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Spin-valley locking is a striking feature of free charge carriers 
and excitons that emerges in monolayers of transition metal 
dichalcogenides (TMDCs)1,2. It originates from the strong 

spin–orbit interaction3, which arises from the heavy transition met-
als in TMDCs and the broken inversion symmetry of the crystal 
lattice. This leads to inverted spin orientations at opposite K points 
at the corners of the hexagonal Brillouin zone, for both conduction 
band electrons and valence band holes. As a result, the K and K′ 
valleys can be selectively addressed by σ+ and σ− circularly polar-
ized light4,5, which is referred to as valley polarization. Likewise, 
coherent superpositions of both valleys can be excited by linearly 
polarized light, which is referred to as valley coherence. The pre-
cise control of the valley pseudospin has attracted great interest in 
exploiting this degree of freedom to encode and process informa-
tion by manipulating free charge carriers6 and excitons7–9, which 
has led to the emerging field of valleytronics10. However, exciton 
spin-valley applications are strongly limited by the depolarization 
mechanisms due to the strong Coulomb exchange interaction of 
electrons and holes, as well as by the limited exciton diffusion and 
propagation lengths.

Thus far, in most experiments, TMDC monolayers were non-
resonantly excited several hundreds of millielectronvolts above the 
ground state, so that excitons were created with a finite centre-of-
mass wave vector11. In this configuration, the long-range Coulomb 
exchange interaction of the exciton’s constituent electron and hole 
creates an efficient depolarization mechanism12,13. The eigenstates of 
excitons with their dipole orientation parallel to the wave vector (lon-
gitudinal exciton) and with their dipole orientation perpendicular  

to the wave vector (transverse exciton) are split in energy. This so 
called L–T splitting increases linearly with the centre-of-mass wave 
vector, and mixes the K and K′ excitons, which ultimately leads to a 
depolarization of excitons during their energy relaxation14.

One way to reduce this depolarization effect is to excite the sys-
tem quasiresonantly close to the exciton transition energy. As a 
result, excitons are created with small in-plane wave vectors thatcor-
respond to a relatively small L–T splitting, and need to undergo less 
inelastic scattering events before their radiative decay (compared 
with non-resonantly excited excitons). This approach has been 
used to measure reasonably high degrees of circular polarization 
(DOCP) in MoS2 (40%)15, WS2 (90%)16 and WSe2 (40%)17 monolay-
ers at cryogenic temperatures and DOCP values up to 30% in a WS2 
monolayer at room temperature18. However, in MoSe2 a DOCP of 
only a few per cent has been observed this way19,20. To achieve close-
to-unity valley polarization, excitons in WSe2 have been resonantly 
excited in a two-photon absorption process21.

An alternative approach to enhance the valley polarization is the 
tailoring of the electrodynamic environment of the monolayer. This 
can be accomplished by the integration of a TMDC monolayer into 
an optical microcavity, resulting in the formation of exciton-polari-
tons (polaritons)20,22. This approach has been used to increase the 
DOCP in MoS2 and WS2 monolayers at room temperature23–25 and 
to induce a significant valley polarization in MoSe2 monolayers20,26 
at cryogenic temperatures. Here, the strong coupling between the 
optical cavity mode and the monolayer exciton speeds up the energy 
relaxation and decay dynamics, which is beneficial for preserv-
ing the valley polarization20,23,26. Moreover, intervalley scattering  
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is greatly suppressed in the strong coupling regime20, owing to the 
strongly reduced disorder scatting of the photon component of the 
polariton27. Polaritons in TMDC monolayers also have a much lon-
ger diffusion length than excitons in a bare monolayer28–30, which 
should be a substantial advantage with respect to the spatial separa-
tion of valley-tagged excitations.

