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Transmittance spectrum at 80 K 

At room temperature, the energy of the A exciton is located at 759 (764) nm for the mono (double) 

layer WSe2 flake, but the positions of B exciton are difficult to determine because of the broad 

absorption shoulder as presented in Figure 1(b) of the manuscript.  At 80 K, however, the spectra 

relating to the B exciton becomes clearer.  As is shown in Figure S1, the positions of the A and B 

excitons are respectively located at 732 (741) nm and 587 (584) nm for the single (double) layer WSe2 

flake. Since the splitting of the A and B excitons originates from the spin-orbit coupling (SOC) of the 

band electrons, the larger energy separation observed in the double layer is the evidence of the stronger 

SOC.  Previous reports suggest that the inter-layer hopping term in multi-layer TMDC films, which 

contributes to the SOC additionally,
1
 is the main cause for the enhanced A and B exciton splittings 

observed in double-layer MoS2 films as compared to those in the monolayers.
2,3

  To check the validity 

of enhanced SOC in multi-layer WSe2 in our measurements, we calculated the band structure of the 

double-layer WSe2 with the density-functional theory.  The calculation has indeed confirmed that the 

inter-layer hopping term in double-layer WSe2 film enhances the A and B exciton splitting with respect 

to the case of the monolayer. 

 
 

Figure S1. Transmittance spectra for the monolayer and double-layer WSe2 flakes obtained at a 

temperature of 80 K. 
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G0W0+BSE calculations for the excitonic optical absorption spectra 

To enable more direct comparison with experimental results, we have additionally calculated the 

absorption spectra of single and double layer WSe2 using the GW-BSE approach.
4,5

 Figure S2 displays 

the imaginary part of the frequency dependent dielectric function ε2.  To clarify the effect of the spin-

orbit coupling (SOC) on the excitonic peaks in the absorption spectra, we repeated the calculations of 

monolayer and bilayer WSe2 with and without SOC. From the spectra obtained with SOC (Figure S5 

bottom panel), we find two distinct absorption peaks at 1.91 (1.89) eV and 2.26 (2.27) eV for the 

monolayer (bilayer) case. These respectively correspond to the A and B excitons shown in Figure 1C 

and Figure S1.   

The A-B splitting originates from SOC, and more specifically the spin splitting of the valence band 

maximum (VBM).
6-8

 When we turned off SOC (Figure S2 upper panel), the absorption spectra became 

dominated by only one excitonic peak located at 2.08 eV and 2.13 eV for the monolayer and bilayer 

WSe2, respectively. This 0.05 eV downshift of the first excitonic peak results from the interlayer 

interaction in the bilayer WSe2. Turning on the SOC again (Figure S2 bottom panel), which should 

result in the more or less same A-B splitting in both monlayer and bilayer, the energy difference between 

the A and B peaks slightly increased from 0.35 eV in the monlayer to 0.38 eV in the bilayer due to the 

above-mentioned interlayer interaction or reduced quantum confinement effect. This is in good 

agreement with the experimental finding.  
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Figure S2. The G0W0-BSE optical absorption spectra of the monolayer and bilayer WSe2. The upper and 

bottom panels are the spectra obtained without and with spin-orbit coupling, respectively. 
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Pump fluence dependence 

Figure S3 shows the pump fluence dependence of the A1g lattice vibration in a bulk (N>10) WS2 flake. 

While the pump intensity increases up to 1.0 mJ/cm
2
, the A1g frequency red shits by about 0.006 THz 

and the dephasing rate increases by an amount of 0.02 ps
-1

. The photo-excitation can cause local heating 

in the sample. When the values are compared with the temperature dependence (Figure 5 in manuscript), 

sample heating by 28 K can explain the observed frequency shift. The sample heating will also 

accelerate the dephasing process. With considering the sample heating in the pump fluence dependence, 

the carrier-phonon scattering at a pump fluence of 1.0 mJ/cm
2
 is found to induce the dephasing rate of 

~0.008 ps
-1

, which is not appreciable compared to the anharmonic term. 
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 Figure S3. The frequency and dephasing rate of the A1g mode as a function of pump fluence for the 

bulk (N>10) WSe2 at room temperature. 
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Fitting procedure of the lattice vibration 

With including the dephasing term, the motion of lattice coordinate (Q) can be described by the 

following equation.
9 

                         mFQ
dt

dQ

dt

Qd
Q /2

2
02

2

=Ω+Γ+                                                        (S1) 

Here, Γ, Ω0, and m are the damping constant, resonance frequency, and characteristic mass, respectively. 

The pump pulse exerts an instantaneous driving force FQ for the lattice motion. When the photon energy 

is resonant to electronic transitions, coherent lattice vibration can be generated by the so called DECP 

(displacive excitation of coherent phonon) mechanism,
10

 in which an abrupt shift of the equilibrium in 

the lattice coordinates initiates lattice motion. The solution of eq S1 is an exponentially decaying 

sinusoidal function in Eq. (S2), with A, t0, τQ being the amplitude, initial phase, and dephasing time, 

respectively.  

                                       )/exp())(2sin()( 0 QtttAtQ τπ −×−⋅Ω⋅=                                        (S2) 

By fitting coherent lattice vibrations, one can obtain the phonon frequency and the dephasing time. As 

an example, Figure S4 shows the A1g lattice vibration in a bulk WSe2, which was fitted with the 

parameters of Ω= 7.522 THz and τQ= 7.59 ps. 

 



 7 

Figure S4. Comparison between the experimental result of the A1g lattice vibrations in bulk WSe2 and 

the simulation by an exponentially decaying sinusoidal function. 

Density-functional calculations of energy bands 

Using the density-functional calculation method, we have calculated modulation of the energy bands 

corresponding to coherent A1g lattice vibrations. Figure S5 shows the energy band dispersions of 

monolayer WSe2 when the lattice is distorted by (a) ±1% and (b) ±2% of the lattice constant in 

accordance to the A1g mode. The band gap energy at the K point of the Brillouin zone increases when 

the Se atoms are distorted in the outer direction (positive distortion) of the layer plane while it decreases 

for the opposite distortion of Se atoms. 

 

Figure S5. Energy band dispersions of monolayer WSe2 when the lattice is distorted by (a) ±1% and (b) 

±2% of the lattice constant in accordance to the A1g mode. 
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