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Abstract. We use helicity-resolved transient absorption spectroscopy to 

track intravalley scattering dynamics in monolayer WS2. We find that spin-

polarized carriers scatter from upper to lower conduction band by reversing 

their spin orientation on a sub-ps timescale.   

 
  

 

In two-dimensional Transition Metal Dichalcogenides (TMDs) interactions with light are 

dominated by strongly bounded excitons due to the low-dimensional quantum 

confinement[1]. In Mo and W based TMDs, the large spin-orbit coupling lifts the spin 

degeneracy of the valence (VB) and the conduction bands (CB) giving rise to the A and B 

interband excitonic transitions[2]. Theory predicts the CB spin-ordering in Mo-based TMDs 

to be different from W-based TMDs [3]. In the former case, the spins of the electrons in the 

lowest CB and in the highest VB at K/K’ are parallel, giving rise to an optically bright A 
exciton state while in the latter case they are antiparallel, resulting in a dark A exciton at a 

lower energy than the bright one (intravalley dark exciton, see left panel in Fig.1). The 

presence of dark excitons has been revealed indirectly from the observation of anomalous 

quenching of the PL emission at low temperature in single-layer (1L)-WSe2[4].  

Here we use two-colour helicity-resolved pump-probe spectroscopy to directly resolve the 

intravalley spin-flip process of the photoexcited electrons in the CB of 1L-WS2.  

In our experiment, spin-polarized carriers are photo-injected by a circularly polarized pump 

resonant to the A exciton transition, while their temporal evolution is detected by a co-

circularly polarized probe pulse resonant with either the A or B excitons (red and blue 

curves in the central panel in Fig. 1).  

When the probe is resonant with the A exciton, we observe an instantaneous (i.e. limited by 

the temporal resolution ~ 100fs) build-up of the differential transmission (ΔT/T) signal. 

This positive signal (photo-bleaching, PB) arise from Pauli-blocking in the A excitonic 

state. On the other hand, when the probe is resonant with the B exciton, the intravalley spin-

flip scattering process (grey arrow in left panel in Fig. 1) from upper to lower CB states 

causes a delayed formation (on a time scale τrise) of the PB signal (blue curve in Fig.1b). 

We find that at 77 K this process occurs on a sub-ps time scale (i.e. ~ 200 fs).  
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Fig. 1. (Left panel) Sketch of the band structure of 1L-WS2 around the K point of the Brillouin zone. 

The pump and probe pulses have the same circular polarization. The pump is resonant with the A 

exciton while the probe is resonant with either the A (degenerate configuration) or B exciton (non-

degenerate configuration). Only the non-degenerate configuration is sketched for sake of clarity. Only 

excitons in K point are excited because of the valley dependent optical selection rules for circular 

polarization. The intravalley scattering process (grey arrow) from upper to lower CB state causes the 

reduction of the absorption of the probe beam by Pauli blocking and results in a delayed formation of 

the bleaching signal around the B exciton. (Central panel) The red and blue curves are the T/T signal 

measured in 1L-WS2 at 77K around the A and B excitonic transitions, following excitation of the A 

transition. For degenerate pump and probe energies, the build-up dynamics is pulse-width limited, 

while the non-degenerate configuration displays a delayed formation. In the inset, T/T around the B 

exciton peak is multiplied by 4 to highlight the finite build up time. The grey line is the cross 

correlation function between the pump and probe pulses. (Right panel) Temperature dependence of 

the B exciton rise time rise. 

 

 

Moreover, the strong dependence of τrise on the lattice temperature strongly suggests that 

this relaxation process is mediated by phonons (right panel of Fig. 1). 

In order to get more insight into the origin and the dynamics of the measured intravalley 

relaxation process, we use first-principles calculations based on non-equilibrium many-

body perturbation theory [5].  

The band structure and the static absorption spectrum of 1L-WS2 are first calculated using 

density functional theory within local density approximation by taking into account the 

strong spin-orbit interaction (left panel in Fig. 2). The temporal dynamics is obtained by 

solving the Kadanoff–Baym equation for the one–body density matrix. In order to simulate 

our pump-probe experiments, we impose that the photoexcited carriers occupy only the 

upper CB state of the K valley at time zero, while at later times they can scatter into other 

electronic states by emitting phonons.  

The right panel in Fig. 2 reports the temporal dynamics of the occupations of upper and 

lower CB states. This shows that the upper CB states are quickly depleted by efficient 

scattering processes mediated by phonons, while the lower ones are progressively filled on 

a temporal scale close to our experimental value. 

In conclusion, our results shed light on the intravalley spin relaxation process in 1L-WS2, 

determining the formation of intravalley dark excitons on a sub-ps timescale. Dark excitons 

determine the light emission efficiency of 1L-TMDs. For this reason, understanding the 

formation process of dark excitons is of valuable importance for designing 1L-TMDs based 

optoelectronic devices such light emitting diodes and polarized photon emitters. 
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Fig. 2. (Left panel) Calculated band structure of 1L-WS2. The spin-orbit splitting of the valence band 

in the K point is in good agreement with the experimental value. In the inset the calculated splitting of 

the CB (i.e. 26 meV) is reported on an enlarged scale. (Right panel) Temporal evolution of the 

number of carriers in the upper and lower CB state (respectively K,↑ and K,↓) around the K point 
after excitation by a 100 fs pump pulse (green curve) centered around the A exciton.  
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