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The optical spin Hall effect is a transport phenomenon of exciton polaritons in semiconductor

microcavities, caused by the polaritonic spin-orbit interaction, which leads to the formation of spin

textures. The control of the optical spin Hall effect via light injection in a double microcavity is

demonstrated. Angular rotations of the polarization pattern up to 22� are observed and compared to

a simple theoretical model. The device geometry is responsible for the existence of two polariton

branches which allows a robust independent control of the polariton spin and hence the polarization

state of the emitted light field, a solution technologically relevant for future spin-optronic devices.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975681]

The detection and manipulation of spins have wide

applications in areas ranging from quantum computing,

information, and spintronics,1 to ubiquitous medical imaging

techniques such as Magnetic Resonance Imaging (MRI).

Major research efforts have focused on photonic counterparts

to magnetic spin systems, including the plasmonic spin Hall

effect,2 and importantly, wide-ranging investigations of the

spin orbit interactions of light.3–7 All-optical spin systems

combine the benefits of magnetic spin systems and their spin

dynamics with the highly developed technology of optical

preparation and detection of polarization states (the optical

analogue of spin). A promising semiconductor system is a

microcavity containing semiconductor quantum wells, where

spin states of exciton-polaritons can be created optically and

the transverse-electric and transverse-magnetic (TE-TM)

splitting yields a spin-orbit interaction that can be described

by an effective magnetic field. This, in turn, gives rise to the

so-called optical spin Hall effect (OSHE):8–13 Since polari-

tons with different in-plane wave vectors experience differ-

ent effective magnetic fields, an isotropic distribution of

polaritons on a ring in wave vector space can lead to an

anisotropic polarization texture or pattern,8,11,14,15 both in

real (configuration) and wave vector spaces.

In the following, we demonstrate the all-optical manipu-

lation and well-defined control of the polarization/spin tex-

ture. Our setup is conceptually simple: a double micocavity

provides two polariton branches,16 one that contains the off-

axis (k 6¼ 0) polaritons, which actually form the OSHE pat-

tern and which do not couple directly to the external field,

and one that contains the k ¼ 0 polaritons that are directly

pumped by an external field at normal incidence. It allows

for robust steady state control that would be required in

future device applications. We show that a circularly polar-

ized pump rotates the far-field polarization/spin texture. The

rotation angle generally increases with the pump spot size,

and for Gaussian beam profiles, its dependence on the pump

power approaches a simple arctangent law in the limit of

large spot sizes.17

The sample consists of two coupled k=2 Ga0.05Al0.95 As

cavities embedded between three Ga0.05Al0.95As/Ga0.8Al0.2As

Bragg mirrors with 25 (back), 17.5 (middle), and 17.5

(front) pairs, respectively (Fig. 1(a)). The nominal Q factor

is around 105 and the middle Bragg mirror induces an

approximately 10 meV coupling between the bare cavity

modes. In each cavity, 3 sets of four 7 nm GaAs quantum

wells are inserted at the antinodes of the field resulting in a

13 meV Rabi splitting. A wedge is introduced in the cavi-

ties thickness during the growth by molecular beam epi-

taxy. This wedge allows to tune the cavity mode energies

with respect to the bare excitonic mode energy.

Experiments are performed at T¼ 6 K, the excitation laser

is provided by a single mode Ti:Sapphire laser, Fig. 1(b).

The sample is excited at normal incidence with circularly

polarized light. The pump beam is hidden by a spatial fil-

ter. The polarization-resolved far-field spectroscopy is

obtained by projecting the Fourier plane of the detection

objective on a cooled CCD camera.

Figure 2(a) shows a typical far-field pattern of the elasti-

cally scattered light for the degree of linear polarization

given by the Stokes parameter S1ðkÞ, where k is the polari-

ton’s in-plane wavevector, which determines the direction in

which the emitted field propagates in the far field. The

Stokes parameter S1 is positive (negative) if the polarization

state of the field is mostly x (y). The polarization pattern is

centro-symmetric and is composed of four quadrants which

are mainly linearly polarized. Along the horizontal and verti-

cal axes, i.e., for momentum along the analyzer direction, a

clear splitting in momentum space between the horizontal
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and vertical branches is observed. This momentum splitting

results from the large TE-TM splitting of the lower polari-

tonic branches at such large momentum.

The pattern shown in Fig. 2(a) can be manipulated in a

well-controlled fashion by the application of a pump field.

