), Su,d are the upper and lower partial scat-
tering matrices [29,34] calculated at a given frequency
and emission angle; and �ju and �jd are the hypervectors
of the oscillating dipole’s current, which are found from
its Floquet-Fourier components Jx, Jy , and Jz by the use
of the material matrix F of the layer where the dipole is
located:

[�ju
�jd

]
= F

−1

⎡
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−Kx ε̃
33Jz/k0

−Ky ε̃
33Jz/k0

−iJy + iε̃23Jz

+iJx − iε̃13Jz

⎤
⎥⎥⎥⎦ . (5)

Here, ε̃ is the 3 × 3 block matrix with components
that evolve from the Fourier transform of the dielec-
tric permittivity tensor [37], calculated in accordance
with Li’s factorization rules [38]; Kx,y are the diag-
onal matrices of the x and y components of the
photon quasimomentum vector of different diffraction
orders; and k0 is the photon wave number in vac-
uum.

To simulate the emission of a rotating point dipole posi-
tioned at a spatial coordinate �r0 in terms of the Fourier
modal method, we calculate the harmonics of current Jα

(α = x, y, z) as

Jα = jαe−i�r0

(
�k‖+�Gmn

)
, (6)

where jα are the components of the current in real
space, �k‖ = [

kx, ky
]

is the in-plane wave vector, �Gmn =
[(2πm/a), (2πn/a)] is the basis of vectors in reciprocal
space, and m and n are integers. The current is set as
�j = [1, ±i, 0], where the sign “+” (or “−”) corresponds to
a counterclockwise (or clockwise) rotating dipole moment
seen from the positive z direction. We denote the corre-
sponding dipoles as σ+ and σ−, respectively.

In what follows, we normalize the radiation power flux
from a dipole in the membrane to the radiation power flux
from the same dipole in free space: I = P/P0. We define
this ratio as an emissivity.

We use the dielectric permittivity of Si from Ref. [39]
(see also Fig. S1 in the Supplemental Material [40]).

III. RESULTS

The calculated normalized emissivity of the σ+ and σ−
rotating dipoles located in the center of the unit cell of
the optimized chiral metamembrane in the up and down
directions perpendicular to the structure are shown in
Figs. 2(a) and 2(b). Figures 2(c) and 2(d) show the calcu-
lated frequency and in-plane-wave-number (in the � − X
and � − M directions) dependencies of the normalized
emissivity I+,−

u,d in the up and down directions of the σ+ or
σ− rotating dipoles, summed over both polarization states
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FIG. 2. Normalized emissivity spectra in the up (magenta
area) and down (cyan area) directions of (a) σ+ and (b) σ−
spinning dipoles. The black solid lines denote the correspond-
ing routing efficiencies η±. The in-plane wave number (in the
� − X and � − M directions) and the frequency dependence of
the normalized emissivity of the σ+ dipole in the vicinity of λ =
1.55 μm (�ω = 800 meV) in the (c) up and (d) down directions.

of the emitted light. The emissivity of the optimized chi-
ral metamembrane in a wider energy–wave-number range
is shown in Fig. S2 of the Supplemental Material [40].
Note that all panels of Fig. 2 show the emissivity, which
is normalized to its maximum of approximately 167. This
nearly 2-orders-of-magnitude enhancement is due to the
Fano-resonance effect discussed below.

Interestingly, the momentum dependence of the down-
ward emissivity near the � point in Fig. 2(d) looks very
much like the typical behavior of a symmetry-protected
bound state in continuum (BIC) (see, e.g., Refs. [41,42]
and references therein). However, in our case the emis-
sion vanishes in the downward direction only and for the
σ+ dipole, whereas it is open and resonantly enhanced
in the opposite upward direction [see Fig. 2(c)]. Corre-
spondingly, there is no shrinking to zero of the resonance
line width but only a relative narrowing due to a partial
closing of the emission channels. The analogous situation
is well known, e.g., for higher resonances at symmetric
points of the Brillouin zone, when the symmetry protec-
tion works only for highly symmetric directions, whereas
the diffraction channels remain open [29].

One can see in Fig. 2 that for both types of dipole, the
up and down light emission is different. The structure is
optimized so that at a vacuum wavelength of λ = 1.55 μm,
the downward emissivity of the σ+ dipole is zero, while
for the upward direction it is close to the maximum. To
describe this asymmetry quantitatively, we introduce the
routing efficiencies η+ and η−, as well as the total routing

efficiency ηtot, defined as

η± = I±
u − I±

d

I±
u + I±

d
, ηtot = −η+η−. (7)

It becomes possible for the optimized metamembrane to
reach η+ = 1, η− = −1, ηtot = 1 at λ = 1.55 μm. Such
a perfect routing is due to the vanishing emissivities I+

d
and I−

u at this wavelength, this being attributed to the Fano
effect. The peaks in Fig. 2 have asymmetric Fano-type
shapes; they represent the quasiguided modes (also known
as quasinormal guided modes [29,43–50]) that appear in
the emission spectra due to the grating-assisted coupling
of the emitted light with the photon continuum of the far
field [22,29,51–56].

