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Note 1: Micro-Raman and micro-PL spectroscopy

We perform micro-Raman and -PL spectroscopy to characterize and verify the monolayer

and high quality nature of the WSe2 sample used for the ultrafast nano-imaging experiments.

Experiments are performed on a home-built micro-Raman/PL setup consisting of an upright

microscope with an objective (Olympus, WD = 10.6mm, 50×, NA = 0.5), and the signal

is detected using a spectrometer (f = 500mm, SpectraPro 500i, Princeton Instruments)

with a thermoelectrically cooled charge-coupled device (ProEM+: 1600 eXcelon3, Princeton

Instruments).

For WSe2 and similar TMD structures, there are generally four Raman-active modes,

namely the A1g, E1g, E
1
2g and E2

2g modes.1 Due to their forbidden selection rule in the far-

field back-scattering geometry and the limited rejection against Rayleigh scattering, E1g

and E2
2g are not observed in our measurements. The in-plane vibrational E1

2g mode and

out-of-plane vibrational A1g mode are shown in Fig. S1a. We observed the E1
2g mode at

∼250 cm−1 and the A1g mode at ∼260 cm−1. To distinguish the two modes, Voigt peaks

(green solid line) were fitted to the measured spectrum (black solid line) to separate the E1
2g

mode (red dash line) and A1g mode (blue dash line). To confirm the monolayer nature of the

WSe2 sample, the ratio of two peaks’ intensities was extracted and determined to be 0.24, a

value characteristic for monolayer WSe2 .
1

Further, the photoluminescence (PL) spectrum (Fig. S1b) measured from a uniform area

shows a single peak with emission centered at 750 nm, also characteristic for monolayer

WSe2 .
2 The corresponding PL image (Fig. S1c) shows that the sample consists of a clean

large monolayer region free of major micrometer scale heterogeneities.
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Fig. S1: (a) Micro-Raman spectrum of monolayer WSe2with E1
2g and A1g phonon modes,

with Voigt fits, and 0.24 intensity ratio as characteristic for monolayer WSe2 . (b) Corre-

sponding micro-PL, centered at 750 nm for the direct bandgap monolayer emission of WSe2 .

(c) Micro-PL image of WSe2monolayer.

Note 2: AFM imaging

The corresponding tapping mode AFM image (Multimode 8, Bruker) of the WSe2 sample

used in the experiments is shown in Fig. S2a. The topography image shows a well defined

flake with sharp edges, with several defects, folds, and contaminations resulting from the

fabrication process. The red dashed rectangle shows the area selected for near-field imaging,

as a nominally clean and smooth area avoiding folds, wrinkles, bubbles, and other features

that can already be identified by AFM. The topographic line profile along the black line in

the AFM image shows a ∼1.2 nm thickness for the WSe2monolayer.
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Fig. S2: (a) AFM topography of WSe2monolayer flake used in our work. (b) Line profile

across the edge of the WSe2 flake showing a ∼1.2 nm height.

Note 3: Line profiles of nano-SHG/2PPL/FWM images

To characterize the nano-scale, sub-wavelength, and sub-diffraction localization of the differ-

ent nonlinear near-field signals, we show line profiles for the data from Fig. 2 from the main

text. Figure S3a-c show the nonlinear optical (SHG, 2PPL, and FWM) nano-images (same

as Fig. 2d-f in main text) and corresponding lines profiles along the black lines (Fig. S3d-f).

The data indicate a spatial resolution of at least ∼60 nm, ∼90 nm and ∼90 nm, respec-

tively, assuming the underlying features to be sharp, and as defined by the 10-90% min-max

standard established in the literature.3 As discussed in the main text, a consistently higher

near-field localization is observed for SHG compared to 2PPL and FWM. We attribute this

to the high sensitivity of SHG to local inversion symmetry breaking compared to 2PPL and

FWM. Figure S3g-i show the correlation analysis of near-field image signals (from Fig. 2d-f

in the main text). As shown in Fig. S3g, the 2PPL and FWM signals present a vague positive

correlation, possibly due to their common dependence on χ(3). However, we do not identify

a clear correlation either between 2PPL and SHG in Fig. S3h or between SHG and FWM in

Fig. S3i, owing to the distinctive physical mechanisms involved in SHG, 2PPL, and FWM

signals.
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Fig. S3: (a-c) Nano-images of SHG, 2PPL, and FWM, with line profiles (black lines) in-

dicating near-field localization to ∼60 nm for SHG (d), ∼90 nm for 2PPL (e) and ∼90 nm

for FWM (f), respectively. (g-i) Correlation analysis between 2PPL and FWM(g), between

2PPL and SHG(h), and between SHG and FWM(i).

