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Two-dimensional hexagonal materials such as transition metal dichalcogen-
ides exhibit valley degrees of freedom, offering fascinating potential for valley-
based quantum computing and optoelectronics. In nonlinear optics, the K and
K’ valleys provide excitation resonances that can be used for ultrafast control
of excitons, Bloch oscillations, and Floquet physics. Under intense laser fields,
however, the role of coherent carrier dynamics away from the K/K’ valleys is
largely unexplored. In this study, we observe quantum interferences in high
harmonic generation from monolayer WS, as laser fields drive electrons from
the valleys across the full Brillouin zone. In the perturbative regime, interband
resonances at the valleys enhance high harmonic generation through multi-
photon excitations. In the strong-field regime, the high harmonic generation is
sensitively controlled by quantum interferences of laser-field-driven electrons
occupying various points in the Brillouin zone, including regions far from the
K/K’ valleys. Our experimental observations are in strong agreement with
quantum simulations, validating their interpretation. This work proposes new
routes for harnessing laser-driven quantum interference in two-dimensional
hexagonal systems and all-optical techniques to occupy and read-out elec-
tronic structures in the full Brillouin zone via strong-field nonlinear optics,
advancing quantum technologies.

Under intense laser fields solids exhibit extreme nonlinear optical
responses, such as high-harmonic generation (HHG)"*. Recently, HHG
has been demonstrated in diverse material systems—
superconductors®, Mott insulators*®, topological solids®’—and has
garnered substantial interest as a powerful tool for exploring non-
equilibrium quantum phenomena in condensed matter, including
Bloch oscillations'®", charge coherence'>, and phonon dynamics' .
The initial step in HHG is the coherent excitation of electrons from the
valence to the conduction bands, forming an electron-hole wave
packet'*°, Subsequently, two primary mechanisms contribute to

HHG: (1) interband transitions, which induce nonlinear optical polar-
izations via electron-hole recombination, and (2) intraband transitions,
which generate laser-driven anharmonic currents. Two-dimensional
(2D) hexagonal materials such as transition metal dichalcogenides
provide a fascinating platform for investigating strong-field physics in
solids. Due to the degenerate band gaps at the K and K’ valleys—where
nonzero Berry curvature arises—HHG is intimately connected to valley-
specific excitations and all-optical readout?>*, Interband excitation
and recombination can be resonantly enhanced at the band edges by
strong Coulomb interactions in atomically thin 2D structures**>%.
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Intraband carrier dynamics also generate nonlinear anomalous and
regular currents®?, enabling the reconstruction of the Berry
curvature® and energy dispersions®**? across the Brillouin zone (BZ).
While bulk materials have shown that strong-field-driven quantum
interference between interband and intraband excitation pathways
can manipulate HHG"****, the corresponding effects in 2D hexagonal
materials remain largely unexplored.

In the perturbative laser-field regime, local excitation near the K
and K’ valleys dominates the optical response, offering fundamental
physical principles for valleytronic applications that utilize coherent
valley-selective excitations as effective two-level systems®. Although
theoretical models often match experimental data under these con-
ditions, they typically focus only on the valleys and ignore the more
intricate band structure away from these high-symmetry points®. On
the other hand, when the laser field is sufficiently strong, excited car-
riers in the valleys can travel across the entire BZ, including to non-
high-symmetry k-points with local energy minima or saddle points.
While these alternative k-points do not benefit from valley-specific
selection rules or minimal bandgap resonances, their coherent exci-
tation under strong-field conditions can manipulate electrons for
nonlinear optical applications similar to those in valleytronics, effec-
tively forming a 2-level-like quantum system that can be controlled
using light. Fully capturing these dynamics requires capabilities that
drive excitation beyond the K/K’ valleys and identify the unique
spectral signatures associated with such extended electron-hole wave
packets.

