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ABSTRACT: We report on the linear polarization of polariton condensates in a codirectional
coupler that allows evanescent coupling between adjacent waveguides. During the
condensate’s formation, polaritons usually acquire a randomly oriented polarization, however,
our results reveal a preferential orientation of the linear polarization along the waveguide
propagation path. Furthermore, we observe polarization-dependent intensity oscillations in
the output terminal of the coupler, and we identify the mode beating between the linear-
polarized eigenmodes as the origin of these oscillations. Our findings provide an insight into
the control of the polarization of polariton condensates, paving the way for the development
of spin-based polaritonic architectures where condensates propagate over macroscopic distances.
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Microcavity exciton polaritons have been, in the latest
years, the subject of numerous investigations given their

exceptional properties.1,2 These properties, emerging from the
strong coupling between their constituents, excitons and
photons, allow polaritons to behave as bosonic particles. Their
short lifetime, typically of the order of ps, is comparable or even
smaller than their respective thermalization times, so in general
these particles do not reach thermal equilibrium. However, a
condensation similar to a Bose−Einstein one is observed when
the particle density is increased.3−7 Their very low effective mass
(∼10−4me, me being the free electron mass) can lead to
condensation, even at room temperature. This has indeed been
the case in transition metal dichalcogenides, organic semi-
conductor materials, and lead halide perovskite structures,
where the enhancement of the exciton binding energy,
characteristic of these compounds, has enabled the observation
of strong light−matter coupling,8,9 polariton lasing and
condensation10−18 at room temperature. The ease of use and
the flexibility offered by exciton polaritons unwrapped a variety
of new proposed devices, such as polariton interferometers,19

logic gates,20−22 or transistors.23−26 Additionally, three-dimen-
sional polariton confinement has been achieved in microcavity
pillars.27−31 Using two-dimensional lattices of these micro-
pillars, it is possible to emulate graphene and its remarkable
properties.32−34 All these devices are built using refined
lithographic techniques that ensure the polariton confinement
along several directions. In the one-dimensional case, only a
well-defined longitudinal path along which polariton con-
densates can travel remains.21,23,35,36

In the present work we will focus on semiconductor
microcavity couplers. Such optical directional couplers are
formed by parallel optical waveguides, closely spaced, so that

energy exchange can occur between them.37 The coupled power,
limited by the mode’s overlap in the coupler arms, is determined
by the separation between the waveguides, the wavelength, the
evanescence of the modes, and the interaction length. These
devices have proven to be essential for splitting and combining
light in photonic systems and have been used widely in the
silicon-on-insulator platform.38 Quantum photonic waveguide
circuits based on GaAs/Ga1−xAlxAs heterostructures have been
demonstrated for the manipulation of quantum states of light.39

These devices have also been exploited for guiding surface
plasmon polaritons40,41 and exciton polaritons.42−44 More
recently, we have reported on different on-chip routing devices:
a counter-directional coupler45 and a codirectional coupler for
condensates of exciton−polaritons, studying the peculiarities of
the polariton propagation46 and how this is affected by the
waveguides’ energetic landscape.47 A relevant factor is the spin
state of the condensates after polariton’s relaxation processes,
leading to their condensation.48−52 Moreover, a spontaneous
buildup of the linear polarization of the emitted light above the
polariton condensation threshold has been reported both
theoretically53−55 and experimentally.4,56−59 The orientation
of the polarization plane of the emission is pinned to a
crystallographic axis of the microcavity.58,59 This effect has been
effusively observed for trapped polaritons using different
trapping mechanisms, such as photonic disorder,60 stress,5 or
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annular optical confinement.61−63 The study and control of the
polarization state of polariton condensates has opened new
possibilities of designing and improving spin-based devices.64−70

Wire-shaped microcavities are particularly interesting in this
respect because, due to their reduced symmetry, each polariton
mode shows a polarization splitting into two modes polarized
along and perpendicular to the wire axis.71

Here, we theoretically and experimentally study the linear
polarization of the emission of propagating polariton con-
densates in polaritonic codirectional couplers. Our results
demonstrate a coupling between the adjacent waveguides that is
not strongly dependent on polarization. However, we encounter
striking polarization-dependent emission oscillations at the
output terminal of the coupler. For a given set of perpendicular
polarizations we find a phase shift between the oscillation’s
patterns. To better understand our experimental results, a
dissipative Gross−Pitaevskii model is used to describe the
polarization dynamics in the device.

