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Nonlinear All-Optical Coherent Generation and Read-Out of
Valleys in Atomically Thin Semiconductors
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Isabelle Staude, loannis Paradisanos, Ulf Peschel, and Giancarlo Soavi*

1. Introduction

With conventional electronics reaching performance and size boundaries,

all-optical processes have emerged as ideal building blocks for high speed and
low power consumption devices. A promising approach in this direction is
provided by valleytronics in atomically thin semiconductors, where
light-matter interaction allows to write, store, and read binary information into
the two energetically degenerate but non-equivalent valleys. Here, nonlinear
valleytronics in monolayer WSe, is investigated and show that an individual
ultrashort pulse with a photon energy tuned to half of the optical band-gap
can be used to simultaneously excite (by coherent optical Stark shift) and
detect (by a rotation in the polarization of the emitted second harmonic) the

valley population.
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While conventional electronics is reach-
ing performance limits in terms of speed
and sizel'l, societal needs call for novel
methods to provide greener, faster, and
smaller gates to write, read, and store
information. Light is the ideal candidate
to realize devices operating with high
speed and low power consumption thanks
to all-optical operations!>?! and lightwave
electronics,*®l which promise to reach
~THz bandwidths. In parallel, the frontiers
of miniaturization in photonics and opto-
electronics are nowadays accessible thanks
to atomically thin materials!’”! and hybrid
structures.®! To this end, nonlinear optics!® in graphene and re-
lated materials!*) has already provided evidence of high-speed
and broadband modulation of light>*!1 as well as ultrafast
gates for optoelectronic logic operations.'>"1*l Another promis-
ing approach to exploit the optical properties of 2D materials,
and in particular of transition metal dichalcogenides (TMDs), is
based on valleytronics.['>) TMD monolayers are direct bandgap
semiconductors!'®! and possess two energetically degenerate but
non-equivalent valleys at the Kand K’ points of the Brillouin zone
(Figure 1a). The valleys can be selectively excited by circularly po-
larized light of opposite helicity, generating a carrier population
imbalance linked to the valley polarization (VP)['"7-¥I (Figure 1b).
Thus, the VP represents a powerful tool for optoelectronicl20-2]
and all-optical information processing at the nanoscale.

The optical generation (write) of the VP in TMDs has been
achieved so far with different methods, including one-photon
CW excitation,['”8] nonlinear two-photon absorption (TPA)!?2]
and coherent excitation by optical Stark and Bloch-Siegert Flo-
quet states.[2*24] The first two methods respond to different se-
lection rules due to the conservation of angular momentum:(*!
while one-photon excitation can reach the 1s, 2s, etc. states of
the exciton Rydberg series, two-photon excitation is only possi-
ble into the 2p excited statel2%] (Figure 1b), which in TMDs is typ-
ically >0.1 eV above the lowest 1s energy level.”-?] With one-
photon excitation, a VP of 100 % was observed in MoS, excited
at 633 nm and at a temperature of 14 K to match the absorp-
tion line of the A exciton.['’] Two-photon resonant excitation on
the 2p state in WSe,, instead showed a maximum VP of 45% at
a temperature of 4 K.[?2l However, the VP decreases drastically
when the lattice temperature increases, mainly due to the pres-
ence and impact of phonon-assisted intervalley scattering!'®! and
long-range electron-hole exchange interactions.??l Indeed, the
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Figure 1. Valley selection rules in TMD monolayers a) First Brillouin zone with the energy-degenerate but non-equivalent K/K' valleys. b) Selection rules
for one-photon PL, TP-PL, and SHG in the excitonic quasi-particle picture. PL: photoluminescence; TP-PL: two-photon photoluminescence; SHG: second

harmonic generation.