In this work, we make use of these two approaches to enhance 
valley polarization and valley coherence in a TMDC monolayer. 
First, we strongly couple excitons in an elongated MoSe2 mono-
layer to the optical mode of a mechanically assembled high-quality 
(Q)-factor microcavity. Next, we excite the exciton-polariton states 
quasiresonantly close to their ground state by a two-photon absorp-
tion process. Combining both approaches enables us to generate 
valley polarization and valley coherence of the quasiparticles with 
circular and linear polarization degrees exceeding 90%. The ulti-
mate control over valley polarization and valley coherence is key 
for observing the optical valley Hall effect (OHVE): polaritons with 
opposite valley indices propagate in different directions, resulting 
in the valley separation of exciton-polaritons, analogous to spin-up 
and spin-down electrons in a semiconductor driven by an external 
electric field31. We demonstrate this effect by studying the polariza-
tion of polaritons expanding along the monolayer. The spin–Hall 
phenomenology in optical distributed Bragg reflector (DBR) cavi-
ties, which is translated to the valley Hall physics in chiral valley 
monolayers, arises from the splitting of the transverse electric and 
transverse magnetic modes at finite in-plane wave vectors32. This is 
qualitatively similar to the L–T splitting of excitons, but the trans-
verse electric–transverse magnetic splitting is approximately two 
orders of magnitude larger27. Thus, if excitons strongly couple to a 
microcavity photon mode and propagate with finite velocities, the 
emergent polaritons experience a spin-dependent propagation32. In 
our sample, this is manifested in a clearly observed and closely con-
trollable spatial separation of valley-tagged polaritons, which is a 
clear-cut feature of the OVHE27.

Sample structure and polariton formation
The studied sample structure is schematically depicted in Fig. 1a. 
The mechanically assembled microcavity is built by transferring 
a MoSe2 monolayer onto a SiO2/TiO2 bottom DBR (10 pairs, stop 
band centre at 750 nm) with a dry-gel method33. The monolayer was 
mechanically exfoliated from a bulk crystal. We then spin-coated 
a 126-nm-thick polymethyl methacrylate (PMMA) buffer layer. 
Finally, a piece of a separate SiO2/TiO2 DBR with lateral dimen-
sions of a few tens of micrometres (8.5 pairs, stop band centre at 
750 nm) is mechanically peeled off its substrate. This piece is trans-
ferred onto the buffer layer with the same dry-gel method33. Van der 
Waals forces are sufficiently strong to keep the top DBR in place. 
We found that such microcavities demonstrate Q factors up to 4,600 
(see Supplementary Section 1). Figure 1b shows a microscope image 
of the final structure (top view), in which the MoSe2 monolayer 
(8 × 40 µm2) is marked in blue. A photoluminescence spectrum of 
the monolayer capped with PMMA was taken at 5 K (Fig. 1c) before 
the microcavity was completed with the top DBR. The monolayer 
exhibits a neutral exciton resonance at 745.5 nm/1.663 eV and a 
charged exciton (trion) resonance at 759.8 nm/1.632 eV. Figure 1c 
also shows a reflectivity spectrum of the uncoupled cavity mode at 
747.3 nm/1.659 eV, measured close to the monolayer.

First, we probe the in-plane-momentum-resolved photolu-
minescence of the full structure at the monolayer position at 5 K 
under continuous-wave excitation with a titanium:sapphire laser 
(Msquared SolsTiS) at 740 nm. Neither the cavity mode, nor exciton 
or trion can be observed, but a new mode appears with a ground 
state at 761.4 nm/1.628 eV, as presented in Fig. 1d. This mode has a 
parabolic dispersion at small in-plane-momentum components par-
allel to the long axis of the monolayer. In contrast, if the dispersion is 
measured perpendicular to the monolayer extension, discrete levels  

appear in the photoluminescence spectrum (depicted in Fig. 1e). 
The mode splitting of 2.7 meV between the fundamental and first 
excited modes is fully consistent with an optical mode confinement 
caused by the monolayer width of 8 µm (see Supplementary Section 
5). We attribute this new mode to the lower polariton branch of 
the strongly coupled exciton–cavity system. The upper polariton 
branch (and likewise, the lower polariton states with large in-plane 
wave vectors) are typically not observed in photoluminescence 
spectra acquired under non-resonant pumping, as the thermal pop-
ulation of polaritons can be very low at cryogenic temperatures34. 
To provide further evidence for the formation of exciton-polaritons, 
that is the strong light–matter coupling regime, we have carried 
out two-photon excitation experiments (Supplementary Section 
2), magnetic field measurements (Supplementary Section 3) and 
white-light reflection measurements at various temperatures (see 
Supplementary Section 4). On the basis of these measurements, 
we modelled the presented lower polariton dispersion using a two-
coupled-oscillator model, which yielded a normal mode splitting 
of 46 meV and an exciton fraction of 26% in the ground state (see 
Supplementary Section 2). The two-coupled-oscillator model is also 
presented as an overlay to the measured dispersion in Fig. 1d.

