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Polygonal patterns of confined light
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We propose a technique for the generation of polygonal
optical patterns in real space using a combined effect of
the spin-orbit interaction and confinement of light in
the plane of a dielectric optical microcavity. The spin-
orbit interaction emerging from the splitting in TE and
TM optical modes of the microcavity gives rise to oscil-
lations in space of propagating macroscopic wave pack-
ets of polarized photons. Confined in a harmonic poten-
tial, the latter follow closed trajectories of a polygonal
form. We demonstrate the possibility of excitation by a
continuous wave resonant optical pumping of polygo-
nal optical patterns with a controllable (both even and
odd) number of vertices. © 2021 Optical Society of America
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The ability of the external (orbital) degree of freedom of
an electromagnetic wave influence on the internal degree of
freedom which is polarization or spin is in the basis of the
spin-orbit interaction (SOI) of light [1]. This influence is re-
ciprocal. Among the mechanisms linking the orbital and spin
properties of light are optical anisotropy and inhomogeneity
of optical structures [2, 3], nonlinearity [4], coupling with spin
non-degenerate excitations of medium [5], surface and inter-
face effects [6]. The spin-orbit interaction is manifested in the
polarization-dependent shaping of light.

The SOI induced effects become more pronounced when light
is confined in a multi-interface structure which is a microcavity
formed by a dielectric layer of thickness of the order of the light
wavelength surrounded by a pair of distributed Bragg reflectors.
The latter acting as optical filters bring the problem of character-
izing an electromagnetic field to describing two optical modes of
orthogonal transverse electric (TE) and transverse magnetic (TM)
polarizations [7, 8]. The confinement of light in the cavity layer
reduces the consideration to two spatial dimensions, r = (x, y).
The TE and TM modes are non-degenerate, and they exhibit a
strong energy splitting which acts as a source of SOI interaction
of light in such system. Within the pseudospin formalism [9],
the TE-TM splitting is treated as a depending of the wave vector
k = (kx, ky) effective magnetic field W = [D(k2

x � k
2
y), 2Dkxky, 0]

of frequency W = |W| which causes precession of the Stokes
(pseudospin) vector S = (Sx, Sy, Sz) characterizing polarization

of light. The SOI Hamiltonian takes the form HSOI = h̄W · S.
The parameter D is the splitting constant.

In two-dimensional microcavity structures SOI it is usually
treated as a tool for controlling spin degree of freedom of light
including spin currents and polarization spreading over macro-
scopic distances [10–14]. The regime of strong coupling of light
with a resonant medium is considered in such studies as a
rule. Herewith the orbital behavior usually remains undisclosed.
Among the exceptions is Ref. [15] in which SOI was considered
as a mechanism of generating optical vortices due to the conver-
sion of spin to the orbital angular momentum of light. Recent
papers [16–18] show that SOI lies at the origin of the effect of
the zitterbewegung consisting in spin-induced oscillations of a
ballistic trajectory of exciton polaritons representing microcavity
photons strongly coupled to excitons, excitations in semiconduc-
tor wells embedded in the microcavity structure. The optical
spin Hall effect was also demonstrated for polaritons [11, 19]
manifested in formation of cartwheel polarization patterns in
real space.

In this letter, we promote SOI for the role of a mechanism
for the spin-controlled shaping of light. We demonstrate that
due to the direct influence of the spin precession on the bal-
listic trajectory of photons confined in a harmonic trap in the
microcavity plane, regular polarization patterns coexist with
polygonal intensity patterns in real space, see Fig. 1.

Formally, the polarized electric field in the microcavity struc-
ture can be described as a spinor [Y+(r), Y�(r)]T with the circu-
larly polarized field components Y±(r) being eigenfunctions of
the following Hamiltonian:

Ĥ = T̂ + V̂ + ĤSOI (1)

where T̂ = (h̄2
k̂

2)/2M is the kinetic energy operator, M is the ef-
fective mass of photons in the microcavity plane. V̂ = Mw2

trr̂
2/2

is the harmonic potential characterized by the frequency wtr. To
confine photons in the microcavity plane in the possible experi-
ment, we suggest using so called mesas, which represent a local
variation in the radial direction of the cavity layer thickness [20].
Another option is using concave Bragg mirrors [21]. ĤSOI is the
SOI Hamiltonian written in the operator form, k ! k̂, S ! Ŝ.

In the absence of SOI, the electric field obeys the properties
of a quantum harmonic oscillator, and photons resonantly in-
jected into the structure with a wave vector obeying the equation
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Fig. 1. (a) Schematic of excitation of polygonal patterns of pho-
tons. The CW resonant optical pump beam (red cone) of en-
ergy h̄wp injects photons with the wave vector kp to the struc-
ture at a distance rp from the centre of the trap. (b) Schematic
dispersion of two split TE and TM optical modes in the struc-
ture. The insert shows the effective magnetic field W(k) driven
by the TE-TM splitting of optical modes. (c) Illustration to the
choice of the position rp, quasimomentum kp and energy h̄wp
of the pump. We take the pump resonant to the lower (TE)
optical mode such that the photons injected to the structure
follow trajectories close to circular (yellow area).