highest reported value of VP at room temperature in WSe, was
only 16 %.53!1 Although TPA leads to a lower degree of VP com-
pared to one-photon excitation, it is experimentally more conve-
nient as it allows to easily separate and filter the excitation and
detection wavelengths. Finally, coherent VP excitation by optical
Stark effect or Bloch—Siegert Floquet states does not involve the
generation of a real excited state population, but rather an asym-
metric and valley selective energy shift.[?>?*] The main advantage
of this approach is the ultrafast VP switching speed, which is in-
herently provided by the coherent nature of these processes.
The detection (read) of the VP was so far mostly based
on polarization-resolved photoluminescence (PL): the (one-
photon) spontaneous emission from the two non-equivalent
valleys follows the same selection rules of the (one-photon)
excitation/absorption.['7:183233] However, this approach has two
main drawbacks. First, it detects an averaged light emission over
a time scale that is much longer compared to the valley and spin
lifetimes,** and thus can not provide a precise estimate of the
time-dependent (ultrafast) VP state. Second, it is intrinsically a
destructive method, which measures the VP only after recombi-
nation of the electron-hole pair. Recently, second harmonic gen-
eration (SHG) has been proposed as an alternative approach to
measure the VP in TMDs:[>>-¥7] selective excitation of one valley
breaks time-reversal symmetry and thereby reduces the intrinsic
D,;, symmetry, leading to new terms in the nonlinear optical sus-
ceptibility of the TMD.33] Compared to the measurement of the
VP via PL, this approach has the distinct advantages of being ul-
trafast and non destructive, thus providing a more efficient build-
ing block for valleytronic devices. To date, experimental measure-
ments of the VP by SHG are limited to references.[**3°! In both
experiments, an elliptically polarized pulse is used to simulta-
neously generate and read the valley imbalance. However, Ho
et al.’® use a quasi-resonant excitation at 780 nm in MoSe,. This
corresponds to one photon absorption in a high excitation den-
sity regime (i.e., close to the Mott transition) due to the strong
pump laser needed to observe SHG. In addition, the emitted
SHG probes a region (in the UV) far from the optical gap, thus
likely less sensitive to the VP. Mouchliadis et al.*! use a wave-
length of 1030 nm in WSe, and WS,. They observe an enhance-
ment of the valley SHG term for decreasing temperatures in the
range of 300 to 78 K. This was assigned to a more stable VP
and longer valley lifetime at cryogenic temperatures compared
to room temperature. Indeed, the low value of VP reported for
any TMD at room temperature 3133401 further clarifies one of the
main advantages of valley SHG, which allows to probe the VP on
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ultrafast time-scales, thus before the detrimental effect of exciton-
phonon scattering. However, the authors in Ref.[*?! did not dis-
cuss how the VP was generated, considering that the fundamen-
tal excitation is well below the optical gap and thus one-photon
excitation is highly unlikely. In addition, the SHG at 515 nm is
much higher than the optical gap, thus not ideal to probe the VP.

In this work, we simultaneously pump (write) and probe (read)
the VP in WSe, with one single elliptically polarized ultra-short
(=150 fs) pulse at room temperature (see Figure 2). We study
the VP at different values of the fundamental wavelength (FW)
corresponding to below-gap (1600 nm), 1s resonant (1500 nm),
and 2p resonant (1360 nm) SHG in WSe,. We observe the largest

VP for excitation at 1500 nm, where we measure a | )(‘(/21), / ;(I(z)l of

18.8 % (with ){‘(/21)7 and 11(2) being the valley and intrinsic nonlin-
ear optical susceptibilities, respectively, see Sections S3 and S4,
Supporting Information), which is one order of magnitude larger
compared to the values of 1.9% and 1.8% obtained at 1600 and
1360 nm. While this result looks obvious if we consider only
the detection (read) of the VP, which is enhanced for resonant
SHG at the 1s state, it provides additional useful information
when we consider the excitation mechanism (write) of the VP.
Looking at the combined results of two-photon photolumines-
cence (TP-PL) measurements and power-dependent valley SHG,
we deduce that the VP observed in our experiments is generated
by ultrafast coherent optical Stark shift. Furthermore, we show
that our experimental results are well reproduced by theoreti-
cal simulations and modeling based on the semiconductor Bloch
equations (SBE) and time-dependent density functional theory
(TDDFT). This work provides direct evidence of ultrafast and all-
optical coherent generation and detection of valleys in atomically
thin semiconductors.

2. Results and Discussion

For the experiments, a WSe, monolayer is prepared and charac-
terized as described in Experimental Section. Valley SHG mea-
surements were performed using a home-built multi-photon mi-
croscope setup (Figure 2c). Achromatic half (HWP) and quarter-
wave plates (QWP) allow for individual control of the tilt  and
ellipticity € angles of the FW. Details on how to extract the de-
gree of VP from the SHG intensity are reported in ref.[*®) and in
Section S4 (Supporting Information).

