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Optical selection rules fundamentally determine the optical transitions between energy states in a variety of physical systems, from
hydrogen atoms to bulk crystals such as gallium arsenide. These rules are important for optoelectronic applications such as lasers,
energy-dispersive X-ray spectroscopy, and quantum computation. Recently, single-layer transition metal dichalcogenides have been
found to exhibit valleys in momentum space with nontrivial Berry curvature and excitons with large binding energy. However, there has
been little study of how the unique valley degree of freedom combined with the strong excitonic effect influences the nonlinear optical
excitation. Here, we report the discovery of nonlinear optical selection rules in monolayer WS,, an important candidate for visible 2D
optoelectronics because of its high quantum yield and large direct bandgap. We experimentally demonstrated this principle for
second-harmonic generation and two-photon luminescence (TPL). Moreover, the circularly polarized TPL and the study of its
dynamics evince a sub-ps interexciton relaxation (2p — 1s). The discovery of this new optical selection rule in a valleytronic 2D
system not only considerably enhances knowledge in this area but also establishes a foundation for the control of optical transitions that
will be crucial for valley optoelectronic device applications such as 2D valley-polarized THz sources with 2p-1s transitions, optical

switches, and coherent control for quantum computing.
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INTRODUCTION

An optical selection rule is a fundamental principle dictating allowed
and forbidden transitions. It is strictly imposed by various symmetries,
such as temporal translational, spatial translational, and rotational
symmetry, and their corresponding laws of conservation of energy,
momentum, and angular momentum according to Noether’s the-
orem. In particular, the angular momentum contributed by an elec-
tron’s orbit and spin is important for revealing the symmetry of
electronic states in atoms using atomic emission spectroscopy, con-
trolling the polarization of semiconductor light-emitting diodes and
lasers, and optically manipulating spin polarization in spintronics"?.
In conventional selection rule studies of solids such as bulk gallium
arsenide and their quantum wells, the angular momenta of Bloch
electrons are believed to be inherited exclusively from their atomic
orbits®. Because of the requirement of inversion symmetry breaking
and optical transitions off the center of the Brillouin zone®, the role of
intercellular electron motion in selection rules received little attention
until the recent discovery of valley angular momentum (VAM) in
transition metal dichalcogenide (TMDC) monolayers, which have a
direct bandgap at the edge of the Brillouin zone and lack inversion
symmetrysfs.

The VAM is associated with energy valleys in momentum space
in TMDC monolayers. The inversion symmetry breaking makes it
possible for the VAM of Bloch electrons to include contributions
from not only individual atomic orbits but also the circulation of

electrons from one atomic site to another throughout the crystal unit
cell. Bloch electrons in adjacent valleys have VAMs with opposite
signs and follow a valley-dependent optical selection rule in the
linear spectrum®”. Recent studies have reported that monolayer
WS, exhibits a strong excitonic effect due to reduced dielectric
screening” ">, The high quantum yield and large direct bandgap of
WS, are also important for future 2D optoelectronics in the visible
range'®. Similar to the hydrogen atom, an exciton confined in a 2D
plane also possesses an excitonic angular momentum (EAM) result-
ing from the orbital motion of the electron relative to the hole.
Although valley-dependent second-harmonic generation (SHG)
and two-photon luminescence (TPL) in the near-infrared region
have been recently observed in monolayer WSe,'”'®, direct observa-
tions of how the EAM and VAM determine nonlinear optical pro-
cesses in the visible range are still lacking. Here, we report nonlinear
optical selection rules based on the valley-exciton locked relationship
imposed by the EAM and VAM combined in monolayer WS,. In
addition, we studied the TPL dynamics in TMDC monolayers for the
first time and demonstrated a sub-ps 2p—1s exciton relaxation invol-
ving phonons. These new selection rules and interexciton relaxation
(2p-1s) in this 2D system not only are of fundamental importance
in determining optical transitions and encoding information in
valleytronics'® with multiple excitonic degrees but also provide
important guidance for the design of future 2D THz sources and
optical switches.
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MATERIALS AND METHODS

