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ABSTRACT: Transition-metal dichalcogenides (TMDs) have dem- Au tip

onstrated a wide range of novel photonic, optoelectronic, and ~ 10fs

correlated electron phenomena for more than a decade. However, the W : . a2l 128 T, (fs)
coherent dynamics of their excitons, including possibly long dephasing F\ EWM

times and their sensitivity to spatial heterogeneities, are still poorly SHG

understood. Here we implement adiabatic plasmonic nanofocused four- SPP 2PPL_— ©

wave mixing (FWM) to image the coherent electron dynamics in

monolayer WSe,. We observe nanoscale heterogeneities at room WSe, 7 / *,
temperature with dephasing ranging from T, < S to T, 2 60 fs on S’Q,& B “,
length scales of 50—100 nm. We further observe a counterintuitive
anticorrelation between FWM intensity and T, with the weakest FWM
emission at locations of longest coherence. We interpret this behavior as a nonlocal nano-optical interplay between spatial coherence
of the nonlinear polarization and disorder-induced scattering. The results highlight the challenges associated with heterogeneities in

TMDs limiting their photophysical properties, yet also the potential of their novel nonlinear optical phenomena.

KEYWORDS: monolayer WSe,, four-wave mixing nanoimaging, nonlinear optics, electronic coherence and dephasing
decoherence and disorder

he discovery of the indirect to direct band gap transition phonon interaction expected to dramatically shorten T, toward

in two-dimensional (2D) transition-metal dichalcoge- room temperature. In addition, inhomogeneous broadening
nides (TMDs) over one decade agol_3 has opened the new associated with defects, substrate interactions, and other spatial
field of 2D semiconductor nanophotonics based on a wide heterogeneities dominate the optical response from the atomic
range of novel photonic and optoelectronic properties.”” to micrometer scale and further shorten T,."" 7'
Because of Berry phase physics and strong spin—orbit While the coherent dynamics is thus expected to be
coupling, TMD monolayers exhibit extraordinary spin and controlled on both nanometer length scales and femtosecond
valley phenomena.®” In addition, twisted homo- and time scales, no ultrafast nanoimaging experiments have yet
heterobilayer structures provide for emerging quantum addressed the relationship between exciton coherence and
phenomena and novel correlated electron phases.” Owing to spatial heterogeneity at room temperature. Here, we perform
the spatial confinement and reduced screening in 2D materials, spatiospectral and spatiotemporal tip-enhanced nanoimaging
the exciton light—matter interaction is enhanced, with high in coherent FWM. In two-pulse correlation nano-FWM
oscillator strength and large optical nonlinearity that can be imaging, we probe the exciton coherence in monolayer WSe,

orders of magnitude stronger than in conventional semi-
conductors.'~"* These extraordinary optical properties call for
an understanding of the underlying exciton coherence.

In previous works, long dephasing times (T,) have been
measured, suggesting TMDs as potential candidates for
quantum information applications.'”'* However, even at low
temperature, T, for monolayers of MoS,, MoSe,, and WSe,
does not generally exceed 200—600 fs as measured with four-
wave mixing (FWM) photon echo and multidimensional
coherent spectroscopy (MDCS).'”'>'® Only for monolayer
MoSe, encapsulated by hexagonal boron nitride (h-BN) have
exceptionally long T, times been measured, with values up to
~1 ps at 65 K and 3.3 ps at 5 K" These results suggest
exciton—exciton and exciton—phonon interactions as primary
mechanisms of decoherence,'”'® with the strong exciton—

with simultaneous spatial and temporal resolutions of tens of
nanometers and a few femtoseconds, respectively. We observe
room-temperature dephasing times of the nonlinear polar-
ization ranging from < S fs to 2 60 fs, varying over length
scales of tens to hundreds of nanometers. Significantly, we
observe a counterintuitive spatial anticorrelation between
FWM signal intensity and dephasing time, which we interpret
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Figure 1. Nonlinear nanospectroscopy of WSe,. (2) A pair of few-femtosecond pulses of variable time delay are grating coupled and adiabatically
nanofocused at the tip apex. The few-nanometer spatial localization gives rise to tip-enhanced nonlinear signal generation in monolayer WSe,. (b)
Nonlinear tip-enhanced spectra from monolayer WSe, (black solid line) attributed to and fit as SHG (blue solid line), 2PPL (green dashed line),
and FWM (red dashed line), excited by the fundamental pump light (black). For comparison, the nonlinear optical signal from the tip apex itself is
shown (gray). (c) Illustration of corresponding nonlinear optical pathways with degenerate FWM dominated by the A-exciton resonance. (d)
Power dependence of WSe, near-field SHG (blue), 2PPL (green), and FWM (red), with their expected quadratic and cubic dependences, where
the power index is labeled by m.
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Figure 2. Nonlinear micro- and nanoimaging of monolayer WSe,. (a—c) Microimages of SHG, 2PPL, and FWM, respectively, showing a low level
of spatial heterogeneity. (d—f) Nanoimages of SHG, 2PPL, and FWM, respectively, of a small area (marked by the red dashed rectangles in the
microimages) across the monolayer edge showing high spatial variation in SHG due to structural symmetry selectivity.