■ EXPERIMENTAL DETAILS
The sample used in this work is a λ/2 cavity with top (bottom)-
distributed Bragg reflectors consisting of 23 (27) pairs of
alternating layers of Al0.2Ga0.8As/AlAs. One stack of four GaAs
quantum wells of 7 nm of nominal width is placed at the
antinode of the electromagnetic field inside the cavity, and two
additional, identical stacks are embedded in the cavity adjacent
mirrors. Low power measurements reveal a Q-factor of ∼5000
and a Rabi splitting of 13.9 meV. The experiments reported here
are performed in a region of the sample with a photon-exciton
detuning δ ≈ −17 meV. The sample has been grown by
molecular beam epitaxy and processed by reactive ion etching
down to the QWs,46 creating a pattern of adjacent waveguides
where length (L), width (w), and separation (d) have been
varied. Figure 1a shows a typical field of couplers, with different

coupling lengths, formed by doubly bent waveguides with input
and output terminals rotated ±45° from the longitudinal
direction; the geometrical parameters are specified in Figure 1b.
The part of the device where both waveguides remain parallel
along the x-direction is dubbed coupling region: a few pairs of
mirrors left in the region between the two arms enable the
evanescent photonic coupling of polaritons between the
guides.46 For the experiments reported here, the dimensions
of the selected device are L = 10 μm, w = 2 μm, and d = 0.2 μm.
The choice of these parameters allows the coupling of a large
fraction of polaritons between the arms of the coupler. In our
experiments, we nonresonantly pump the input terminal of the

coupler with linearly polarized 2 ps pulses from a Ti:Al2O3 laser
working at 1.664 eV, focusing the beam to a 4.5 μm diameter
spot, with a microscope objective (NA = 0.40, f = 4 mm),
impinging normally to the sample surface. The photo-
luminescence (PL) is collected through the same objective,
while the sample is kept at 12 K in a coldfinger, He flow cryostat,
and detected with a CCD camera attached to a 0.5m focal length
imaging spectrometer. We ensure that the polariton con-
densation threshold (12 kW/cm2) has been exceeded and that
condensates propagate along the entire device pumping with a
power density of 26 kW/cm2.

■ THEORETICAL FRAMEWORK
To study the dynamics of exciton-polaritons theoretically, we
adopt a well-knownmodel describing the coherent polaritons by
two complex order parameter functionsΨr,l for right (r) and left
(l) handed circularly polarized polaritons.65,72 The coherent
polaritons interact with baths of incoherent excitons having
different spins. The excitons are characterized by their density
nr,l. The whole set of equations can be written as

γℏ∂ Ψ = ℏ − Ψ + + |Ψ | + ̃|Ψ | +
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In these equations, R is the coupling parameter between the
polaritons and the reservoirs of excitons, and γp is the coordinate
dependent losses of the coherent polaritons. We assume that the
polariton waveguides are formed by microstructuring, creating a
coordinate-dependent effective potential,V, for the polaritons. It
is also considered that the microstructuring affects the
transparency of the Bragg mirrors, thus, the losses experienced
by polaritons become larger outside the waveguides. G (G̃) and
GR (

ı
GR ) denote nonlinear corrections, blue shift, to the effective

potential due to interactions between polaritons and between
polaritons and incoherent excitons of the same (orthogonal)
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polaritons, with m⊥ and m∥ the transverse and longitudinal
polariton masses, while Β = −
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m m
defines the strength of TE−

TM splitting (spin−orbit coupling). Γe accounts for the linear
losses in the exciton subsystem, and Pr,l is the intensity of the
optical pump creating the exciton baths. In the experiments
reported here, an incoherent linearly polarized pump has been
used in order to create a bath of excitons that are responsible for
setting the polaritons in motion.35 However, polaritons can also
be excited resonantly by coherent light. This kind of excitation
provides a simpler scenario in numerical calculations to control
the properties of the polaritons; we use it in our numerical
simulations to clarify some aspects of polariton dynamics when
required. In eqs 1 and 2, this pump is accounted for by the
driving forceAr,l(x, y, t), the last term on the right-hand side of eq
1.

