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Background correction for ARPES data 

To clearly visualize the Optical Floquet replica, the ARPES data was corrected to remove 

the background signal from the extended tail of the valence band. The background signal 

was removed using an asymmetric least square smoothing algorithm. Supplementary 

figure 1 shows the ARPES data before and after the correction for the optical Floquet 

replicas, where the signal from the replica remains untouched but can be seen more 

clearly.  



 

Difference between Volkov and Floquet state 

Supplementary figure 2 shows the optical Floquet state and the Volkov state for 1.98 eV 

pump excitation. The Volkov and the Floquet state have different origins but have identical 

photoemission signals7,8. However, the two processes can be distinguished by choosing 

the correct pump polarization. For the p-polarized pump, the photoemission signal has 

Supplementary figure 1 Background subtraction for Optically driven Floquet: a) 

Bandstructure showing the optically driven Floquet replica at 1.98 eV. The color profile is 

saturated to show the replica clearly. b) The replica after the background subtraction. c) EDC at 

the K point (yellow dotted line) along with the background obtained from the asymmetric least 

square smoothing algorithm. d) EDC at the same point (yellow dotted line) after the background 

subtraction. The Floquet replica is more clearly visible after the background subtraction. 



contributions from both the Volkov and the Floquet states. For the case of s-polarization, 

only Floquet states contribute to the signal. This is further evidenced by the difference in 

Supplementary figure 2 Comparison between Optically driven Floquet and pump-induced 

Volkov states: a) Optically driven Floquet replica for the s-polarized pump pulse, b) Pump-

induced Volkov state together with optically driven Floquet replica for the p-polarized pump 

pulse. c) The optically driven Floquet replica lasts for ~130 fs corresponding to the cross-

correlation between the pump and the probe beams. The photoemission counts from the 

Optically driven Floquet replica was obtained by integrating a small momentum range (±0.2 Å−1) 

and energy range (±0.2 𝑒𝑉) around the gamma point replica. The duration of the optically driven 

Floquet replica was obtained from the FWHM of the single gaussian fit to the photoemission 

counts (red curve). We expect the Volkov states to last for similar duration as optically driven 

Floquet replica. d) log-log plot of the normalized photoemission counts from the optically driven 

Floquet replica versus the applied optical electric field strength. The photoemission counts show 

a quadratic behavior in applied electric field strength as confirmed by the slope 2 of the linear fit 

(red line) in the log-log plot. 



the relative strengths of the replica signature we observe for the two different polarization 

cases. For the p-polarized excitation, the replica strength is 4% of the valence band, 

whereas the replica for the s-polarized case is only 2% of the valence band signal. The 

optically driven Floquet replica was observed for ~130 fs due to the finite pulse width of 

the pump and the probe pulse in our experiments. Moreover, the photoemission counts 

scale quadratically with the electric field strength as seen in the log-log plot in 

Supplementary Figure 2. 

 

Confirmation of valence band dispersion change 

To ensure that the observed Mexican-hat-like dispersion is indeed due to exciton driven 

Floquet effect and not an artefact of the exciton-bound holes in the valence band, we 

compared the measured energy distribution curve at each 𝑘 vector before photoexcitation 

in the ground state, and in the presence of a high-density of excitons. The curves are 

obtained and calibrated so that one can directly compare the photoemission intensity 

before and after photoexcitation. For calibration, we first consider the EDCs at k vectors 

that are unaffected by the photoexcitation of the holes, i.e., k vectors away from the center 

of the K valley (e.g., kx = -0.1 Å-1 in Fig 2c). We scale the photoexcited EDC at kx =-0.1 Å-

1 such that the area under the curve for the photoexcited and unphotoexcited curve are 

equal. We then scale the rest of the photoexcited EDCs at all other k vectors with the 

same scaling factor to allow for a direct comparison with the unphotoexcited EDCs near 

the center of the K valley. Such calibration allows us to correct for variations in the 

experimental conditions between measurements. A few such comparisons are shown in 