Monolayer WS, samples were mechanically exfoliated onto 275 nm
SiO,/Si substrates from chemical vapor transport synthetic crystal
flakes (2D Semiconductors Inc., Scottsdale, USA). The exfoliated
monolayers were typically 5-10 micrometers in size and were charac-
terized using tools such as atomic force microscopy and Raman and
photoluminescence spectroscopy. The excitation light was extracted
using an optical parametric oscillator (Inspire HF 100, Spectra
Physics, Santa Clara, USA) pumped by a mode-locked Ti:sapphire
oscillator. The laser pulse width was approximately 200 fs, and the
repetition rate was 80 MHz. The excitation laser was linearly polarized
by a 900-1300 nm polarizing beamsplitter. The transmitted p-polar-
ized laser light was converted into circularly polarized light via a broad-
band Fresnel Rhomb quarter-wave retarder. The low-temperature
experiment was performed in a continuous-flow liquid helium cryostat
equipped with a 50X objective with a long working distance. The
emission signal was detected in the backscattering configuration, ana-
lyzed using the Fresnel Rhomb quarter-wave retarder followed by a
visible-range polarizer, and finally collected by a cooled CCD spectro-
meter. For time-resolved one-photon and two-photon photolumines-
cence spectroscopy, the signal passing through a bandpass filter with a
bandwidth of 30 meV was collected by a Hamamatsu synchroscan
streak camera with an overall time resolution of 2 ps. The transmissivity
of the optical system was carefully calibrated to evaluate the absolute
power level at the focusing plane. The emission spectra were normal-
ized to the square of the focused power, as the excitation was limited to
the unsaturated regime. The laser pulse width was measured using a
home-built autocorrelator at the focus throughout the scanning range.

RESULTS AND DISCUSSION

The three-fold rotational symmetry in monolayer WS, requires total
angular momentum conservation during light-matter interactions, in
which the VAM, EAM, lattice angular momentum, and photon spin
angular momentum are exchanged with each other. Induced by the
local atomic orbital angular momentum and nontrivial Berry curv-
ature distribution, the VAM has an out-of-plane component in both
the conduction (th=1% or —1h at K’ or K valleys, respectively) and
valence (th=0h at K" or K valleys) bands. Meanwhile, the relative
electron—hole motion is confined to a 2D plane, resulting in an exciton
wavefunction in the form of R,;(p)e’® with only an out-of-plane
Ih EAM, where ¢ is the azimuthal angle and p is the electron-hole
distance’®*!. The out-of-plane VAM and EAM are combined colli-
nearly. In addition, the crystal transforms the impinging angular
momentum into a modulus of three by absorbing the excess angular
momentum into the lattice, in a manner similar to the Umklapp process
in phonon scattering®?’. As a result, under normally incident light, the
conservation of out-of-plane angular momentum yields the following
optical selection rule for the unique VAM and EAM in monolayer WS,:

Amh=Ath+ Alh+3Nh, (N is an integer) (1)

Upon absorption, the change in the spin angular momentum of the
photons, Amh, results in changes in the angular momenta of the valley
(Ath), exciton (Alh) and crystal lattice (3N7#). Although strong spin-
orbit coupling is present, the spin of the electron does not flip under
the dominant electric dipole transition. Therefore, the unchanged out-of-
plane spin angular momentum makes no contribution to Equation (1).