Note 4: FWM nano-imaging of decoherence

In addition to the exemplary data set in the main text, here we provide results from an-

other measurement on a different sample equally pre-characterized as above, to demonstrate

consistency of the results, most notably the anti-correlation of T2with FWM intensity.

To minimize the impact of sample drift, we merely performed subsequent line scans to in-

vestigate the temporal evolution of the near-field FWM two-pulse correlation measurements.

Fig. S4a shows the FWM line profile across a heterogeneous sample region with correspond-

ing spatial variations in FWM intensity. Similarly to the data in the main text, the signal

decays on a 10’s of fs timescale. Results from two representative sample locations are shown
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in Fig. S4b.

In Fig. S4b the oscillations are the autocorrelation curves calculated from the two-pulse

correlation model (see Note 6 below). We arbitrarily select the first (0 fs), third peaks

(5.6 fs), and subsequent peaks (11.1, 13.8, 16.7 fs) as a compromise between the expected

decoherence time and measurement time, including the time required to change the pulse

delay and repeat the measurement of the FWM.

Here, spot A with high FWM intensity shows a decoherence time below the resolution

limit of ≲ 5 fs, while spot B with low FWM intensity shows ∼60 fs, i.e., again consistent

with the trend discussed in the main text of higher initial FWM intensity at zero time delay

associated with faster decoherence.

We further extract FWM intensity (from ∼0.6 to 1 arb. units) and the corresponding

dephasing time (from ≲ 5 to 45 fs) from each pixel in the whole WSe2 sample (301 data

points in total), where 50 data points show weak FWM (from ∼0.6 to 0.7 arb. units) with

long dephasing times (from ∼28 to 45 fs). On the other hand, among the whole data set,

73 data points show a dephasing time ≲ 5 fs and a corresponding strong FWM intensity.

If we average these 73 data points, we find that the dephasing time is ∼2 fs and the FWM

intensity is 0.85 arb. units, showing a stronger FWM intensity relative to the rest of the data

set.
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Fig. S4: (a) Line profile of temporal evolution of FWM intensity across structural features
in monolayer WSe2 . (b) Analysis of representative sample locations exhibiting short deco-
herence times for high initial FWM intensity and vice versa. The black (T2= 60 fs) and red
(T2= 0 fs) solid lines represent the calculated autocorrelation curves, while the black line
with diamond symbol (Spot A, T2≲ 5 fs) and blue line with circle symbol (Spot B, T2=
60 fs) represent the autocorrelation data extracted from experiments.

Note 5: Dynamics of 2PPL signal

Similar to FWM, we perform a two-pulse correlation analysis of the 2PPL signal. In contrast

to FWM, the 2PPL signal involves electronic dephasing process at the conduction band and

population relaxation process from the conduction band to the excitonic state. As expected,

Fig. S5 shows a distinct decay rate of 2PPL compared to that of FWM in WSe2 .
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Fig. S5: 2PPL and FWM decay as a function of delay time. The 2PPL (pink curve) shows

a much longer decay time than the FWM for dephasing times of 10 fs (green), 20 fs (red),

and 45 fs (blue).

Note 6: Two-pulse correlation model

This section describes the calculation of the two-pulse correlation trace as a function of the

delay between two pulses. With time delay τ and fundamental excited electric field Ẽ(ω),

the two-pulse interferometric electric field can be expressed as:

Ẽ2−pulse(ω, τ) =

∫ ∞

−∞
[Ẽ(t) + Ẽ(t− τ)] exp(−iωt)dt = 2Ẽ(ω)cos(ωτ/2)e−iωτ/2 (1)

In the experiment, we optimize the phase of the field spectrum to 0, so that Ẽ(ω) =
√
I(ω),

where I(ω) is the laser spectrum as measured with the spectrometer.

The third-order susceptibility is given by

χ(3) (−ω;ω1,−ω2, ω3) ∝ [D(ω)D (ω1)D (−ω2)D (ω3)]
−1 (2)
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with the D(ωj) = ω2
0 − ω2

j − 2iωj/T2, where ω0 = 1.57 eV is the resonance energy of FWM

in our case.