In general, the asymmetric Fano shape appears in the
reflection, transmission, or emissivity spectra of a photonic
crystal slab as a result of interference of its eigenmode
e(ω), with a smooth background term b(ω) [44]:

x(ω) = e(ω) + b(ω) = f
ω − ω0 + iγ

+ b(ω), (8)

where f is the oscillator strength, ω0 is the eigenfre-
quency, and γ is the damping coefficient. In the case of
a pure resonance (b = 0), the complex-plane trajectory
of the parameter x(ω) is represented by a circle around
zero and the emissivity spectrum of |x(ω)|2 is a symmet-
ric Lorentzian curve. When b �= 0, the spectrum |x(ω)|2
becomes asymmetric and at certain geometrical parameters
and frequencies can be zero. When b(ω) is a weak func-
tion of ω, Eq. (8) is often interpreted as an interference of
a discrete state e(ω) with a continuum of states b(ω) [53].

Complex-plane diagrams of the x component of the elec-
tric field radiated by the σ+ dipole in the up and down
directions are shown in Fig. 3. One can see that the rel-
ative phase of Ex changes by the value of 2π with an
increase of λ from 1540 nm to 1560 nm. At λ ≈ 1550 nm

(a) (b)

FIG. 3. Complex-plane diagrams of the x component of the
electric field radiated by the σ+ dipole in the (a) up and (b)
down directions. The electric field is calculated in the near field
of the membrane but only the propagating harmonic is taken into
consideration.
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FIG. 4. The dependence of the emissivity (a),(d)–(f) in the up (a),(e) and down (b),(f) directions on the σ+ dipole’s position within
an x-y plane (a),(b) and an x-z plane (b),(f), both of which pass through the center of the unit cell. The dependence of the routing
efficiency of the σ+ dipoles (c),(g) and the total routing coefficient (d),(h) on the dipole position. The black dashed and red dotted lines
in (a) and (b) show the boundaries of the pillars in the upper and lower photonic crystal slabs. The black dotted lines in (e)–(h) show
the boundaries between slabs. The black lines in (c), (d), (g), and (h) bound the regions where |η±| > 0.99. The color scales on the
right denote the emissivity, the routing efficiency, and the total routing coefficient.

for downward emission, the phase trajectory of Ex passes
through the origin, while for upward emission, the zero
point on the phase trajectory is relatively far from the ori-
gin. This results in ηtot = 1 at this wavelength. For λ =
1553.6 nm, the situation is the opposite and ηtot = 1 too.
Similar diagrams can be obtained for Ey .

For the practical realization, it is interesting to study the
stability of this effect relative to the dipole position. The

dependencies of the emissivity in the up and down direc-
tions on the σ+ dipole’s position within the horizontal and
vertical planes that pass through the center of the cell are
shown in Fig. 4. The corresponding dependencies for the
σ− dipoles are the same (not shown); however, one must
switch the up and down directions. One can see that these
dependencies have maximum and minimum in the cen-
tral region of the cell. In this region, the emission of the

(a) (b) (c) (d) tot

tot

FIG. 5. Angular-emission diagrams within a ±10◦ cone angle of the σ+ dipoles in the (a) up and (b) down directions: together with
(c) the routing coefficient η+ and (d) the total routing efficiency. The color scale is shown at the bottom.
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σ+ (or σ−) dipole is not coming out in the downward (or
upward) direction and the corresponding routing efficiency
is η+ = 1 (or η− = −1). There are also local minima, from
where emission in the up or down directions is sufficiently
suppressed; however, the emission is not strictly zero, so
that |η±| < 1. The resulting dependencies of the routing
efficiencies η± on the dipole position consist of regions
with positive and negative values [Figs. 4(c) and 4(g)].
Figures 4(d) and 4(h) show the total routing efficiency,
with the solid lines bounding the regions with |η±| > 0.99.
One can see that efficient routing is possible for dipoles
located in a rather large volume of the unit cell. If a quan-
tum dot undergoing the spin-polarized transition is placed
within this volume, its upward or downward emission will
be strongly suppressed.

