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Polariton spin whirls
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We report on the observation of spin whirls in a radially expanding polariton condensate formed under
nonresonant optical excitation. Real space imaging of polarization- and time-resolved photoluminescence reveals
a spiralling polarization pattern in the plane of the microcavity. Simulations of the spatiotemporal dynamics of
a spinor condensate reveal the crucial role of polariton interactions with a spinor exciton reservoir. Harnessing
spin-dependent interactions between the exciton reservoir and polariton condensates allows for the manipulation
of spin currents and the realization of dynamic collective spin effects in solid-state systems.
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I. INTRODUCTION

Phase transitions in atomic Bose Einstein condensates
(BECs) are associated with symmetry breaking and the
appearance of topological defects. In quantum fluids the ap-
pearance of quantized vortices in a rotating condensate marks
the transition to the superfluid regime [1]. In the case of
spinor condensates the extra degree of freedom provided
by the spin gives rise to complex spin patterns, known as
merons [2] and skyrmions [3]. These structures appear as
intricate spin textures due to the rotation of the spins across
the condensate induced by dipole-dipole interactions [2].
Spontaneous rotation of the spin textures and breaking of
chiral symmetry has been reported in a spinor BEC with
ferromagnetic interactions [4]. Skyrmions and other nontrivial
spin structures have also been observed in two-dimensional
(2D) superfluid Fermi gas [5], topological insulators [6], and
magnetic thin film materials [7]. This tremendous interest in
exploring the physics of spin textures is motivated by their
strong relation with fundamental phenomena, such as the spin
Hall effect in semiconductors [8,9] and spontaneous symmetry
breaking in BECs [10], but also by their potential in future
applications, such as low-power magnetic data storage [11]
and logic devices [12].

In this work, a dynamical spin texture in polariton micro-
cavity is studied. Polaritons are bosonic quasiparticles formed
by the strong coupling between quantum well excitons and the
photonic mode of a planar semiconductor microcavity [13,14].
When the polariton population is increased above a threshold
density, stimulated scattering leads polaritons to macroscop-
ically occupy the ground state of the dispersion and form a
nonequilibrium BEC [15,16]. Being bosons, polaritons possess
an integer spin with two possible projections of the angular
momentum (Sz = ±1) on the structural growth axis (z) of the
microcavity. Their spin can be optically accessed by means of
polarization measurements and described theoretically within
the pseudospin formalism [17]. One of the most important
effects involving polariton spin is the so-called optical spin
Hall effect (OSHE) [18], observed in both polaritonic [19]
and photonic [20] microcavities. The effect is enabled by
the energy splitting between transverse-electric (TE) and

transverse-magnetic (TM) polarized modes [21], which occurs
naturally in microcavities and results in spin currents propa-
gating over hundreds of microns in both resonant [22] and
nonresonant configurations [23]. Due to the OSHE, the long-
range coherence [24], and fast spin dynamics [25], polaritons
have been proposed as a potential candidate for the realization
of a new generation of spinoptronic devices [26]. In this
regard, the contribution of a spin-dependent exciton reservoir
has not been considered thoroughly, although in nonresonant
experiments and in the proximity of the excitation spot, exciton
interactions dominate over other types of interactions [27] and
can directly affect the spin dynamics of polaritons [28].

In this paper, we report on the experimental observation of
spin whirls in the radial expansion of a polariton condensate
formed under nonresonant optical excitation in a GaAs quan-
tum well (QW) microcavity. A spin whirl is a spin texture that
rotates in the microcavity plane due to the interplay between
the TE-TM splitting and the interaction with an exciton
reservoir. The TE-TM splitting alone is responsible for the
formation of symmetric two-dimensional (2D) spin textures,
which is intrinsically a linear effect [22]. As a consequence, the
orientation of the spin current in the microcavity plane remains
fixed in time. However, in the case of a radially expanding
condensate, nonlinear interactions with the exciton reservoir at
the spatial center of the condensate produce a spiralling effect,
which culminates in a coherent rotation of the whole spin
texture. The rotation is traced in an inherent spin imbalance
in the exciton reservoir that acts as an effective magnetic
field due to the anisotropic exciton-polariton interactions. We
observe the spiralling effect in both time- and energy-resolved
measurements. Simulations based on the Gross-Pitaevskii
equation (GPE) coupled with an exciton reservoir unveil the
role of the spin-imbalanced exciton reservoir in reproducing
the experimental observations.

