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Integrated switching devices comprise the building blocks of
ultrafast optical signal processing1,2. As the next stage follow-
ing intensity switching1,3,4, circular polarization switches5–9

are attracting considerable interest because of their appli-
cations in spin-based architectures10. They usually take advan-
tage of nonlinear optical effects, and require high powers and
external optical elements. Semiconductor microcavities
provide a significant step forward due to their low-threshold,
polarization-dependent, nonlinear emission11,12, fast operation13

and integrability. Here, we demonstrate a non-local, all-optical
spin switch based on exciton–polaritons in a semiconductor
microcavity. In the presence of a sub-threshold pump laser
(dark regime), a tightly localized probe induces the switch-on
of the entire pumped area. If the pump is circularly polarized,
the switch is conditional on the polarization of the probe, but
if it is linearly polarized, a circularly polarized probe fully deter-
mines the final polarization of the pumped area. These results
set the basis for the development of spin-based logic devices,
integrated in a chip14.

The development of integrated optoelectronic devices relies on
three fundamental elements: switching, transport and low-level
logic (AND, OR and so on)1. Particularly promising for use in
logic operations are the spin-based architectures10. For such
devices to be competitive, very high potential commutation speeds
are required, together with integrability at the micrometre scale.
In the case of polarization switching, all-optical schemes present
the fastest results, with switching rates in the picosecond range5–7,9.
However, such arrangements require external polarization
optics, preventing their integrability, and very high switching
energies because they rely on nonlinear spin-dependent effects of
limited efficiency.

Optoelectronic devices based on excitons partially solve the
problem of integrability, and transistor operation15, switching16

and spin transport17 have recently been demonstrated in a chip.
However, schemes based on exciton propagation operate at low
speeds, limited by slow exciton diffusion, which is a result of their
large mass18. Typical switching times are on the order of �0.4 ns
(for the exciton transistor15).

Exciton–polaritons combine the best features of photonic and
excitonic systems, demonstrating a qualitative improvement in
terms of scalability, reduced power of operation, speed and potential
use in logic devices. Polaritons are mixed light–matter quasiparticles
that arise from the strong coupling between photons and excitons in
a micrometre-sized cavity with embedded quantum wells. Their
very low mass (�1024 times that of the electron, inherited from
their photonic component) enables their propagation over long dis-
tances at very high speeds (�1% the speed of light, on the order of
122 mm ps21), with a controlled direction determined by the
momentum of the excitation laser13,19. Their excitonic component

results in strong polariton–polariton interactions, giving rise to
very high nonlinearities20–23.

Additionally, polaritons are spin degenerate, with two possible
values of spin projection on the structure axis, either sz¼þ1 or
sz¼21. These spin projections directly couple to circularly
polarized light (sþ and s2, respectively) in both excitation and
emission, enabling the use of polaritons in polarization-sensitive
devices14,22,24. In this Letter, we show that non-local spin switches
working at very low power can be achieved in semiconductor micro-
cavities thanks to spin-dependent nonlinear polariton–polariton
interactions. The motion of polaritons results in large propagations
of the switched area with a spin state determined by that of a loca-
lized probe (non-local action), potentially working at high rates due
to the large polariton velocity13,25 and reduced lifetime (in the pico-
second range).

The principle of operation of polariton spin switches is as
follows. The system is pumped by an external continuous-wave
(c.w.) laser at low power, the wavelength of which is slightly blue-
detuned from the energy of a given polariton state in the lower
polariton branch (see inset in Fig. 1a). This is the off state, charac-
terized by a low polariton population, low blueshift and low (non-
resonant) absorption (point I in Fig. 1a). When the power is
increased, polariton–polariton interactions renormalize the energy
of the system, bringing the polariton branch into resonance with
the initially blue-detuned pumping laser. This is the on state
(point II in Fig. 1a), corresponding to a high polariton population
and a strong nonlinear emission.

The emission curve depicted in Fig. 1a corresponds to polaritons
with a given spin (sz¼þ1) excited by circularly polarized light
(sþ). If the system is pumped to point I with a sþ excitation,
only a sþ probe will be able to switch it to point II (circular polar-
ization switch). This is a consequence of the much stronger inter-
action between polaritons with parallel spins than between
polaritons with antiparallel spins (a ratio of 10:1)14,26. Polarization
control of the emission can be obtained if the pump is linearly
polarized (that is, in an equal-amplitude superposition of sz¼þ1
and sz¼21 polaritons). In this case, a circularly polarized probe
will switch the system to the on state (point II) only for polaritons
with the same polarization as that of the probe.