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Write and read mechanism of VP and experimental setup. a) Without a circularly polarized write pulse (pump-OFF) the polarization of the
SH signal generated by the read pulse is determined solely by crystal symmetry. b) VP is generated by the optical Stark effect induced by a circularly
polarized write pulse (pump-ON), resulting in a rotation of the emitted SHG with respect to the pump-OFF case. c) Sketch of the experimental setup.
HWP: half-wave plate; QWP: quarter-wave plate; F: filter; A: analyzer; APD: avalanche photodiode. d) Definition of the polarization ellipse parameters,
the tilt (9) is defined as the angle between the major axis of the ellipse and the axis of P-polarization (i.e. laboratory x-axis) and the ellipticity angle (€) is

the angle between the semi-minor and semi-major axis of the ellipse.

2.1. Characterization of SHG and TP-PL in Monolayer WSe,

We first characterize the wavelength dependence of the TP-PL
and SHG in our WSe, monolayer sample using a spectrometer
(Figure 3a). When considering Gaussian beams, the relation be-
tween the full width at half maximum (FWHM) of the FW with
respect to the SH signal scales as Adgy, = ﬁﬁAAFWv[“] see Sec-

tion S1 (Supporting Information) for details. Our source has a
FWHM of 25 nm at a central wavelength of 1500 nm, and we
observe a FWHM at the SH of ~8 nm, in agreement with the
aforementioned estimate. The integrated TP-PL (red dots) and
SHG (black dots) for the different FW used in our experiments
are shown in Figure 3b. The TP-PL is maximum when the FW
is ~#1360 nm, in correspondence of the A exciton 2p state, as al-
ready reported by previous studies on WSe,.[?2) The maximum of
the TPA efficiency on the 2p state is a direct consequence of op-
tical selection rules on the exciton Rydberg series. For the same
FW, also the SHG intensity shows a local maximum (resonance).
On the other hand, the maximum SHG is recorded at a FW of
~1500 nm, which corresponds to the 1s state of the A exciton
(see Figure 1b). We observed the expected quadratic dependence
with respect to the fundamental input power for both SHG and
TP-PL (Figure 3c,d).

Finally, linear polarization-dependent measurements on the
SHG (see Experimental Section) at a FW of 1600 nm show a
clear six-fold pattern (Figure 3e), as expected for TMDs given
their crystal symmetry (see, e.g., [*>*}]). The symmetric inten-
sity between the lobes in the recorded sixfold pattern supports
the absence of strain in our sample.*l On the other hand,
the measured polarization dependence of TP-PL for a FW of
1360 nm shows a fully isotropic response (Figure 3f). This sug-
gests that in our experimental conditions, the valley coherence
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(i.e., a coherent superposition of K and K’ valley states) is lost
on a timescale (much) shorter compared to internal recombina-
tion (from 2p to 1s state) and radiative emission from the A exci-
ton. As valley coherence is very sensitive to relaxation processes,
this could be due to ultrafast intervalley scattering mediated by
phonons.[+546]

2.2. Nonlinear Detection of VP at Different Wavelengths

Next, we move our attention to the possibility of simultaneously
exciting (write) and detecting (read) the VP in our sample.

Generation of the VP is obtained by tuning the ellipticity of the
fundamental beam (angle € in Figure 2d), which in turn creates
a VP either by excitation of excitons mediated by TPA, and thus a
population imbalance AN as discussed in reference,*®! or by ul-
trafast coherent effects such as the optical Stark shift.[3] A more
detailed discussion on the mechanism of the excitation of the
valley imbalance is provided in the next paragraph (Section 2.3).
Here, we focus instead on the detection part. As previously dis-
cussed, generation of a VP leads to a measurable shift in the po-
larization of the emitted SHG in comparison to the intrinsic case.
The rotation angle of the polarization can be expressed as[**! (see
Section S4, Supporting Information)

® = arctan(r 21 /127) g

and thus, by measuring the polarization shift ®, we can di-
rectly estimate the ratio between the absolute values of the valley-
induced (| ;(g)),l) and the intrinsic (| )(I(Z)l) nonlinear susceptibili-
ties.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. Characterization of SHG and TP-PL in monolayer WSe,. a) Exemplary spectra of SHG and TP-PL emission at excitation FWs 1320, 1340, 1360,
1380, and 1400 nm. b) Wavelength dependence of the integrated TP-PL (red) and SHG (black). The resonances in the SHG at 1500 nm and in the TP-PL
at 1360 nm correspond to the 1s and 2s/p states, respectively. Both SHG c) and TP-PL d) have a quadratic dependence on the excitation power. The
measured SHG sixfold pattern, measured at a FW of 1600 nm, e) confirms the absence of strain and reveals the armchair angle, while TP-PL, measured
at a FW of 1360 nm, f) results in a fully isotropic emission, pointing toward the absence of valley coherence.