Clearly, both the TPL and SHG processes exhibit a valley-exciton
locked selection rule as described by Equation (1), meaning that exci-
tonic resonant two-photon processes occur only within specific valleys
under pure o+, or c— excitation. For example, in the 1s resonant
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SHG process, the transition from the ground state to the 1sstate ata K
valley requires a — 17 VAM change and a 07 EAM change. According
to Equation (1), this can occur only through the absorption of two
pure 6+ fundamental photons with 2/ and the emission of the excess
3hangular momentum into the crystal lattice. The virtual 1s exciton in
the K valley immediately emits a 6— second-harmonic (SH) photon
(Figure la). Under time reversal, only 6— fundamental photons can
trigger the transition from the ground state to the 1sstate ata K’ valley,
leading to the emission of a o+ SH photon in the resonant SHG
process. Therefore, SHG emission always has the opposite helicity
from that of the incident light. In regard to 2p resonant TPL, only
the transition from the ground state to the 2p, state with an EAM of
+1hata K’ valley is induced under pure 6+ excitation. In this trans-
ition, the required +1% VAM and + 1% EAM changes can be satisfied
only by the absorption of two o+ fundamental photons without any
lattice contribution. The 2p exciton from the above transition relaxes
to the 1s state and finally emits a o+ photon (Figure 1b). Again
governed by Equation (1), in the case of c— excitation, only TPL in
a K valley occurs under time reversal. In contrast to the SHG case, 2p
resonant TPL emission always exhibits the same helicity as that of the
incident light. In Table 1, we provide a complete summary of the
allowed and forbidden TPL and SHG transitions from the ground
state to excitonic states with a strong optical response under pure
circularly polarized incident light. In the following, we report polar-
ization-resolved SHG and TPL spectral experiments that were per-
formed to confirm this valley-exciton locked selection rule.

WS, monolayer samples were mechanically exfoliated onto SiO,/Si
substrates (Supplementary Fig. S1). A typical light emission spectrum
under excitation at 1090 nm (1.14 eV) and 20 K by an ultrafast laser is
shown in Figure 1c. One emission peak, at 2.28 eV, is assigned to SHG.
The other two peaks observed at 2.09 eV and 2.05 eV correspond to the
neutral and charged exciton emissions. The charged exciton emission
is dominant and was selected as our TPL signal. These excitonic emit-
ted photon energies are nearly two times higher than that of the
excitation photon, and therefore, they can originate only from two-
photon absorption. This conclusion is further confirmed in the inset
to Figure 1c. Both the TPL and the SHG exhibit a quadratic power
dependence, indicating their two-photon nature.

According to Equation (1), SHG emissions carry the opposite heli-
city from that of the incident light, whereas TPL emissions display the
same helicity. We first experimentally examined the optical selection
rule for SHG. An excitation energy scan of the SHG signal (Figure 2a)
revealed a resonance at 2.09 eV, indicating exciton-enhanced SHG due
to the 1s state. The magnitude of the SHG signal at the 1s resonance is
enhanced by nearly one order of magnitude compared with that under
non-resonant excitation. We then measured the SHG under o+
excitation (Figure 2b) at the 1s resonance. The SHG helicity, defined

HoH)—1-)
I(c+)+1(c—)
energy of 1.045 eV. The negative sign here indicates that the SHG has
the opposite circular polarization from that of the fundamental light.
Determined by the selection rule, such a high helicity value is pre-
served because SHG is an instantaneous process and free of any inter-
valley scattering processes®*. The observations of nearly 100% negative
helicity and intensity resonance in SHG are well consistent with the
proposed valley-exciton locked selection rule.

In contrast to the SHG selection rule at the 1sresonance, TPL displays a
completely opposite valley-dependent selection rule at the 2p resonance.
In an excitation energy scan (Figure 3a), a dominant resonance was
observed at 1.13 eV, corresponding to the 2p excitonic peak.

x 100%, was found to be —99% at an excitation
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Figure 1 Schematic diagram of optical selection rules based on valley-exciton locking in 2D TMDC. (a) 1sexciton-resonant SHG in K" and K valleys. Pumped by a  +
(or o—) polarized fundamental photon, an electron in the valence band at a K (or K’) valley reaches a virtual state. Within the lifetime of the virtual state, a second o+ (or
o —) photon pumps the electron from the virtual state to the real 1s state in the K (or K’) valley. Immediately, a second-harmonic photon with a — (or o+) polarization
is emitted. (b) 2p exciton-resonant TPLin K’ and K valleys. Under two-photon excitation by o+ (or c—) polarized photons, the system transitions from the ground state
to the real 2p. (or 2p_) state with a change of +1h (or —1h) in the EAM at a K’ (or K) valley through an intermediate virtual state. The 2p exciton relaxes to the 1s
excitonic state and emits a o+ (or 6—) photon. The conduction band continuum and valence band continuum are labeled as CBC and VBC, respectively. The solid
lines represent real excitonic states, and the dashed lines represent virtual states. Red indicates o+ polarization; blue indicates o— polarization. (¢) Typical emission
spectrum of monolayer WS, pumped by a 1.14 eV laser pulse at 20 K. The peaks at 2.09 eV and 2.05 eV correspond to the 1s state of “A” neutral exciton and
corresponding charged exciton (trion) created via TPL. The inversion symmetry breaking in monolayer WS, results in an SHG signal at 2.28 eV. In the inset, the power
dependences of the TPL and SHG emissions are plotted, exhibiting quadratic behavior.

