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Magnetic Brightening and Control of Dark Excitons in Monolayer WSe2
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Introduction 

The conduction band (CB) edges at K/K’ valleys of monolayer transition metal dichalcogenides (TMDCs) are predicted to be spin-split, with opposite spin alignment for Mo and W compounds1,2. For such an electronic structure, the lowest energy excitonic states in the W compounds are expected to correspond to spin-forbidden transitions and to be optically dark. 

Identifying and characterizing these ground excitonic states is crucial for the further development of the field, as the properties of the dark state have a fundamental impact on the material’s basic optical properties. As the dark excitons are spin-forbidden, conventional optical methods fail to provide any spectroscopic signature of them. However, application of an external in-plane magnetic field mixes the components of the spin-split CB, thus brightening the originally dark excitons. From a theoretical analysis, we estimate that dark excitons gain ~0.1% oscillator strength of the bright ones under 30T in-plane magnetic field. 
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Experimental 

At the NHMFL photoluminescence spectros​copy was carried out on exfoliated monolayer WSe2 crystals (with lateral sizes of a few microns) under applied magnetic fields in the in-plane direc​tion. Fiber-based optical measurements were performed using the Cell 5, 50 mm resistive magnet; free-space measurements were per​formed using SCM3, 17.5 magnet.
Results and Discussion


The main results are shown in Fig.1. The in-plane magnetic field brightened not only the spin-forbidden dark exciton, but also the associated charged dark trion. The integrated intensity of the dark states PL varies quadratically with the magnetic field strength, consistent with theoretical expectations, in which the CB spin is linearly perturbed by the in-plane magnetic field. The sharp spectroscopic features permit accurate extraction of the energy levels of these dark excitons. The neutral dark exciton lies 47± 1 meV below the bright neutral state, while the dark trion is located 32 ± 1 meV below the corresponding bright trion state. 
Conclusions

We have brightened the spin forbidden dark excitonic states using an in-plane magnetic field. This revealed the precise energy levels of these otherwise dark states. The behavior of the brightened dark excitons was found to be consistent with theoretical expectations for the effectiveness of the magnetic brightening process.  
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Fig. 1 (a) PL as a function of applied in-plane magnetic field. While the original emission features (neutral exciton X0, trion XT, and defects L1 & L2) remain unchanged, two new features appear with increasing field. They correspond to the dark exciton (XD) and dark trion (X���DT). (b) False color plot of the PL spectrum as a function of in-plane magnetic field. 