■ PROPAGATION OF POLARITONS ALONG THE
WAVEGUIDES

The propagation distance of these condensates following the
input waveguide axis (x′) is displayed in Figure 2. The zero
position on the horizontal axis corresponds to the excitation

Figure 1. (a) SEM image of a field of directional polariton couplers with
different coupling region length (L). (b) SEM image of a directional
polariton coupler indicating several parameters: coupling length (L =
20 μm), waveguide width (w = 6 μm), and waveguide separation (d =
0.6 μm). Input and output terminals and the coordinates axis are shown,
corresponding to the nomenclature used in the text: x (y) parallel
(perpendicular) to the main axis of the waveguides in the coupling
region and x′ along the axes of the input and output terminals at ∓45°
with respect to x and y, respectively.
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spot. Polariton condensates propagate ballistically away from the
excitation spot in the lower input terminal after being generated,
as readily seen in the inset, which also shows the coupling to the
upper arm. The solid black and dot-dashed red lines depict the
experimental PL intensity and the numerical simulation (see
below), respectively, for polaritons moving toward the coupling
region. Close to the origin, the experimental PL is much smaller
than that of the simulations due to energy filtering performed by
the spectrometer to cutoff the bright background of the pumping
light having higher frequency and to some limitations of our
numerical simulations around the pump area. The parameters
for the linear terms in the equations describing polariton
dynamics can be extracted from the experimental data, rendering
a satisfactory agreement for the linear polariton propagation
outside the pump spot, which is the main focus of our paper.
However, we cannot get the nonlinear parameters from our
experiment and must use rough estimates in their stead. In

particular, we assume that the losses are spatially uniform within
the waveguides, although at the excitation spot, the losses can be
modified by the action of the intense pump beam. Other
significant issues for the polariton condensation, as for example
phonon-assisted energy relaxation,73 are not considered in our
simple model. All this accounts for the discrepancy at x′ = 0.
Away from the excitation area, due to the finite polariton
lifetime, the polariton population decays exponentially as it
moves away from the excitation area. The simulations describe
well the experimental results up to x′ ∼ 20 μm, where the
intensity droops when reaching the waveguide bend.
Nowwe describe the condensates propagation in the coupling

region and in the output terminal. Since the PL intensity in these
regions is substantially lower than in the input terminal, we have
spatially filtered the emission, so that the PL from the input
terminal is removed. The excitation beam is vertically polarized
(θi = 90°), that is, parallel to the y axis. We have observed (in
contrast with previous works in the literature, which show that
the polarization of the nonresonant excitation beam can strongly
affect the spinor state of the condensates,51,65 and in agreement
with numerous reports) that upon condensation the con-
densate’s polarization is independent of the exciting polar-
ization, and it is defined by the crystallographic axis of the
microcavity4,58,59 and, in our case, by the microstructuring and
the presence of the edges of the waveguides. The PL is analyzed
using a linear polarizer at different angles, ranging from θd = 0°
(i.e., horizontal polarization) up to 180° in steps of 10°. For
simplicity, only a summary of the PL for selected θd is shown in
Figure 3. Polariton condensates are generated in the bottom-left
input terminal; when they arrive to the coupling region,−5 < x <
5 μm, a large fraction of the population is conveyed from the
bottom to the top arm. This oscillation of the polariton
population between the two arms has been thoroughly discussed
in ref 46, being attributed to the evanescent coupling of two
macroscopic wave functions in each arm. It is different to those
observed in similar wider structures, where polaritons are
traveling, without coupling to the neighboring arm, exhibiting a
zigzag trajectory,47 that could be interpreted as a manifestation

Figure 2. Polariton propagation along the longitudinal axis of the input
arm of a polariton coupler. The x′ origin is placed at the excitation spot.
The photoluminescence (PL) intensity (black line) is plotted along the
axis of the input terminal, x′, in the region (0 < x < 21, −15 < y < 0)
together with the results of the simulation (red line). The inset shows
the experimental map of the coupler emission at the condensate energy,
1.583 eV, from which the black curve was extracted; the arrow points to
the laser excitation spot.

