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1. Optical characterizations of the sample and laser spectra

Fig. S1(a) shows the steady-state absorption spectrum of four-layer WS2. To 

distinguish the contributions of exciton transitions and the tail of the CB to the 

measured steady-state absorption [S1,S2], the spectrum is fitted to a three-Gaussian 

function superimposed on a cubic polynomial. The components of the converged fit 

are shown in Fig. S1(b) and (c), respectively. The narrowband pump laser spectra for 

resonant excitation of XA absorption band are shown together in Fig. S1(d). The pump 

spectra at 625 nm and 655 nm are respectively on the blue and red sides of XA 

resonance band. The narrowband pump pulse resonantly excites the XA transition, 

promoting electrons from Kv1 to Kc, following which the differential absorption of a 

broadband probe pulse that spans XA and XB transitions (see Fig. 1(a)). Fig. S1(e) 

exhibits the Raman spectrum of the four-layer WS2. As shown, the E1
2g and A1g 

modes are respectively located at 356.4 and 420.3 cm−1, where the frequency 

difference between the two modes is about 63.9 cm−1. The difference corresponds to 

the thickness of four-layer WS2 [S3]. The Raman spectra were collected at several 

points to check the sample quality. Except some very tiny dusts on the surface, the 

sample is quite uniform. A part of the optical image of the sample is shown in the 
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inset of Fig. S1(e), which shows the sample is a big-size uniform membrane. 
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Fig. S1 (a) Steady-state absorption spectrum of the four-layer WS2 on a fused silica 

substrate collected at 300 K. The solid red line is a three-Gaussian superimposed on a 

cubic polynomical function. (b) The cubic polynomical component and (c) the three 

Gaussian curves for the fitting. (d) The narrowband pump laser spectra peaking at 625 

nm (green line), 640 nm (red line) and 650 nm (blue line) for resonant XA excitations. 

The stationary absorption spectrum after removing the cubic polynomical component 

(black line) is shown together with the narrowband pump laser spectra. (e) Raman 

spectrum (Gray line) of the four-layer WS2 on fused silica substrates. The spectrum is 

fitted by multiple GaussAmp peak functions. The black line is the cumulative fitting 

line. For clarity, we retain only the two fitting peaks of E1
2g (blue line) and A1

g (red 

line). The inset is a part of the optical image of the sample, which shows the sample is 

a big-size uniform membrane.

2. Cross-correlation trace

The time resolution of the experimental apparatus is measured by performing a 

second-order pump-probe intensity cross-correlation with a type I beta barium borate 

(BBO) crystal located at the sample position, which allows the determination of zero 



time delay to <2 fs accuracy. The resultant cross-correlation trace between the 

broadband probe pulse and the pump pulse peaking at 640 nm yields a time resolution 

of 65 fs fwhm for the apparatus, as shown in Fig. S2(a). In addition, to characterize 

the pulse duration of the broadband pulse at the sample position, the autocorrelation 

trace between the broadband pump and probe pulses with a sample laser spectrum 

was also collected, as plotted in Fig. S2(b), which indicates a fwhm of 13.6 fs, 

corresponding to a laser pulse duration of 9.6 fs.
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Fig. S2 Intensity cross-correlation traces of pump and probe pulses, revealing a time 

resolution of 65 fs fwhm for the apparatus. 

3.  Pump fluence-dependence measurements

A log-log plot of the peak ΔA signal S obtained at the XA transition as a function 

of fluence F is shown in Fig. S3. Since S is proportional to the FN, the slope of the 

log-log plot yields the photon order N, which is 1.03 ± 0.04. This result confirms that 

the excitation in our experiments occurs in the linear regime.
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Fig. S3 Dependence of the maximum ΔA signal S on the pump fluence F, confirming 

one photon excitation of the sample. |S| is the absolute value of the signal S.



4. ΔA spectra obtained by pumping at 655 nm

Fig. S4(a) presents the 2D plot of ΔA spectra obtained by resonant excitation on 

the red side of the XA resonance band at 655 nm, where the colour scale, the 

horizontal axis and the vertical axis represent the magnitude of ΔA, the probe 

wavelength and the pump–probe time delay, respectively. The dotted contour lines 

indicate that the initial part in the early time range of XA resonance is distorted to the 

direction of lower energy, while the XB resonance is not. This can be further 

evidenced from ⟨Me+h
(1)(t)⟩ (red solid line) and ⟨Me

(1)(t)⟩ (black solid line) traces in 

Fig. S4(a). The behavior of ⟨Me+h
(1)(t)⟩ is quite similar to the phenomena pumped at 

640 nm, exhibiting a similar red- and blue-shift crossover in the initial time range, and 

a sharp initial decay appears simutaneously in the peak traces due to XA transition, as 

shown in Fig. S4(b). For the XB transition, it is still similar to that under resonant 640 

nm excitation, there isn’t obvious initial shift in ⟨Me
(1)(t)⟩ trace and also no obvious 

sharp decay appears in the peak trace due to XB transition. 

450 500 550 600 650 700 750
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Ti
m

e 
de

la
y 

(p
s)

Wavelength (nm)

-9.100

-7.625

-6.150

-4.675

-3.200

-1.725

-0.2500

1.225

2.700

 

 

2.70

1.22

-0.25

-1.73

-3.20

-4.67

-6.20

-7.60

-9.10

ΔA

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-2.0

-1.5

-1.0

-0.5

0.0

 

 
A

 (a
.u

.)

 

Time delay (ps)

 DA(e+h) 

 DB(e) x 2

(a) (b)

    

Fig. S4 (a) 2D plot of ΔA spectra obtained by a pump pulse peaking at 655 nm (See 

Fig. S1(d)). The sample temperature is 300 K, and the pump fluence is 0.32 mJ/cm2. 

The solid red and black lines are the ⟨Me+h
(1)(t)⟩ and ⟨Me

(1)(t)⟩ traces respectively for 

XA and XB transitions. The dotted gray lines are the contour lines for eye guides to 

show the peak shift of XA and XB resonances. (b) DA(e+h) and DB(e) peak traces probed 

at 640 nm and 530 nm respectively for XA and XB transitions. 
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