Fig. 2C. In the case of the ground-state, we see a symmetric, Gaussian-shaped energy 

distribution with a FWHM of ~60 meV at the center of the K valley (corresponding to the 

relatively low inhomogeneous broadening of our sample), and a slightly more broadened 

distribution (FWHM ~60 – 100 meV) as we move away from the center of the K valley 

(due to the shorter lifetime of holes away from the valley center). For the measurements 

in the presence of a high-density of excitons, we continue to see a symmetric, Gaussian-

shaped energy distribution, now with a k-dependent peak-energy shift, broadening and 

decreased signal (i.e., area under the curve). The 𝑘-dependent decrease in the signal 

exactly corresponds to the density of exciton-bound holes at the given 𝑘 vector, as 

reported previously1. In contrast, the 𝑘-dependent shift in peak energy corresponds to the 

change in the dispersion of the valence band discussed in this manuscript (supplementary 

figure 3). As can be seen (Fig. 2c), the shifts in the peak energy cannot be an artefact 



due to the presence of holes, as the shifts are too large relative to the ground-state 

linewidth.  

 

Measurements at 200 fs and earlier fall within excitonic coherence 

time in our system  

To confirm our measurement at 200 fs falls within the excitonic coherence, we provide 

four independent arguments and evidence, including our latest time-resolved 

measurement of the exciton Floquet effect: 

a) First, we note that a coherence time of few hundred femtoseconds in monolayer 

WS2, at temperatures similar to our experimental conditions, has been reported in 

literature2. In particular, at 100 K – the temperature of our TR-ARPES measurements – 

the measured coherence time is  𝜏𝑐𝑜ℎ=2ℏ/𝛾ℎ𝑜𝑚 ~ 350 fs, corresponding to a 

homogeneous excitonic linewidth 𝛾ℎ𝑜𝑚 of about 3.8 meV. Thus, our measurements at 

200 fs and earlier, fall well within this expected coherence time.  

Supplementary  figure 3  Identifying small peak energy differences in the electronic 

distributions in the valence band near K point:  The difference between the energy 

distribution curve at K point and at a) Kx = -0.03 A-1 and b) 0.03 A-1. The plot clearly shows the 

characteristic positive-negative step like function corresponding to a small shift to lower energy at 

the center of the VB relative to that at finite k-vectors away from the center. The plots in the 

center are the EDCs at Kx = -0.03, 0, and 0.03 A-1 . The solid lines are the gaussian fitting to the 

EDCs. 



b) Next, we measured the excitonic absorption linewidth at 100 K in our sample, 

obtaining a value of 𝛾 = 8 𝑚𝑒𝑉. This value is significantly smaller than typical samples 

(see3), and is comparable to that obtained in high quality samples at ~100K. This 

measured absorption linewidth is the sum of the homogeneous and the inhomogeneous 

contributions. In high-quality samples, these two contributions have been reported to be 

comparable in value 4, thus giving us 𝛾ℎ𝑜𝑚~4 𝑚𝑒𝑉, consistent with literature noted in (a) 

above, and giving us a coherence time of few hundred femtoseconds.  

c) Another estimation of the coherence time comes from the relationship between the 

homogeneous linewidth and the population relaxation rate 𝛤, which is given by:   𝛾ℎ𝑜𝑚 = 

𝛤 2⁄ +𝛾∗ , where 𝛾∗ accounts for processes such as exciton-phonon interactions5. In Fig. 

3a, we plot the measured exciton population nx as a function of time-delay, and obtain a 

population decay time of 𝜏=800 fs, from which, we extract 𝛤=2ℏ 𝜏⁄ =1.6 meV. From 

recent calculations as in ref6, 𝛾∗ is estimated to be ~3 - 6 meV. This provides another 

independent estimation of  𝛾ℎ𝑜𝑚~3.8 − 6.4 𝑚𝑒𝑉, corresponding to a coherence time of 

~210 – 350 fs. Again, this is consistent with literature, our exciton absorption 

measurement, and supports our claim that measurements at 200 fs and earlier fall 

within the coherence time of our system. 

d) Finally, in Fig.3a, we plot ΔEX – the decrease in energy at the center of the valence 

band in the presence of excitons (i.e. a quantitative measure of the Mexican hat like 

dispersion) – as a function of time-delay. This experimentally challenging measurement 

gives us the timescale of the exciton-Floquet effect to be ~470 fs. Within experimental 

error, this is consistent with the above arguments that coherence time is expected to be 

few hundred femtoseconds.   