The rapid polariton motion allows for the switches to be non-
local27,28. This effect is outlined in one dimension in Fig. 1b. In
the left panel, a c.w. probe is turned on at a localized area
within the pump spot. Originally, only that area is switched to
the on state (point II in Fig. 1a), resulting in an appreciable
energy renormalization. Polaritons excited in that area, which
have a well-defined momentum given by the angle of incidence
of the excitation laser (see Supplementary Information), rapidly
move out, inducing the renormalization and switching of the
rest of the spot (right panel of Fig. 1b) in a timescale dictated
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by the speed of the polaritons and the size of the pump spot.
Figure 1c illustrates the dynamics of the propagation of the emis-
sion, calculated with the model described below. Fast propagation
is essential for linking multiple consecutive switches in a single
integrated device14.

Our experiments were performed at 5 K in an InGaAs/
GaAs/AlGaAs microcavity (see Methods). Both the pump and

probe beams were c.w., focused on the sample in spots with diameters
of 60 and 6 mm, respectively, with independent control of their polar-
ization. Their angle of incidence on the microcavity was 3.88 (polar-
iton in-plane momentum kp¼ 0.49 mm21), and they had the same
wavelength (836.95 nm), blue-detuned by 0.16 meV from the lower
polariton branch state, as shown in the inset of Fig. 1a. Real-space
images of the emitted intensity in transmission geometry were
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Figure 1 | Polariton dispersion, nonlinear transmission and propagation mechanism. a, Predicted spin-up polariton density variation as a function of sþ

excitation power for an angle of incidence of 3.88 and photon energy Elaser slightly blue-detuned with respect to the lower polariton branch energy at low

density, ELPB (point I; Elaser 2 ELPB¼0.16 meV). These excitation conditions are indicated by the white dot in the lower polariton branch dispersion shown in

the inset. b, Sketch of our model for propagation of the switching. When the probe is turned on, it drives the system to point II only at the probe arrival area,

inducing its blueshift (left part of the figure). Because of the motion of polaritons with a well-defined momentum kp determined by the angle of incidence of

the pump laser (from left to right in this case), the high-density area propagates until the rest of the pumped spot is switched on into the nonlinear emission

regime (right part of the figure). c, Emitted intensity calculated from the numerical solution of the Gross–Pitaevskii equations in the conditions of the

presented experiments, showing the propagation of the high-emission area along the x-axis as a function of time after the turn on of a sþ c.w. probe on the

edge of a sþ c.w. pump spot with a diameter of 60 mm.
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The direction of the emission is the same as that of the pump field, that is, 3.88 from the growth direction (see Supplementary Information).
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analysed regarding polarization and recorded by a charge-coupled
device (CCD) camera. Simulations were performed by solving the
spin-dependent Gross–Pitaevskii equation14 for polaritons under
c.w. pumping for the same pump/probe conditions as in the exper-
iment (see Methods).

Figure 2 shows the operation of the conditional circular polariz-
ation optical switch. Here, the pump (Fig. 2a), with a power of
165 mW, is sþ-polarized, injecting a polariton density correspond-
ing to point I in Fig. 1a (off, total transmission 9.6 mW). The arrival
of a sþ-polarized (co-circularly) probe of 11 mW creates a surplus
of spin-up polaritons, which drives the probed area to point II in the
emission curve (on). The propagation mechanism described above
drives the rest of the pumped area to the on nonlinear regime, pre-
serving the sþ circular polarization and with a total transmission of
54 mW (Fig. 2c; polaritons move from left to right). In contrast, if
the probe is s2 (cross-circularly polarized), no change in the
emitted intensity is observed (Fig. 2d). Figure 2e,f shows the corre-
sponding simulated images, which are in close quantitative agree-
ment with experiment.

The sensitivity of the spin switch to the polarization of the probe
is explored in Fig. 3b for fixed pump and probe powers. The emis-
sion integrated over the pump area, excluding the probe arrival
region, is shown (symbols) for different polarizations of the probe
(parameter b, see Methods and Fig. 3a). When pump and probe
are co-circularly polarized (b¼2p/4), a strong gain of six is
induced in the pump emission (Fig. 3c). As long as the surplus of
probe polaritons co-circularly polarized with the pump is large
enough to drive the system from I to II in Fig. 1a, the switching
takes place. For the probe power considered in Fig. 3, only in a rela-
tively narrow ellipticity range around the cross-circularly polarized
configuration (b¼ p/4) is this surplus not enough, and the probe
not able to induce switching (Fig. 3d).