Table 1 Optical selection rules based on valley-exciton locking in
2D TMDC

Al At SHG TPL
(Is, K) 0 -1 AIF N/A
(Is, K) 0 +1 F/A N/A
(2ps, K) +1 -1 FIF F/F
(2p+, K) +1 +1 AlF AIF
(2p-, K) -1 -1 F/A F/A
(2p-, K") -1 +1 F/F F/F
(2s, K) 0 -1 A/F N/A
(25, K") 0 +1 F/A N/A

Resonant SHG and TPL are allowed only for excitonic states in specific valleys under
pure o+/c— light excitation. Atfi and Alh are the changes in VAM and EAM,
respectively, from the ground state to resonant excitonic states. The change in the
photon angular momentum is 2k or —2% under pure o+ or o— illumination. The capital
letters A and F indicate that the optical transition is “allowed” or “forbidden” under
pure o+/c— illumination. N/A means “not available”, indicating that the optical
transition exhibits a negligible transition strength based on parity symmetry analysis.
Red indicates o+ emission; blue indicates c— emission for either SHG or TPL.

doi:10.1038/Isa.2015.139

Compared with the 1s excitonic level, the 2p exciton has a greater line-
width (~80 meV) and an asymmetric shape. To test the selection rule, we
measured the TPL spectrum under o+ light excitation (Figure 3b). The
TPL helicity was measured to be 29.6% at the excitation energy (1.13 eV)
and had the same sign as that of the incident light. The helicity changed
sign when the monolayer was pumped with c— light (see Supplementary
Fig. S2). More interestingly, we observed a TPL resonance in the emission
helicity at the 2p peak (Figure 3b inset), confirming our theory that the
EAM imposes an additional selection rule on the optical transition. The
relatively low helicity value observed here is due to the strong intervalley
scattering upon the injection of such high energies™. Away from the 2p
resonance peak, we always observed nonzero TPL with lower energy
excitation, as shown in Figure 3a, indicating the presence of several
non-excitonic states with p components below the 2p state. This back-
ground cannot originate from the re-absorption of the SHG emission
because the emission helicity is positive.

Subsequently, we further examined the valley-exciton locked selec-
tion rule by performing time-resolved TPL measurements. After the
initial two-photon absorption and the formation of 2p valley excitons,

Light: Science & Applications
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Figure 2 Experimental observation of the SHG selection rule in monolayer WS, at 20 K. (a) SHG intensity (black dots) versus SHG excitation energy in a scan from 0.97 eV
to 1.19eV. Adominant SHG intensity peak is observed at a pump energy of 1.045 eV, which is attributable to the 1sresonance. (b) Polarization-resolved SHG measurements
for o+ (red curve) and o— (black curve) detection under pumping by +. A negative helicity of P= —99.0% = 0.1% was observed from multiple repeated measurements.
The excitation energy was 1.045 eV. The significant negative helicity at the 1s resonance confirms the existence of a rigorous selection rule for SHG.

