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ABSTRACT: We demonstrate theoretically and experimentally that a
specifically designed microcavity driven in the optical parametric oscillation
regime exhibits lighthouse-like emission, that is, an emission focused around
a single direction. Remarkably, the emission direction of this microlight-
house is continuously controlled by the linear polarization of the incident
laser, and angular beam steering over 360° is demonstrated. Theoretically,
this effect arises from the interplay between the nonlinear optical response
of microcavity exciton−polaritons, the difference in the subcavities forming
the microcavity, and the rotational invariance of the device.
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L ighthouses have been used for millennia to inform ships
on their relative position on the sea. The lighthouse

design possesses two advantages (Figure 1a): Its highly
directive radiation pattern allows limiting the required power
to reach remote locations, and the dynamic control of the
emission allows converting spatial information into time
information, and vice versa. Such a design is used in our
everyday life in bar code readers, phased array radars, or
beamformer sonars.
Nonmechanical lighthouse designs are attractive because

they allow reducing mechanical fatigue limitations and
increasing the lifetime, simplicity, and speed of devices.
There are two strategies to reach such a goal: The first one
relies on using the interference of a controllable array of
antennas or light modulators. This method is inspired from the
phased array radar technology1 and usually requires complex
photonic circuits in the visible wavelengths,2−5 controlled
electronically by phase shifters.
Another approach relies on using the nonlinear light−matter

response to steer light, opening the road to an all-optical
operation. Steering can be achieved by using the light field
intensity, usually of an auxiliary pump field, to modify the field
propagation within the device. Beam steering has been
achieved in this way to steer solitons,6,7 intense fields in
biased photorefractive crystals,8 femtosecond pulses on
metallic mirrors,9 or to control the emission of spatial
multimodal lasers by using the nonlinear gain response.10,11

The nonlinear approach has the advantage of much simpler
and robust designs, it is also usually much faster. But since
direction is not controlled independently of intensity, it is hard
to imagine practical applications, for example, in information

technology, ranging, or microscopy. In this Letter we show
that, rather surprisingly, the linear polarization is sufficient to
achieve continuous control of the beam emission. We
demonstrate the lighthouse-like emission of a planar multiple
microcavity device (Figure 1). This simple device is composed
of two coupled microcavities containing multiple quantum
wells.12 The strong coupling between the cavity photons and
the quantum well excitons is reached and the collective
excitations of the device are microcavity exciton−polar-
itons,13−15 which are part-light, part-matter quasiparticles
and, therefore, exhibit strong nonlinear interactions.16−21 The
dispersion of the two lower polariton branches (LP) is shown
in Figure 1c: When we resonantly pump the LP2 at normal
incidence, a triply degenerate χ3 parametric scattering process
occurs toward LP1, and light is emitted at a finite emission
angle θ.
In principle, due to the rotational invariance of the

polaritonic dispersion, parametric scattering can occur in any
direction, but we predict and observe that, in the nonlinear
system, the emission direction is controlled by the linear pump
polarization in the optical parametric oscillation (OPO)
regime, allowing beam steering over an interval of the azimuth
angle ϕ of 360°.
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■ THEORY

To describe the scattering of LP2 polaritons at zero in-plane
wave vector onto the LP1 elastic circle, we utilize the nonlinear
coupled cavity and exciton field theory discussed in ref 22.
The core ingredients to this theory are interband polar-

ization functions, obtained from a Fermionic quantum-field
theory and specialized to excitonic polarizations. The Coulomb
interaction between charge carriers gives rise to spin-depend-
ent exciton−exciton interactions and thus to two-exciton
correlations, as for example obtained in the dynamics-
controlled truncation formalism.23,24 The nonlinear optical
response of the two subcavities follows from a numerical
solution of a coupled mode theory including the excitonic