TMDC monolayers can be excited under two-photon absorp-
tion21, which originates from a two-photon interband transition 
and also gives rise to the second-harmonic-generation (SHG) 
process35,36. This strong nonlinear response is transferred to our 
strongly coupled system37 and thus provides an ideal setting for 
studying polaritons under nearly resonant excitation conditions. 
This allows us to directly address polaritons arising from specific 
valleys of the embedded crystals via quasiresonant chiral two-pho-
ton absorption. Clean, high-fidelity excitation of valley polaritons 
is necessary for studies of exciton-polaritons in valleytronic experi-
ments. Here, we excite our system at 5 K with 2 ps laser pulses at 
1,518 nm (Coherent Mira-OPO system, 76 MHz repetition rate) 
with circular polarization of the spin-up (σ+) and spin-down (σ−) 
states and analyse the polarization of the emitted light (Fig. 2a). The 
measured spectra for σ+ and σ− excitations are plotted in Fig. 2b and 
c, respectively. We observe that the emitted signal is strongly polar-
ized with an opposite helicity to the polarization of excitation. The 
observation of a counter-rotating signal is fully consistent with SHG 
selection rules for crystals with broken inversion symmetry and a 
three-fold rotation symmetry38, and likewise for two-photon active 
interband transitions21,35. In Fig. 2b,c, we plot the degree of circular 
polarization of the emission across the acquired spectrum, includ-
ing genuine second-harmonic signals and luminescence following 
the two-photon absorption process (more details on the distinction 
of SHG versus two-photon-induced photoluminescence are given 
in Supplementary Sections 6, 7 and 9). We find that a valley polar-
ization of more than 90%, as demonstrated by the corresponding 
DOCP, is preserved even at energies that are well below the sec-
ond-harmonic resonance, which is characteristic for two-photon-
induced photoluminescence21,36. The outstandingly high valley 
polarization is explained by two factors: first, the excited polariton 
states are situated close to the ground state, and their in-plane wave 
vectors are therefore low (<1.5 µm−1). Hence, the transverse elec-
tric–transverse magnetic splitting of the cavity and the renormal-
izations of the exciton oscillator strengths in L and T polarizations 
(the two main mechanisms of the depolarization) are small com-
pared with those for non-resonant excitation. Second, the polariton 
lifetime is shortened to about 200 fs by coupling to the cavity (see 
Supplementary Section 8) rather than the pure excitons in MoSe2 
monolayer (390 fs; ref. 39). As assessed in earlier work20,27, the strong 
coupling conditions further mitigate the influence of strong exci-
ton localization and disorder scattering, as the spatial extent of the 
polaritonic wavefunction is much greater than typical excitonic 
disorder in the monolayer. This enables valley-polariton relaxation 
timescales that are extended by a factor of approximately 20. The 
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negative detuning of the exciton and cavity photon mode is cru-
cial for such suppression of disorder scattering27, a strong increase 
in the degree of circular polarization can therefore be expected 
in our resonantly driven cavity polariton system. The resulting 
DOCP is governed by the interplay between the radiative decay 
time τ and spin-valley relaxation time τs, and can be approximated 

byρcirc ¼ ρ0= 1þ τ
τs

� �

I

 (refs. 11,24), where ρ0 is the initial polarization 

(close to 100%) and ρcirc is the resulting DOCP in the luminescence. 
The spin-valley relaxation time for the pure MoSe2 monolayer exci-
ton is 150 fs (refs. 20,39), resulting in a polariton τs of 3 ps (ref. 20). 
From these values, we calculate a valley polarization of 94%, which 
is in excellent agreement with our experimental observations.