A different situation can be achieved if the pump is linearly
polarized (transverse electric, TE, in our experiments). In this
case, the system can be considered to consist of two weakly interact-
ing polariton gases with sz¼þ1 and sz¼21. The arrival of a
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circularly polarized probe creates polaritons that switch the pump
emission from point I to II in Fig. 1a, exclusively for polaritons
with spin parallel to that of the probe, eventually propagating
to the rest of the pump spot through the mechanism descri-
bed above. This may be observed in Fig. 4a–d, which shows the
polarization-resolved intensity when a circularly polarized
probe interacts with a linearly polarized sub-threshold pump.
One can see that the entire pump spot is switched into the on
state, with the same circular polarization as that of the probe.
Theoretical simulations (Fig. 4e–h) quantitatively reproduce these
experimental results.

A detailed analysis of the polarization of the emission is pre-
sented in Fig. 5 for sþ and s2 probes (panels a,b and c,d, respect-
ively). The ellipticity of the emission can be characterized by the
parameter u, where u¼ p/4 (2p/4) corresponds to sþ (s2) circu-
lar polarization, and u¼ 0 (p/2) to TE (TM, transverse magnetic)
linear polarization. Figure 5a–d shows that the pump emission
passes from linear TE polarization in the off state (black symbols),
to circular with the same orientation as that of the probe in the
on state (Fig. 5b,d).

The polariton nonlinearities in this work were so high that our
switches needed very low excitation densities to operate. For this
reason we were able to perform all the experiments in the c.w.
regime, without the need for pulsed excitations with large peak
powers as are usually required in all-optical switches1. Figure 5e
demonstrates a probe power threshold as low as 4.5 mW for the

switch on of the whole pump spot, which had a diameter of
60 mm and a power of 140 mW (1.75 kW cm22). The saturation
of the polarization at high densities is consistent with our spin-
dependent polariton2polariton interaction model (Fig. 1a).

If we consider the polariton lifetime of our microcavities (5 ps)
and the above-mentioned pump and probe excitation densities for
switching operation, we estimate an upper limit for the switching
energy of 1 fJ mm22 (100 nJ cm22), two orders of magnitude
lower than in state-of-the-art all-optical spin switches1,9.
Meanwhile, the speed of the non-local action is given by the polar-
iton propagation velocity19,25 vp, which is �0.94 mm ps21 in our
experiments (calculated from vp¼ �hkp/m, where kp and m are the
polariton momentum and mass, respectively). With such speed,
polaritons cross the entire spot in �60 ps, inducing the commuta-
tion to the on state (see right panel in Fig. 1b). This corresponds
to an on/off repetition rate of 10 GHz for such a big spot.
We expect that this value can be further increased by increasing
the polariton momentum by pumping with a higher angle
of incidence19,25.

Let us comment on the feasibility of extending our results, obtained
at a temperature of 5 K, to room temperature. At room temperature,
strong coupling has been observed in GaAs/InGaAS microcavities29,
and strong coupling together with nonlinear emission has been
demonstrated in GaN-based microcavities30. Although nonlinear
interactions have to be evaluated in the former case, and sample
quality still needs to be improved in the latter case to allow for the
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long-distance propagation of polaritons, these elements contribute to
the significant potential for extending spin switching to temperatures
higher than 5 K and to room temperature.

In conclusion, we have demonstrated the feasibility of light polar-
ization conditional switches and polarization propagators, based on
a pump and probe scheme in a semiconductor microcavity. A loca-
lized trigger is able to switch on a large pump area and to control the
polarization of the full emission. The non-local action is based on
the spin-dependent nonlinear polariton interaction and fast
polariton propagation. Compared to conventional photonic
switches, our device has several important advantages: its micro-
metre size and non-local action and, most importantly, the fact
that it allows for operation with polarization-encoded signals.
These schemes are key to the realization of ‘polariton neurons’,
the building blocks of all-optical integrated logic circuits based on
exciton–polaritons14.

Methods
Sample description. Our system is a 2l GaAs microcavity containing three
In0.04Ga0.96As quantum wells with a thickness of 80 Å placed at the maxima of the
electromagnetic field of the cavity mode. The Bragg mirrors embedding the cavity
are formed by 21 and 24 pairs of Al0.1Ga0.9As/AlAs layers, with reflectivities
between 99.85% and 99.95%. The strong coupling between the exciton and cavity
modes is obtained with a normal-mode Rabi splitting of 5.1 meV at 5 K, with
polariton linewidths on the order of 0.1 meV. The microcavity was grown with a
wedge in the cavity spacer to allow for the selection of the photon–exciton energy
detuning simply by choosing the excitation point in the sample. However, in this
work, all experiments were performed at the same point on the sample,
corresponding to photon–exciton detuning of about þ2 meV.