As an example, we report in Figure 4a the polarization depen-  and 1600 nm, respectively: the | ;(gl),l /| )(1(2)| at resonance with the
dence of the SHG for a FW of 1500 nm, angles ¢ of -25°,0°, and 15 (1500 nm) is one order of magnitude larger compared to the
25° and input power of 12 mW. After correction (see Section S3,  cases of resonance with the 2p (1360 nm) state and below gap
Supporting Information), we observe that the SHG emissionate  SHG (1600 nm). Considering that the SHG intensity scales with
= 25° rotates anti-clockwise by 9.97° compared to the linear case  the square of the y®, this corresponds to a valley SHG at least

(e=07). When reversing the ellipticit).r (€ =—25°), the patternro- 100 times stronger in the case of 1s resonant excitation compared
tates in the opposite direction (clockwise) by 6.38° due toachange o the other investigated wavelengths. To confirm our results, we
in sign of the VP. performed TDDFT calculations (see Section S5, Supporting In-

In Figure 4b, we plot the SHG rotation angle as a function of  formation) for the 1s resonant case at 1500 nm (see red open tri-
the ellipticity of the fundamental beam (angle €) for three differ-  angles in Figure 4b) and observe excellent qualitative and quanti-
ent FWs of 1360, 1500, and 1600 nm, corresponding to 2p res-  tative agreement. We conclude that, although this approach does
onant, 1s resonant and below gap SHG, respectively. From this,  not allow for a quantitative estimate of the VP, all-optical reso-
and based on the expression in Equation 1, we can extractamax-  nant detection of the 1s exciton state is the most sensitive probe
imum | ¢$1/17?| of 1.79 %, 18.77 %, and 1.88 % for 1360, 1500,  for valleytronic applications. Furthermore, we stress that valley

) c)
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Figure 4. Nonlinear spectroscopy of valley polarization. a) Polarization and tilt angle of the emitted SHG for a FW of 1500 nm and input ellipticities of 0°
(red), 25° (blue), and -25° (black). b) Experimentally measured and simulated SHG rotational angle as a function of the input ellipticity. Measurements
were carried out for different FW of 1360 nm (green triangles), 1500 nm (black triangles) and 1600 nm (blue triangles). Simulations of the SHG rotation
using TDDFT (red empty triangles) for a FW of 1500 nm agree well with the experimental data. c) Experimentally measured (black triangles) and simulated
(red empty triangles) SHG rotation angle as a function of the input power for a FW of 1500 nm and ellipticity angle of 30°.
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SHG is a versatile method, which can probe (read) the VP re-
gardless of the method that was used for its generation (write) (see
Section S6, Supporting Information).

2.3. Coherent Excitation of VP by Below Gap Excitation and
Optical Stark Shift

We now discuss in detail the valley SHG from the perspective
of the excitation (write) state. In the experiments we simulta-
neously excite (write) and detect (read) the VP using a single
laser pulse, indicating that our results must be a combination
of the wavelength-dependent efficiency (dispersion) of the two
effects. Since all the investigated FWs are well below the optical
gap (=750 nm) of our sample, we can safely exclude generation
of a VP by single photon absorption. Thus, in our conditions,
VP can only be generated either by TPA or by a coherent effect
(e.g., optical Stark shift). TPA isa y©® process, where two photons
are simultaneously absorbed to generate a real population in one
of the valleys via an intermediate virtual state (Figure 1b). The
optical Stark effect, instead, is a process where coherent interac-
tion with off-resonance light leads to a shift in energy levels. Such
shift (5) is inversely proportional to the detuning, § = 2SE2/hQ,
where S is the optical Stark shift constant related to the transi-
tion dipole moment, E,, is the electric field of the pump laser and
hQ is the energy difference between the photon energy and the
gap.[?*! This implies that close to resonance excitation (AQ — 0)
leads to a larger optical Stark shift. However, several experiments
reported a sizable optical Stark shift in TMDs even for large val-
ues of the detuning.[34748] In TMDs, the valley selectivity of this
process allows introducing a valley imbalance by shifting the en-
ergy of the levels in the K’ relative to the Kvalley (Figure 2b).[2324]
Therefore, the generation of a VP by the optical Stark effect does
not require the presence of a real exciton population.