Valley polaritons can be generated by exciting with circularly 
polarized light, as shown above, whereas excitation with linearly 
polarized light may induce a coherent superposition of valley 
polaritons. Valley coherence up to 80% has been observed in bare 
monolayers of MoS2

40, WS2
18 and WSe2

41, but has not been measured 
in MoSe2. For our valley polaritons, the degree of linear polarization 
(DOLP) ρlin of the decaying polariton field provides a direct mea-
sure of the dephasing processes of the polariton pseudospin vector 
on the equator of the Bloch sphere (Fig. 2d). We probe our system 
by exciting at 1,514 nm (757 nm) with linearly polarized light in the  

X and Y directions, where the X axis is aligned with one of the crystal 
axes (see Supplementary Section 6 and 9 for crystal axis alignment) 
and the Y axis is perpendicular to the X axis. The emitted signal 
I(X), respectively I(Y), is subsequently measured in the same axis 
and the DOLP was determined by ρlin ¼ I Xð Þ�IðYÞ

I Xð ÞþIðYÞ
I

. Figure 2e,f shows 
the acquired spectra, along with the calculated DOLP as a function 
of the detection wavelength. The polarization of the resonantly scat-
tered fraction of the signal (the SHG portion) is expected to be fully 
governed by the crystal symmetry and yields no information about 
the valley coherence of the polaritons (see Supplementary Section 9 
for SHG selection rules). However, it should be noted that a strong 
linear polarization is maintained in the broad two-photon-induced 
photoluminescence emission of the polariton resonances, even 
10 meV below the energy of the SHG signal, with a DOLP clearly 
exceeding 90% close to the polariton ground state. The DOLP thus 
clearly reflects the valley coherence.

The phase of the coherent valley superposition can be addressed 
by changing the direction of the linear polarization of the pump 
beam. In Fig. 2f, we show that the two-photon-induced-photolumi-
nescence retains the direction of the linear polarization of the pump 
oriented along the Y direction, and therefore allows us to extract 
large degrees of valley coherence exceeding 90% even 10 meV below 
the SHG frequency. In contrast, the DOLP signal is close to zero 
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Fig. 1 | Sample design and characterization. a, Sketch of the mechanically assembled microcavity. b, Optical image of the cavity and the elongated 
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or even negative around the SHG frequency, due to the specific 
SHG selection rules in the TMDC monolayer35 (see Supplementary 
Section 9 for details).

Although near-unity valley polarization has been observed on 
bare WSe2 monolayers21, the degrees of valley coherence demon-
strated here in an MoSe2 monolayer clearly outline the potential of 
strong light–matter coupling for the generation and manipulation 
of coherent valley superposition states in hybrid light–matter qua-
siparticles.

The optical valley Hall effect
In contrast to TMDC excitons, which have a diffusion length of a 
few hundred nanometres in high-quality samples29,30, TMDC-based 
polaritons are expected to expand over significantly longer distances 
(on the order of 10 µm) even in the linear, non-superfluid regime 
due to their small effective masses28. Figure 3a depicts the spatial 
intensity distribution of near-resonantly injected polaritons on the 
monolayer at 5 K. From this intensity distribution, we can infer that 
our polaritons propagate by approximately 3.6 µm before they decay 
(see Supplementary Section 10). It should be noted that an excita-
tion slightly above the ground state of the lower polariton branch (in 
this case 10 meV) is essential to create polaritons with finite wave 
vectors and velocities. Such long propagation distances allow us to 
investigate the valley-dependent polariton propagation following 
valley-coherent initialization of the system. This is recorded via 
spatial- and polarization-resolved luminescence. Here, the σ+ and 
σ− polarized components of the emission were measured as a func-
tion of position (see Methods), and the spatially resolved DOCP 
was deduced. Figure 3b depicts a DOCP distribution recorded 
under linearly polarized two-photon excitation at 1,514 nm. The 
initial polarization angle was −75° with respect to the long axis of 
the monolayer. The DOCP distribution clearly shows two domains 

with a left–right separation that is slightly rotated clockwise and fea-
tures an oscillating pattern along the vertical stripe direction. As we 
rotate the orientation of the initial polarization by −45° (Fig. 3c), we 
observe a dramatic change in the polarization pattern with a vertical 
domain separation and weak σ+ regions along the right edge of the 
monolayer. We note that similar patterns have been predicted32 and 
observed42,43 as spin domains of exciton-polaritons in GaAs quan-
tum wells embedded in microcavities, known as the optical spin 
Hall effect32,42. In contrast to GaAs, the spin and valley indices can-
not be treated separately in TMDC monolayer excitons and, conse-
quently, the valley-dependent expansion of polaritons leads to the 
emergence of the OVHE27.