interband polarizations coupled to single-mode equations for
the light fields at the positions of the quantum wells, eqs 1−4
in ref 22 with parameter values, in the notation of ref 22, γx = γc
= 0.2 meV, mTM = 0.23 meV ps2 μm−2, mTE = 1.001, mTM, Ωx =
6.35 meV, Ωc = 5.05 meV, T++ = 5.69 × 10−3 meV μm2, T+− =
−T++/3, APSF = 2.594 × 10−4 μm2; detuning of the cavity mode
from the bare exciton frequency ΔP = −4.3086 meV.
The nonlinearities entering the theory are phase-space filling

and spin-dependent exciton−exciton T-matrices, which are
different in the cocircular T++ and cross-circular T+− scattering
channels. The transverse-electric (TE) and transverse-
magnetic (TM) bare cavity modes are assumed to have
parabolic dispersion with different curvatures (or cavity
effective masses). This results in polaritonic TE−TM
splitting.25 In the experimental conditions, the two subcavities
are slightly different, which leads to a different coupling with
the external pump. A quantitative estimate of this difference
follows from a linear transfer matrix simulation of the entire
structure and as a result the external pump field is chosen to be
larger (by a factor of z = −1.52) in the first subcavity than in
the second subcavity. The factor z is defined by the relation
Ppump,1
x = zPpump,2

x , where Ppump,i
x are pump parameters for the

two subcavities i = 1 and 2. The relation between Ppump,j
x and

Rpump,i
± in eqs 1 of ref 22 is as follows. We first solve the steady-

state versions of eqs 1 and 2 of ref 22, Fourier-transform from
real (configuration) to wave vector space, and take k = 0 to
describe the spatially homogeneous pump process. These
equations read Epump,i

± = −(Δp + iγx − T++
|ppump,i
±

|
2 − T+−

|

ppump,i
±

|
2) × ppump,i

± /[Ωx(1 − 2APSF|ppump,i
±

|
2] and Rpump,i

± = −(Δp

+ iγc)Epump,i
± + ΩcEpump,j

± + Ωxppump,i
± . For given Ppump,i

± , they
determine Rpump,i

± . For our linearly polarized pump, we have

p e p
i

i

i

x

pump,

1

2 pump,
=

ϕ± ∓ , where ϕ is the pump polarization angle

with respect to the x-axis. More details of the pump simulation
are given in section 2.3 of ref 26. We use ppump,1

x = 12 μm−1 and
ppump,2
x = ppump,1

x /z. For a linearly polarized pump with negative
detuning from the bare exciton resonance, because of the spin-
dependent exciton−exciton interactions, the polarization
channel cross-linear to the pump’s polarization is favored for
instability (OPO) of pump-induced LP1 polaritons. Together
with the TE−TM cavity mode splitting, this leads to a spatial
anisotropy for polariton scattering. Taking also into account
the effect of the cavity difference in the double-cavity system,
here we find stable 2-spot patterns at pump powers not too far

Figure 1. Geometry of the lighthouse emission (a) and of the planar
double microcavity (b) composed of three distributed Bragg reflectors
(DBR) surrounding two sets of quantum wells (QWs). The
microcavity is excited at normal incidence from the top and the
emission direction is governed by the incident linear polarization of
the resonant excitation. (c) Dispersion of the two lower polariton
branches of the planar double microcavity, and representation of the
triply degenerate optical parametric oscillation process at work in the
lighthouse effect between LP1 and the LP2 elastic circle.

Figure 2. Theoretical simulation of the polaritonic lighthouse effect. (a) Two-spot far-field pattern detected in the cross-linear polarization channel
for resonant excitation with a linearly polarized cw laser (polarization direction in this example is 108° relative to the x-axis). (b) Relative
orientation (azimuth) of the two emission intensity maxima with respect to the linear vectorial polarization of the pump. When rotating the pump
polarization orientation, the 2-spot emission rotates with it.
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above the OPO threshold. The spatial orientation of these 2-
spot patterns is found to be parallel to the vectorial
polarization direction of the pump. A representative numerical
solution that has reached a steady state for each pump
polarization is shown in Figure 2.
The pattern shape depends on the choice in the cavity