The paper is organized as follows: In Sec. II we describe
the sample and the experimental setup. In Sec. III we report
the main experimental and theoretical results showing the
rotating spin textures in the plane of the microcavity, i.e. the
spin whirls. In Sec. IV the theoretical model is presented and
explained. In Sec. V we discuss the physical origin of the spin
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FIG. 1. (Color online) Snapshots of the spatiotemporal dynamics of the degree of circular polarization Sz under nonresonant linearly
polarized excitation at (a) 38 ps, (b) 41 ps, and (c) 46 ps showing the clockwise rotation of the spin texture within the microcavity plane (zero
time is defined at the PL onset; see the full dynamics in supplementary video S1 [29]). Panels (d)–(f): Theoretical simulations showing the
circular Stokes vector of the spin whirls at (d) 30 ps, (e) 45 ps, and (f) 60 ps. The parameters used in the simulations are reported in Ref. [34].

whirls and present additional measurements. Conclusions and
perspectives are reported in Sec. VI.

II. SAMPLE AND EXPERIMENTAL SETUP

We use a 5λ/2 AlGaAs-GaAs microcavity, with four sets of
three QWs, characterized by a cavity photon lifetime of ∼9 ps
and a Rabi splitting of 9 meV. All the data presented here are
recorded at negative exciton-photon detuning, � = −4 meV,
and under a nonresonant (1.653 eV) pulsed optical excitation
(250 fs, 80 MHz) of 7 mW, focused to a ∼2 μm FWHM
spot using a 0.4-numerical aperture objective. The excitation
beam is linearly polarized with polarization extinction ratio
higher than 1:103. Photoluminescence (PL) is then collected
in reflection geometry through the same objective, analyzed
by a polarimeter composed of a λ/2 or λ/4 wave plate and a
linear polarizer and projected on the entrance slit of a streak
camera, with 2 ps temporal resolution (see Sec. 1 (S1) of the
Supplemental Material [29] for details).

III. ROTATING SPIN TEXTURE: THE SPIN WHIRLS

Under nonresonant linearly polarized excitation, time-
and polarization-resolved measurements reveal a clockwise
rotation of the entire spin texture in the plane of the microcavity
at an angular velocity of about 0.11 rad/ps. This is shown in
Figs. 1(a)–1(c) for the z component of the Stokes vector, i.e.,
the degree of circular polarization, Sz = (Iψ+ − Iψ−)/Itot, with
Iψ+ and Iψ− being the measured intensity of the two circular po-
larization components and Itot = Iψ+ + Iψ− (see Supplemental
Material [29], video S1 for full dynamics). The nonresonant
excitation creates a reservoir of hot excitons, which rapidly
relaxes to populate the lower polariton dispersion and form a
polariton condensate [15]. At the pump spot position, due to
the repulsive interactions between polaritons and the exciton
reservoir, the condensate is blue-shifted in energy. Outside the
pump spot, this potential energy is converted to kinetic energy
with an in-plane wave vector (here k � 2.8 μm−1) determined
by the cavity lifetime and the gradient of the potential [16].
Thus, highly focused Gaussian excitation (∼2 μm FWHM)
produces a cylindrically symmetric potential that leads to the

radial expansion of polaritons in the plane of the microcavity
(see video S2).

IV. THEORETICAL MODEL

To accurately model the spin dynamics in the exciton-
polariton system, an open-dissipative Gross-Pitaevskii equa-
tion (1) describes the polariton spinor order parameter (�±),
which is then coupled with the exciton reservoir density (N±)
[30]:

i�
d�±
dt

=
[
Ê − i�

2τp

+ α|�±|2 + Gσ±P (r,t)

+
(

gR + i�rc

2

)
N±

]
�± + ĤLT�∓, (1)

dN±
dt

= −
(

1

τx

+ rc|�±|2
)
N± + σ±P (r,t). (2)

These equations model the process of polaritons being gener-
ated from a hot exciton reservoir and then scattered into the
ground state of the condensate. The coupled equations take
into account the energy blue shift of the condensate due to
interactions with excitons (with interaction strength gR). Ê is
the condensate kinetic energy; τp and τx are the polariton
and exciton lifetimes respectively. It has been shown that
the dominant component of interactions between polaritons
comes from the exchange interaction [31]. In our model, the
same-spin polariton interaction strength is characterized by the
parameter α. We neglect interactions between polaritons with
opposite spins, which are typically smaller in magnitude [32]
at energies far from the biexciton resonance [33]. The exciton
reservoir is driven by a Gaussian pump, P (r,t), as in the exper-
iment, and feeds the polariton condensate with a condensation
rate (rc). An additional pump-induced shift is described by
the interaction constant G to take into account other excitonic
contribution to the blue shift [30]. The polarization of the pump
is controlled by the parameters σ+ and σ− (e.g., a horizontally
polarized pump would correspond to σ+ = σ− = 1). ĤLT is
the TE-TM splitting which mixes the spins of the polaritons:

ĤLT = �LT

k2
LT

(
i

∂

∂x
± ∂

∂y

)2

, (3)
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FIG. 2. (Color online) Panels (a)–(c): Spin textures showing the
evolution of the degree of circular polarization Sz after 50 ps in a
system excited with (a) nearly circular (σ+= 1; σ−= 0.1), (b) linear
(σ+= σ−= 1), and (c) elliptical (σ+= 1; σ−= 0.9) pump polarization.
Panels (d) and (e): Dynamics of the condensate and reservoir at
the pump position under elliptical pumping. (d) Energy splitting vs
time of the polariton condensate (blue [dark gray] line) and exciton
reservoir (red [light gray] line). (e) Density vs time of the �± polariton
condensate andN± exciton reservoir at the pump position. The dashed
line indicates the position where the energy splitting in panel (d)
reverses.

with �LT being half TE-TM splitting at wave vector kLT. The
TE-TM splitting is defined by the ratio �LT/k2

LT, while the
in-plane wave vector of polaritons is given by the operator in
the round brackets. The parameters used in the simulations are
reported in Ref. [34].

V. DISCUSSION

A. Different pump polarizations give rise
to different spin textures

In Fig. 2, the theoretical circular Stokes polarization
patterns obtained with circularly [Fig. 2(a)] and linearly
[Fig. 2(b)] polarized pumps are shown. In the nonlinear
regime, the circular pump allows for injection of a single
spin condensate that due to OSHE evolves to concentric
rings of alternating spin [23], as shown in Fig. 2(a). The
cylindrically symmetric patterns observed here are due to the
fact that the polariton pseudospin, directed along the z axis in
the Poincaré sphere, is always perpendicular to the effective
magnetic field, lying on the x-y plane. Under linearly polarized
pump [Fig. 2(b)] due to the absence of spin imbalance in
the exciton reservoir, the fermionic component of excitons
produces strong exchange coupling between bright and dark
states that force the condensate to be linearly polarized [35].

In this case, the typical OSHE pattern is retrieved due to the
Stokes vector precessing at 45◦ to the x, y axis [18]. It has been
predicted that under linear excitation the condensate forms a
Skyrmion pattern [36].

For the creation of polarization-symmetry-breaking tex-
tures such as the spin whirls observed here, a spin imbalance is
necessary. Although we excite with a highly linearly polarized
beam (extinction ratio higher than 1 : 103), an ellipticity is
created due to the high numerical aperture of the focusing lens.
Indeed, the electric field of a linearly polarized beam, when
focused by a high-NA objective, acquires nonzero components
in the two directions perpendicular to the polarization of the
incident field (i.e., at the focal plane the electric field vector
sweeps an ellipse) [37,38]. Thus, the tight focus of a linearly
polarized excitation beam breaks the rotational symmetry of
the σ+ and σ− polarizations and introduces an ellipticity in
the pump spot. We have measured an ellipticity of 10% for the
excitation conditions used in the experiment (see Supplemental
Material [29], S3).

In the simulations, we introduce a 10% ellipticity in the
linearly polarized pump, i.e., elliptical pulse with (σ+,σ−) =
(1,0.9), and observe that the circular polarization patterns
rotate, as shown in Fig. 2(c).

B. Spin whirls origin

To understand this behavior, we must first consider that
polaritons can only be generated in the vicinity of the localized
pump spot, which serves as the source for the entire spatial spin
pattern. The time-dependent spatial rotation observed in our
configuration is, in fact, a manifestation of varying polarization
at the pump spot location.

The varying polarization at the pump spot is generated by
the ellipticity of the Gaussian pump, which populates one
circular component of the reservoir faster than the other. This
leads to a splitting gR(N+ − N−) of polaritons [Fig. 2(d)],
which can be thought of as an effective Zeeman splitting at the
pump spot. Here, the imbalance between the two populations
[Fig. 2(e)] induces an effective magnetic field along the
z direction (
z) [39], which causes the precession of the
Stokes vector in the Poincaré sphere, as shown schematically
in Fig. 3(a). Due to its excitonic nature, 
z exists only at the
pump spot position where the exciton reservoir is localized.
Away from the excitation spot, the polariton pseudospin
dynamics is essentially driven by the TE-TM splitting of the
polariton mode, represented by an in-plane effective magnetic
field, 
LT [18] [Fig. 3(b)]. The combination of these two
rotations is at the origin of the polariton spin whirls. The
rotating polarization at the source results in the appearance of
rotating spiral arms in the spatial distribution of the circular
polarization degree, in analogy to the water jets created by a
rotating sprinkler head [Figs. 1(d)–1(f)]. The energy splitting
between �+ and �− states at the pump spot can also be gen-
erated by interactions between polaritons, α(|�+|2 − |�−|2),
where the corresponding precession in linear polarization was
previously described [40]; however, we find that the dominant
contribution to the splitting is caused by the exciton reservoir
splitting, gR(N+ − N−) (see Supplemental Material [29], S4).
The small imbalance between �+ and �−, induced by the
ellipticity of the pump polarization, results in picosecond scale
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FIG. 3. (Color online) The pseudospin vector S(t) (blue [dark
gray] arrows) in the Poincaré sphere at (a) the pump spot and
(b) outside the pump. At the pump spot position, (a), S(t) precesses
around the z direction since |
z| > |
LT|. Outside the pump spot, (b),
S(t) precesses around 
LT since |
LT| > |
z|. (c) Time-resolved,
spatially integrated measurements of the two circular polarization
components (�+, red [light gray] and �−, blue [dark gray])
PL intensity, normalized and integrated over the area imaged in
Figs. 1(a)–1(c), i.e., (460 × 340 ) μm2. In green (very light gray) we
show the time-resolved degree of circular polarization Sz averaged
over an area (1.78 × 1.78 ) μm2, centered at (0,0 ) μm in Figs. 1(a)–
1(c), comparable with the 2-μm FWHM excitation spot. The blue
(dark gray) solid circles annotated with (A), (B), and (C) refer to the
three snapshots of Figs. 1(a)–1(c).

