
1 
 

Supplementary information: 
 

Long-lived populations of momentum- and spin-

indirect excitons in monolayer WSe2  

Shao-Yu Chen,1,2 Maciej Pieczarka,1,3,4 Matthias Wurdack,1,3 Eliezer Estrecho,1,3 Takashi 

Taniguchi,5 Kenji Watanabe,6 Jun Yan,7 Elena A. Ostrovskaya, 1,3 and Michael S. 

Fuhrer1,2,* 

 

1ARC Centre of Excellence in Future Low-Energy Electronics Technologies 

2School of Physics and Astronomy, Monash University, Clayton, Victoria, 3800, 

Australia  

3Nonlinear Physics Centre, Research School of Physics, The Australian National 

University, Canberra, ACT 2601, Australia 

4Department of Experimental Physics, Wrocław University of Science and Technology, 

Wyb. Wyspiańskiego 27, 50-370 Wrocław, Poland 

5International Center for Materials Nanoarchitectonics, National Institute of Materials 

Science, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan 

6Research Center for Functional Materials, National Institute of Materials Science, 1-1 

Namiki, Tsukuba, Ibaraki 305-0044, Japan 

7Department of Physics, University of Massachusetts, Amherst, MA 01003, USA 

 

*Corresponding Author:  Michael S. Fuhrer    

Tel: +61 3 9905 1353     E-mail: Michael.Fuhrer@monash.edu  



2 
 

S1. Estimation of the Exciton Density 

 In the Figure 2c−e in the main text, we employed a four-level rate equation model 

to fit the time-resolved photoluminescence (Tr-PL) data. It is critical to determine the 

initial condition in our model through estimating how many excitons are generated at 

time zero.  Given an incident fluence F, we can calculate the exciton density by Eq.(S1) 

as follows: 

 𝑁X =
𝐹

𝐸photon
× 𝐴 (S1) 

Where 𝐸photon is the photon energy in Joule, A is the wavelength-dependent absorptance 

of the 1L-WSe2. This estimation gives the upper bound of the exciton density by assuming 

that one absorbed photon generates one exciton. A widely employed method to measure 

the absorptance of the 2D materials is by measuring the differential reflectance (𝑑𝑅/𝑅)  in 

a back-scattered geometry.1,2  Figure S1a shows the 𝑑𝑅/𝑅 spectra of our hBN encapsulated 

1L-WSe2 sample at 4.2 K. As can be seen, due to the interference of the reflected light 

from the multiple interfaces, the 𝑑𝑅/𝑅 spectrum is highly distorted. It is therefore difficult 

to directly estimate the absorptance by this method. Alternatively, we found a report of the 

measurements for both reflectance and transmittance on a chemical vapor deposition (CVD) 

grown 1L-WSe2 sample.3  From the Figure 2 in the Ref. 3, we can derive the absorptance 

spectra, as plotted in Figure S2. We note that the sample quality of our hBN-encapsulated 

1L-WSe2 is better. Therefore, our sample should have larger oscillator strength and 

narrower linewidth. In this work, we estimate the exciton density by employing the 

following values: For the resonant excitation (1.72 eV), we take 𝐴 = 0.2 ± 0.1.  For near-

resonant excitation (1.78 eV), we take 𝐴 = 0.005 ± 0.003 . The uncertainty in A is 

represented as the error bar in x-axis of 𝑁X in the corresponding figures. 
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Figure S1. a. The 𝑑𝑅/𝑅 spectra of our hBN-encapsulated 1L-WSe2 sample at 4 K. b. The 

absorptance of CVD 1L-WSe2 at 10 K derived from Ref 3.   
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S2. Heat capacity of 1L-WSe2 and the estimation of laser heating effect 

In Figure 3, we applied a near-resonant excitation at 60 meV to populate the X 

exciton with the estimated exciton density around 𝑁X = 1012 cm−2. In this section, we 

estimate the laser-induced heating effect by considering the heat capacity at cryogenic 

temperatures. Here, we first assume that every photon-excited hot exciton carries the 

excess energy of 60 meV. The whole excitonic system thus gains the total excess energy 

density ∆𝑄 = 𝑁𝑋∆𝐸 = 60meV × 𝑁𝑋 , yielding the exciton temperature around 700 K. 