From the expression for third-order susceptibility χ(3) (see, e.g. 3.7.10 from Boyd, Non-

linear Optic, third edition), its magnitude is determined by the optical dipole moments,

detunings, and dephasing times of the optical transitions closest to the excitation spectrum.

As discussed below (Note 7 FWM pathways) from comparison with MoS2 , our FWM re-

sponse in WSe2 is resonantly enhanced by the A-exciton thus reflecting its coherence time.

The spectral intensity IFWM of the generated FWM signal is calculated from the 2-pulse

interferometric response electric field E2-pulse(ω, τ), with all possible frequencies ω1, ω2, and

ω3 within its bandwidth:

IFWM(ω, τ) ∝

∣∣∣∣∣∣
∞∫∫∫
−∞

dωi=1,2,3χ
(3)(ω;ω1, ω2, ω3)

Ẽ2-pulse(ω1, τ)Ẽ
⋆
2-pulse(ω2, τ)Ẽ2-pulse(ω3, τ)δ(ω − ω1 + ω2 − ω3)

∣∣∣∣2
(3)

We determine the total FWM intensity as a function of delay time τ by integrating over

ω:

IFWM(τ) ∝
∫

IFWM(ω, τ)dω (4)

By varying τ , we obtain the FWM intensity traces as shown in the main text (Fig. 3b,

gray line). Finally, we compare the experimentally measured FWM intensities Ii(τ), with

calculated FWM intensities IFWM(τ), for assorted T2 values and minimize the residual r =∑
i |IFWM − Ii| to determine T2 for the experimental data.

Note 7: FWM identification and pathways

FWM identification:

We assign the spectral peak from 750 to 770 nm in Fig. 1b to FWM for several reasons.
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Importantly, the signal exhibits a third-order power dependence as shown in Fig. 1d in the

main text.

Additionally, the observed FWM spectrum can be fully derived from the shape of the

pump spectrum using Eq. 3 in Note 6 (also see Ref. [4]). We compare this calculated spec-

trum with the measured WSe2 spectrum by isolating the FWM peak from the 2PPL signal

(distinctly identified by its second order power dependence) through fitting the complete

spectrum with a double Voigt function. The calculated spectrum (blue dashed line) is in

excellent agreement with the experimental FWM spectrum Voigt peak (red dashed line), as

shown in Fig. S6.

Fig. S6: FWM(Voigt) based on Voigt fitting vs FWM(model) based on Eq. 3 in Note 6

(also Eq. 1 in Ref. [4]). The calculated FWM spectrum (blue dashed) based on Eq. 3 is

in excellent agreement with the data and again verifies the correct signal identification as

FWM.

The spectral FWM characteristics are also in full agreement with previous work by us4–6

and others.7–10

FWM pathways:

To confirm that the strong FWM signal of our WSe2 sample is due to enhancement via

the A-exciton through the triply degenerate pathway (Fig. 1c, left pathway), we compare
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the FWM intensity of monolayer MoS2with WSe2 under the same experimental conditions

using far-field excitation (Fig. S7). WSe2 (red) shows both strong A-exciton derived 2PPL

and FWM. In contrast, MoS2 only shows a weak FWM response (black) and no 2PPL due

to its larger bandgap and exciton resonance at 1.85 eV (670 nm).11,12 If the right pathway

in Fig. 1c dominated the FWM response, then the intensity and spectral characteristics of

the signal from MoS2 and WSe2would be similar. However, WSe2 clearly shows increased

FWM response over MoS2 and therefore the strong FWM in our WSe2 is due to the triply

degenerate single-photon resonant transition with the A-exciton (Fig. S7a, blue box).

Fig. S7: (a) The band structures of WSe2 and MoS2with their A-exciton positions indi-

cated. (b) The FWM spectrum from monolayer WSe2 and monolayer MoS2 under the same

excitation far-field conditions.

The enhancement of the FWM in WSe2 is due to the A-exciton peak being detuned

by from the FWM by only 1.9 FWHW (83.7meV/44meV). Because of its large oscillitor

strength and the lack of other transitions near the FWM the A-exciton dominates over any

other pathway. Because the A-exciton is the main contributor to the FWM polarization, the

dephasing rate of the FWM polarization is dependent on the dephasing rate of the A-exciton.
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