asymmetry and pump power: The 2-spot pattern of Figure 2 is
obtained for a particular choice in the cavity asymmetry (z ≠
1) and the pump power. If we choose a symmetric cavity or
larger pump powers, we can also obtain a 6-spot pattern with a
60° angle between the output fields. Which angles can occur in
principle is determined by the nonlinearity, in our case a 3rd-
order (or χ(3)) nonlinearity. The physical processes giving rise
to the 180° (2-spot) and 60° angles (6-spot) are illustrated in
ref 27. For a conventional single-cavity design, we have also
found the possibility of 90° angles28 (4-spot) in the case of
linearly polarized pump beams. These 90° angle patterns are
made possible by the interplay between the exciton−exciton
interaction and TE−TM splitting. Interestingly, Whittaker et
al. report on the experimental observation of a diverse family of
polariton patterns, including ones with an odd number of
lobes, by using circularly polarized excitation.29 In their
experiment as well, a pattern rotation was observed by
changing from left to right circularly polarized pumping. We
finally note that our model is for an optically isotropic crystal

without strain or defects so that the crystal orientation does
not come into play in the selection of patterns and in their
orientation.

■ EXPERIMENTAL SETUP AND OBSERVATIONS

The sample, which has been used in several studies,12,30−32

consists of two coupled λ/2 Ga0.05Al0.95As cavities embedded
between three Ga0.05Al0.95As/Ga0.8Al0.2As distributed Bragg
reflectors with 25 (back), 17.5 (middle), and 17.5 (front) pairs,
respectively (Figure 1b). The nominal Q factor is 105, and the
middle Bragg mirror induces a 10 meV coupling between bare
cavity modes. In each cavity, three sets of four 7 nm GaAs
QWs are inserted at the antinodes of the field, resulting in a 13
meV Rabi splitting. Experiments are performed at T = 6 K, and
the sample is excited at normal incidence, in resonance with
the lower polariton branch 2 (see Figure 1c), with a linearly
polarized single-mode Ti:sapphire laser. The pump polar-
ization is controlled by a half-wave plate, and the far field is
recorded in reflection geometry in the polarization orthogonal
to the pump. The pump reflection is spatially filtered (see
Figure 3a).
With a 50 μm wide resonant excitation beam, we observe the

optical parametric oscillation (OPO) regime above an
incoming laser power of 60 mW and the structuration of the
far field in a variety of light patterns.12 The two-spot patterns

Figure 3. Experimental observation of the polaritonic lighthouse effect. (a) Scheme of the experimental setup: the linear pump polarization is
controlled with a half-wave plate, and a field stop is used in the Fourier space (F.S.) to filter the direct pump reflection on the sample. (b, c)
Examples of far field observed for an incoming linear polarization pump beam oriented at 32° (respectively, 136°) with respect to the [100] axis.
Two spots are observed collinear to the polarization direction. (d, e) Corresponding radiation pattern at 32° (respectively 136°). Beam width is
about 14° and extinction reaches up to 10 dBi, the direction of emission is controlled with a 5° accuracy. The beige disk represents the direction-
independent background due to elastic scattering. (f) Map of the emission amplitude as a function of the pump linear polarization angle and of the
emission angle relative to the pump polarization.
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are the simplest of them and are observed just above OPO
threshold, when the LP2 branch is slightly negatively detuned
with respect to the bare exciton energy (−2 meV).
Figure 3 represents the observed far-field emission of the

microcavity (Figure 3b) and the corresponding radiation
pattern (Figure 3d) that is observed at a radial angle θ of 20°.
This lighthouse-like emission is always directed along the
linear pump polarization, independently of the crystal
orientation, as evidenced by the direction emission map in
Figure 3f.

