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Monolayers (MLs) of semiconducting transition metal dichalcogenides (S-TMDs) are 

direct band gap semiconductors with the minima (maxima) of conduction (valence) bands 

located at the inequivalent K± points of their hexagonal Brillouin zone. The lack of inversion 

symmetry with a strong spin-orbit interaction lead to well separated spin levels in the 

conduction (CB) and valence (VB) bands at the K± points. The spin-orbit splitting Δso,vb in the 

VB is as large as few hundreds of meV while the energy splitting in the CB, Δso,cb, is predicted 

to be of the order of few tens of meV, and can also take negative values [1]. Because optical 

transitions in S-TMDs do conserve the spin, different ordering of electronic bands in the CB 

have profound consequences on their optical properties: depending on the sign of Δso,cb, the 

excitonic ground state can be bright (parallel spin configuration for the top VB and the lowest 

CB subbands between which the optical transition is allowed) or dark (anti-parallel spin 

configuration and optically forbidden ground state interband transition). 

Here, we provide a direct measurement of the dark exciton emission in darkish MLs of 

S-TMDs by mixing the spin levels of both the bright and dark excitons by an in-plane 

magnetic field (B) [2]. Dark excitons appear in the low-temperature magneto-

photoluminescence (PL) spectra as additional peaks growing with the magnetic field at 

energies lower than that of the bright exciton. For WSe2 and WS2 MLs, the dark exciton 

emission is observed at ∼50 meV below the bright exciton peak and displays a characteristic 

doublet structure. In the case of MoSe2, no significant change in the emission spectrum is 

observed when applying a magnetic field, in agreement with  the bright exciton ground state. 

MoS2 is shown to belong to the family of darkish materials with a dark-bright splitting energy 

close to 100 meV. The emission intensity from dark excitons increases as B2, in line with 

a perturbative activation by the in-plane magnetic field. Based on these results we classify the 

monolayers of WS2, WSe2, and MoS2 as darkish materials, i.e., the direct band gap systems 

but with a dark excitonic ground state, and the MoSe2 ML as a bright material with a bright 

exciton ground state. 

Moreover, we propose that different ordering of the spin-orbit split subbands in the CB 

for the bright and darkish S-TMD families is reflected in the zero-field low-temperature PL 

spectra: bright monolayers show a simple emission due to exciton and trions; the darkish ones 

display an additional broad/multipeak emission band due to localised/bound excitons. 
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