Figure 3. PL of polariton condensates propagating along a coupler. The emission is analyzed at different linear polarizations (black arrows) ranging
from θd = 0° (a) to 180° (h). The excitation at the input terminal (not shown) is performed with a vertically polarized laser beam [denoted by the red
arrow in (a)]. The output terminal in which polarization-dependent oscillations are visible for some angles θd’s is indicated by a black dashed rectangle
in (c); the axis along this terminal is defined as x′. The positions labeled as Pi (where i = 1 and 3) mark the maximum amplitude of the aforementioned
oscillations for θd = 0°. The PL emissions are filtered at an energy of 1.583 eV and depicted in a normalized logarithmic false-color scale. A power
density of 26 kW/cm2 has been used for the measurements.
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of polaritons experiencing zitterbewegung.74 After the coupling,
polaritons continue propagating throughout the top arm until
the edge of the waveguide at the output terminal, while only a
minor fraction of the population remains in the bottom arm. By
increasing either the length (L) or the spacing (d) between the
arms, the fraction of coupled polaritons can be controlled.46

Drastic intensity variations along the device are observed when
the polarization of the emission is analyzed. We find a
considerably large intensity when the polarization is analyzed
at 0°. By contrast, a remarkable intensity reduction is observed
around and above 30°. A further increase of θd results in a slow
PL recovery for θd ≳ 90°.
Furthermore, a conspicuous additional effect is observed at

the output terminal. The PL on this terminal displays two local
maxima at P1 = (13, 7) and P3 = (30, 22) μm when the
polarization is filtered at 0°. This is in stark contrast with the
emission observed at θd = 90°, in which local minima appear at
the same set of coordinates. These intensity oscillations in the
PL do not exist for intermediate polarizations (see for instance
50° and 130°): the emission shows just an exponential decay
with propagation distance along the output terminal. This
behavior is independent of the linear polarization of the
excitation laser as borne out by our experiments, since the
nonresonant excitation conditions in our case guarantee the

erasing of polariton’s spin memory during the relaxation
processes (see also Figure S2).
Let us now discuss how the theoretical model introduced

above describes the effects observed in the experiment. We
performed numerical simulations of the waveguides with the
experimental geometrical parameters and with a depth and
width of the effective polariton potential providing the width of
the fundamental mode (full width at half-maximum of the
intensity) to be very close to 1 μm: the width of the mode in the
modeled waveguide is equal to the width of the fundamental
mode of an infinitely deep rectangular potential of 2 μmwide. In
the numerical simulations, we use a random noise of low
intensity as initial conditions and excite the system by an
incoherent pump creating a bath of excitons, which eventually
create the polariton condensates. The results of the numerical
simulations shown in Figure 4 attest to a good qualitative
agreement with the experiments: they reproduce the observa-
tion that the polariton condensate is preferentially polarized
along the direction of the waveguide.
Let us mention that, for our experimental conditions, the

polaritons propagation is linear away from the excitation spot.
The polarization dynamics observed in the experiment and in
the numerical simulations is directly related to the optical spin
Hall effect appearing because of the TE−TM splitting.65,75

Glazov et al. pioneering work75 reports a temporal precession of

Figure 4. Simulations of the polariton distribution along a coupler. The emission is analyzed at different linear polarizations (black arrows) ranging
from θd = 0° (a) to 160° (g). The excitation is performed with a linearly polarized laser beam at the input terminal (not shown). The density of
polaritons is depicted in a normalized logarithmic false-color scale.

Figure 5. (a) Solid/dash-dotted line depicts the experimental normalized PL intensity vs y, the transverse to the axis of the coupling region coordinate,
at a position close to the entrance/exit of the coupling region, −3.2 μm/+3.2 μm, for θd = 0°. (b) Corresponding simulated polariton densities at the
same positions of the coupler as those shown in panel (a).
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the pseudospin of the polaritons excited by an optical pulse. This
precession takes place because of the TE−TM splitting in the
dispersion relation. This splitting also affects the spatial
evolution of the polaritons polarization when they propagate
under cw-excitation conditions. The confinement of the
polaritons inside the microstructured waveguide affects both
the eigenmodes and the dispersion relations. For our narrow
structures only the effects in the fundamental mode need to be
considered. The details of the theory necessary to understand
the linear polariton propagation are given in the Supporting
Information (SI).
Additionally, the numerical modeling replicates qualitatively