■ DISCUSSION

Let us now discuss the experimental observations in light of the
theoretical prediction of a lighthouse-like emission. Since the
polariton lighthouse effect implies both a directional and
controllable emission, we are going to analyze these two
aspects.
The radiation patterns are approximately symmetric and

highly directional: In the radial direction, the lighthouse
emission is well focused with a beam width Δθ of only 0.4°.
This feature results from the strong constraint on radial
emission set by the phase-matching conditions on resonant
parametric scattering between the two lower polaritonic
branches. In the azimuthal direction, the beam width is Δϕ
= 14° independent of the excitation linear polarization
configuration.
In contrast, the theoretical prediction on Figure 2 suggests

much tighter azimuthal focusing is possible. This discrepancy
probably originates from the effect of elastic scattering on line
defects within the DBRs, which are signaled by a characteristic
speckle signature in the elastically scattered signal (not shown).
Indeed, whereas polariton−polariton parametric scattering in a
uniform planar microcavity preserves total momentum,
additional random elastic scattering lifts this restriction.
Most of the emission is cast in the two main lobes. The main

lobes apparent imbalance results from a partial field stop within
the large NA collecting objective. Stray light accounts for [−7;
−10] dBi and has two origins: First, the resonant elastic
scattering on DBR defects, which forms a direction
independent background (beige disk on Figure 3d).31 Second,
the competing parametric scattering pathways which are
responsible for the formation of structured side lobes. Figure
3d,e gives a representative example of radiation pattern
(incoming polarization at 32° with the [100] crystalline
axis), as well as the most selective configuration (136°). From
Figure 3f, we see that side lobes are most pronounced when
the incoming polarization is oriented along the [100] direction.
This anisotropic response is most probably the result of
residual built-in strain effects within the heterostructure.33,34

We note that a clear lighthouse effect is evidenced over 90% of
the incoming polarization angles and that the two-spot
emission always dominate side lobes emission.
The angular precision of the lighthouse emission by the

linear polarization is achieved with a remarkably high accuracy
of 5°. Previous work using InGaAs/GaAs microcavities
presented strong anisotropic line defects and mosaicity which
pinned the OPO emission on the semiconductor crystalline
axes.35 Therefore, we conclude that the small lattice mismatch
of AlGaAs/GaAs microcavities is critical to achieve controll-
ability of the emission.
The maximum emitted power in the main pattern reaches

200 μW, which is only 0.4% of the incoming power (60 mW,
necessary to reach OPO threshold). This currently low

external power efficiency (emitted power/incident power) is
due to the fact that a strong Kerr effect occurs at resonance. As
a result, the microcavity LP2 resonance is repelled from the
excitation laser energy and most of the incoming power gets
reflected on the first DBR and does not enter the micro-
cavity.36 By taking into account the low injection efficiency, we
estimate that the internal power efficiency (emitted power/
transmitted power) is in the 25% range, whereas the theoretical
limit is 50% due to power balance between parametrically
scattered beams in the OPO regime.

■ CONCLUSION

We have shown that an optical microcavity can present
lighthouse-like emission continuously controlled by the linear
vectorial polarization of the pump laser itself. The use of
vectorial polarization as a control parameter implies that this
function can only be implemented in a nonlinear optical
device.
We used a coupled cavity theory combined with a many-

particle theory describing exciton−exciton interactions to
demonstrate the polariton lighthouse effect if a minimal set
of physical ingredients are included, namely, the nonlinear
optical response of microcavity exciton−polaritons, the
difference in the subcavities forming the microcavity and the
rotational invariance of the device. We observed the lighthouse
effect with a device made of quantum wells embedded in a
double microcavity and evidenced that a two-spot pattern
oriented along the linear incoming pump polarization is
observed for most azimuth angles with good control on the
emission direction.
With our present cavity, we observe some deviations from

the ideal lighthouse emission, such as parasitic stray light,
originating from elastic scattering on line defects and the effect
of built-in strain, and inherent to real world devices. Progresses
in heterostructures quality and power efficiency could turn this
polariton lighthouse effect into an original and useful all-optical
beam-steering method, which can be of great interest for
microscopy or LIDARs.
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