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(Dated: August 31, 2022) Strong coupling between light and the fundamental excitations of a two-dimensional electron gas (2DEG) are of foundational importance both to pure physics and to the understanding and development of future photonic nanotechnologies [START_REF] Smolka | Cavity quantum electrodynam-360 ics with many-body states of a two-dimensional electron 361 gas[END_REF][START_REF] Efimkin | Many-body the-363 ory of trion absorption features in two-dimensional semi-364 conductors[END_REF][START_REF] Back | Giant 368 Paramagnetism-Induced Valley Polarization of Electrons 369 in Charge-Tunable Monolayer MoSe2[END_REF][START_REF] Sidler | Fermi 373 polaron-polaritons in charge-tunable atomically thin 374 semiconductors[END_REF][START_REF] Tan | Interacting Polaron-Polaritons[END_REF][START_REF] Klein | Controlling exciton many-body states by 384 the electric-field effect in monolayer MoS$ 2[END_REF][START_REF] Roch | Spin-388 polarized electrons in monolayer MoS[END_REF]. Here we study the relationship between spin polarization of a 2DEG in a monolayer semiconductor, MoSe2, and light-matter interactions modified by a zero-dimensional optical microcavity. We find pronounced spin-susceptibility of the 2DEG to simultaneously enhance and suppress trion-polariton formation in opposite photon helicities. This leads to observation of a giant effective valley Zeeman splitting for trion-polaritons (g-factor > 20), exceeding the purely trionic splitting by over five times. Going further, we observe clear effective optical non-linearity arising from the highly non-linear behavior of the valley-specific strong light-matter coupling regime, and allowing all-optical tuning of the polaritonic Zeeman splitting from 4 to > 10 meV. Our experiments lay the groundwork for engineering topological phases with true unidirectionality in monolayer semiconductors, accompanied by giant effective photonic nonlinearities rooted in many-body exciton-electron correlations.
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Monolayer MoSe 2 presents a four-band massive Dirac system for studying spin and valley pseudospin dependent interactions between electrons, excitons, and photons [START_REF] Back | Giant 368 Paramagnetism-Induced Valley Polarization of Electrons 369 in Charge-Tunable Monolayer MoSe2[END_REF][START_REF] Sidler | Fermi 373 polaron-polaritons in charge-tunable atomically thin 374 semiconductors[END_REF]. In the presence of an appreciable free carrier density, simple neutral exciton absorption evolves into two Fermi-polaron branches, repulsive and attractive [START_REF] Efimkin | Many-body the-363 ory of trion absorption features in two-dimensional semi-364 conductors[END_REF][START_REF] Back | Giant 368 Paramagnetism-Induced Valley Polarization of Electrons 369 in Charge-Tunable Monolayer MoSe2[END_REF][START_REF] Sidler | Fermi 373 polaron-polaritons in charge-tunable atomically thin 374 semiconductors[END_REF][START_REF] Roch | Spin-388 polarized electrons in monolayer MoS[END_REF]. The monolayer then plays host to a Bose-Fermi mixture consisting of excitons dressed by electrons (or holes, for p-type doping). Strong coupling of these Fermipolaron resonances to photonic microcavity modes has been demonstrated [START_REF] Sidler | Fermi 373 polaron-polaritons in charge-tunable atomically thin 374 semiconductors[END_REF][START_REF] Tan | Interacting Polaron-Polaritons[END_REF]. Simplistically, the repulsive and attractive polarons correspond to a spin-triplet or spin-singlet interaction, respectively, between the twodimensional electron gas (2DEG) and the constituent electron of the exciton [START_REF] Back | Giant 368 Paramagnetism-Induced Valley Polarization of Electrons 369 in Charge-Tunable Monolayer MoSe2[END_REF][START_REF] Sidler | Fermi 373 polaron-polaritons in charge-tunable atomically thin 374 semiconductors[END_REF][START_REF] Roch | Spin-388 polarized electrons in monolayer MoS[END_REF]. In MoSe 2 , subject to strict spin-valley locking and chiral optical selection rules, this has the consequence of tying the 2DEG degree of spin polarization to the oscillator strengths of the polaron resonances in opposite photon helicities. The extreme example of this effect is when the 2DEG becomes fully spin polarized, leading to vanishing absorption of the attractive polaron in one photon helicity [START_REF] Back | Giant 368 Paramagnetism-Induced Valley Polarization of Electrons 369 in Charge-Tunable Monolayer MoSe2[END_REF][START_REF] Roch | Spin-388 polarized electrons in monolayer MoS[END_REF].