two subsequent processes occur: the 2p excitons relax to 1sexcitons, and
these 1s excitons recombine. If the populations in the K and K’ valleys
are unbalanced, intervalley scattering will occur. Here, we conducted
time-resolved TPL measurements at the 2p resonance, and the signal
was detected by a synchroscan streak camera with an overall time reso-
lution of 2 ps. Under linearly polarized excitation light, the intervalley
scattering has no net contribution because the populations in both
types of valleys are equal. Therefore, the time-resolved TPL trace
includes only relaxation and recombination (Figure 4a). The rising
edge after excitation is predominantly associated with the relaxation
process from 2p to 15°%, whereas the recombination process is reflected
by the decaying portion of the curve. To capture the essence of
the dynamics, we used a three-level rate equation (Supplementary
Information and Supplementary Fig. S3). Typically, a process no
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shorter than one tenth of the system’s time resolution can be extracted
by applying convolution fitting with the instrument response function
(IRF)?”?% In this manner, we can infer that the interexciton relaxation
time is 75,1, = 600 = 150 fs and that the recombination time is
Tree = 5.0 £+ 0.2 ps. Regarding the sub-ps 2p-1s relaxation, which is
reported here in 2D TMDC for the first time, it was further verified
by time-resolved PL measurements under near-resonance one-photon
excitation (Figure 4b). The rising feature in this curve is much sharper
compared with that under 2p resonant two-photon excitation, which
indicates more rapid relaxation because of a smaller energy gap. Indeed,
our fit shows that the relaxation time to the 1sexciton edge in this case is
less than 200 fs (the fastest process can be extracted from convolution
fitting). This confirms our observation of a measurable sub-ps 2p-1s
relaxation due to the large energy gap between the 2p and 1s excitonic
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Figure 3 Experimental observation of the TPL selection rule in monolayer WS, at 20 K. (a) TPL intensity versus TPL excitation energy ina scan from 1.06eVto 1.19eV.
A dominant TPL intensity peak resonance is observed under 1.13 eV laser pulse excitation, which is attributable to the 2p resonance. (b) Polarization-resolved TPL
measurements for o+ (red curve) and o— (black curve) detection under o+ light excitation. A circular polarization of P = 29.6% = 0.5% was observed based on
multiple repeated measurements. The excitation energy was 1.13 eV. The inset plots the TPL helicity versus the TPL excitation energy for a scan of the same range
under excitation by o+ polarized light. A helicity resonance is observed at the 2p excitonic level. Away from the 2p resonance, the TPL helicity decreases with
increasing excitation energy due to the energy-dependent intervalley scattering.
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Figure 4 Time-resolved valley exciton dynamics in monolayer WS, at 20 K. (a) Time trace of the TPL (red curve) excited by a linearly polarized laser pulse at 1.13 eV.
Compared with the instrument response function (IRF), presented as the blue curve, the TPL time trace exhibits observable rising and decaying features. Based on our
three-levelrate equation model (see the Supplementary Information), the results of convolution fitting (black curve) indicate an interexciton relaxation time t,, 1, 0f 600 +
150 fs and a recombination time 7. of 5.0 = 0.2 ps. (b) Relaxation dynamics comparison. The time-resolved relaxation curves (rising features) for two-photon-induced
PL (TPL, black curve) and one-photon-induced PL (blue curve) are plotted. The one-photon-induced PL, excited near the resonance at 2.10 eV, exhibits a sharper rising
feature compared with that of the TPL excited at the 2presonance (2.26 eV). This difference confirms that the relaxation of the 2 p exciton requires a longer time because
ofthe larger energy gap. Here, the red curve represents the IRF. (¢) Power-dependent time-resolved 2presonant TPL. TPL time traces recorded under pumping by a laser
pulse at 1.13 eV with different incident powers. The power was varied over one order of magnitude, resulting in a change in the exciton population of two orders of
magnitude. No significant change in the dynamics is observed in this power range, thereby excluding exciton—exciton annihilation. (d) Polarization-resolved time traces of
the TPLexcited by o+ polarized lightat 1.13 eV. Because of the selection rule and intervalley scattering, the o+ emission (red curve) displays a greater intensity and more
rapid decay than does the c— emission (black curve). The blue and green dashed lines are guides for the eye. The inset shows the convolution fit (purple curve) for the
time-resolved valley exciton population (c+ — o—, black dots). The intervalley scattering times during relaxation, Tinter(2p-15), and recombination, Tinter(15), are estimated
tobe 3 + 1 psand 8.3 = 0.5 ps. The error ranges were obtained from fitting to the results of multiple repeated measurements. PL, photoluminescence.