as an interplay between spatial coherence of the nonlinear as feedback, to compensate for the plasmon-propagation-
polarization and disorder-induced scattering. These results induced dispersion.””** The pulse shaper also generates a
highlight not only the fundamental challenges associated with pulse replica and controls its relative time delay (7) for time-
the wide range of heterogeneities in TMDs but also the resolved two-pulse correlation FWM measurements.
potential of new coherence and nonlocal nonlinear phenomena Gold tips were prepared by electrochemical etching,
in 2D materials at the nanoscale. engraved with a grating using focused ion beam milling, and
For the measurements, we use adiabatic nanofocused FWM mounted in a shear-force tuning-fork-based atomic force
with few-femtosecond pulses and deterministic pulse shaping microscope. The WSe, monolayers were prepared by
as developed and described previously”” >* and shown in exfoliation from bulk WSe, crystals (2Dsemiconductors,
Figure la. Briefly, plasmonic grating-coupled broad-band Scottsdale, AZ, USA) and transferred onto a Si substrate
femtosecond pulses from a Ti:sapphire oscillator (nominal with 300 nm SiO, using polydimethylsiloxane (PDMS).** (For
pulse duration ~10 fs) are spatially compressed through a further experimental details and sample characterization see
conical waveguide transformation.”>** The phase and Figure S1.)
amplitude of the nanoconfined femtosecond pulses at the tip The short wavelength tail of the pump light is filtered out to
apex are further controlled by a home-built pulse shaper using enable detection of the FWM signal generated in that spectral
multiphoton intrapulse interference phase scans (MIIPS) with range. Figure 1b shows the tip-scattered pump and emission
second-harmonic generation (SHG) from the tip apex serving spectra with the tip in shear-force feedback on the WSe,
1768 https://doi.org/10.1021/acs.nanolett.2c04536
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monolayer. The excitation spectrum spans from ~785 to 900
nm and drives three nonlinear optical processes. As shown in
Figure 1¢, SHG results from the broken centrosymmetry of the
WSe, monolayer. Incoherent two-photon photoluminescence
(2PPL) occurs at the A-exciton resonance after electron—hole
pair relaxation. Finally, coherent intrapulse nanolocalized
FWM arises from the broad-band pump interacting with the
A-exciton resonance. The corresponding power dependences
of the three signals are shown in Figure 1d, scaling as expected
in second order for SHG and 2PPL and third order for FWM.
The onset of tip and sample damage limits the excitation to a
maximum of ~12 mW average power.

For comparison, the signal from the tip itself, when not in
near-field contact, only exhibits weak FWM (gray line in Figure
1b). We deconvolute the spectrally overlapping 2PPL (green
dashed line) and FWM (red dashed line) spectra by fitting the
total spectrum (black line) to a double-Voigt profile. Of the
two possible FWM pathways, we expect our signal to be
dominated by the triply degenerate case, close to the single-
photon resonance with the A-exciton (Figure 1c, left pathway).
Due to thermal broadening of the A-exciton resonance at room
temperature, the FWM spectra of the gold tip and WSe,
monolayer are very similar, but the latter FWM response is
strongly enhanced due to the large dipole moment of the A-
exciton (see Note 7 in the Supporting Information).

We choose a clean monolayer flake of WSe,, precharac-
terized by micro-SHG, -2PPL, and -FWM imaging as shown in
Figure 2a—c (see Figure S2 for corresponding AFM top-
ography). We then select a representative subregion across the
crystal edge (dashed rectangle) which shows no obvious spatial
signal variations for corresponding nanoimaging, with the
results being shown in Figure 2d—f.