the experiments bearing out the tunneling of polaritons from the
lower to the upper waveguide in the coupling region. Figure 5
presents a comparison between the experimental results [panel
(a)] and the calculations [panel (b)]: the normalized PL
intensity is plotted as a function of y, the transverse to the axis of
the coupling region coordinate, for a position close to the
entrance/exit (−3.2/+3.2 μm) of that region with a solid/dash-
dotted line (for θd = 0). Note that y = 0 marks the center of the
gap between the arms, therefore, the signal from y < 0 and y > 0
arises from the pumped and coupled arm, respectively. It is
apparent that, at the entrance, a larger polariton population is
present in the pumped arm of the coupler (y < 0) than that in the
coupled arm (y > 0), both in the experiments and the
simulations. This situation is reversed toward the exit, where
the population becomes larger in the coupled arm.
The amount of polaritons transferred to the upper arm

depends on the height and the width of the potential separating
the upper and the lower arms as well as on the dissipation rate of
the propagating polaritons, which experimentally is greatly
influenced by sample inhomogeneities. The lack of a full
quantitative agreement between the theoretical and the
experimental polariton transfer can be attributed to the not
perfect fitting of the experimental polariton dissipation rate and
the height of the effective confinement potential used in the
simulations.
It should also be stated that, both in the experiments and

theory, the population transfer is not strongly polarization
dependent and 65(±4)% of the polaritons are transferred in the
coupling region, regardless of their polarization, for our specific
sample and experimental conditions. The coupling region where
the waveguides go parallel to each other is short (10 μm) and the
distance between the waveguides is much shorter; therefore, the
tunneling length is less than 10 μm and most of the polaritons
are transferred from the lower to the upper waveguide.
Furthermore, the interaction between the different polarizations
is relatively weak, so considerably longer propagation distances
would be required to observe polarization effects in the
tunneling of polaritons. From a theoretical point of view, the
effect of the coupling between the polarizations and the
waveguides produces four eigenmodes having different prop-
agation constants for the same frequency. One can anticipate
that this should result in a complex behavior of the polaritons
bouncing between the waveguide and changing the polarization
state. However, for our structures and experimental conditions,
the effects originating from the coupling between the wave-
guides are much stronger than those caused by the spin−orbit
interaction. Thus, the consequences of the latter on the
propagation within the relatively short coupling area can be
neglected.
Finally, and most importantly for the present work, the

polarization beating seen in the output terminal of the upper

waveguide is unmistakably obtained in the simulations. This
effect originates from the TE−TM splitting of the polaritons: it
is theoretically discussed in detail in the next section and in the
SI.

■ POLARITON’S POLARIZATION DYNAMICS
To quantitatively describe the polarized PL, we focus now on
two regions of the coupler: the coupling region and the output
terminal. In the coupling region, the PL intensity is found
experimentally to bemaximum for θd = 0° (=180°), that is, when
the polarization is horizontal, parallel to the longitudinal axis in
this region. On the contrary, the intensity drops with increasing
θd reaching its minimum at ∼45°. A further increase of θd leads
to a partial recovery of the emission, resulting in a PL for θd = 90°
(vertical polarization), ∼50% lower than that of θd = 0°. These
results reveal a preferential orientation of the polarization along
the longitudinal axis of the waveguide. For larger θd, being the
polarized emission direction closer to the orientation of the
pumped (input) terminal, the PL intensity in the coupled region
becomes high again as a consequence of a larger population with
this polarization in the input terminal. This is readily seen in the
polarizationmaps compiled in Figure 6. Panel (a)/(c) shows the

experimental/simulated degree of polarization, defined as P =
−
+

I I
I I

H V

H V
, where IH (IV) is the PL intensity for θd = 0° (90°), and

demonstrates the preferential polarization orientation in the
coupling region, where a positive degree of polarization (red
coded values) is obtained both in the experiments and the
simulations. A positive degree of polarization in this region is
also obtained in the diagonal basis, as depicted in panel (b)/(d)
for P = −

+
I I
I I

D A

D A
obtained in the experiments/simulations; in this

case, ID (IA) is the PL intensity for θd = 50° (130°).
We focus now on the polarization-dependent oscillations at

the output terminal. These oscillations are clearly seen as a sign
change of P (going alternatively to red- and blue-coded values),