In conclusion, these four independent arguments and experimental evidence strongly 

support our claim that our reported measurements of exciton-driven Floquet at 200 fs 

and earlier fall within the coherence time of the system.  



K and Q valley photoemission intensity 

For the exciton-driven Floquet experiments, we perform all our experiments at short 

enough time delay (0.2 ps) such that exciton-phonon interactions are relatively minimal 

as seen from the very weak photoemission intensity in the Q valley as compared to the K 

valley (Supplementary Figure 4). 

Relation between TD-aGW self-energy, density, and exciton binding 

energy 

In this section, we show that the effective electron-hole interaction is proportional to the 

square root of exciton density in the Method. We demonstrate this proportionality in a 

simple one-dimensional model, where the Hamiltonian is described by9,10  

𝐻 = ∑(𝜖𝑣𝒌𝑎𝑣𝒌
† 𝑎𝑣𝒌 + 𝜖𝑐𝒌𝑎𝑐𝒌

† 𝑎𝑐𝒌)

𝒌

− 𝑈 ∑ 𝑛𝒌

𝒌

+
𝑈

𝑁
∑ 𝑎𝑣𝒌1+𝒒

† 𝑎𝑐𝒌2−𝒒
† 𝑎𝑐𝒌2

𝑎𝑣𝒌1

𝒌1,𝒌2,𝒒

, 

where 𝜖𝑣𝒌(𝜖𝑐𝒌) is the band energy of the valence (conduction) band with wavevector 𝒌, 

U is the on-site interaction between two bands, and 𝑁 is the number of sites. The energy 

dispersion is given by 𝜖𝑣𝒌 = −2(1 − 𝑐𝑜𝑠 𝒌) − 𝐸𝑔 2⁄ , and 𝜖𝑐𝒌 = −𝜖𝑣𝒌 with 𝐸𝑔 = 1 in our 

choice of system of units.  

Supplementary figure 4 Photoemission intensity at K and Q valley: The 𝛤 − 𝐾 − 𝑀 cut for 

the highest exciton density (𝑛𝑋 =  3 ×  1012 𝑐𝑚−2). Photoemission signal at the K valley is more 

than an order of magnitude stronger compared to the intensity at the Q valley. 

 



We demonstrate that the effective electron-hole interaction 𝛿𝛴𝑣𝑐𝒌 is proportional to the 

square root of carrier density in Supplementary figure 5 by gathering data at different 

pump setup. 

Band renormalization from T-matrix calculations 

In the incoherent regime, band renormalization and spectral function features can be 

computed from a T-matrix approximation11–14, where the electron-hole ladder diagram is 

summed as the self-energy. Calculations employing the T-matrix formalism naturally 

capture finite temperature effects and the photoinduced change in the electronic 

screening. However, owing to the computational challenge, performing a first-principles 

T-matrix calculation remains elusive. To gain qualitative insights, we construct a two-band 

model including one valence and one conduction bands for a T-matrix calculation14. The 

band renormalization at valence band maximum is shown below in Supplementary figure 

6. We observe similar linear scaling trends between the TD-aGW and T-matrix 

calculations for the strength of the hybridization of the state at the VBM. We also note 

that, consistent with previous T-matrix calculations13, we do not see a negative dispersion 

of the replica band for the calculations performed at 100K and 300K. This corroborates 

the fact that, at times 200 fs after the optical pump, the system is still coherent and hence 

well described by TD-aGW. A fully incoherent approach, such as that of the T-matrix 

formalism, fails to adequately capture the replica bands. 

Supplementary figure 5. Effective interaction as a function of the square root of density. 