In this study, we investigate how HHG evolves in monolayer WS,
as photo-excited carriers localized within valleys expand throughout
the BZ. By irradiating WS, with mid-infrared pulses at 0.28 eV—reso-
nant with a seven-photon transition to the optical gap—we initiate
ultrafast carrier dynamics in the edges of the valence and conduction
bands. Systematically increasing the laser intensity causes a transition
to the non-perturbative regime, marked by nontrivial spectral features:
(1) a pronounced kink in the harmonic yield’s intensity dependence,
and (2) a distinct spectral evolution that exhibits peak splitting and
subsequent merging. Using ab-initio and model quantum mechanical
simulations, we attribute these phenomena to quantum interference
arising from laser-field-driven carrier motion transitioning from valley-
localized states to highly delocalized states across the BZ, including
the I’ and M points, as well as from interference between interband and
intraband pathways. These findings provide a new mechanism to
coherently populate and read out diverse electron-hole super-
positions, expanding our ability to manipulate and probe the full BZ of
2D hexagonal solids. Our study thus provides insight that can pave new
avenues in ultrafast valleytronics, ultrafast quantum information, and
related fields.

Results and discussion

Transition from perturbative to strong-field driven HHG in
monolayer WS,

Figure 1a schematically illustrates the electronic processes in mono-
layer WS, initiated under intense laser driving. In the perturbative
regime, nonlinear optical processes primarily arise from excitonic
multiphoton transitions at the band gaps located at the K and K’ val-
leys. Under intense laser fields, excitons become substantially delo-
calized through hybridization with higher excitonic bound states and
continuum states’. Eventually, ionized electrons and holes are driven
far beyond the K and K’ valleys over wide regions of momentum space,
which opens additional pathways for higher-order nonlinear optical
processes via intraband and interband transitions.

We fabricate large-area, high-quality, WS, monolayers using a
gold-assisted exfoliation method”. To further reduce external defects,
the exfoliated monolayer WS, is encapsulated with hexagonal boron
nitride on sapphire substrates via a dry transfer process®. Our
home-built femtosecond laser system provides linearly-polarized,

mid-infrared pulses with ~ 120 fs duration at 100 kHz repetition rate.
We intentionally set the photon energy at ~ 0.28 eV (4500 nm) to
match the 7-photon resonant exciton transition at the band edge. The
laser power and polarization are precisely controlled and analyzed
using polarization optics. HHG spectra are recorded with an electron-
multiplying charge-coupled device to achieve a high signal-to-noise
ratio. Owing to the combined advantages of high sample quality and
high repetition rate, we can sensitively observe the quantum inter-
ference features from the perturbative to the non-perturbative
regimes, as will be shown below. Additional details on sample pre-
paration, laser setup, and a comparison of HHG spectra with and
without hBN encapsulation are provided in the Supplementary Infor-
mation (SI).

We now investigate HHG in monolayer WS, as a function the
driving intensity. HHG signals are collected and integrated for both
parallel and cross-polarization components with respect to the driving
laser fields. HHG spectra exhibit markedly different profiles depending
on the laser intensity (see Fig. 1b, ¢). At ~ 110 GW/cm? (red solid line in
Fig. 1c), strong 7th harmonic signals are observed at 1.93 eV, while all
other harmonic orders—including lower harmonic orders—are nearly
absent. This selective enhancement arises from excitonic resonances
at the K and K’ valleys. The reflection contrast spectrum (Fig. le) and
HHG spectrum (Fig. 1d) show absorption and photoluminescence
peaks at 2 eV, respectively, originating from 1s exciton resonances at
the optical gap. The 7th harmonic signal is located near 1s exciton
resonances with a small detuning of 70 meV. Up to ~185 GW/cm? laser
driving, the yield of 7th harmonic in Fig. 1f scale as =« | 7 with respect
to laser peak intensity (I). A similar intensity dependence is observed
for photoluminescence under mid-infrared laser excitation (see SI),
indicating that all optical processes observed in this regime are pri-
marily mediated by the 7-photon transitions to the resonant exci-
tonic state. Such excitonic enhancement has been experimentally
reported for second harmonic generation in TMD monolayers and
heterostructures®*°. Recent theoretical studies predict that exci-
tonic resonances can also strongly enhance high-order harmonic
generation’****»*2, in agreement with our experimental observations.
At higher driving intensity (>185 GW/cm?), an HHG plateau spanning
5-11th harmonics emerges (Fig. 1b, c). Under these conditions, the
HHG yield becomes non-perturbative, including for the 7th harmonic
—the main observable analyzed in this study. Notably, Fig. 1f reveals a
pronounced kink at ~200 GW/cm?, which is not expected from the
perturbative response, and which we will analyze with theory
later on.