T(k) = V(r) follow a circular trajectory keeping their polar-
ization. In the presence of the TE-TM splitting, the structure
supports two non-degenerate in energy optical modes of the cor-
responding polarizations, see Fig. 1b. The originated from the
TE-TM splitting effective magnetic field W (schematically shown
in the insert to Fig. 1b) causes precession of the Stokes vector
of propagating light according to the equation dtŜ = Ŵ ⇥ Ŝ
which induces oscillations between the polarization dispersion
branches with frequency W. As a result, due to the local spin-to-
orbital conversion the position of propagating photons experi-
ences oscillations with the same frequency as well. The oscillat-
ing term appears in the equation for the position operators of a
propagating photon:

dtr̂j = ih̄�1[T̂ + V̂, r̂j] + ih̄�1[ĤSOI, r̂j], (2)

where r̂j = x̂, ŷ. We could hide the origin of such behavior of
photons behind the trendy research direction of visualization of
the quantum geometric tensor and measuring the Berry curva-
ture [5, 22]. However, such behavior can be treated in a much
simple way as the zitterbewegung of light [16] on a closed path.
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Fig. 2. (a) Schematic of the number of periods of oscillations
of the center-of-mass trajectory of the optical field in one turn
around the trap as a function of the position of the pump rp
and the frequency of the confining potential wtr. (b), (c) Spa-
tial distribution of the intensity (left panels) and the degree of
circular polarization (right panels) of the optical fields in the
steady state. The color triangle markers in (a) indicate values
of the parameters used for (b) and (c). The size bars in left pan-
els in (b) and (c) correspond to 25 µm. The dashed horizontal
line in (a) indicates wtr = 24 GHz used in further simulations.

To find out the mutual effect of SOI and a harmonic trap on
behavior of confined light in a possible experiment, we solve
the generalized Pauli equation for the electric field spinor |Yi =
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Fig. 3. (a) The dependence of the amplitude of oscillations
of the center-of-mass trajectory A on the position of pump
beam rp. The insert shows trajectories on the Poincaré sphere
of the Stokes vector characterizing variation of polarization
of the optical field along the center-of-mass trajectory around
the trap. (b)–(d) Spatial distribution of the intensity and the
polarizations components of the optical fields in the form close
to the octagonal in the steady state. The color circular markers
in (a) indicate values of the parameters used for (b)–(d). The
color triangle markers in (a) indicate values of the parameters
used for (b) and (c) in Fig. 2. The colors of lines in the insert
in (a) match the colors of markers on the corresponding pan-
els (b)–(d).

[Y+(t, r), Y�(t, r)]T in the basis of circular polarizations [15]:

i∂t|Yi =
h

h̄
�1

Ĥ � (wp + ig)
i
|Yi+ |Fi. (3)

g is the photon decay rate. The last term in Eq. (3) given as
|Fi = F(r)| f i describes pumping of photons in the microcavity.
Light is injected into the structure by the CW optical pump beam
of a Gaussian shape

F(r) µ exp[�(r � rp)
2/2w

2]exp[ikpr] (4)

shifted by rp = (rp, 0) from the center of the harmonic trap.
The width of the pump beam is w =

p
h̄/Mwtr. The pump is

taken resonant to the lower (TE) photonic dispersion branch
with the central wave vector kp = (0, kp) and the energy
h̄wp chosen such that the center-of-mass trajectory of the pho-
tonic wave packet was close to circular. Namely, we link the
model parameters rp, kp and wp by the following equation:
h̄wp/2 = h̄

2
k

2
p/2MTE = V(rp), where MTE = h̄M/(h̄ � DM)

is the effective mass of photons of the TE branch. Illustration
to the choice of the model parameters is given in Fig. 1c. The
vector | f i = ( f+, f�)T is responsible for the polarization of the
pump; h f | f i = 1. We take the following values of the parame-
ters for modelling. The effective photon mass in the cavity plane
is M = 7 ⇥ 10�5

me, where me is the free electron mass. The
TE-TM splitting constant is h̄D = 300 µeV µm2. Photons in opti-
cal microcavities possess a finite lifetime which is determined
by the Q-factor of the microcavity. In our simulations, we used
the photon lifetime of g�1 = 150 ps which is a realistic esti-
mate at present. Recent achievements in developing photonic
microstructures [23, 24] have made it routine to grow structures
that provide photon lifetimes of many hundreds of picoseconds
which allows photons to travel by the distance of millimetres
from the injection spot. The harmonic trap frequency is taken
as wtr = 24 GHz unless otherwise specified. The polarization of
the pump beam is taken right-circular, | f i = (1, 0)T.