Before discussing the experimental results of the control

effect, we introduce some useful theoretical concepts. A sim-

ple pseudo-spin model of the optical spin Hall effect9,11

allows to gain insight into the formation and control of the

pseudospin pattern. The pseudo-spin vector S is given in

terms of the Stokes parameters formed by the polariton wave

functions. The evolution of S is given by the following tor-

que equation:

_SðkÞ ¼ BðkÞ � SðkÞ � cSðkÞ þ RðkÞ; (1)

which includes the effective magnetic field BðkÞ, a decay

term (with decay rate c), and a source R. Positive (negative)

S1 corresponds to dominant x (y) linear polarization compo-

nents of the polariton fields, and positive (negative) S3 to

“þ” (“�”) circular polarizations. Throughout this paper,

we assume a “þ” circularly polarized pump, and hence

R ¼ ð0; 0;RÞ. In steady state, we find S1 ¼ AðcB2 þ B1B3Þ
with A ¼ ðR=cÞðB2 þ c2Þ�1

. In the low density limit, the

magnetic field is restricted to the 1–2 plane of the three-

dimensional pseudo-spin space (B3 ¼ 0), and has the angle

dependence BðkÞ ¼ Dkðcosð2/Þ; sinð2/Þ; 0Þ, where Dk is

the splitting between the TE and TM modes, and / is the

azimuthal angle of the vector k.8,11 For example, for / ¼
45� the torque of the B-field has only a positive B2 compo-

nent and rotates S towards positive S1, i.e., toward x-

polarization until it settles to steady state (in this case in the

1–3 plane). At / ¼ �45�, the negative B2 component of B

would favor y-polarization. Indeed, for B3 ¼ 0 we have

S1 ¼ AcB2ð/Þ, creating the familiar9,11 polarization map of

S1 with the polariton in-plane momentum polar angle /.

To gain a quantitative insight in the OSHE, it is neces-

sary to determine the orientation of the polarization far-

field pattern. This is made possible by integrating the inten-

sity observed in both linear polarization channels on the

elastic circle over momentum amplitude (in the range of

3.16–3.64 lm�1). This yields a radial average of the degree

of linear polarization given by �S
ðnÞ
1 ¼ X�Y

XþY as represented in

Fig. 2(b), where X and Y are the integrated intensities in

horizontal and vertical polarizations, respectively, and the

superscript “n” denotes a normalized Stokes parameter (i.e.,

divided by the total power XþY). The radial average �S
ðnÞ
1

shows a predominant sinð2ð/� /0ÞÞ dependence, as shown

in Fig. 2(b), for two different powers. The observed peak-

to-peak linear polarization amplitude is the characteristic of

our whole measurement datasets regardless of power. We

denote by /0 the angle at which �S1ð/Þ vanishes. The rota-

tion angle /0 is a quantitative measure of the OSHE con-

trol. When the power of the incoming pump beam is

changed, we observe a shift of the orientation /0 of the

average degree of linear polarization while the far-field

polarization pattern 2(a) is almost unchanged.

The �S
ðnÞ
1 data are fitted using a multipolar expansion

up to the eighth order: �S
ðnÞ
1 ¼ Ad sinð/þ hDÞ þ Aq sinð2ð/

�/0ÞÞ þ Ao sinð4/þ hOÞ where sinusoidal terms are
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FIG. 1. (a) Sketch of the double microcavity and the corresponding disper-

sion relationship of the two lower polariton branches. (b) Sketch of the

experimental setup.

FIG. 2. (a) Experimentally observed far-field polarization texture S1ðkÞ,
obtained for a 22 mW “þ” circularly polarized pump incident on the cavity.

(b) Experimental angular variation of the radial average, �S
ðnÞ
1 , for two inci-

dent excitation powers (blue 10 mW and red 22 mW) displaying a light-

induced shift of �13:8�60:7� of the angular orientation as indicated by the

positions of the zero crossings (vertical lines). The dashed lines correspond

to the fit described in the text.
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dipolar, quadrupolar, and octopolar terms in a consecutive

order. According to the theoretical model developed here,

the circularly polarized excitation–linearly polarized detec-

tion scheme has the key advantage over the polarization con-

figuration originally considered for the OSHE observation11

that when the pump power is changed, only the quadrupolar

phase is modified. In this configuration, the various sources

of experimental imperfections (excitation and detection

polarization miscalibration, built-in stress, optical misalign-

ment, k¼ 0 position on image) do not affect the quadrupolar

phase except for spherical aberrations of the imaging setup

and polarization-dependent elastic scatterings, which are

intensity-independent.