The intensity and DOCP distributions were modelled for the 
measured monolayer geometry and the experimental conditions 
based on the physics of the OVHE effect. The details of the model 
can be found in the Methods and Supplementary Sections 11–13. 
The simulated intensity distribution (plotted in Fig. 3d) shows a 
polariton propagation tail along the monolayer that is similar to the 
experimentally observed one. The simulated DOCP distributions, 
calculated as ψþ

�� ��2� ψ�j j2
� �

= ψþ
�� ��2þ ψ�j j2

� �

I

, for the same initial 
linear polarization orientations that were used in the experiments 
are plotted in Fig. 3e and f, respectively. Here, ψ+ and ψ− are the 
wavefunctions of the right and left circularly polarized polariton 
components.

For an initial polarization angle of −75° with respect to the long 
axis of the monolayer, the simulation closely reproduces the valley 
separation. As in the experiment, the DOCP increases towards the 
edges of the flake. Polaritons that decay further away from the exci-
tation spot are associated with higher in-plane wave vectors, which 
in turn provide higher splittings and stronger effective magnetic 
fields. The precession of the pseudospin (which is equivalent to the 
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polarization Stokes vector) is consequently more pronounced, lead-
ing to a larger valley polarization. Moreover, the wavy domain sepa-
ration line is also clearly seen in the simulation. This is explained 
by interfering polaritons that are reflected at the monolayer edges. 
The simulation of the rotated initial polarization in Fig. 3f is again 
in good qualitative agreement with our experimental data. The 
main, bottom section of the monolayer is strongly dominated by a 
σ− domain with small σ+ regions at the right edge of the monolayer. 
Further experimental data, which were recorded at intermediate 
excitation angles, support our assignment to the OVHE, and can be 
found in Supplementary Section 14.

The very good agreement of our experimental data with the the-
oretical modelling allows us to interpret our experimental data as 
the first manifestation of the OVHE in a TMDC exciton-polariton 
system. We note that our experimentally observed valley polar-
ized domains yield DOCP up to 80%, which itself is a remarkable 
consequence of the strong valley polarization and valley coher-
ence, which are preserved by our experimental approach (see 
Supplementary Section 15 for comparative measurements taken via 
linear spectroscopy).

Conclusion
We have demonstrated that near-unity valley polarization and 
valley coherence can be achieved under near-resonant two-pho-
ton excitation by integrating a TMDC monolayer into a high-Q 
microcavity. Such high degrees of circular and linear polarization 
are facilitated by the strong coupling conditions, which simul-
taneously reduce the radiative lifetime of the quasiparticle and 
prolong the depolarization time at states close to the polariton 

ground state. Taking advantage of these conditions, we have 
studied the valley-dependent, optically controllable propagation 
of exciton-polaritons. Clear signatures of polarization domains 
emerge in the expansion of polaritons, as observed in the valley-
coherent excitation scheme. This is a characteristic of the OVHE 
that allows us to observe the interplay of the spin, valley and 
momentum of our quasiparticles, driven by internal pseudomag-
netic fields.

