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We report a new dark exciton in monolayer MoS2 using second harmonic generation spectroscopy.
Hereby, the spectrally dependent second harmonic generation intensity splits into two branches, and an
anticrossing is observed at ∼25 meV blue detuned from the bright neutral exciton. These observations are
indicative of coherent quantum interference arising from strong two-photon light-matter interaction with an
excitonic state that is dark for single photon interaction. The existence of the dark state is supported by
engineering its relaxation to bright localized excitons, mediated by vibrational modes of a proximal
nanobeam cavity. We show that two-photon light-matter interaction involving dark states has the potential
to control relaxation pathways induced by nanostructuring the local environment. Moreover, our results
indicate that dark excitons have significant potential for nonlinear quantum devices based on their
nontrivial excitonic photophysics.
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Nonlinear phenomena play a central role in advanced
photonic and electronic devices since they govern func-
tionalities such as transduction and switching and lead to
nontrivial physics in which different degrees of freedom
interact [1]. Two-dimensional (2D) semiconductors are an
ideal platform to investigate nonlinear optical phenomena
since they not only have a strong χ2 coefficient for second
harmonic generation (SHG) [2–4] but also possess rich
exciton photophysics with electronic states that couple to
both photons and phonons in the system [5–7]. As such,
nonlinear spectroscopy of 2D semiconductors and their
heterostructures currently attracts broad attention in the
context of advanced nonlinear optoelectronic devices, as
well as being an important tool to probe fundamental
electronic excitations in the material [8–10].
The multiphoton feature in nonlinear optics provides

parity control in the light-matter interaction since the
coupling operator ∝ r̂N, where r̂ represents the position
operator, has opposite symmetry for odd or even photon
numbers N [11–13]. This means that dipole forbidden
(dark) excitons having odd parity for single-photon cou-
pling (N ¼ 1) can become bright for the two-photon
(N ¼ 2) coupling [14,15], and vice versa. Usually, two-
photon strong coupling for bright excitons in semiconduc-
tors is obtained for systems where two real (excitonic)
states are mutually close to resonance with one and
two photon transitions. For example, this occurs for

self-assembled quantum dots having the exciton and
biexciton states, or for 2D semiconductors having multiple
electronic levels resonant to different number of photons
[16–19]. In contrast, dark excitons have the potential for
direct, coherent two-photon light-matter interaction without
an intermediate one-photon resonance. This opens the way
for the coherent control of dark excitons that may be
exploited for novel applications.
In this Letter, we identify a dark excitonic state (D) in

monolayer MoS2 that is blue detuned from the neutral
exciton (X0), and probe it using resonant SHG spectros-
copy. The cross section for SHG in 2D materials is
enhanced by orders of magnitude when a two-photon
resonance exists with bright excitonic states [5–7]. The
high quality of our sample allows us to clearly distinguish
the SHG-exciton resonances arising from X0 and various
species of negatively charged trions, i.e., the triplet states
(T1;2;3) arising from hybridized inter- and intravalley trions
[20–22]. Moreover, we observe SHG signatures of the dark
exciton D, ∼25 meV blue detuned from X0, via a pro-
nounced anticrossing in the SHG signal as the excitation
laser energy (2ωp) is tuned through the transition. This
anticrossing is the result of coherent two-photon coupling
in SHG enabled by the dark feature of D. We further
strengthen our interpretation of this new dark state by
probing its relaxation to localized excitons (LXs). The
relaxation is detected via two-photon PL-excitation spec-
troscopy [14], i.e., we monitor the spectral intensity of LX
emission as the laser is tuned through the two-photon
resonance withD. The relaxation is found to be weak when
the MoS2 is placed on a planar substrate but is significantly
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enhanced for MoS2 integrated into a nanobeam cavity. This
observation is fully consistent with the enhanced scattering
between MoS2 excitonic states due to cavity phononic
modes [23]. Our results demonstrate a coherent coupling
between the dark exciton and N ¼ 2 photons and open the
way to engineer nonlinear physics through structuring the
nanoscale environment.
We begin by investigating SHG spectroscopy recorded

from an hBN=MoS2=hBN heterostructure on a planar
Si3N4=Si substrate, as schematically depicted in the inset
in Fig. 1(a). The monolayer MoS2 is encapsulated by upper
(15 nm) and lower (55 nm) hexagonal Boron Nitride (hBN)
cladding layers, which suppresses the dielectric disorder
and narrows the excitonic linewidths toward the homo-
geneous limit [24,25]. The sample is cooled down to 8 K
and excited using a tunable pulsed laser with a spot size
∼1 μm and a CWequivalent excitation power of 15.2 mW.
The pulse length is ∼100 fs at a repetition frequency
of 80 MHz.
We explore the resonant SHG signal as the two-photon

energy of the excitation laser 2ωp is tuned from 1.73 to
2.05 eV. Typical data are presented in Fig. 1(a). A
significant intensity enhancement is clearly observed with
the peak emission energy at 1.933 eV, as the feature for the
SHG-X0 resonance [5–7]. Besides X0, we also observe the
SHG resonance of the intravalley singlet trion T1 at
1.902 eV, intervalley singlet trion T2 at 1.911 eV, and
intervalley triplet trion T3 at 1.921 eV [20–22], as labeled
in Fig. 1(a). Here, the SHG resonances for T1;2;3 exhibit
similar intensities, which is quite different to situations in
PL spectroscopy (Fig. S5 in Supplemental Material [26])