In our numerical experiments, we track the center-of-mass
trajectory of photonic wave packets in the steady state. The color
map in Fig. 2a shows a number of periods n of oscillations of
the trajectory on one turn around the harmonic trap as a func-
tion of the position of the pump beam rp and the frequency
of the harmonic trap wtr. A rounded number of the periods
determines the number of sides of the emerging polygon pat-
terns. For a classical spinning particle following the trajectory
described by Eq. (2) where operators are replaced with their
expectation values, n can be estimated as n = DMkprp/h̄

2. In
the possible experiment, the photonic wave packet is the closest
to the classical condition at high energies and, as a consequence,
at large distances rp from the center of the harmonic trap [25].
The dependence undergoes distortions for the wave packet of
finite width when the latter is comparable with the period of
oscillations.

Figures 2b–2c show examples of polygonal light intensity
patterns accompanied by the cogwheel-shape patterns of the
circular polarization degree. The emerging patterns can be di-
vided into two types. For the first type (Fig. 2b) vertices are
more significantly pronounced that for the second type (Fig. 2c).
This peculiarity has a simple explanation. A long lifetime of
photons in the structure allows the photon wave packet to prop-
agate over distances exceeding length of its closed trajectory
in the trap. This leads to self-interference of light when just
injected photons interfere with ones after one and subsequent
turns around the trap. The phase shift between different parts
of the self-interfering photon field varies depending on the dis-
placement rp which leads to either strengthening or weakening
the effect due to the constructive or destructive interference. For
both types of patterns, the circular polarization degree experi-
ences oscillations around the trap. Nevertheless, for the patterns
of the second type a clear separation of the left-circularly (blue)
and right-circularly (red) polarized components of the electric
field in the radial direction is observed. One of the manifes-
tations of the self-interference is the presence of a slit in the
intensity distribution near the pump spot for the intensity pat-
terns of the first type. Our simulations (not presented in the
letter) show that when the photon lifetime is small enough to
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suppress the self-interference, only one type of patterns exists
characterized by pronounced vertices and the intensity rapidly
decreasing with azimuth angle. The considerable increase in the
photon lifetime makes the self-interference effects dominating
and leads to formation of intensity and polarization patterns of
intricate structure.

In Fig. 3a we show the variation of the amplitude A of oscilla-
tions of the center-of-mass trajectory with the pump position rp
in a trap with the fixed frequency wtr. The dependence A(rp)
is strongly non-monotonic. The average amplitude decreases
with the increasing distance rp and, consequently, the increasing
wave number kp of the pump beam, which is in line with the
interpretation of the observed effect as the zitterbewegung of
light [16]. The dependence A(rp) is more complicated at small rp
when the period of oscillations is comparable with the length
of the trajectory and the width of the photonic wave packet.
In Fig. 3a we indicate the parameters used for modelling the
polygon patterns in Fig. 2b–2c. It is clearly seen that the local
maxima of the amplitude correspond to the patterns with the
pronounced vertices and a slit in the intensity distribution. Here-
with the amplitude of the unbroken patterns corresponds to the
local minima of the dependence A(rp). The system is very sensi-
tive to the shift of the pump beam due to the discussed earlier
self-interference effect. In panels 3b–3d we show the octagonal
intensity patterns accompanied by the polarization patterns for
the linear (Sx), diagonal/antidiagonal (Sy) and circular (Sz) com-
ponents. Clear linear polarization domains are observed for the
electric field with the smooth intensity distribution (panels 3c
and 3d). The linear polarization plane rotates twice around the
harmonic trap following the direction of the effective field W.
The trajectories of the Stokes vector of such states are located
near the equator of the Poincaré sphere, see insert in Fig. 3a. The
spatial separation in linear polarizations allows considering our
system as a polarization rectifier of cw light, analogously to one
for optical pulses suggested in [25].

In this letter, we have proposed an approach to creating opti-
cal patterns of new geometry using the effect of polarization of
light on its orbital behavior. An alternative approach to creating
polygon patterns in optical microcavities was discussed in [26].
It exploits the parametric instability in a nonlinear system under
the strong coupling of light with excitons in embedded quantum
wells. Photonic molecular states of polygonal shape have been
reported recently in [27], where shaping of light intensity was
achieved in the regime of condensation of exciton-polaritons
in a set of micropillars arranged in the form of a hexagon. An
important peculiarity of our approach is that the light polygons
can be formed in a linear regime for pure photonic modes. Here-
with, our approach can be effectively extended to the case of the
strong light-matter coupling for observing polygonal patterns
of exciton polaritons in optically induced traps [25, 28].
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