A distinctly higher nanoscale spatial variation is seen in
nano-SHG in contrast to both the incoherent 2PPL and
coherent FWM images (see Figure S3 for transects and an
analysis of spatial resolution). We attribute this higher degree
of heterogeneity in SHG to its sensitivity to local symmetry
breaking associated with local lattice structural disorder. In
contrast, we interpret the lower heterogeneity of FWM as a
result of the spatial coherence of the nonlinear polarization
across the full evanescent region of ~10°—10* nm? of the tip
(see Figure S3 for more details).

For subsequent spatiotemporal FWM nanoimaging, we
measure the two-pulse correlation function with time delay
(7) controlled by the pulse shaper. Figure 3a shows the time
series of FWM images with increasing time delay of the same
sample region as above. The FWM signal decays within a few
tens of femtoseconds and with spatial heterogeneity on the 100
nm length scale. Figure 3b shows extracted time traces of the
two-pulse correlation function for selected sample regions.

To extract the underlying dephasing time T,, we describe
the induced polarization P(t) = [R(t — ')E(t') dt’ based on
the response function R(t) with driving field transient E(t). We
assume a damped harmonic oscillator behavior R(t)  exp(iwt
— t/T,) for the response function. The interferometric two-
pulse correlation of the FWM intensity as a function of time
delay 7 is then given by
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Figure 3. Femtosecond spatiotemporal FWM nanoimaging of
monolayer WSe,. (a) Time series of FWM images for five interpulse
delays (from top to bottom) 7 = 0, 5.6, 11.2, 16.3, and 19.3 fs. (b)
FWM intensities of three selected sample locations for the five delay
times with corresponding decoherence times of T, = 10, 20, and 45 fs
determined by the line envelope. For comparison, a simulated
response of T, = 45 fs is shown.

@) & [t [I] " ((B@, ) + B, ¢ - 0)

X [By(w,, t) + B(w,, t — 7)]

X [Bws, t) + Bwy, t = 1)]
X exp[—i(w; — @, + w;)t]

X 8(w - w, + w, — ;) dw,_;, 3 (1)

To fit the experimental data, we minimize the residual r =
S Alewar — I to determine T,>* (for details see Note 6 in the
Supporting Information). As shown in Figure 3b, for the
selected image locations, T, values of ~10, ~20, and ~4S5 fs are
obtained with spatial variations on the hundreds of nanometers
scale. This behavior is reproducible and representative for
different samples, with time scales varying between T, < S fs
and up to ~60 fs (for additional data see Figure S4).

Following the method above, we extract both T, and the
corresponding FWM intensity Iy at 7 = 0 fs for each pixel
(186 X 186 nm*) in the sample area indicated by the red
dashed rectangle in Figure 3a and plot the result in Figure 4a.
Significantly, we observe that regions with the strongest FWM
signal correspond to the shortest dephasing times, and vice
versa. Figure 4b visualizes this anticorrelation as a contour plot
in the T, versus Igyy plane. This anticorrelation with weakest
FWM emission at locations of longest coherence is
unexpected, since one would conventionally expect the
intensity of any coherent radiation from an ensemble of
excitons to decrease with decreasing T,.

We first discuss the origin of the FWM response, followed
by the decoherence and its spatial heterogeneity, and last,
possible mechanisms to explain the observed anticorrelation
between FWM intensity and coherence time.

In related FWM measurements of monolayer MoS, with an
A-exciton energy of ~1.85 eV using below-exciton-energy
femtosecond excitation (~1.55 eV), the main contribution to
the FWM response was assigned to a two-photon resonance
between free carrier states (Figure lc, right pathway).”*™** In
contrast, judging from the FWM spectral behavior, our WSe,
FWM signal is dominated by the near triply degenerate FWM
process (Figure lc, left pathway). This interpretation is
supported by the close spectral proximity of the FWM signal
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Figure 4. Spatial heterogeneities and T,—Iy, anticorrelation. (a) Spatial inhomogeneity of T, and Iy, showing anticorrelated behavior. (b)
Corresponding plot of T, versus Iy, with the best fit to a model with scattering parameter I'y = 1/50 fs™! (solid line). (c) Cartoon illustrating the
underlying mechanism of spatial coherence of FWM polarization that is nonlocally sensitive to total number of defects within the coherent area,
which in turn is controlled by, e.g.,, grain boundaries, giving rise to a counterintuitive higher Igyy, for shorter T,.

to the strong A-exciton resonance at 1.65 eV (see Figure 1b
and Figure S1b, with further details being given in Note 7 in
the Supporting Information).

