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We show that the light-matter interaction in monolayer WSe2 is strongly enhanced when the incoming

electromagnetic wave is in resonance with the energy of the exciton states of strongly Coulomb bound

electron-hole pairs below the electronic band gap. We perform second harmonic generation (SHG)

spectroscopy as a function of laser energy and polarization at T ¼ 4 K. At the exciton resonance energies

we record an enhancement by up to 3 orders of magnitude of the SHG efficiency, due to the unusual

combination of electric dipole and magnetic dipole transitions. The energy and parity of the exciton states

showing the strong resonance effects are identified in 1- and 2-photon photoluminescence excitation

experiments, corroborated by first principles calculations. Targeting the identified exciton states in resonant

2-photon excitation allows us to maximize k-valley coherence and polarization.

DOI: 10.1103/PhysRevLett.114.097403 PACS numbers: 78.60.Lc, 78.55.-m, 78.66.Li, 78.67.Pt

Monolayers (MLs) of transition metal dichalcogenides

(TMDC) such as WSe2 and MoS2 are an exciting class of

two-dimensional (2D) materials for (opto-)electronics [1–7],

nonlinear optics [8–13], and for exploring electron k-valley
physics [14–16]. Crystal inversion symmetry breaking

together with the spin-orbit interaction lead to a unique

coupling of carrier spin and k-space valley physics [17–21],
initially described in a single particle picture.When electrons

and holes are simultaneously present, theywill form excitons

as the Coulomb interaction is enhanced by the strong

quantum confinement, the large effective masses, and the

reduced dielectric screening in these ideal 2D systems. Large

exciton binding energies Eb of typically 0.5 eVare predicted

[22–25] and have been confirmed experimentally very

recently [26–31]; i.e., the energy of the lowest lying optical

transition (optical band gap) is about 0.5 eV below the

electronic band gap Eg.

In this work we demonstrate a variation over several

orders of magnitude of the nonlinear and linear optical

response of ML WSe2. This is achieved by tuning the

optical excitation on and off resonance with respect to

the ground (1s) and excited (2s; 2p…) exciton states. At

these particular energies, identified in 1- and 2-photon

excitation spectroscopy, the light-matter interaction is

strongly enhanced. We perform second harmonic gener-

ation (SHG) spectroscopy [32–34], i.e., we monitor the

SHG signal as a function of laser energy and polarization.

We find an enhancement of the SHG efficiency of up to 3

orders of magnitude when scanning the 2-photon laser

energy across the excitonic spectrum of MLWSe2, thereby

determining the parity and energy of exciton states.

Surprisingly, tuning the excitation laser in resonance with

the 1s exciton states, for which 2-photon absorption is

parity forbidden, results in strong SHG, as in addition to

electric-dipole, also magnetic-dipole optical transitions

contribute to the frequency doubling [35]. Another impor-

tant consequence of exciting the 2s or 2p exciton state

resonantly is to maximize valley coherence and valley

polarization in 2- and 1-photon absorption, providing an

ideal starting point for valley index manipulation [15]. We

evaluate the energy position of the electronic band gap Eg

with respect to the excited exciton states with ab initio

GW-Bethe Salpeter equation calculations [25,51].

We studied 1ML WSe2 flakes obtained by microme-

chanical cleavage of bulk WSe2 crystal (from 2D

Semiconductors, USA) on 90 nm SiO2 on a Si substrate.

For 2-photon excitation we use ps pulses, generated

by a tunable optical parametric oscillator (OPO) synchro-

nously pumped by a mode-locked Ti:sapphire laser.

Photoluminescence (PL) and SHG are collected in reflec-

tion geometry. For 1-photon excitation frequency doubled

OPO pulses are used. In the experiments at T ¼ 4 K the

light is propagating perpendicular to the 2D layer plane; see

Supplemental Material for details [35]. In standard PL

experiments in Fig. 1(a) using excitation above the optical

band gap we observe at 1.75 eV (FWHM ≈ 10 meV) the

neutral A exciton (Coulomb bound electron-hole pair)

and at 1.72 eV the charged exciton (trion) [52]. Under

linearly polarized laser excitation, only the neutral exciton

shows that linear polarization in emission as a coherent

superposition of valley exciton states is created [52,53].

Figure 1(c) displays the results of 2-photon optical spec-

troscopy experiments performed for a linearly polarized

excitation laser with energy Elaser ¼ 0.946 eV, much

lower than the optical gap of around 1.7 eV. Both the

neutral exciton and the trion PL are observed at the same

emission energy as for those above band gap excitation;

compare Figs. 1(a) and 1(c). The spectrally narrow line at

E ¼ 1.893 eV ¼ 2 × Elaser corresponds to the SHG in the

WSe2 ML; the spectral width is given by the ps laser pulse.
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Both the A-exciton PL intensity following 2-photon absorp-

tion and the SHG intensity increase quadratically with the

laser excitation power [see inset in Fig. 1(c)] [8–10], as

expected for these nonlinear processes.