The crystal orientation dependence of the 7th harmonic yield also
indicates the transition from the perturbative to the non-perturbative
regime. Figure 2b-f present the integrated yield as a function of the
angle between the laser field and the WS, zigzag direction (see the
illustration in Fig. 2a). The crystal axis of WS, is determined from
polarization analysis on even order harmonics (see Sl). Polarization
analysis confirms that the 7th harmonic is absent for the polarization
component perpendicular to the driving laser field, as expected from
HHG dynamical mirror-symmetry selection rules?®* (see SI). At a laser
intensity of ~ 125 GW/cm?, dominated by the perturbative response
from excitonic resonances, no apparent dependence on crystal
orientation is observed (i.e., an isotropic response). However, in the
non-perturbative regime, harmonic signals exhibit strong 60° periodic
modulation, which becomes increasingly pronounced as the laser
intensity rises from ~ 235 to 380 GW/cm?, accompanied by significant
changes in modulation depth and phase (with 60° periodicity, as
expected from crystal symmetry**) - Initially, polar plots show stron-
ger harmonic yields along the armchair direction, but as the laser
intensity increases the polar plot rotates by 30°, revealing stronger
yields along the zigzag direction. Figure 2f is consistent with previous
works?®? in extreme laser intensities (>1 TW/cm?). The systematic
modification of polar plots is indicative of a change in laser excitation
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Fig. 1| Non-perturbative response of lightwave-driven electron-hole pairs in
monolayer WS:. a lllustration of the electronic processes under strong laser
excitation: Intense laser driving excites carriers throughout the BZ, and drives them
in the respective bands. Interband recombination and intraband currents (red and
gray arrows, respectively) emit HHG from various points in the BZ, including
beyond K/K’ valleys. In inset is an illustration of an electrons and holes driven by
laser fields. b Experimentally measured HHG spectra as a function of laser intensity
from 80 to 350 GW/cm?. Note that harmonic yield in (b) is plotted in a logarithmic
scale. The spectra display markedly different profiles in the perturbative and non-

Photon energy (eV)

Peak intensity (GW/cm?)

perturbative regimes, showing onset of HHG plateau at higher driving, and the
resonant 7th harmonic appearing in much lower intensities. ¢ Line-cuts of HHG
spectra from (b). d Photoluminescence spectra showing clear excitonic signatures
with 1s exciton resonance at 2 eV. e Reflection contrast spectrum indicating
absorption near 2 eV, associated with the 1s exciton resonance. f Measured inte-
grated 7th harmonic yield as a function of laser intensity (obtained from (b)),
showing a kink feature arising for both zigzag and armchair orientations. Note that
(f) is plotted in a logarithmic scale.

regime, and potentially also the physical mechanisms dominating
HHG, as will be discussed below.

Laser intensity-dependent quantum interference in the 7th
harmonic spectra

Figure 3c presents a 2D color map of high-spectral-resolution 7"
harmonic spectra from monolayer WS, driven in the zig-zag direc-
tion as a function of laser intensity (nearly identical spectra are
observed along the armchair direction, see SI). There are three key
surprising results here, which form the main findings of this letter: (i)
At - 150 GW/cm? where non-perturbative responses emerge from the
laser-field-driven carriers, a very significant peak broadening arises.
(ii) At slightly higher powers (-200 GW/cm?* multiple distinct peaks

emerge from the sharp peak that is characteristic of lower intensity
driving. At yet higher intensities, ~250 GW/cm?, these split peaks
converge, resulting in a broader recombined spectral profile. (iii)
This evolution is accompanied by a notable kink in the integrated
yield of the 7th harmonic (see Fig. 1f and Fig. 3a) over the same laser
intensity range, whereby the yield does not increase with increasing
driving intensity.