We now compare our room-temperature values of T,, with
spatial variations ranging from T, < S to T, 2 60 fs, with
variable-temperature results from other work. Microscale
FWM measured on MoSe, at 6 K showed variations of T,
from ~0.5 ps up to 1.5 ps with T, being limited by local
disorder and associated exciton localization."” When the
temperature is increased from 6 to 150 K, a decrease of T,
from 1.4 to 0.2 ps has been interpreted as enhanced exciton—
phonon scattering. Theoretical work on the formation,
thermalization, and emission of bright (coherent) and dark
intra- and intervalley (incoherent) excitons predicted a T,
value of around 30 fs in WSe, at room temperature.29 For
comparison, in the same study on MoSe,, an even shorter value
of T, of 15 fs was attributed to an efficient formation of
incoherent K—K excitons via emission and absorption of
acoustic and optical I' phonons. It should be noted, however,
that above-exciton-energy excitation was assumed in these
studies, whereas in our case we excite below exciton energy.
Room-temperature experimental work investigating valley
polaritons in monolayer WSe, integrated with a dielectric
cavity suggested an underlying exciton dephasing time of ~60
fs.”” The range of measurements consistent with these findings
assigns the role of defects, substrate interactions, and other
spatial heterogeneities to inhomogeneous broadening'”'*~*!
and agrees that exciton—phonon and exciton—exciton
interactions dominate decoherence.'”"*'*'® We assign the
dramatic shortening of T, we observe at room temperature to
the strong exciton—phonon scattering accelerating with
increasing temperature, in agreement with exciton line width
analysis and exciton—phonon scattering theory.”'

The ultrashort time scales and spatial variation of T,
observed in our experiments indicate that the dephasing of
the nonlinear polarization is dominated by disorder-induced
scattering. Even though the third-order response is due to the
strong A-exciton resonance at 750 nm, processes involving real
exciton populations such as recombination, exciton—exciton,
and exciton—phonon scattering likely do not have a significant
effect on dephasing in comparison to disorder-induced
scattering. This is due to the limited spectral overlap of
FWM and pump frequencies with the exciton absorption
resonance (see Figure 1b) in below-exciton-energy excitation
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when compared to situations with resonant or above-gap
optical excitation.

One can understand the observed spatial anticorrelation
between T, and Ipyy based on an intuitive picture with
minimal model assumptions. In our nanofocusing experiments,
an ultrashort broad-band pulse excites a nonlinear polarization
in the WSe, monolayer across a near-field localized area under
the tip. Because the tip radius is much smaller than the FWM
wavelengths, the induced localized polarization is spatially
coherent over an area L%, with L being primarily constrained by
the tip radius but locally controlled by the distribution of
structural features including grain boundaries, line defects, and
strain.”” As the underlying mechanism (Figure 4c), assuming a
homogeneous defect density, this would imply a large
coherence length in an otherwise unperturbed sample region
(i), with associated large FWM dipole moment, yet fast
decoherence due to the large number of defects within the
large coherence area (L?). Conversely, if perturbed by, e.g,
grain boundaries, the reduced coherence length (ii, iii) then
gives rise to a reduced FWM polarization amplitude yet with
longer coherence time due to sensing fewer scattering centers.
Within L? all optical dipoles of excitons oscillate in phase,
adding coherently to a net large optical dipole P(t) & L. The
resulting FWM polarization of the net time-averaged optical
dipole becomes P, & LT, and decays with time constant T,.

In order to phenomenologically model this behavior, we
decompose the total decoherence rate 1/T, = I'y + 'y as the
sum of two terms. Here, I'; is the sum of all scattering rates
that are unrelated to disorder, such as exciton—phonon
scattering. The second term, Iy, is disorder-related and varies
from location to location. In the absence of specific
information about the nature of disorder, we then write the
second term for two limiting cases which both lead to the
observed anticorrelation effect.