Second harmonic generation spectroscopy.— Broken

inversion symmetry and strong light matter interaction

make ML WSe2 an ideal material for nonlinear optics.

SHG generation at a fixed wavelength is commonly used

for few layer TMDCs to probe crystal inversion symmetry

[8–10]. In the experiment in Fig. 2(b), the intensity of the

SHG signal is plotted as a function of the 2-photon laser

excitation energy. Over the scanned range between 1.7 and

2.4 eV, we observe for all energies a measurable SHG

signal. Strikingly, we observe a variation in SHG intensity

over 3 orders of magnitude in Fig. 2(b), although the

excitation power is kept constant in the experiments.

Variations of a factor of ≈2 in SHG intensity have been

reported for ML MoS2 at 300 K as the laser is scanned

across the 1s exciton resonance [11]. SHG intensity

variations as a function of laser energy have also been

reported in Malard et al. [12], albeit for laser energies well

above the A- and B-exciton resonances.

A particularly surprising feature of these experiments is

the strong SHG signal when the 2-photon laser energy is in

resonance with 1s A exciton (1.75 eV) and the 1s B exciton

(2.17 eV), whose energies were determined in the same

sample through PL and reflectivity [52]. In contrast to the

SHG results, the 1s transitions are not observed in 2-photon
PLE experiments, as demonstrated in Fig. 2(d), as they

are dipole forbidden. PL emission and SHG can be

clearly distinguished due to the different emission line-

width and polarization selection rules; see Fig. S8 of the

Supplemental Material [35]. The clear SHG resonances

observed in Fig. 2(b) indicate therefore that contributions

beyond the usual electric-dipole coupling of the light-

matter interaction are involved. We have hence developed a

theoretical description of the microscopic and macroscopic

origins of SHG in MLTMDCs, see Supplemental Material

[35]. Below we outline the key concepts:

The signal plotted in Fig. 2(b) is directly related to the

nonlinear dielectric susceptibility tensor χ
ð2Þ that can be

evaluated with time dependent perturbation theory. As only

very recently demonstrated for bulk ZnO, the efficiency of

SHG depends not only on the symmetry of the crystal, but

also on that of the exciton states [32,33]. Close to resonance

of an excitonic state jΨexci we can write

χ
ð2Þ
ijkð−2ω;ω;ωÞ ∝ h⊘jV̂2ω

i

jΨexcihΨexcj

Eexc − 2ωℏ − iΓexc

× V̂ω

j

X

vi

jΨviihΨvij

Evi − ωℏ − iΓvi

V̂ω

k j⊘i: ð1Þ

Here, j⊘i is the ground state, jΨvii the virtual intermediate

state, and jΨexci the excitonic state. The term with Eexc −

2ωℏ − iΓexc is dominant over similar terms obtained in the

summation over all possible virtual exciton states, as for a

real, excitonic state the damping Γexc ≪ Γvi as it lives

longer than a virtual state. The tensor components ði; j; kÞ
may belong to the þ;−; 0 standard set, where þð−Þ
correspond to right (left) circularly polarized components

and 0 to z-polarized ones, z is perpendicular to the ML. To

go beyond the electric dipole approximation, the exciton-

photon is expanded as

V̂ω

i ¼ V̂ED
i ðωÞ þ V̂

QE
i ðωÞ þ V̂MD

i ðωÞ þ H:c: ð2Þ

The matrix element corresponding to the electric quadru-

pole (QE) interaction vanishes in ML WSe2 for symmetry

reasons [35], in contrast to bulk ZnO. We can write the

remaining 2 interactions, namely, the electric (ED) and

magnetic dipole (MD) interactions for pure σ
� circularly

polarized light as

V̂ED
� ¼ −i

E0

4m0c
eiωtðp̂x � ip̂yÞ; ð3Þ

V̂MD
� ¼ i

B0

2m0

eiωtL̂�; ð4Þ

where qz ¼ q ¼ ω=c and B0 ¼ E0=c. It can be seen that the
MD and the ED interactions are never in competition for a
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FIG. 1 (color online). (a) Optical valley coherence generation

following 1-photon absorption, linearly polarized (lin.X). The 1s
state of the neutral A exciton and the trion (T) transitions are

marked. PL spectra copolarized (cross) with the laser are shown

in blue (green). The onset of the localized state emission can be

seen at low energy. (b) 1-photon optical valley selection rules in

the exciton representation for ML WSe2. For simplicity, only the

A-exciton series is shown. (c) Optical valley coherence generation
following 2-photon absorption at T ¼ 4 K. Inset: SHG intensity