It has recently been reported that when the Fermi level is significantly smaller than the trion binding energy, the attractive polaron may be adequately described as a three-body charged exciton, or trion [START_REF] Glazov | Optical properties of charged excitons in two-dimensional semiconductors[END_REF][START_REF] Imamoglu | Excitonpolarons in two-dimensional semiconductors and the Tavis-Cummings model[END_REF]. Although 42 nominally the trion exists only in the strict single particle 43 limit, in reality the transition between these two quasi- [START_REF] Langer | Lightwave valleytronics in a monolayer of tungsten diselenide[END_REF], but also in topological photon-57 ics. Indeed, many topological states of light have been 58 implemented in recent years [START_REF] Ozawa | Topological photonics[END_REF], including using TMD 59 exciton-polaritons [START_REF] Li | Experimental observation of topological exciton-polaritons in transition metal dichalcogenide monolayers[END_REF][START_REF] Liu | Generation of helical topological exciton-polaritons[END_REF]. The ultimate goal of real For comparison the trion photoluminescence TP L signal at B = 0 T is also shown, revealing a Stokes shift of ∼ 6 meV. Neutral exciton emission is absent owing to the raised doping level of the flake and rapid trion formation. (b) Sketch of the lowest conduction sub-bands of monolayer MoSe2, in which the electronic spin and valley pseudospin (+K or -K valley of momentum space) are strictly correlated. These degrees of freedom are distinct in that the spin couples to magnetic field, while the valley pseudospin couples to light. Optical selection rules dictate that excitons and trions possess a +K (-K) valley pseudospin when they couple, weakly or strongly, to σ + (σ -) polarized photons. At B = 0 T, the 2DEG has zero net spin polarization. At B = +8 T, the 2DEG is completely spin polarized, causing the oscillator strength of the -K valley trion to be suppressed owing to a lack of itinerant electrons in the +K valley. (c) Schematic of the zero-dimensional open cavity structure used in this work. Applying a DC voltage to the piezo crystal decreases the cavity length (see Methods). (d) Cavity PL intensity maps (logarithmic scale) as the cavity mode is tuned through the trion resonances. Shown are the results at B = 0 T (left panels) and B = +8 T (right panels) in both photon emission helicities. The laser is linearly polarized. At B = 0 T, the spectra are essentially identical between both polarizations, while the near-unity spin polarization of the 2DEG at B = +8 T causes strong coupling to break down in σ -polarization. A modified coupled oscillator model incorporating the trion-polariton Stokes shift was used to fit the UPB and LPB (overlaid orange curves). The energies of TP L and TRC in both polarizations (orange horizontal lines) are obtained directly or inferred from bare flake spectra at B = 0 T and +8 T. The UPB becomes progressively dimmer at higher energies owing to increasing absorption from the EuS film. [START_REF] Nalitov | Polariton Z Topological Insulator[END_REF][START_REF] Klembt | Exciton-polariton topological insulator[END_REF], the topological gap was < 1 meV, too small to be clearly observable.