Next, we consider the thermal energy from the hot excitons is fully thermalised to the lattice 

through exciton-phonon scattering. The increase of lattice temperature can be estimated by 

calculating the lattice heat capacity 𝐶l(𝑇) =  𝐶o(𝑇) + 𝐶a(𝑇) , where 𝐶o(𝑇)  is the heat 

capacity contributed by six optical phonon branches, and 𝐶a(𝑇) is by three acoustic phonon 

branches. To simplify the calculation, we take the average phonon energy ℏ𝜔𝑜= 29 meV 

from 6 optical phonon branches4 (2𝐸′, 2𝐸′′, 𝐴1
′ , 𝐴2

′′) and calculate the contribution to 𝐶𝑙 

per unit cell by:   

 𝐶o(𝑇) =
𝜕

𝜕𝑇
(

6ℏ𝜔o

𝑒ℏ𝜔o/k𝑇−1
) (S2) 

For estimating the contribution from the acoustic branches per unit cell, we apply the 2D 

Debye model: 

 𝐶a(𝑇) = 6kb (
𝑇

Θ
)

2

∫
𝑥3𝑒𝑥

(𝑒𝑥−1)2

Θ/T

0
 (S3) 

where Θ is the Debye temperature Θ = (ℏ𝑣/𝑘b)√4𝜋/𝐴Cell. By plugging the average of 

the group velocity for 3 acoustic phonon branches 𝑣 ~ 105 cm/s and the area per unit cell 

𝐴Cell = 9.1 × 10−16cm−2 given the lattice constant 𝑎0 = 3.25 Å.5 We found that Θ = 84 

K in 1L-WSe2. In our experimental condition, the sample temperature is 4 K, which is 

much lower than 84 K. Therefore, we can approximate 𝐶a(𝑇) in the analytic form at the 

low-temperature limit: 

 𝐶𝑎(𝑇) ≈ 5.28 × 10−4 𝑇2  meV ∙ cm−2 ∙ K−1 (S4) 

 

In Figure S2a, we plot the lattice heat capacity as a function of temperature. As can be seen, 

the lattice heat capacity is mainly contributed by the acoustic phonon. Now we estimate 

the deviation of lattice temperature at various exciton density by 60meV × 𝑁𝑋 × 𝐴𝐶𝑒𝑙𝑙 =

∫ 𝐶l(𝑇)𝑑𝑇. We plot the three curves corresponding to different initial lattice temperature 
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𝑇i at 4.2 K, 10 K, and 20 K in Figure S2b. The shady area indicates the range of exciton 

density we estimated in Figure 3. We found even at the highest excitation fluence 

throughout the experiments ( 𝑁X = 4 × 1012  cm-2), the lattice temperature can only 

increase 7 K, 3 K, and 1 K at 𝑇i = 4.2 K, 10 K, and 20 K, respectively. Our results suggest 

that the laser heating induced linewidth broadening in our experimental condition is 

negligible. 

 

 

 

Figure S2. a. The temperature-dependent lattice heat capacity of 1L-WSe2. b. The estimated 

increase of lattice temperature at different initial temperatures. 
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S3. The Power Dependence of the XK Exciton PL Emission with Continuous-wave 

Excitation 

In the main text, we have demonstrated that the maximum population of the XK 

exciton, which is superlinear to the excitation fluence. In this section, we show that the PL 

intensity of XK exciton is, however, linear in the excitation power under the continuous-

wave (CW) excitation. As can be seen in Figure S3a, the peak intensity of the XK exciton 

can be extracted through the multi-peak fitting with Lorentzian functions; a selected fitting 

result is shown in Figure S3a. Figure S3b shows that PL intensity I of the XK exciton 

exhibits a linear relationship to the incident power. 

 

   

Figure S3. a. A selected PL spectrum of hBN-encapsulated 1L-WSe2 at 4 K. b. The 

power-dependent PL intensity of XK exciton with CW laser excitation at 2.33 eV. The 

dashed line shows a power law, 𝐼 ∝ 𝑃. 
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S4. The Comparison of the Excitonic Screening Mediated by Different Types of 

Exciton  

In this section, we would like to estimate the relation of the population density of 

XK exciton to the redshift of X exciton. In Figure S4, the navy squares represent the 

magnitude of the redshift ∆𝐸X shown in Figure 4a in the main text. Here, we plot this data 

against the density of the maximum population of XK exciton (𝑁XK
). which is estimated 

by the simulation results (the XK curve in Figure 4c). Assuming the linear dependence at 

the low-density regime, we can perform a linear fitting with our data and extract the 

coefficient 𝑎XK
 relating the redshift to the density of XK exciton by 𝑎XK

= ∆𝐸X/𝑁XK
≈

(1.3 ± 0.08) × 10−9 meV ∙ cm2. For comparison, we also extract the data from previous 

studies on the excitonic screening mediated by X exciton in 1L-MoS2
6 and 1L-WS2.

7 We 

find that 𝑎XK
 extracted in our experiment is about an order of magnitude larger than the 

extracted coefficient of X exciton in WS2, 
6 suggesting the XK excitons in our sample 

exhibit stronger excitonic screening effect.  

  

Figure S4.  The relation of the redshift of the X exciton to the population density of the 

corresponding type of exciton defined in the legend. The navy squares are from our work. 

The blue dashed line shows the linear fitting of our data. The orange triangles and the red 

circles are extracted from the previous studies6,7 of the excitonic screening mediated by  

the X exciton in different materials.  
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