(squares) and 2-photon PLE (circles) as a function of laser power.
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given transition, but are complementary to each other, due

to distinctly different symmetry and angular momentum

selection rules. We identify as the most efficient SHG

sequences governed by Eq. (1) processes that involve two

ED and, very importantly, one MD transition. This explains

the strong SHG that is observed at the 1s A-exciton
resonance: First the MD interaction couples the ground

state j⊘i to a virtual 2p state. Second, the 2p state can be

coupled to the 1s state via the ED interaction. Finally, the

ED interaction couples the 1s virtual state back to the

ground state j⊘i, giving rise to the SHG signal. In similar

fashion, the ground state can couple to the 2p A exciton via

two ED transitions (energy ℏω), and the SHG signal is

emitted via the MD interaction, as shown in Fig. 2(a) [35].

Efficient SHG generation involving relatively weak MD

transitions (by typically 2 orders of magnitude compared to

ED) comes from the presence of energetically well-defined

excitonic resonances in ML WSe2 with finite damping

Γexc, as can be seen from Eq. (1), explaining the sharp

SHG resonances with FWHM very similar to the exciton

emission; compare Figs. 2(b) and 1(a).

In addition to the 1s A and B excitons, we observe

clear resonances at 1.9, 2.03, and above 2.31 eV. To clarify

the exact origin of these transitions and to investigate

their excitonic nature and their symmetry, we perform in

addition to SHG spectroscopy 2-photon and 1-photon PL

excitation experiments.

Two-photon PLE experiments.— In 2-photon PL exci-

tation (2P-PLE) experiments, the exciton states with p
symmetry can be directly addressed [26,30], assuming the

usual ED interaction is dominant. In the experiment, the

laser power is kept constant and the detection energy is set

to the emission peak of the 1s A exciton. The PL intensity

as a function of the 2-photon laser excitation energy is

plotted in Fig. 2(d) (left axis), the linear polarization degree,

corresponding to valley coherence, of the 1s A-exciton PL

is also plotted (right axis); see Fig. S5 of the circular

polarization degree [35]. Starting the 2P-PLE just above the

1s emission energy, we observe a first clear peak at

1.898 eV, as in SHG spectroscopy. Absorption for the ns

A excitons is forbidden by the 2-photon ED section

rules, so we assign this peak to the 2p state, 140 meV

above the 1s exciton emission [54]. As for SHG spectros-

copy, we observe in 2P-PLE a small peak at 2.03 eV, which

we tentatively assign to the 3p state. In 2-photon PLE, we

do not observe the 1s B exciton, in agreement with ED

selection rules. Also, taking the trion emission as a measure

for 1s exciton generation, we find that resonant 2-photon

excitation of the 2p state results in strong trion emission,

whereas resonant 2-photon excitation of the 1s state results
in negligible trion emission. This observation is consistent

with the assumption that 2-photon excitation of the 1s state
is only allowed combining one ED and one MD transition,

and not via two ED transitions.

One-photon PLE spectroscopy.— The findings from the

two polarization resolved nonlinear optical techniques are

further complemented by 1-photon optical spectroscopy,

giving access to the s-exciton states whereas the p states

are forbidden. Figure 2(f) displays the 1-photon PL

excitation (1P-PLE) results. A clear peak corresponding

to the 2s A exciton is observed at ≈1.9 eV, 140 meVabove

X1s
A . Comparing the results of 1P-PLE and 2P-PLE in

Figs. 2(d) and 2(f) we can infer that the 2s and 2p
A-exciton states have the same energy within the spectral

resolution of our excitation spectra (which is of the order of

meV) [57,58].
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FIG. 2 (color online). (a) Schematic for

SHG when 2 incident photons are resonant

with the 2p state of the A exciton (b) results

of SHG spectroscopy at T ¼ 4 K as a func-

tion of 2ℏω. Typical error bars are shown,

based on the standard deviation of the

measured laser pulse width (for each wave-

length) as a direct measure of the fluctuation

of the peak power during the experiment.

(c) Schematic for 2-photon PLE, (d) 2-pho-

ton PLE intensity (left axis, black squares),

and linear polarization (right axis, blue

circles) as a function of 2ℏω. Typical error

bar indicated (e) schematic for 1-photon PLE

(f), 1-photon PLE intensity (left axis, black

squares), and linear polarization (right axis,

blue circles) as a function of ℏω.
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Efficient generation of exciton valley coherence follow-

ing 2-photon absorption.— A key argument for the

attribution of the observed maxima in PLE following

1- and 2-photon absorption to excitonic states comes from

the polarization dependence plotted in Figs. 2(d) and 2(f).