oscillation in the circular emission [red (light gray) and blue
(dark gray) profile in Fig. 3(c)] indicated in the literature as
features of bosonic stimulation [41,42]. Experimentally, the
rotation of the polarization at the pump spot is confirmed
by the average of the degree of circular polarization calculated
at the pump spot position, which oscillates between ±0.1,
as shown in Fig. 3(c) (green [very light gray] profile) and
coincides with the rotation of the spin textures [Figs. 1(a)–
1(c)]. The differences in the time dynamics observed in
experiment and theory are due to differences in the reservoir
dynamics occurring at the pump spot position. Typically
polariton condensation is described with the use of a single
reservoir model [16]. While modeling using multiple reservoir
levels may offer a closer fit to the dynamics [43,44], we do not
expect significant changes in the spatial patterns, which are
the main focus of our work.
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FIG. 4. (Color online) Snapshots of real space, spectral tomog-
raphy of the degree of circular polarization Sz at (a) 1.541 eV and
(b) 1.540 eV showing the clockwise rotation of the spin whirls within
the microcavity plane under nonresonant linearly polarized excitation.

C. Additional measurements

We have repeated the same experiments at the same
conditions of detuning, power, and excitation spot size but now
exciting with a circularly polarized beam (see Supplemental
Material [29], S5 and video S3). In this case, polariton conden-
sation results in a highly imbalanced population [Fig. S4(b)]
and the small ellipticity induced by the tightly focused spot
will not play a relevant role as in the case of linearly
polarized pump. As a consequence, the imbalance between
the two polariton populations is set by the pump and preserved
throughout the entire process so that no oscillation of the
polarization appears at the pump spot [Fig. S6(d)] and the
spin texture does not rotate (see Supplemental Material [29],
S5).

Finally, we study the rotation of the spin textures using
real space spectral tomography under the same excitation
conditions as in Figs. 1(a)–1(c). This is shown in Fig. 4. Under
nonresonant optical excitation, the pseudospin dynamics of
polaritons is strongly connected with the energy relaxation
of the exciton reservoir immediately after the arrival of the
excitation pulse. The decay of the exciton reservoir in time
results to a gradual decreasing potential energy that polaritons
experience at the pump spot. The interplay between the
polariton spin and the energy relaxation of the exciton reservoir
give rise to spin textures with different chirality (i.e., their
image does not coincide with their respective mirror image) at
different energies, similarly to the spin vortices at different
energy observed in atomic condensate with ferromagnetic
interactions [4]. The typical quadrature of the OSHE rotates by
∼45◦ in the plane of the microcavity due to the rotation of the
linear polarization axis by ∼90◦ in the Poincaré sphere. This
is also confirmed in k space (see Supplemental Material [29],
video S4), where the variation of the linear polarization at the
source results in the appearance of rings of opposite circular
polarization [45]. Thus, due to the varying polarization at
the pump spot and the decrease of the blue shift with time,
polaritons with spin up or down populate concentric rings in k

space (see Supplemental Material [29], video S4).
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VI. CONCLUSIONS

In conclusion, we have observed and studied the dynamics
of spin whirls in polariton microcavities. We demonstrated that
the appearance of spin whirls is due to a dynamical optical
spin Hall effect, which originates from the TE-TM splitting
of propagating modes and a self-induced Zeeman splitting
at the pump spot. The strong nonlinear interactions between
polaritons and the exciton reservoir induce a collective rotation
of the 2D textures in the plane of the microcavity. An analogous
but static pattern of indirect exciton spin currents was observed
under continuous wave excitation and a real magnetic field in
coupled quantum wells [46]. Here, we emphasize the dynamic
induction of an effective magnetic field on the picosecond

scale and the resulting dynamic control of spin currents, which
is an additional step toward the realization of spinoptronic
devices.
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