In our work, by harnessing many-body interactions in a 2-dimensional Bose-Fermi mixture, we realise a giant effective trion-polariton Zeeman splitting, over 5 times larger than the bare (uncoupled) trion splitting, and more than double the polariton linewidths, a crucial step towards elimination of unwanted coupling between chiral modes [START_REF] Song | Breakup and Recovery of Topological Zero Modes in Finite Non-Hermitian Optical Lattices[END_REF]. We moreover demonstrate giant effective non-linearity α ≈ 0.2±0.05 meV•µm 2 for trion-polaritons under a magnetic field. This value is one order of magni-79 tude larger than previously reported in TMDs [START_REF] Tan | Interacting Polaron-Polaritons[END_REF][START_REF] Emmanuele | Highly nonlinear trion-448 polaritons in a monolayer semiconductor[END_REF] T and study the influence of incident laser power on the cavity PL. As can be seen in Fig. 3a, increased power reopens the anticrossing in σ -which previously collapsed upon application of the B-field (Fig. 1d). Fig. 3b shows trion-polariton PL spectra versus pumping power at fixed cavity length, where Ω R grows in σ -and correspondingly decays in σ + , suggesting that non-resonant pumping efficiently transfers electrons between spin states (equivalently, between valley states).

Here, qualitatively, electron-hole pairs are injected by the laser and bind to form excitons and trions on ultrafast timescales (sub-ps). The initial trion population will be highly valley polarized as the only free carriers available are from the spin polarized 2DEG, however, exciton and trion valley depolarization in MoSe 2 is extremely efficient (ps) owing to the Maialle-Silva-Sham (MSS) mechanism (confirmed here by transient ellipticity measurements, see Supplementary Note 4) [START_REF] Dufferwiel | Valley-477 addressable polaritons in atomically thin semiconduc-478 tors[END_REF][START_REF] Glazov | Exciton fine structure 488 and spin decoherence in monolayers of transition metal 489 dichalcogenides[END_REF]. Therefore, rapid intervalley scattering of trions followed by their radiative decay can result in a free electron remaining in the spin state anti-aligned to the external B-field. This means that each trion emission process results in partial transfer of electrons between spin-valley states. While trion valley relaxation occurs on ps timescales, the spin relaxation time for free electrons is ∼ 1000 times longer, of the order ns, as they are immune to the MSS mecha- act as a heavily-doped ferromagnetic semiconductor [START_REF] Keller | Controlling the 452 magneto-transport properties of EuS thin films[END_REF].
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The MoSe 2 monolayer therefore becomes highly charged 312 when it is stamped on top of the EuS substrate [START_REF] Grzeszczyk | The effect of metallic substrates on the op-458 tical properties of monolayer MoSe2[END_REF]. 