levels. Excited carrier relaxation can typically follow three possible path-
ways: carrier—carrier scattering, carrier—phonon scattering, and radi-
ative emission. Carrier—carrier scattering is predominantly dependent
on carrier density. However, as we varied the pump intensity, no sig-
nificant change in the dynamics was observed (see Figure 4c).
Therefore, carrier—carrier scattering is unlikely to account for the
sub-ps relaxation here. Meanwhile, radiative emission from the 2p-1s
transition can be excluded because the transition rate is not expected to
be as fast as the sub-ps level. Given the comparable densities of states
and transition matrix amplitudes calculated using the GW method”?!,
one should expect the 2p—1s transition time to be similar to the Is
exciton radiative lifetime. Because the radiative lifetime of the 1sexciton

doi:10.1038/Isa.2015.139

is approximately 100 ps in our case (the quantum yield is ~5%, and the
lifetime of the nonradiative decay is 5 ps, as shown in Figure 4a), the
sub-ps relaxation we observed cannot be radiative decay. Therefore, it is
very likely to be attributable to exciton—phonon scattering. This is
further confirmed by the broader linewidth of the 2p exciton (see
Figure 3a). Under the assumption that the 2p—1s relaxation is accomp-
lished via optical phonon cascade scattering, each phonon scattering
event requires ~130 fs (the energy gap between the 2p and 1s levels is
220 meV, and the dominant optical phonons observed via Raman
spectroscopy have energies of 44 meV for the E,; mode and 51 meV
for the A;; mode). According to the uncertainty principle, this corre-
sponds to an additional linewidth broadening of greater than 30 meV

Light: Science & Applications
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compared with the 1s exciton. This is consistent with our observation,
which indicates 40 meV of additional broadening. It is suspected that a
Ls hot exciton with some kinetic energy is generated after a 2p exciton
collides with a phonon and cascades to the 1s exciton edge. The rapid
recombination observed at the 1s exciton edge (rec = 5.0 + 0.2 ps) is
likely attributable to nonradiative recombination, such as defect trap-
ping or a phonon-assisted process®*. This is confirmed by the quantum
yield measurement'®, which indicates a quantum yield of approxi-
mately 5%. We carefully checked that the nonradiative channel is not
dependent on the excitation power (Figure 4c), which excludes any
exciton—exciton annihilation mechanism®.

For 6+ two-photon excitation at the 2p resonance, the dynamical
curves for emission at the different polarizations are shown in
Figure 4d. The o+ TPL from the K’ valleys exhibits a higher intensity
than that of the c— TPL from the K valleys, which again confirms the
valley-exciton locked selection rule. Compared with the 6+ emission, the
o — emission always undergoes slower decay until the populations in the
two types of valleys are equal. This difference in the decay trend results
from intervalley scattering, which tends to equalize the exciton popula-
tions in the two valleys. From convolution fitting with the IRF and
recombination time, we can estimate the lifetimes of intervalley scattering
during relaxation, Tipter(2p— 15)> and recombination, Tipger(15), to be 3 * 1 ps
and 8.3 * 0.5 ps, respectively (Figure 4d inset). The exchange interaction
between the electron and hole can induce both a spin flip and a
momentum change via Coulomb potential scattering. Recent calcula-
tions show that this process can occur in the picosecond range and
becomes more efficient when the exciton carries more energy3 ! which
may account for the rapid depolarization observed in our measurements.

CONCLUSION

In summary, we discovered nonlinear optical selection rules based on
valley-exciton locking in monolayer WS,. This important finding reveals
that the EAM and VAM combined fundamentally determine the optical
transitions in TMDC monolayers. These new selection rules together
with the observed interexciton dynamics offer important guidance for
the manipulation of exciton and valley degrees of freedom in 2D TMDC.
For example, the well-defined excitonic levels located in distinguishable
valleys could encode quantum information, potentially leading to the
design of THz sources with 2p-1s transitions, optical switches and
quantum interference control based on this 2D material®*™*,
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