The combination of two-photon excitation and cavity quantum 
electrodynamics allows us to reach a high degree of valley control, 
even in MoSe2 monolayers, which are known to exhibit a poor 
DOCP as bare monolayer20. It has been argued that the presence 
of a low-lying dark exciton state in tungsten-based TMDC materi-
als, which is not subject to the exchange-induced depolarization 
mechanism, is beneficial for the observation of large degrees of 
valley polarization and coherence44. Thus, we suspect that simi-
lar experiments with even more pronounced degrees of polariza-
tion could be successful with high-quality, tungsten-based TMDC  
layers, potentially also at elevated temperatures. Although the 
OVHE of propagating polaritons may be utilized in valleytronic 
on-chip applications, the interplay of valley-coherent superposi-
tions and photonic spin–orbit coupling45 could be exploited to 
harness valley-path entanglement phenomena of propagating 
quantum wavepackets of polaritons. Likewise, by carefully pre-
paring monolayers with imprinted superpotentials for excitons, 
similar experiments could demonstrate topologically non-trivial 
expanding polaritons in a similar framework46, and even pave the 
way towards topological lasers based on TMDC crystals in the 
strong coupling regime47.
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Fig. 3 | Optical valley Hall effect. a, Photoluminescence intensity distribution along the monolayer observed under two-photon excitation at 1,514 nm. 
The white point marks the excitation spot on the monolayer and the edge of the monolayer is indicated by the dotted line. b, Spatially resolved DOCP 
distribution across the monolayer. The polarization orientation of the excitation light (−75° with respect to the long axis of the monolayer) is indicated by 
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Methods
Experimental set-up. We used an optical set-up in which both spatially (near-
field) and momentum-space- (far-field) resolved spectroscopy and imaging are 
accessible. Various laser sources could be coupled into the beam path, including a 
532 nm CW laser, a wavelength tuneable CW laser (700–980 nm), and a wavelength 
tuneable system composed of a Titanium Saphire laser (2 ps pulse length) which 
is driving an optical parametric oscillator (tuning range 1100–1600 nm). We used 
a thermal light-source to image the sample, as well as for white-light reflection 
spectroscopy. The light was then directed through a microscope objective 
(0.65 NA) onto the sample, which was mounted in a liquid Helium cryostat 
(temperature down to 4.2 K). Using the objective allows a sample to be probed with 
a focus spot diameter of 2 µm for the laser excitation and 10 µm for the white-
light illumination. The re-emitted or reflected light is collected by the objective 
and propagates through a lens system to the entrance plane of the spectrometer. 
Our setting allowed us to access both the spatial and angular distribution of the 
emitted signal from the sample. To obtain a spatially resolved signal, the emission 
from the sample was simply projected onto the imaging plane of the spectrometer 
in a conventional microscope configuration. To switch to the angle-resolved 
configuration, an additional lens was placed into the beam path, where its distance 
to the back focal plane of the objective was equivalent to its focal length. This 
configuration is also known as Fourier space imaging, which allows imaging of the 
angular distribution of the emitted light onto the Peltier-cooled CCD (charge-
coupled device) camera of the spectrometer. The angular resolution of the system 
is ~0.03 µm−1 (~0.2°). A second closed-cycle cryostat providing magnetic fields 
up to 9 T and sample temperatures down to 1.8 K was integrated into the set-up. 
In this setting, the photoluminescence is collected through a 0.81 NA microscope 
objective for the magnetic field measurements. Both the real-space and Fourier-
space configurations create an image in the focal plane of the spectrometer system. 
In the spectrometer, this plane is projected onto the CCD chip with two different 
options. For the first option, a slit in the entrance plane is closed to cut out a 
narrow section of the image in the y direction. The emitted signal is dispersed by 
an optical grating with either 150, 600 or 1,200 lines mm−1 and energy resolutions 
of 1.1, 0.26 and 0.11 meV (at 750 nm), respectively. Ultimately, the CCD chip 
acquires a dataset that carries the spectral information along the x axis and either 
spatial position or emission angle along the y axis. Alternatively, the slit can be 
completely opened, the grating aligned to act like a mirror (zero-order reflection) 
and the CCD camera is then used to acquire an energy-averaged image  
of the emission. In this way, the CCD chip captures the full real-space or  
Fourier-space image.