In the perturbative regime, harmonic spectral profiles are pri-
marily dictated by the driving pulse shape, typically exhibiting
Gaussian-like profiles*’. Beyond the perturbative regime, however, the
spectral profile can also be affected by interference between multiple
quantum pathways of charge carriers that emerge on sub-laser-cycle
timescales. Specifically, interference between distinct quantum
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Fig. 2 | Crystal orientation dependence of the 7th harmonic generation yield.
a Schematic of the monolayer WS, crystal structure and laser polarization axis (red
arrow). The x(y)-axis corresponds to the zigzag (armchair) directions, respectively.
The angle 0 represents the counterclockwise rotation of the excitation laser
polarization relative to the zigzag axis. b—f Crystal orientation dependence of
seventh harmonics at increasing laser peak intensities: b 125 GW/cm?, ¢ 235 GW/
cm?, d 305 GW/cm?, e 350 GW/cm?, and f380 GW/cm?. For low driving power the

270 270

harmonic response is isotropic and perturbative. At higher intensity in the transi-
tion to non-perturbative HHG, a distinct six-fold pattern emerges with emission
along the armchair direction. At yet higher intensity the six-fold pattern is slightly
less pronounced and rotated by 30°, exhibiting stronger harmonic intensity along
the zigzag direction. The harmonic signals in (b), (c), (d), and (e) are magnified by
factors of 200, 10, 2, and 1.3, respectively, to clearly visualize the pattern evolution
at lower laser intensities.

pathways can produce spectral fringes, including peak splitting, that
reflect the complex dynamics of charge carriers (as has been observed
due to other mechanisms in bulk systems'®*"*’), Thus, we hypothesize
that these phenomena all arise from multiple quantum path inter-
ferences. The main question is then which paths dominate the
response of WS; in this regime?

To address this question, we perform exhaustive theoretical
calculations based on several levels of theory. First, ab-initio time-
dependent density functional theory (TDDFT) simulations are per-
formed and compared with the experiment. Unfortunately, due to
the very long-wavelength driving TDDFT fails to reproduce the
dominant experimental features. This arises primarily because
TDDFT does not include sufficient dephasing channels, which are
highly relevant and can significantly alter the HHG spectra in our
conditions*® (because a single driving field period is -~ 15 fs, meaning
dephasing occurs already within a single laser cycle, with recent
dephasing times expected to be -~ fs on average*’). Nonetheless, the
TDDFT simulations allow us to conclude that in our conditions
contributions from electronic correlations and higher- or lower-
order conduction and valence bands are expected to be minor in the
overall response (see SI). Consequently, we develop a simple two-
band model based on a tight-binding (TB) Hamiltonian (with an
approach similar to that in refs. 50,51 see SI), which we employ in
semiconductor Bloch equations (SBE) in the length gauge in a density

matrix formalism**** (given in a.u):

5P (K D =IE(Q) - |dey(K) Py (K, 1) — ey poy(k, 1)
(ECB(k(t)) - EVB(k(t)) - TLZ)pcu(kr t)

(dcc(k) - dvv(k))pcv(k' t)
THO- ( +dey (K) (20, (K, 1) — 1)

where k(t) =k, + LA(t), with k, the crystal momentum at ¢ = 0, and E(t)
the electric field vector (in the dipole approximation), which is con-
nected to the vector potential via: —0,A(¢) = cE(¢), and c is the speed of
light. In Eq. (1), p; is the density matrix, ¢4, is the band eigen-energy,
d; are transition dipole matrix elements, and T, is the phenomen-
ological dephasing time (taken as 5 fs*°). From the density matrix we
obtain the time-dependent current, J(t) =Jinera(t) + Jincer (6) (Separated
to inter- intra-band contributions):

@
%pcv(kr H= —

Jinera© = = D [0, OPyy (K(0) + pec(K, )P (K(1))]

keBZ (2)
Jinter(t) == Z ZRe[pcv(k' t)pvc(k(t))]

