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Transition metal dichalcogenides (TMDs: WSe2, WS2, 

MoSe2, and MoS2) are layered van der Waals 

semiconductors with remarkable optical and electronic 

properties that emerge from their unique band structure 

and strong light-matter interaction [1]. The former 

endows electrons with coupled spin and momentum 

(valley) quantum degrees of freedom. The latter arises 

from strong Coulomb interactions that form tightly bound 

neutral and charged excitons (trions), which govern the 

optical response of TMDs (Fig. 1a).  
 

In single monolayer TMDs, spin-valley coupling leads to 

novel quantum phenomena and rich many-body physics 

[2]. These include stable exciton-type states at room 

temperature, valley-dependent circular dichroism (Fig. 

1b), and the possibility to encode binary information in 

the exciton’s valley degree of freedom, which behaves 

like a spin-1/2 system (Fig. 1c). These properties make 

TMDs an exciting platform for quantum electronics and 

photonics applications. To exploit the unique attributes of 

valley excitons, it is important to first develop a 

quantitative understanding of their intrinsic optical 

properties. One-dimensional optical techniques, such as 

linear absorption, photoluminescence, or pump-probe 

spectroscopies, are traditionally used for studying exciton 

physics in semiconductors, but they don’t provide a 

complete picture of light-matter interaction in TMDs. 
 

In this talk, I will discuss how we use 2D coherent 

spectroscopy to unravel the complex optical response of 

monolayer TMDs onto two frequency dimensions [3,4], 

which provides a complete spectral map of the exciton 

states (Fig. 2). The 2D spectra reveal fundamental optical 

properties of excitons and unexpected quantum 

phenomena that are not readily accessible with 

conventional spectroscopy methods, including: (1) 

identification of 2D biexcitons analogous to molecular 

hydrogen; (2) lifetime-limited optical coherence; (3) 

quantum beats indicative of coherent energy transfer; 

and (4) direct measurement of the valley pseudospin 

dynamics. These results provide insight into strategies for 

engineering TMDs and their heterostructures with 

application-specific optical properties. 
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Figure 1. a Low-temperature photoluminescence spectrum from 
monolayer WSe2 [3]. b Strong spin-orbit interaction leads to spin-
valley coupling and valley-dependent optical selection rules. c 
Bloch sphere representation of the exciton valley pseudospin. 
Future quantum devices may leverage the spin-valley properties 
of 2D semiconductors for encoding information in the valley 
index, analogous to electronic spin. 

Figure 2. 2D spectral map correlating the excitation and 
emission energies of the monolayer semiconductor MoSe2. By 
unfolding the coherent optical response onto two axes, various 
exciton-type resonances and their binding energy, linewidths, 
excited-state lifetime, and mutual interactions are identified. 