Details of T-matrix calculations 

The full dynamics of excited electrons and holes with many-body effects can in principle 

be solved from first principles with the nonequilibrium Green’s function formalism. 

However, such full first-principles method has remained computationally demanding. 

Instead, we consider a quasi-equilibrium case where the time-dependence of the system 

may be specified by some time-dependent quantities (such as the electron and hole 

density) which are slowly varying in time. At a given time, the system’s behavior may be 

described in terms of these instantaneous quantities within a quasi-equilibrium (and 

therefore incoherent) framework. Under such approximation, our system is modeled by 

an electron temperature and two chemical potentials, one for electrons and one for holes. 

The detailed justification of the usage of the quasi-equilibrium theory for understanding 

time-resolved dynamics has been discussed in Ref.15. The key point is that due to the 

large separation in time scale of different scatterings, the system evolves slowly after the 

first hundred fs. Therefore, within the probe window the system can be considered as a 

quasi-equilibrium state with an averaged number of excitation density. The quasi-

equilibrium theory has been successfully applied in different contexts16–21. 

T-matrix self-energy and ladder diagram 

The interacting single-particle Green’s function and the spectral function can be 

obtained following the equilibrium Green’s function formalism with a self-energy 

approximation to many-body effects. To incorporate the excitonic correlation on the 

behavior of excited electrons and holes, we evaluate the electron-hole ladder diagram 

for the self-energy 𝛴12,13,15,22, which reads, 𝛴(𝑡, 𝑡′) = −𝑖𝑇(𝑡, 𝑡′)𝐺(𝑡, 𝑡′), where 𝐺(𝑡, 𝑡′) is 

Supplementary figure 6 Comparison of the band renormalization at VBM, evaluate with our 
model-Hamiltonian calculation using a T-matrix approximation to the self-energy and with the 
first-principles TD-aGW approach, as a function of the density of excited conduction-band 
electrons (a proxy for the exciton density). 



the single-particle Green’s function and 𝑇(𝑡, 𝑡′) is the T matrix. The first three terms of 

the infinite ladder series are shown below:  

 
 

where the double-wavy line represents the screened Coulomb interaction, and the solid 

lines are electron or hole Green’s function. The T matrix describes a series of electron-

hole scattering via screened Coulomb potential. The possibility of forming bound states 

(excitons) has been considered in the ladder-diagram. Therefore, from the ladder-

diagram self-energy, we can compute the band renormalization due to the excitonic 

correlations. This is different from the well-known GW self-energy which describes the 

dynamical screening effects but cannot capture excitonic interaction effects.  

For calculating the T-matrix self-energy, we take the static approximation of the 

screened Coulomb interaction. Such approximation has been successfully used to 

describe excitonic effects in solving the BSE for optical properties of semiconductors 

from first-principles23. The detailed formalism of the T matrix theory has been given in 

earlier works. We adopt the formula for T-matrix self-energy from Ref.13 and rewrite it 

into an appropriate form for our case, which reads, 

Σ𝜇𝒌
T (ω) = ∑

(𝜔𝜇𝑙𝒌−𝒒
𝒒

− Ω𝜆𝒒)
2

|𝑓𝜇𝑙𝒌−𝒒
𝒒

|
2

 1 + n𝜇,𝑙(Ωλ𝒒) − 𝑓𝑙𝒌(𝜖𝑙𝒌−𝒒)

𝜔 − (Ω𝜆𝒒 + 𝜖𝑙𝒌−𝒒) + iη
|A𝜇𝑙𝒌−𝒒

𝜆𝒒
|

2

𝜆𝑙

, 

where  𝑓𝜇𝑙𝒌−𝒒
𝒒

= 𝑓𝜇𝒌−𝒒 − 𝑓𝑙𝒌  and  𝜔𝜇𝑙𝒌−𝒒
𝒒

= 𝜖𝜇𝒌−𝒒 − 𝜖𝑙𝒌 are electron occupation and energy 

differences with band index 𝜇, 𝑙 and momentum 𝒌 − 𝒒, 𝒌, respectively, Anm𝒌
λ𝒒

 and Ωλ𝒒  

are the exciton envelop function and energy of the state λ, respectively, 𝑛𝑎,𝑏(𝜔) =
1

𝑒𝛽(𝜔−𝜇𝑎+𝜇𝑏)−1
 is the Bose factor and 𝜇𝑎 is the chemical potential of the type 𝑎 carriers. 