keBZ

where py are the momentum matrix elements. All momentum and
dipole matrix elements, as well as band energies, are obtained through
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Fig. 3 | Quantum interference in harmonic generation. a The 7th harmonic yield
vs. peak intensity in the zigzag direction (same as Fig. 1(f)). b Theoretical calculation of
the 7th harmonic yield vs. peak intensity under laser excitation along the zigzag
direction. We use a pulse duration of ~200 fs to resolve the peak splitting in (f). We
confirm that nearly the same behavior is observed for a pulse duration of -120 fs,
corresponding to the actual experimental value (inset). The total current (red line) can
be decomposed into intraband (green line) and interband (blue line) components,
demonstrating that the kink arises from quantum interference between interband and
intraband transitions. ¢ Experimental and d theoretical 2D color map of the 7th har-
monic spectra as a function of peak intensity under excitation along the zigzag
direction, respectively. The color is plotted on a logarithmic scale. e Normalized 7th
harmonic spectra at specific laser peak intensity corresponding to 145, 195, 210, and
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255 GW/cm?, which are linecuts of (c). At low laser field strength, a single peak is
observed, but as the field strength increases, this single peak begins to broaden and
split into multiple peaks, indicating the emergence of an interference between differ-
ent electron pathways or transitions. As the field strength further increases to 255 GW/
cm? and beyond, the formation of shoulder peaks becomes more pronounced
potentially due to more complex quantum pathways or transitions. f Theoretical cal-
culation of normalized 7th harmonic spectra at the specific laser peak intensity cor-
responding to 100, 375, 600 and 900 GW/cm?, which is the linecut of (d). The
calculated spectra exhibit interference patterns that closely resemble the experimental
observations, particularly in the peak broadening and the emergence of multiple peaks
at higher field strengths. All calculations were performed using the Tight Binding
maodel, which was employed for solving the Semiconductor Bloch Equations.

analytical expressions from the TB Hamiltonian, which is optimally
fitted to DFT bands throughout across entire BZ with an accurate 14-
order nearest-neighbor Hamiltonian (where spin is neglected and with
the gap at K/K' offset to match experimental values, as it is often
underestimated in DFT). From J(t) we compute the HHG spectrum as
ling(Q) = | [ dtf(6)0 J(H)e > with f(¢) being a super-gaussian window
function. For all additional technical details of the propagation and
numerical procedures see the SI.

Figure 3b, d, f present numerical results employing the SBE-TB
formalism, showing strong agreement with the experiment. The simu-
lations correctly predict the kink in the 7th harmonic yield vs. peak

intensity (Fig. 3d). A pulse duration of ~ 200 fs is employed to resolve the
peak splitting in Fig. 3d. In the inset of Fig. 3d, we confirm that nearly the
same behavior is observed for a pulse duration of -120 fs, corresponding
to the actual experimental value. The total current (red line) can be
decomposed into intraband (green line) and interband (blue line)
components, elucidating that this effect originates from quantum
interference between interband and intraband emission channels—a
feature absent in either channel alone and requiring their complete or
partial destructive interference. This is the first observation to our
knowledge of such clear interferences in 2D systems. We note that the
onset intensity of this effect is overall higher in the theory, likely due to
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excitonic effects not captured in our simulations. Excitonic resonances
can enhance carrier excitation even at lower laser intensities. Strong
Coulomb interactions also give rise to tightly bound excitons in real
space, which in turn promote greater momentum-space delocalization
of excited photo-carriers, even without laser-field-driven intraband
excitations. According to recent studies™, exciton-phonon and
exciton—plasmon scattering processes can provide finite momentum to
the carriers. Furthermore, strong-laser-field-driven exciton ionization
processes® can open additional HHG pathways that are not captured by
the current theory. To accurately address the issues above, time-
resolved photoemission spectroscopy or time-resolved absorption
spectroscopy under identical mid-infrared excitation can provide direct
access to the probe excitonic states and carrier scattering dynamics in
the time domain. However, such an investigation goes beyond the scope
of the present study.