To probe the sample with a well-defined polarization state, a linear polarizer 
is placed in the excitation path. Subsequently, either a commercial quarter- or 
half-wave plate are inserted. In the appropriate orientation, the quarter-wave 
plate induces a phase shift of π2

I
 and converts linearly polarized light to circularly 

polarized light (and vice versa). The half-wave plate induces a phase shift of 
π, which alters the orientation of the linearly polarized light. As all optical 
components can, in principle, affect the state of the incident light, a nominally 
non-polarizing beam splitter, objective and cryostat glass were used. Finally, 
a polarimeter (Schaefter–Kirchoff SK010PA) was used to quantify the actual 
polarization state of the incident light at the position where the sample is placed. 
In this manner, the orientations of the wave plates can be slightly corrected to 
compensate for the polarizing effect of the optical components’ beam splitter. As 
a result, a degree of circular polarization of more than 99% in front of the cryostat 
window can be prepared. In the detection path, the emitted light is analysed with 
respect to its polarization. A quarter-wave plate is therefore inserted and oriented 
in such a way that σ+ is converted to linear polarized light in the V orientation 
and σ− is converted into the H orientation. Then, a linear polarizer is inserted, 
which transmits all V components and blocks all H components. Analogously, 
the quarter-wave plate is rotated to measure the intensity of the σ− component. 

It should be noted that all polarization optics were placed before the first mirror 
in the detection path, which may have an impact on the polarization state. The 
linear polarizer in the detection is also always kept at the same orientation, as the 
sensitivity of the spectrometer depends on the polarization of the detected light.

Model. We describe our system by solving the generalized Gross–Pitaevskii 
equation for the two-component wavefunction ψσ (r,t) (σ = ±)

iℏ∂tψσ ¼ Ê þ Vðr; tÞ
� �

ψσ þ
Δ

2
k̂x � σik̂y

� �2
ψ�σ þ i

ℏ
2

RnσR � γ
� �

ψσ þ Pσ r; tð Þ

coupled to the rate equation for the density of the spin-resolved reservoir of 
incoherent excitons nσRðr; tÞ

I
:

∂tn
σ
R ¼ ζ Pσðr; tÞj j2� γR þ R ψσj j2

� �
nσR

where Ê
I

 is the polariton kinetic energy operator, which reproduces the 
non-parabolic polariton dispersion in Fig. 1d observed experimentally and 
fitted using the two-coupled-oscillator model (see Supplementary Section 
2); V r; tð Þ ¼ V0ðrÞ þ α Ψσj j2þαRnσR

I
 is the effective potential experienced by 

polaritons. It consists of the stationary confinement potential across the sample 
V0(r) and the blueshift induced by polariton–polariton interactions within the 
condensate and interactions of polaritons with excitons in the incoherent reservoir. 
α and αR are the corresponding interaction constants; α = X2 αR, where X2 is the 
exciton fraction in the polariton state (to minimize the number of parameters, 
we neglected the effect of the oscillator strength saturation); Δ is the transverse 
electric–transverse magnetic splitting constant, k̂ ¼ ðk̂x ; k̂yÞ ¼ ð�i∂x ;�i∂yÞ

I
 

is the quasimomentum operator. The polariton condensate is excited by the 
non-homogeneous resonant optical pump Pσ (r,t). To account for the inevitable 
appearance of the reservoir of incoherent excitons under the resonant pumping, we 
introduce the term ζ Pσðr; tÞj j2

I
; ζ is the dimensional reservoir response constant48;  

R describes the stimulated scattering rate from the reservoir to the ground state; 
and γ and γR are the decay rates of polaritons and reservoir excitons, respectively.

We used values of the parameters estimated from the experiment for the 
simulation. We used decay rates γ = 1/200 fs−1 and γR = 1/390 fs−1. The pump energy 
is resonant to the polariton energy at k = 1.5 μm−1. The L–T splitting is taken as 
Δk2 = 0.75 meV (at the same k), which is typical for such structures26. To estimate 
the interaction constants, we refer to the analyses performed in refs. 49,50. The 
exciton–exciton interaction constant is approximated as αR � cEba2B

I
, where Eb and 

aB are the exciton binding energy and the Bohr radius, respectively, and c is the 
numerical constant. For the characteristic parameters Eb = 0.5 eV, aB = 2 nm and 
c = 2, the interaction constants are estimated as α/X2 = αR = 4 μeV μm2. For R, the 
following approximation from the Fermi golden rule holds: R / Eba2B=ℏ

I
, which 

gives R ≈ 0.005 ps−1 μm2.

Data availability
The data that support the findings of this study are available from the 
corresponding author on reasonable request.
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