In Fig. 3(a), we plot the zero crossing /0 extracted from

data analysis as a function of power. The standard errors

obtained from fitting are multiplied by a factor
ffiffiffiffiffiffiffiffiffiffiffiffi
bc=bd

p
,

where bc ¼ 3:7� is the characteristic autocorrelation angle of

residuals, and bd ¼ 0:6� is the discretization step angle of

data to account for the spatial correlation effects on fitting

results. The 68% of expanded uncertainty indicated by the

error bars in Fig. 3(a) takes into account the experimental

accuracy of 0.6� due to the waveplate positioning. The experi-

mental data in Fig. 3(a) exhibit a smooth orientational shift of

the OSHE with the increasing power reaching up to 22�. We

have verified that this response is independent of the choice of

the analyzer orientation and that reversing the circular polari-

zation of the pump reverses the polarization orientational

shift. We have not observed a bistable behaviour.

Our results indicate that using a circularly polarized

optical pump allows to create substantial densities of circu-

larly polarized polaritons. As a result of Coulombic polariton

interactions, the excited polaritons create a B3 component of

the effective magnetic field. This has been found in Refs.

18–20 for the case of a single cavity where the B3 component

has been reported to result in a self-induced Larmor preces-

sion. In Ref. 17, we give a generalization of the interactions

to the case of a double cavity which is technologically rele-

vant as the two lower polariton branches can be functional-

ized as control (here the pump) and signal channel (here the

elastic circle). For the present simplified pseudo-spin argu-

ment, it suffices to assume B3 6¼ 0 as a consequence of the

optical pumping. Then the nutation of an initially created

pseudo-spin along the S3-direction is more complex. Now

the steady state solution is

S1 ¼ AðcB2 þ B1B3Þ / cosð2/þHÞ; (2)

where tan H ¼ �c=B3. This shows that increasing B3, i.e.,

increasing the optical pumping, rotates the stationary pseudo-

spin texture by the angle H.

Theoretical predictions from the pseudo-spin model are

shown in Fig. 3(b) in the relevant power range for a direct

comparison to Fig. 3(a). The simplified pseudo-spin model

slightly overestimates the rotation angle due to the infinite spot

size assumption. The experimental pump beam is a Gaussian

beam with a full-width half maximum of approximately

50 lm. The corresponding exciton density is obtained by writ-

ing the energy conservation of the cavity, balancing incident,

reflected and transmitted powers with a loss through exciton

recombination Pinc � crecjpj2, where Pinc is the incident

power, jpj2 is the exciton density in each quantum well

(approximately the same for all quantum wells), crec is the

recombination rate (including radiative and non-radiative

recombination), and the proportionality constant (omitted here)

is given in Ref. 17. Considering a lifetime srec ¼ �h=crec of

about 100 ps as expected for our experiment, the scales of

Figs. 3(a) and 3(b) are in direct correspondence. Consequently,

the simplified pseudo-spin model gives a correct order of mag-

nitude for the amplitude and saturation of the control of the

OSHE.

In conclusion, the clear all-optical control on the

pseudo-spin currents obtained using a simple double micro-

cavity in the elastic scattering regime allows to envision the

logic spin-optronic network21–23 based on the polaritonic

devices. Previous studies on the control of the OSHE were

done in the Bose-Einstein condensation regime where polari-

tonic Bose-Einstein condensate dynamics is entangled with

the pseudo-spin dynamics.8 This work shows that a simple

and independent control is possible provided that two inde-

pendent polaritonic channels are used. Future developments

for spinoptronic-based computation24 involve the lateral con-

finement of polaritons by patterning the microcavity25–29 and

the temporal control of the input data by using short pulse

sequences.

FIG. 3. (a) Experimental angular orientation (zero-crossings) /0 vs. incident

excitation power. The thin dashed curve is merely a guide for the eye. (b)

Theoretical angular orientation (zero-crossings) /0 of the radial average,
�S
ðnÞ
1 , from Eq. (2). The horizontal axis represents the exciton density, which

is a fraction of the LP2 polariton density. The power range in (b) is esti-

mated to correspond to the range of exciton densities in (a), see Ref. 17.
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