Theoretical analysis of HHG in monolayer WS,

At the next stage, our theory reproduces the peak broadening and
splitting dynamics vs. laser intensity (see Fig. 3a-d)). Note that here we
employed much longer driving laser pulses in order to obtain sufficient
spectral resolution (200 fs FWHM), but otherwise employed the same
conditions as in the experiment. In the simulations, such long time-
scale dynamics are necessary to be able to resolve peak splitting on an
energy scale of ~-0.02eV. Our theoretical analysis reveals that the
splitting and converging dynamics do not arise solely due to inter-
ference of interband and intraband channels, as the effect appears in
each channel separately (see SI for 7th harmonic spectrum from
interband and intraband channels). To gain further insight, we perform
a comprehensive k-resolved analysis of the HHG yield, and uncover
that at the onset of the peak splitting, a substantial portion of the BZ is
excited (comparing occupations in Fig. 4a, b, middle panel). Indeed, at
high laser powers, electrons occupy not only regions near K/K’ valleys,
but also towards I' and M points. The HHG emission from these regions
is comparable to that from the K/K’ valleys and, under certain condi-
tions, can be even stronger. Mathematically, this is clear due to the
relatively low optical gap throughout the BZ (e.g., the gap at'is-3 eV,
only ~1eV higher than the gap at K/K’). The detailed spectral profiles
are determined by the magnitudes and phases of the HHG emission,
which depend on specific laser excitation conditions including finite
beam size, temporal and spectral pulse profiles**°. Nevertheless, this
result clearly indicates that the peak splitting originates from quantum
interference of laser-field-driven carriers occupying multiple k-points
including regions near I' and M points.

This conclusion is further validated by performing additional
simulations where the TB Hamiltonian is modified to reproduce the
correct electronic structure only near K/K' valleys, while the gap is
artificially increased towards I' and M to suppress their contribution
(see right panels in Fig. 4b, c). Indeed, in these conditions, the peak
splitting phenomena are completely suppressed at identical laser
power, corroborating that interference of emission between different
points in the BZ accounts for the physical mechanism of peak splitting
(and that specifically the K/K’ valleys, including their Berry curvature,
cannot alone account for the effect). The peak closing dynamics at yet
higher driving is seen to arise due to increased dominance of the
intraband emission channel where the split peak converges.

Discussion

In conclusion, we studied HHG in WS, monolayers with tunable long-
wavelength laser driving. We identified a transition from perturbative
HHG—dominated by bound excitons and valley-confined carriers with
near-isotropic orientation dependence—to a strong-field regime char-
acterized by delocalized carrier dynamics across the BZ and pro-
nounced anisotropic orientation dependence. In the perturbative
regime, exciton resonances strongly enhance the 7th harmonic near
the 1s exciton resonance. As the laser intensity grows, ionized carriers

take over, producing nontrivial spectral features such as splitting and
multiple kinks in the HHG yield. These experimentally observed, and
theoretically validated, phenomena, signify the activation of new
quantum pathways in intense fields. Our quantum simulations,
including k-resolved analysis, reveal that these effects result from
quantum interference between interband and intraband transitions, as
well as quantum interference of laser-field-driven carriers occupying
multiple points in the BZ along the laser driving axis. These findings
expand our understanding of ultrafast carrier dynamics in valley-based
2D materials and demonstrate the power of HHG for probing
light-matter interactions in 2D hexagonal systems.

Especially, we note that these are the first signatures of such
interference phenomena in 2D systems, offering a direct all-optical
pathway to not only to selectively excite electrons in various high/low-
symmetry points of the hexagonal BZ (beyond K/K’, also I' and M), but
also read them out as clear spectral interference signatures in HHG.
Thus, this work paves the way for the next generation of optoelec-
tronic and quantum devices capable of operating at petahertz fre-
quencies, and utilizing multiple k-points beyond valleytronics for
mimicking 2-level quantum systems.

Methods

Sample fabrication

A high-quality monolayer WS, sample was prepared by the gold-assisted
exfoliation method. A 150 nm thickness gold layer was deposited on a
flat silicon substrate with a 90nm thick oxide layer. A poly-
vinylpyrrolidone (PVP) solution (Sigma Aldrich, mw 40000, 10% wt in
ethanol/acetonitrile wt 1/1) was spin-coated on the top of the Au film and
cured at 150 °C for 5 min. This PVP layer served as a sacrificial layer to
prevent contamination from tape residue. The prepared PVP/Au was
picked up with thermal release tape (TRT), revealing an ultra-flat, clean,
and fresh gold surface-referred to as the gold tape. The gold tape is
pressed onto a freshly cleaved bulk WS, crystal (HQ graphene). As the
tape is lifted off the surface, it carries the PVP/Au layer with a monolayer
WS; crystal attached to the Au surface. And then it is further transferred
onto a silicon substrate with a 90 nm thick oxide layer. The TRT is
removed by heating at 135 °C. The PVP layer is removed by dissolving in
deionized (DI) water for 2 h. Finally, the sample on the substrate, cov-
ered by Au layer, was rinsed with acetone and cleaned by O, plasma for
4 min to remove any remaining PVP polymer residues. We note that WS,
monolayers are not directly exposed to the O, plasma during this step
because the WS, monolayers are protected by the Au film. Finally, the Au
layer is dissolved in a KI/I, gold etchant solution and then the monolayer
TMD is rinsed with DI water and isopropanol.

