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SPECIAL TOPIC — Moir¢ physics in two-dimensional materials
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Semiconductor moiré superlattices provide great platforms for exploring exotic collective excitations. Optical Stark
effect, a shift of the electronic transition in the presence of a light field, provides an ultrafast and coherent method of
manipulating matter states, which, however, has not been demonstrated in moiré materials. Here, we report the valley-
selective optical Stark effect of moiré excitons in the WSe,/WS, superlattice by using transient reflection spectroscopy.
Prominent valley-selective energy shifts up to 7.8 meV have been observed for moiré excitons, corresponding to pseudo-
magnetic fields as large as 34 T. Our results provide a route to coherently manipulate exotic states in moiré superlattices.
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1. Introduction

The coherent manipulation of spin and pseudospin un-
derlies the current quantum technologies including quantum
information and computation.!?] Optical Stark shift, arising
from the repulsive interaction between photon-dressed states,
can coherently cause energy shift of states within the time
scale defined by the duration of light pulses. Owing to the non-
dissipative manner, combining optical Stark effect with spin-
selective optical transitions provides an all-optical method of
coherently controlling the spin state in the timescale of sub-
picosecond, and therefore leads to potential applications such
as ultrafast spin-selective optical switch[*! and quantum entan-
glement source. ¥

Semiconductor moiré superlattices based on transition
metal dichalcogenides (TMD) have emerged as powerful plat-
forms for exploring exotic collective excitations, such as
various moiré excitons with distinct spatial geometries.>~13!
For monolayer TMD, it holds tightly bound excitons with
strong oscillator strength due to the reduced screening ef-
fect, and valley-dependent optical selection rules due to the
broken inversion symmetry and spin—orbit coupling.!'* The
coherent manipulation of excitons by optical Stark effect
has been demonstrated in monolayer TMDs![!>-2!1 and TMD-

[22.23] 1 semiconductor moiré materials, moiré

based cavities.
excitons are formed by hybridizing high-momentum excitons

with the zero-momentum ones via moiré potential. However,

TCorresponding author. E-mail: crxu@zju.edu.cn

CSTR: 32038.14.CPB.ad7c32

the coherent manipulation of moiré excitons by optical Stark
effect is still lacking, and whether such hybridization can re-
tain the valley-dependent selection rule is also to be verified.

In this work, we demonstrate the valley-selective op-
tical Stark effect of multiple moiré excitons in angle-
aligned WSe,/WS, heterobilayers by performing polarization-
resolved transient reflection (TR) spectroscopy. Significant
valley-selective energy shifts of moiré excitons are observed.
Our results provide an ultrafast method to coherently manipu-
late moiré excitons in the valley degree of freedom.

2. Device fabrication and characterization of
moiré excitons

Figures 1(a) and 1(b) show the device schematic and
optical microscopy image of 60°-aligned WSe, and WS,
heterostructure encapsulated by top and bottom hBN. The
heterostructure was fabricated using the layer-by-layer dry-
transfer method.?*! Atomically thin flakes were exfoliated
from bulk crystals onto SiO,/Si substrates and then stacked
on top of each other. Sample transfer was performed
in a nitrogen-filled glovebox for better interface quality.
Polarization-dependent second-harmonic generation (SHG)
was performed at positions of WSe, monolayer, WS, mono-
layer and WSey/WS; heterostructure regions. As shown in
Fig. 1(c), the SHG intensity exhibits a six-fold pattern, which
correlates with the crystal axes and allows their alignment dur-
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ing the transfer process. The SHG intensity from the het-
erostructure was destructively suppressed, evidencing a twist
angle of 60°.11 The ~ 4% lattice mismatch between mono-
layer WSe, and WS, generated a moiré superlattice with a
periodicity around 8 nm (Fig. 1(d)).[?>20]

We first characterized moiré excitons in WSe>/WS; het-
erostructure by steady reflectance contrast measurement. The
white-light output from a halogen lamp was collimated and fo-
cused onto the sample by an objective (numerical aperture =
0.6) with a diffraction-limited spot. The reflected beam col-
lected by the same objective was detected by an air-cooled
CCD (charge-coupled device) camera affiliated to a spec-
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trometer (Horiba iHR550). The reflectance contrast spectrum
R = (I'—1)/I was obtained by comparing the reflected inten-
sity from the sample (I’) to a featureless spectrum (/) from the
substrate. The sample was mounted in a closed-cycle cryo-
stat (Cryo Industries of America) at a temperature of 10 K.
In Fig. 1(e), three moiré exciton resonances of the heterobi-
layer are observed, around at the energies of 1.68 eV, 1.75 eV
and 1.78 eV, labelled as MX I, II and III, respectively, which
are consistent with previous results.!”! All three moiré exciton
resonances exhibit strong light reflection, with the oscillator
strengths of peaks II and III reaching around 10% and 27% of
that of peak I, respectively.
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Fig. 1. Optical characterization of moiré excitons. (a) Schematic device geometry of a 60°-aligned WSe,/WS, heterobilayer embedded with
hBN. (b) Optical microscopy image of the device on a sapphire substrate. The purple and yellow solid lines denote the sample edges of WSe,
and WS,, respectively. The scale bar is 10 pm. (c) Determination of crystal orientation by angle-resolved SHG. Blue, black and red lines
show polarization-dependent SHG from regions of monolayer WSe;, WS, and moiré superlattice, respectively. (d) Illustration of the moiré
superlattice in real space. The dashed line outlines the moiré unit cell. (e) Steady reflection contrast spectrum of heterobilayer. Three prominent
peaks correspond to distinct moiré exciton states MX I, II and III (red lines, left-y axis) in WSe,/WS,, while the blue line (right-y axis) shows