We consider a screened Coulomb interaction when solving BSE. We further 

approximate the occupation differences to be their equilibrium values following Ref.13, 

which ignores the Pauli-Blocking effects. 

Calculation details 

To model the electronic structure of a monolayer WS2 near the K and K’ valley, we use a 

two-band model with dispersions 𝜖𝑣𝑘 = −
𝑘2

2𝑚
 and 𝜖𝑐𝑘 = 𝐸𝑔 +

𝑘2

2𝑚
, where 𝐸𝑔 = 2.6 eV and 

𝑚 = 0.314 a.u are fitted from first-principle GW calculations. We consider excitations 

induced band renormalization from both T-matrix self-energy and GW self-energy 

following Ref.11 where the latter is approximated with a sum of static screened exchange 

and Coulomb hole self-energy. We have  



Σ𝑛𝒌
𝑆𝑋 = − ∑ 𝑊(

𝒒

𝑞)∫
𝑑𝜔

2𝜋
𝑓𝑛𝒌−𝒒(𝜔)𝐴𝑛𝒌−𝒒(𝜔) 

where 𝑓𝑛𝒌−𝒒(𝜔) is the Fermi-Dirac distribution of band 𝑛 and momentum 𝒌 − 𝒒 and 

𝐴𝑛𝒌−𝒒(𝜔) is the corresponding spectral function. The Coulomb hole self-energy reads, 

Σ𝑛k
𝐶𝑂𝐻 =

1

2
∑(𝑊(𝑘′) − 𝑈(𝑘′))

𝑘′

 

which is a constant overall shift in our model. The screened Coulomb interaction is 

modeled with the following form, 

U(𝑞) =
1

𝑎 + 𝑏𝑞 + 𝑐𝑞2
 

By fitting from ab initio calculations for monolayer WS2, we obtained 𝑎 = 43.203, 𝑏 =

−3325.563, and 𝑐 = 415401.123 (in atomic units). Screening effects from excited 

carriers is included through W(𝑞) = ϵ−1(𝑞)U(𝑞), where the susceptibility and the 

dielectric function is modeled with that of the two-dimensional electron gas. We have 

the momentum and temperature dependent susceptibility24,  

χ(𝑞, 𝑇) = −
4𝑁𝑣𝑚

2𝜋
 ∫ dx

F(x, T)

𝑞̅(𝑞̅2 − 4x2)0.5

𝑞̅/2

0

  

where the parameters 𝑞̅ = 𝑞/𝑘𝐹, 𝑁𝑣 is the number of valleys, and 𝐹(𝑥, 𝑇) =
𝑥

𝑒
𝛽(𝑥2𝐸𝑓−𝜇)

+1
. 

The ladder diagram calculation is computationally expensive, so we consider k-points 

within an 0.15 Bohr-1 patch in a 64×64 grid around K or K’ valleys. Electron-hole 

propagators are solved for all possible combinations of momentum within the patch. 

Excited carriers induced screening effects are considered while Pauli-Blocking effects 

due to the occupation changes are ignored when solving BSE13.  

The self-consistent cycle starts from solving the BSE with the quasi-particle 

approximation. The T-matrix self-energy is then computed from electron-hole 

propagators with a small imaginary part of 1 meV. From the T-matrix and COHSEX self-

energy, we compute the retarded spectral function and update the chemical potential. To 

simplify the BSE calculation in the following iterations, quasiparticle energies are 

extracted from the spectral functions. The self-consistent cycle is stopped when the 

change in chemical potential is less than 10 meV. We find that, at a wide range of 

excitation densities, the total spectral function consists of a quasi-particle peak and a 

satellite band for both the valence band and the conduction band. 
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