44

  particle regimes is unclear, and likely depends heavily on 45 the degree of exciton and carrier spatial localization over 46 the monolayer, especially at low densities. This is partic-47 ularly true in the case of nonequilibrium scenarios such 48 as photoluminescence experiments, in which both species 49 may coexist [9]. 50 Valley Zeeman splitting of these excitonic complexes 51 has been reported under application of strong out-of-52 plane magnetic fields (B-fields) [3, 6, 10]. However, 53 translating the relatively large Zeeman splitting of a 54 purely matter-bound excitation into a photonic mode 55 splitting remains a fundamental challenge not only in 56 opto-valleytronics
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 1 FIG. 1. Excitations of a 2-dimensional electron gas strongly coupled to light in monolayer MoSe2. (a) Reflectance contrast RC = (R0 -R)/R0 from monolayer MoSe2 (reflectance R on flake and R0 on substrate) with raised itinerant carrier density at T = 4.2 K and B = -8, 0, +8 T. Two peaks are attributed to the neutral exciton (XRC ) and charged exciton or trion (TRC ). At high B-fields the trion absorption is completely suppressed in one or the other circular polarization of light. For comparison the trion photoluminescence TP L signal at B = 0 T is also shown, revealing a Stokes shift of ∼ 6 meV. Neutral exciton emission is absent owing to the raised doping level of the flake and rapid trion formation. (b) Sketch of the lowest conduction sub-bands of monolayer MoSe2, in which the electronic spin and valley pseudospin (+K or -K valley of momentum space) are strictly correlated. These degrees of freedom are distinct in that the spin couples to magnetic field, while the valley pseudospin couples to light. Optical selection rules dictate that excitons and trions possess a +K (-K) valley pseudospin when they couple, weakly or strongly, to σ + (σ -) polarized photons. At B = 0 T, the 2DEG has zero net spin polarization. At B = +8 T, the 2DEG is completely spin polarized, causing the oscillator strength of the -K valley trion to be suppressed owing to a lack of itinerant electrons in the +K valley. (c) Schematic of the zero-dimensional open cavity structure used in this work. Applying a DC voltage to the piezo crystal decreases the cavity length (see Methods). (d) Cavity PL intensity maps (logarithmic scale) as the cavity mode is tuned through the trion resonances. Shown are the results at B = 0 T (left panels) and B = +8 T (right panels) in both photon emission helicities. The laser is linearly polarized. At B = 0 T, the spectra are essentially identical between both polarizations, while the near-unity spin polarization of the 2DEG at B = +8 T causes strong coupling to break down in σ -polarization. A modified coupled oscillator model incorporating the trion-polariton Stokes shift was used to fit the UPB and LPB (overlaid orange curves). The energies of TP L and TRC in both polarizations (orange horizontal lines) are obtained directly or inferred from bare flake spectra at B = 0 T and +8 T. The UPB becomes progressively dimmer at higher energies owing to increasing absorption from the EuS film.
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 23 photonic non-linearities, as in this work, are crucial for 83

Fig. 2a shows

  Fig. 2a shows σ + and σ -LPB PL versus piezo voltage at B = 0 and 8 T, where a giant effective Zeeman splitting is observed, exceeding 10 meV as cavity length

  photonic mode and a many-body correlated matter exci-244

A

  MoSe 2 bulk crystal supplied by HQ Graphene 315 was exfoliated with tape onto a polydimethylsiloxane 316 (PDMS) sheet, and a suitable monolayer identified by 317 optical microscopy. This monolayer was then stamped 318 onto the DBR / EuS substrate using a conventional vis-319 coelastic dry transfer method.

  

  is the 10 nm EuS film and monolayer MoSe 2 . The 291 EuS film serves to increase the itinerant electron den-292 sity in the MoSe 2 . A vacuum gap separates the DBRs 293 forming a zero-dimensional optical microcavity. Piezo 294 nanopositioners allow precise tuning of the cavity length, 295 whereby applying a DC voltage will decrease the cavity 296 length and increase the energy of the ground state zero-297 dimensional Laguerre-Gaussian mode (LG 00 ) such that 298 it can be tuned through resonance with both T P L and 299 T RC .

	300	
	301	Europium sulphide deposition
	302	A 10 nm thick film of europium sulfide (EuS) was
	303	deposited onto a dielectric DBR (top layer SiO 2 ) by
	304	electron-beam evaporation. By maintaining a low sub-
		strate temperature of 16 • C during the deposition, we
		280
		281	Photoluminescence spectroscopy was performed by di-
		282	recting a linearly polarized continuous wave laser at 1.946
		283	eV onto the sample and detecting the emission in either
		284	σ + or σ -circular polarization. For both RC and PL the
			signal was directed through a single mode fiber to a 0.75

285

m spectrometer and onto a nitrogen-cooled high sensitiv-286 ity charge-coupled device (see Supplementary Note 5). 287 The tunable zero-dimensional open microcavity is 288 formed by bringing a concave top DBR into the opti-289 cal path above the planar bottom DBR, on top of which 290 305 ensure that the resulting EuS film will be sulfur deficient, 306 owing to the much lower vapor pressure of S relative to 307 Eu, causing S atoms to re-evaporate from the substrate 308 during growth. The resulting sulfur vacancies act as elec-309 tron donors causing the non-stoichiometric EuS film to 310
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