The van der Waals heterostructure of WS, monolayer and hBN
was prepared by the dry transfer technique®. The thickness of WS,
monolayer was first identified by the optical contrast of a microscope
image, followed by the detailed spectroscopic characterization.
Approximately 20 nm-thick hBN flakes were exfoliated onto a silicon
substrate with 90 nm oxide layer. To fabricate the encapsulated WS,
monolayer, we used the thermoplastic methacrylate copolymer
(Elvacite 2552 C, Lucite International) stamp to pick up the hBN flakes
and WS; monolayer in sequence with accurate alignment based on an
optical microscope. The Elvacite stamp with the heterostructure was
then stamped onto a sapphire substrate. The polymer and samples
were heated up at 70 °C for the pick-up and 200 °C for the stamp
process, respectively. Finally, we dissolved the Elavcite in acetone for
3 min at 100 °C.

HHG measurements

Mid-infrared pulses were generated from a femtosecond laser system
(Light Conversion PHAROS) using an optical parametric amplifier
(ORPHEUS) and a difference frequency generator (LYRA). The output
served wavelength-tunable multi-cycle pulses with a repetition rate of
100 kHz. The fundamental laser wavelength is set at 4.5 um, that can
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Fig. 4 | Theory of peak splitting in HHG from WS;. a SBE simulated 7th harmonic
spectrum (left), showing no onset of peak splitting at lower power (100 GW/cm?).
Middle panel shows the k-resolved contributions to this peak, indicating mostly

localized charge carrier excitation and emission from the K/K’ valleys. Right panel
shows the optical gap throughout the BZ in this system. The color is plotted on a
linear scale for both middle and right panel. b Same as (a) for higher driving power
(375 GW/cm?) where there is peak-splitting occurring. Here, emission is contributed
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form delocalized regions in the BZ, including from I and M. The evenly spaced
interference pattern in k-space presumably indicates regions with constructive/
destructive interference due to the phase of the harmonic emission. ¢ Same as (b)
but with the modified TB model (see text) that reproduced the electronic structure
in WS, only near the K/K’ valleys (see right panel), where peak splitting does not
occur. The white hexagon shows the outline of the first Brillouin zone edge.

avoid strong CO2 absorption bands. The spectral linewidth of the
pulse is estimated to be 154 meV in full width at half maximum
(FWHM), and the pulse duration was estimated to be 120 fs, assuming a
Fourier-transform-limited pulse. Laser intensity was precisely con-
trolled by a pair of linear polarizers inserted into the beam path. Half-
wave plates were also inserted into the beam path to control the
polarization of the excitation laser. The mid-infrared pulses were then
focused near the center of the monolayer WS, sample using ZnSe
focusing objectives, producing a spot size of approximately 30-80 um.
The emitted HHG was collected by a 50x objective lens in a transmis-
sion geometry, and its polarization was analyzed by a half-wave plate
mounted on a motorized stage and a fixed Glan-Taylor polarizer. The
HHG spectra were recorded by an electron-multiplying charge-cou-
pled device detector (ProEM, Princeton Instruments) and a grating
spectrometer (SP-2300, Princeton Instruments) at Materials Imaging &
Analysis Center of POSTECH.

Data availability

All of the data that support the findings of this study are available in the
main text or Supplementary Information. Source data are available
from the corresponding authors on request.

Code availability

TDDFT simulations were performed on Octopus code, which is freely
available and is open access. Additional information can be obtained
from the corresponding authors upon request.
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