Indications that TPA is not playing a major role in our experi-
ments can be already deduced by recalling that: (i) TPA on the 1s
state is forbidden in the dipole approximation, while it should be
maximized for excitation at 1360 nm (2p state) (see Figure 1b);
(ii) the polarization dependence of the TP-PL at 1360 nm shows
no coherence. To further confirm this hypothesis, we performed
power-dependent valley SHG at ellipticity of 30° (see Section S5,
Supporting Information, for comparison with an ellipticity of
20°), as shown in Figure 4c. In the case of TPA, the VP arises
from a real exciton population, which would scale quadratically
with the input power.!”] Accordingly, since the valley-induced
susceptibility ;(‘(/21), is proportional to the VP, also the SHG rotation
should scale quadratically with the FW input power. In contrast,
the Stark effect shifts the energy levels, and thus the SHG rota-
tion, linearly with respect to the FW pump power.?3] Neither ex-
perimental results nor TDDFT simulations indicate a quadratic
scaling of the SHG rotation with respect to the input FW power
(Figure 4c), while they are well reproduced by a linear fit (black
line in Figure 4c). Thus, experiments and simulations both sup-
port our assignment of coherent ultrafast generation of the VP
via optical Stark effect.

3. Conclusion

In conclusion, we studied nonlinear valleytronics in a monolayer
WSe, sample by investigating the polarization of the SHG as
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a function of input ellipticity, wavelength and power. First, we
showed that the valley SHG is enhanced at resonance with the
1s exciton state, where the valley SHG is more than two orders
of magnitude stronger compared to above and below gap excita-
tion/detection. Second, we showed that in our experimental con-
ditions the VP is generated via a coherent effect that scales lin-
early with the input power, which we assigned to optical Stark
shift. Our results may also explain other recent works performed
under similar experimental conditions, where, however, the exci-
tation mechanism of VP was not discussed.[*! Since both SHG
and the optical Stark effect are coherent/parametric ultrafast pro-
cesses, this work points toward the possibility of realizing ultra-
fast all-optical valleytronic devices, with speed limited only by the
duration of the pulses used for the write/read states.

4. Experimental Section

Sample Fabrication and Characterization: WSe, monolayer samples
were prepared by mechanical exfoliation from a bulk crystal (HQ-
Graphene) using an adhesive tape (Nitto) and deposited on a fused silica
substrate. Monolayer regions were identified by optical microscopy and
confirmed by micro-photoluminescence spectroscopy. The sample was ex-
cited using a CW laser (Cobolt 08-DPL 532 nm), which was guided through
a 50x objective with a numerical aperture of 0.42 (Mitutoyo Plan Apo), re-
sulting in a focal spot of 1 um diameter.

Polarization Resolved Multi-Photon Microscopy: As a FW, the tunable
output (1320 to 2000 nm with ~150 fs FWHM) of an Optical Paramet-
ric Oscillator (OPO Levante IR, APE) was used, pumped by an Yb mode
locked laser (FLINT12, Light Conversion) with a repetition rate of 76 MHz
and 100 fs pulse duration. Achromatic half (AHWPO5M-1600, Thorlabs)
and quarter wave plates (#46-562, Edmund Optics) allowed to individu-
ally control the tilt 6 and ellipticity € angles. Subsequently, the FW was fo-
cused on the sample using a 40x reflective objective (LMM40X-P01, Thor-
labs), which gives a focal spot-size of #3 pm. The emitted SHG was finally
filtered by a shortpass (FESH950, Thorlabs) and a suitable bandpass fil-
ter (FBH680-10, FBH750-10 or FBH800-10) and the different elements of
the SHG nonlinear susceptibility tensor were extracted from the depen-
dence of the SHG intensity with respect to the angle « of a linear polarizer
(WP25M-UB, Thorlabs) placed in front of the single channel detector (sil-
icon avalanche photodiode, APD440A, Thorlabs).

Polarization dependence measurements of the SHG were recorded by
rotating the polarization axis @ of the input fundamental beam (while keep-
ing a linear polarization, that is, € = 0, see Figure 1d), and co-rotating the
analyzer placed in front of the detector (angle « in Figure 1c) in a paral-
lel configuration. The angles a and 6 are both defined with respect to the
laboratory x-axis (i.e., @ = 0 is P-polarized light in the lab frame).

The polarization dependence of the TP-PL is recorded by keeping the
input polarization of the fundamental beam fixed to 6 = € = 0, while the
analyzer in detection was rotated by a.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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