Figure 6. (a) Spatial maps of the polariton polarization degree, P =
−
+

I I
I I
H V

H V
, for θd = 0° (H) and θd = 90° (V) polarizations of the emission in

the coupler. (b) Corresponding maps for θd = 50° (D) and θd = 130°
(A) rendering P = −

+
I I
I I
D A

D A
. (c, d) Analogous degrees of polarization

obtained from the simulated polariton densities for the same analyzer
angles as those presented in (a) and (b), respectively. The degree of
polarization is plotted in a false color scale with red (blue)
corresponding to positive (negative) values.
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both in the experiments and in the simulations, in panels (a) and
(c) of Figure 6, that show the polarization degree in the H/V
basis. However, they vanish when the polarization is analyzed in
the D/A polarization basis [see panels (b) and (d)]. For a better
understanding of this effect, PL profiles have been extracted
along the x′ direction of the terminal, in the region marked with
a dashed line in Figure 3c. Figure 7 summarizes the experimental

(a) and simulated (b) emission profiles for different polar-
izations between θd = 0° and 180° in steps of 10°. The zero
position denotes the beginning of the output terminal, while the
end of the structure is located at x′ ∼ 45 μm. A transition
between different patterns can be distinguished. For θd close to
0° and 180°, beatings separated by ∼24 μm are observed, with
the maxima at x1′ ∼ 4 μm and x3′ ∼ 28 μm. In contrast, for θd
close to 90°, a weak signal is obtained at x1′ being the maximum
now at x2′ ∼ 16 μm, that is, out of phase from x1′ by half the
beating distance (12 μm).
We can explain these polarization beatings by considering the

TE−TM splitting in the waveguide and therefore taking into
account the different group velocities for each polarization. In
the framework of the mathematical model introduced above, the
splitting lifts the degeneracy between the eigenmode polarized
along (TE) and that polarized perpendicularly (TM) to the
waveguide axis.76 At a given frequency, these two modes have
different wavevectors, and therefore, if both modes are excited,
interference fringes are obtained when the polarization of the
propagating polaritons is a linear combination of those of the
eigenmodes. The beating period is given by = π

| − |⊥
L

k kbeating
2 ,

where k∥ and k⊥ are the wavevectors of the TE and TM modes,
respectively. This is the case along the output terminal for θd =
0° and 90°, which are linear combinations of the TM (45°) and
TE (135°) modes in this part of the coupler, where clear
beatings are observed both in the experiments and simulations.
However, the beats are absent for θd ∼ 45° and ∼135°.
We would like to mention here that PL intensity fringes

having a short spatial period are also clearly seen at the ends of
the waveguides. These short-period oscillations are visible since
polariton coherence is preserved during their propagation.77,78

They originate from the reflection of the polaritons at the
waveguide end, resulting in the formation of counter-

propagating polariton waves that interfere with the incoming
ones.41

Finally, let us stress that the theory presented here does not
aim to give a comprehensive description of the quite large variety
of polarization effects that can be observed in exciton polariton
systems, but to back our experimental results. A systematic
analysis of different linear and nonlinear regimes of polarization
beats is a challenge of great interest, but is out of the scope of the
present paper.

■ CONCLUSIONS
In summary, we have evidenced the rich phenomenology of
polariton propagation in codirectional couplers when the
population is analyzed into its linearly polarized components.
A detailed analysis of the PL has been accomplished by mapping
the polarized-dependent emission at the condensate’s energy.
Two different sections of the coupler have been studied in detail,
the coupling region and the output terminal. The former region
shows a transfer of polariton population from the pumped- to
the coupled-arm of the device that is not strongly polarization
dependent. In the latter region, on the contrary, polarization-
dependent oscillations emerging from the TE−TM splitting of
the fundamental modes of the waveguide have been found. In
these codirectional couplers, based on waveguide microcavities,
which provide a polarization-dependent mode spectrum, the
polariton spin gains crucial importance. Our work paves the way
for the use of polariton codirectional couplers, taking advantage
of the changes of the polariton’s polarization state during their
propagation. Further effects of the geometry of the couplers on
the spin of the polariton condensates, such as the influence of the
bends on the circular polarization, are currently under
investigation.
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