the A exciton resonance of monolayer WSe;.

3. Valley-selective optical Stark effect of moiré
excitons

3.1. Transient reflection spectroscopy

To explore the optical Stark effect, we performed TR
spectroscopy. The laser pulse was generated from the opti-
cal parametric amplifier (OPA, Light Conversion, ORPHEUS-
HP) which was pumped by the fundamental beam from the
femtosecond (fs) laser (Spirit 1040-30-HE, Spectra Physics,
The
pump pulse was from the output of the OPA with energy of

repetition frequency 200 kHz, time duration 270 fs).

1.53 eV, which was red-detuned from moiré exciton energies
to avoid real excitation; the broadband probe pulse was gen-
erated through the supercontinuum process by focusing the
fundamental beam onto a sapphire crystal of 3 mm thickness,
the energy of which was later filtered to a narrow range from
1.65eV to 1.85 eV that covers the energies of MX I, II, and III.
The helicities of the pump and probe pulses were controlled
by a combination of wave plates and polarizers. The overall
temporal resolution defined by the convolution of pump and

probe pulses was ~ 500 fs. The spot size of the pump beam
was 10 pum, twice larger than that of the probe beam (3 pm)
to assure the homogeneous excitation in the probed area. The
reflected probe light was detected with a home-built spectrom-
eter coupled with a fast line-camera (Hamamatsu C15821-
2351). The TR signal, dR/R, is defined as (Ron — Rofr) /Rotf,
where Ry, and R.g are the reflected probe spectra with and
without pump, respectively. The chopping frequency of the
pump pulses was 481 Hz. For each time delay, the TR signal
was acquired for six seconds for a high signal-to-noise ratio.

3.2. Polarization-resolved transient reflection spectrum

Mlustrated in Fig. 2(a), the moiré exciton can be consid-
ered as a two-level system composed of the ground and ex-
cited states. The 6™ polarized light only couples to the moiré
exciton at the K valley, and leaves that at the K’ valley unaf-
fected. Consequently, the energy degeneracy of moiré excitons
between the K and K’ valleies is lifted via the valley-selective
optical Stark effect. To analyze the optical Stark effect by re-
flection spectrum, a hypothetical blue-shift of moiré exciton
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energy is induced shown in Fig. 2(b), from which we derive
the expected TR spectrum. Figure 2(c) shows the expected TR
spectrum, where three distinct peaks accompanied by two dips
alongside each peak correspond to the optical Stark effect of
the three moiré excitons.

Figures 2(d) and 2(e) show the contour plots of TR spec-
trum at varying delays with 6" and 6~ polarized probe, re-
spectively, under o™ polarized pump. The horizontal axis
shows the probe photon energy, the vertical axis shows the
pump—probe time delay, and the color scale represents the
pump-induced change of the probe beam reflection dR/R. The
intensity of dR/R is directly proportional to the optical Stark
shift. In Fig. 2(d), significant change of reflection of moiré ex-
citons is observed for the 6" polarized probe around zero time
delay within duration of 0.5 ps, indicating the prominent opti-
cal Stark shift. No obvious pump-induced change is detected
for o~ probe pulses, revealing the substantial modification of
moiré excitons at the K valley instead of the K’ valley. More-
over, a long tail of symmetrical positive and negative change
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is observed after zero delay, which arises from real excitation
of excitons. In order to remove the real-excitation signal, the
signal of dR/R in the 6~ case is subtracted from that of the
o™ case, denoted as 6t — ¢~ and shown in Fig. 2(f). Three
instantaneous signals near zero delay are presented, with the
signal of MX I more prominent than that of MX II and III.