The angular-emission diagrams of the σ+ dipoles within
the ±10◦ cone are shown in Fig. 5. The lines of high
emissivity represent the quasiguided modes of the chiral
metamembrane. One can see from Fig. 5 that the effect
of routing with η > 0.99 only exists in the approximately
±2.5◦ cone around the normal angle.

IV. DISCUSSION

In this work, as a proof of principle of routing the
emission of spinning dipoles, we use a structure with D4
rotational symmetry (Fig. 1). Let us now demonstrate that
for the effect of perfect routing, D4 symmetry is more
suitable than C4, which is often used to obtain circular
dichroism. The structure shown in Fig. 1 would have C4
symmetry if it was on the substrate or if it had only one of
the chiral photonic crystal slabs.

We start our discussion with C4-symmetrical structures,
as this is a more general case. We consider the electric field
generated by an oscillating dipole located in the middle of
the cell in the x-y plane at an arbitrary z coordinate. The
electric field below and above the membrane is considered.
We denote the complex-valued electric field components
produced by the x-polarized dipole moment as

�Ex
u = [α, β], �Ex

d = [ρ, τ ]. (9)

For the C4-symmetrical structures, the fields generated by
the y-polarized dipole moment have the form

�Ey
u = [−β, α], �Ey

d = [−τ , ρ]. (10)

By the superposition principle, the electric fields from the
σ+ and σ− polarized dipoles are found as

�Eσ±
u = �Ex

u ± i�Ey
u = (α ∓ iβ) [1, ±i] ,

�Eσ±
d = �Ex

d ± i�Ey
d = (ρ ∓ iτ) [1, ±i] .

(11)

With the simultaneous fulfillment of the conditions

α = −iβ, ρ = iτ , (12)

the emission intensities from the σ+ dipoles in the down-
ward direction and from the σ− dipoles in the upward
direction are zero and the resulting total routing coeffi-
cient ηtot = 1. The electric field components α, β, ρ, and
τ depend on the geometrical parameters of the metamem-
brane and it can be problematic to simultaneously fulfill
the above two conditions in structures with C4 symme-
try—whereas D4-symmetrical structures, such as those
shown in Fig. 1, have one more symmetry operation under
which the structure is invariant, namely rotation by 180◦
about the y axis (or, equivalently the x axis). This leads
to the fact that a dipole located in the center of the cell
of any D4-symmetrical structure generates an electric field
such that ρ = α and τ = −β. This makes the conditions
(12) equivalent to each other. Thus, for D4-symmetrical
structures, the condition for perfect routing is expressed by
only one equality, α = −iβ, which is much easier to satisfy
than both of equalities (12) simultaneously (for the depen-
dencies of ηtot on the geometrical parameters, see Fig. S3
in the Supplemental Material [40]). Using this condition,
we obtain that in D4-symmetrical structures, the emission
from the σ+ and σ− dipoles is circularly polarized:

�Eσ+
u = [2α, 2iα], �Eσ−

u = [0, 0],

�Eσ+
d = [0, 0], �Eσ−

d = [2α, −2iα].
(13)

From Eq. (13), it follows that the upward emission from the
σ+ dipole and the downward emission from the σ− dipole
both have the same helicity, such that an observer look-
ing in the direction from which the light is coming sees
the electric vector rotating counterclockwise sense. By the
simultaneous change of the sign of the right-hand side in
Eq. (12), one can obtain the condition for the opposite
helicity of radiated light: α = iβ. In the described chi-
ral metamembrane, the conditions α = ∓iβ are fulfilled at
λ = 1.55 μm and λ = 1.5536 μm, respectively. It is note-
worthy that the directions of rotation of the electric vector
and the dipole are the same.

In this paper, we consider a metamembrane without
absorption losses. It is worth noting that metamembranes
with material absorption can also route emission of spin-
polarized dipoles with 100% efficiency as long as condi-
tion (12) is satisfied. However, the absorption will decrease
the far-field emissivity in comparison to lossless struc-
tures. This case is considered in greater detail in the
Supplemental Material [40] (see Fig. S4).

V. CONCLUSION

In conclusion, we theoretically demonstrate a chi-
ral metamembrane with the highest possible circu-
lar dichroism of the light emission of clockwise and
counterclockwise rotating electric dipoles. In the struc-
ture optimized for optical-communication-wavelength
1.55 μm, the σ+ dipole radiates light entirely upward,
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while the σ− dipole radiates entirely downward. We
attribute this effect to the appearance of Fano resonance,
which occurs due to the grating-assisted coupling of the
guided modes with the far field. We show the advantage
of the D4-symmetric structure for the achievement of this
effect. This phenomenon can find application in spintronics
as a spin-selective photonic router.
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