In the first case, the disorder is weak and the scattering of
delocalized excitons on the random disorder potential can be
treated in the Born approximation. We assume that the
disorder-related part of the decoherence rate is due to
scattering with uncorrelated point defects with a scattering
potential which satisfies V(r)V(r') = Ny(Ved(xr' — r), where
Ny = ngl? is the total number of defects in the coherence
area L* and Vj is a constant strength of the disorder potential.
Here, ng4. is the homogeneous defect density of the sample,
which we treat as an intrinsic parameter of the sample material.
Following the straightforward calculations outlined by Mahan
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et al.*>® and Girvin et al.,** the defect scattering rate is then

proportional to Ny Vg and the density of states. With the
above approximations, one obtains 'y, = aL? where the
proportionality constant a includes only the intrinsic
parameters of the sample which do not vary from spot to
spot. The total dephasing rate is then 1/T, = Iy + aL? where
the coherence area L? is limited by grain boundaries and varies
spatially across the sample. Rearranging to obtain L* ox — [y +
1/T,, we can then eliminate the L> term in P,  L>T, to obtain
a model for the FWM intensity as a function of dephasing time
given by

Ty & Py o (1 = IT,)* (2)

which describes the observed anticorrelation. Note that )T, is
smaller than 1 by definition.

Since the observed normalized intensity has an overall offset
of ~0.6 (Figure 4b), we fit the data with Igyy o 0.6 + 0.4 X (1
— I'yT,)* We find the best fit using I'y &~ 1/50 fs~', which is
much longer than the total T,, again showing that the total
dephasing rate is dominated by the disorder-related term
~al.

In the second case, we now consider the opposite limit of
strong disorder. Here, excitons are localized on defects and the
disorder-related part of the decoherence rate is proportional to
the local defect density: 'y, = Pngs The proportionality
constant f# does not vary spatially, whereas the defect density
Ngef May vary strongly from point to point. Assuming that the
localized excitons make up the main contribution to the FWM
signal due to their larger dipole moment compared to free
excitons,?'s’?’6 we arrive at the scenario in which the FWM
emission from excitons with surface density n, is proportional
to the surface density of defects ng.¢

In this case, the net dipole formed over the illuminated area
would scale as P 1, 14, Whereas the dephasing rate of the
optical dipoles scales with local density of defects as 1/T, ~ I
+ fng.. Assuming again the radiation intensity to scale as Igyy,
« P’T; o ngfT; and eliminating ng we obtain the same
anticorrelation relation as in eq 2.

Recently, the heterogeneity of T, in monolayer MoSe,,
MoS,, and WS, was studied on the microscale, observing a
similar anticorrelation between homogeneous and inhomoge-
neous line widths at low temperature, yet in that case it was
attributed to the interplay between spatial disorder and
radiative lifetime.'” ™' In contrast, in our case we observe an
anticorrelation between dephasing time and FWM intensity
due to heterogeneous disorder.

In summary, using nonlinear FWM nanoimaging based on
few-femtosecond adiabatic nanofocusing as an enabling
approach, we resolve the ultrafast electronic decoherence in
WSe, and its nanoscale heterogeneity at room temperature.
We attribute the observed spatial variations of T, from < S to
T, 2 60 fs on length scales of 50—100 nm in monolayer WSe,
on SiO, to disorder-induced scattering, with the short time
scales resulting from thermally activated exciton—phonon
scattering. We discover a novel spatiotemporal anticorrelation
between FWM intensity and T, with the highest local FWM
intensities associated with the shortest dephasing times, or
conversely, the longest dephasing times with regions of
weakest signal. We describe this behavior, which is contrary
to conventional nonlinear optics, as a result of spatial
coherence within the subwavelength near-field nonlinear
excitation area. This unusual behavior paves the way for
using both inherent and artificially structured heterogeneity,
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such as nanopillar arrays and twisted bilayer 2D materials, to
spatially control coherence and nonlinear optical response at
the nanoscale. Additionally, this anticorrelation behavior
extends the range of novel nonlinear optics phenomena
discovered in 2D and other quantum and nanoconfined
geometries, including Doppler broadening in graphene,™
nonlocal nonlinear nanoplasmonics,” orientation-dependent
exciton—plasmon coupling in heterostructures,””** slow light
in WSe,/plasmonic structures,” nanophotocurrent in Weyl
semimetals,*® and tunable SHG in twisted h-BN.*' Our results
thus highlight not only the fundamental challenge associated
with heterogeneities in TMDs but also the large playground
they provide for a wide range of novel and enhanced optical
phenomena in nonlinear nano-optics.
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