To better examine the spectral profile of the TR spectra
of moiré excitons, we plot the TR linecuts at zero delay for
the o*, 0~ and 0™ — o~ probe configurations, respectively,
shown in Figs. 3(g)-3(i). We observe that the profile of the
TR change, exhibiting three peaks near MX I, II and III affil-
iated with two dips on each side, matches well the simulated
change induced by optical Stark effect in Fig. 2(c). The signal
of reflection changes at MX II and III are 6% and 16% of that
of MX I, respectively, consistent with the relative oscillator
strength between the moiré excitons. In addition, the promi-
nent contrast of signal revealed in Figs. 2(g) and 2(h) confirms

valley-selective optical Stark effect of moiré excitons.
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Fig. 2. Valley-selective optical Stark effect of moiré excitons. (a) Schematic of the optical Stark effect with left circularly polarized o+ off-
resonant pump. The pump photon energy is 1.53 eV. The dressed ground and excited states exhibit the energy-level repulsion (solid black lines)
and a blue-shifted exciton transition energy, which is the optical Stark effect. Only the states in the K valley are affected by o pump, which leads
to a blue-shift of the two-level transition. Black solid and dashed lines denote the states with and without pump. (b) Steady reflection contrast
spectrum of moiré excitons (black-solid) and a hypothetical blue-shifted curve (red-dashed) that simulates the optical Stark effect. (c) The
simulated change of reflection spectrum induced by the optical Stark effect. (d) and (e) Transient reflection spectra of moiré excitons for pump
and probe pulses with the same (6 /o™, (d)) and opposite (6 /6, (e)) helicities. The color scale represents the transient reflectance signal,
denoted by dR/R. The delay denotes the time delay between the pump and probe pulses. (f) The net signal of dR/R by subtracting signal of
ot /o~ from that of 6 /6. (g)(i) The linecuts at zero delay from (d)—(f) marked by the dashed lines.

3.3. Power dependent optical Stark effect

Next, we examined the valley-selective optical Stark shift
under varying pump intensities. Figures 3(a)-3(f) show con-

tour plots of dR/R from ¢ — ¢~ at pump intensity vary-

ing from 0.3 GW/cm? to 2.0 GW/cm?, where the signal of
dR/R decreases as the pump intensity decreases. Figure 3(g)
shows a series of TR spectra at zero delay that grow with

increasing pump intensity. The optical Stark shift of moiré
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excitons AE is estimated by using the relationship between
AE and the induced change of reflection intensity AR through
AE = (dR/dE)"'AR. The extracted optical Stark shifts of
MX T and III shown in Fig. 3(h) scale linearly with the pump
intensity. Such scaling is consistent with previous results of
the optical Stark effect of excitons of TMD monolayers.[1>10]
The estimated optical Stark shifts of MX I and III are 7.8 meV
and 3.6 meV, respectively, at the highest pump intensity of
2.0 GW/cm?. The broken degeneracy of valley transitions
induced by the optical Stark effect corresponds to an effec-

tive valley pseudomagnetic field, which can be estimated by
Bsiark = ﬁ, where pp is the Bohr magneton and g factor for
moiré exciton transitions is 4.[27] Based on the above formula,
the estimated pseudo-magnetic field By is 34 T for 7.8 meV
splitting. In the case of MX II, the spectral profile of MX I
with strong intensity extends into spectral range of MX II, as
shown in Fig. 3(g), making it hard to extract the optical Stark
shift from MX II due to the comparable spectral weight from
MX I. The energy difference between MX I and III is large,

thus weakening the spectral weight from MX 1.
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Fig. 3. Power dependent optical Stark effect of moiré excitons. (a)—(f) Transient reflection spectra at pump intensity varying from 0.3 GW/cm?
to 2.0 GW/cm?. (g) Linecuts of transient reflection spectra at zero delay at varying pump intensities. Three peaks correspond to MX I, IT and III.
(h) The extracted optical Stark shift as a function of pump intensity of MX I and III.

4. Conclusion

We demonstrate the valley-selective optical Stark effect
of moiré excitons in high-quality twisted WSe,/WS, hetero-
bilayer by performing polarization-resolved TR spectroscopy.
The circularly-polarized pump light breaks the time-reversal
symmetry and lifts the valley degeneracy. We observe valley-
selective optical Stark shift as large as 7.8 meV, correspond-
ing to a pseudo-magnetic field of 34 T, which offers a coher-
ent and ultrafast way of manipulating moiré excitons in the
valley degree of freedom.[?8?°! For K (K’) valley in mono-
layer TMDs, the spin degeneracy of the conduction and va-
lence bands is lifted by the spin—orbit coupling, in which spin
is a good quantum number; while away from the K (K’) val-
ley, spin is no longer a good quantum number since spin up
and down are mixed. In semiconductor moiré materials, moiré
excitons are formed by hybridizing high-momentum excitons
with the zero-momentum ones via moiré potential. Our ex-
perimental results demonstrate that this hybridization can re-

tain the valley-dependent selection rule. Our work can be ex-
tended to other TMD moiré materials including type I band
alignment heterobilayer and homobilayer.!%3 Furthermore,
moiré superlattices recently provide an outstanding platform
to explore exotic correlated states based on excitons, such as
bosonic Mott insulating state. 3! Our work offers great po-
tential in ultrafast manipulation of bosonic correlated states in

the valley degree of freedom.
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