Characterization of the polarization of the emission (u) and of the probe (b). In
Fig. 5a–d, the emission is resolved into different polarization ellipticites by making
use of a combination of a quarter wave plate, a half wave plate and a linear polarizer,
in which the half wave plate is rotated by an angle u. The time-dependent part
of the electromagnetic field can be characterized by the parameter u, where the
electric field amplitude along the TE and TM directions (corresponding to the
electric field amplitudes along the X and Y directions set by the linear polarizer)
has the form

ETM = A0 sin(u) cos(vt)

ETE = A0 cos(u) sin(vt)

With this definition, sþ (s2) polarized emission corresponds to u¼ p/4 (2p/4),
and TE (TM) linear polarizations to u¼ 0 (p/2). Intermediate values describe
different elliptical polarizations.

In Fig. 3a,b we explore the transmission under different ellipticities of the probe.
In this case we include a quarter wave plate in the optical path of the probe,
which is rotated by an angle b with respect to the linear polarization axis of the
laser (TE), resulting in electric field amplitudes along the TE and TM directions,
given by

ETM = A0 cos(b) sin(b)[cos(vt) + sin(vt)]

ETE = A0[cos2(b) cos(vt) − sin2(b) sin(vt)]

With this definition, excitation with a sþ (s2) polarized probe corresponds to
b¼2p/4 (p/4), and with a TE linear polarized probe to b¼ 0, p/2. Intermediate
values describe different elliptical polarizations.

Spin-dependent Gross–Pitaevskii equation. When excited resonantly, polaritons
behave as a coherent field, because their coherence time is much greater than their
lifetime. An accurate theoretical description of polariton nonlinear dynamics can
therefore be made using the mean-field approximation, which leads to the Gross–
Pitaevskii equation (equivalent to the nonlinear Schrödinger equation). Including
the spin degree of freedom, the Gross–Pitaevskii equation is given as

i�h
∂cs(x)
∂t

=
(

ÊLP − i�h
2t

+ a1|cs(x)|2 + a2|c−s(x)|2
)
cs(x) + fs(x, t) (1)

The wavefunction or mean field, cs(x), is a real-space (x) two-dimensional field
for which the index s¼+1 represents one of two spin (circular) polarizations,
t is time, and ÊLP is the kinetic energy operator, which should account for the

non-parabolic dispersion of polaritons. The eigenvalues of ÊLP can be written in
reciprocal space as

ELP k( ) = EC k( ) + EX k( )
2

−

������������������������
EC k( ) − EX k( )
[ ]2+V

2
√

2
(2)

where EC and EX represent the bare cavity photon and exciton energies, respectively.
For these we take parabolic dispersion relations, characterized by effective masses
mC and mX. V represents the Rabi splitting. In equation(1), t represents the
polariton lifetime, and a1 and a2 the strength of polariton–polariton interactions in
the triplet and singlet configurations, respectively. In the experiment, all polaritons
are excited with a similar in-plane wave vector, which allows us to neglect any wave
vector dependence of the polariton lifetime or interaction strengths. Finally, fs(x, t)
represents the excitation of the system by a combination of time-dependent,
polarized pumps and/or probes. We consider excitation with Gaussian pumps, with
amplitude As , energy �hv, and in-plane wave vector kp:

fs x, y, t
( )

= Aseivte−(x−xp )2/L
2

x e−y2/L
2
y eikp ·x (3)

where Lx and Ly define the size of the spot, centred at (x, y)¼ (xp, 0).
Our theoretical results come from the numerical solution of equation (1),

with the initial condition cs(x)|t¼0¼ 0, and the following parameters: V¼ 5.1 meV,
kp¼ 0.49 mm21, mC¼ 3 × 1025 me (me is the free electron mass), mX¼ 0.22me,
t¼ 10 ps, a2¼20.1a1, �hv 2 ELP(kp)¼ 0.16 meV. The c.w. pump was
characterized by Lx¼ 42.5 mm, Ly¼ 34 mm and xp¼ 0 mm. The c.w. probe was
characterized by Lx¼ Ly¼ 2.5 mm and xp¼215 mm.
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