Following excitation with linearly polarized light, the 1s
A-exciton emission is strongly linearly polarized [59].

When the 2-photon laser is in resonance with the 2p state,

we observe a global maximum of the linear polarization

of 45%. In contrast to the exciton spin coherence observed

for resonant excitation of GaAs quantum wells [60,61],

the linear exciton polarization in ML TMDC probes the

coherence arising from excitons from two different valleys

in k space [53]. Our measurements indicate that the

valley coherence is stronger when the 2p exciton state is

directly photogenerated compared to the situation of the

photogeneration of a hot 1s exciton state at the same

energy. This most likely results from efficient intraexciton

energy relaxation 2p → 1s preserving the initially created

coherent superposition of states. The results presented in

Fig. 2(d) demonstrate for the first time in a semiconductor

that significant exciton pseudospin coherence can be

created with a 2-photon process. Two-photon excitation

(ELaser ≪ Eg) does not generate excess carriers via non-

excitonic absorption channels, which is beneficial for long

valley coherence times. Also in 1-photon PLE we find a

clear enhancement of the observed valley coherence when

the laser is in resonance with the 2s exciton [62]. Also the

valley polarization, monitored through the circular polari-

zation degree, is enhanced when the 2s and 2p exciton

states are addressed resonantly; see Fig. S5 [35]. Note that

the resonance at 1.9 eVobserved in SHG in Fig. 2(d) can be

attributed to contributions coming from both the 2s and 2p
exciton transitions, identified via intensity and polarization

analysis in 2-photon [Fig. 2(d)] and 1-photon [Fig. 2(f)]

PLE. The difference between the 1s and 2s=2p A-exciton
states is 140 meV and we also observe a resonance

140 meVabove the 1s B exciton, that we tentatively assign

to the 2s=2p of the B exciton.

Exciton levels in ML TMDCs.— The three complementary

experimental techniques presented in Figs. 2(b), 2(d),

and 2(f) have uncovered the excited exciton states 2s, 2p,
and 3p. Their energy spacing is similar to the values reported

at T ¼ 300 K in the same material system [26]. In the

absence of a clear signature of the electronic band gap Eg in

our low temperature experiments, we have calculated Eg.

The vertical arrow labeled Eg ¼ 2.37 eV is the quasiparticle

gap in Fig. 3 calculated at the GW0 level including spin-orbit

coupling, with typical error bars of �200 meV for this

method [28], which we deduce from calculations with

different parameter settings. If we define the exciton binding

energy as Eg−EðX1s
A Þ¼Eb we can roughly estimate

Eb ¼ 600� 200 meV; see more details in [35]. As He

et al. [26] determined Eb ≈ 370 meV at T ¼ 300 K in ML

WSe2, our theory seems to overestimate Eg. In general a

high Eb is consistent with (a) the measured charged exciton

binding energy in Figs. 1(a) and 1(c) where EbðtrionÞ ¼
35 meV [63,64] in this sample and (b) the values reported

for Eb by other groups in ML TMDC [26–31]. Our GW

calculations also show the existence of at least one excited

exciton state labeled 2s in Fig. 3(b). We confirm a strong

deviation of the standard 2D Rydberg series, for which two

possible explanations have been suggested: (i) The strength

of the effective Coulomb interaction will be very different for

1s and 2s states, for example, due to the strong variation of

the effective dielectric constant as a function of the spatial

extension of the exciton state [65,66]; (ii) using the formal-

ism of relativistic quantum mechanics, strong Coulomb

coupling leading in extreme cases to an excitonic collapse,

as observed recently for artificial nuclei on graphene [67],

has been predicted for MLTMDCs [68,69]. This would lead

to very different optical selection rules and we hope our

detailed investigation in 1- and 2-photon experiments pro-

vides helpful experimental input for verifying these pre-

dictions. Both (i) and (ii) critically depend on the dielectric

environment of the substrate; here more systematic studies

using suspended samples and different substrates are needed.

In summary, we have measured the spectral dependences

of both the first order dielectric susceptibility (1-photon

PLE) and the second order dielectric susceptibility (SHG

excitation spectra for its real part and 2-photon PLE for its

imaginary part). These experiments directly demonstrate

that excitonic effects enhance the linear and nonlinear

optical response of ML WSe2 by several orders of

magnitude and reveal that the valley coherence can be

achieved following 2-photon excitation.
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at the BSE-GW0 level without spin-orbit coupling. The corre-

sponding GW0 gap (Eg ¼ 2.4� 0.2 eV) is also indicated.
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