where T1 is much stronger than T2;3. We explain this
difference between PL and SHG due to the fact that the
resonant intensity enhancement of SHG is primarily deter-
mined by the oscillator strength of the respective transitions
[5]. The three trions T1;2;3 in our sample have similar
oscillator strength as predicted in theoretical calcula-
tions [27], consistent with our observations. In contrast,
the relative intensity of T1;2;3 observed in luminescence
is determined by the interplay between their oscillator
strength and population dynamics [20,23,28], thereby
differing from the resonances observed in SHG
spectroscopy.
In Fig. 1(b) we use an enlarged view to focus on a series

of SHG spectra with the peak emission energy from 1.95–
1.97 eV. Two distinct peaks labeled SHG1 and SHG2,
highlighted by the red and gray shaded regions respec-
tively, are clearly resolved in the data with a pronounced
anticrossing centred at 1.958 eV. At this point the two peaks
have equal intensity and they are split by ∼13 meV as
shown in Fig. 1(c). The observed anticrossing is indicative
of quantum interference in the strong light-matter inter-
action regime, but driven by the two-photon component of
the driving field [16,18,29]. We attribute this resonance in
the SHG intensity and the anticrossing to a new dark
exciton state D, based on the observations that (i) it is not
observed in PL or linear absorption spectroscopy, and (ii) a
dipole forbidden dark state can coherently couple to the two
photon components of the driving field [11–13]. The
strength of the one-photon light-matter interaction is
∝ jhXfjr̂jXiij2, where XfðiÞ is the final (initial) state of
the emitter [11,30]. The position operator r̂ represents
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FIG. 1. (a) Spectra for varying excitation laser energy 2ωp. Intensity enhancement at SHG-exciton resonances is observed for bright
excitons X0 and T1;2;3, while not for the dark state D. Inset is the schematic of the hBN=MoS2=hBN heterostructure on the planar
Si3N4=Si substrate. (b) Spectra near the SHG-D resonance. A splitting and anticrossing of the SHG signals (SHG1 and SHG2) is
observed that reveals D at 25 meV blue detuned from X0. (c) Peak energies extracted by fitting. The dotted lines denote bare energies
without coupling. Insets are the schematic showing that the two-photon strong coupling for bright exciton denoted by X2 requires the
mediation of another excitonic state denoted by X1. In contrast, the dark state D can directly and coherently couple to two photons, due
to the opposite parity between two-photon and one-photon coupling.
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one-photon coupling. As depicted schematically by the
blue wave function in the inset in Fig. 1(c), excitonic states
having primarily even parity have nonzero coupling and
are, therefore, bright dipole allowed transitions. In contrast,
the two-photon coupling operator r̂2 has opposite parity to
r̂ in the one-photon coupling. As a result, the bright exciton
is dark in the two-photon coupling [11]. Analogously, the
one-photon dark state depicted by the orange wave function
in the inset in Fig. 1(c), becomes bright for two-photon
coupling, since jhDfjr̂2jDiij2 is nonzero where DfðiÞ is the
final (initial) state [14].
This difference of parity fundamentally determines the

nature of the light-matter interaction. Anticrossing arising
from two-photon coupling has been reported for bright
excitons in 2D materials [16,18] and quantum dots [17].
However, as depicted schematically in the inset in Fig. 1(c),
in these cases an intermediate excitonic state, denoted by
X1 on the figure, exists close to the one-photon resonance.
X2 can transit to X1 by one photon emission, and thereby,
the state X1 mediates two-photon coupling for X2. The
bright excitons X0 and T1;2;3 correspond to the situation
when no intermediate state exists at their half energy
around 0.96 eV [31]. Thus, while SHG spectroscopy has
been widely reported for monolayer transition metal
dichalcogenides, anticrossings indicative of strong two-
photon coupling have not been observed. In contrast, the
dark exciton D directly couples to two photons without the
participation of an intermediate state as schematically
depicted in the inset in Fig. 1(c). As such, coherent two-
phonon coupling is allowed giving rise to the anticrossing
we observe in experiment.
The observed dark state D is ∼25 meV blue detuned

from X0, a characteristic energy that would be consistent
with LA phonon scattering of the electron between the K
and K0 or Q valleys [32]. Therefore, we tentatively suggest
that D may be an intervalley exciton [33–35], as sche-
matically depicted in Fig. 2(a). The intervalley state at
energy higher than X0 is supported by theoretical predic-
tions using the ab initio GW-Bethe-Salpeter equation
method reported by D. Qiu et al. [33]. Recent work has
also reported an intravalley dark exciton state at an energy
> 10 meV above X0 [36]. As of yet, no consensus exists in
the literature for the precise origin of all dark exciton states
[37–43]. As such that the precise identification of D
requires further investigation. Nonetheless, our experimen-
tal observation of the dark exciton using resonant SHG
spectroscopy is a robust and reproducible experimental
observation, and the 25 meV blue detuning relative to X0 is
found to be a general result across multiple samples.
Our assignment of D as an intervalley state is further

supported by SHG spectroscopy performed on the MoS2
integrated in the high-Q nanobeam cavity. The structure of
our nanobeam cavity is schematically depicted in Fig. 2(a),
and the fabrication and characterization details can be
found in Refs. [23,44]. In the center region of the

nanobeam, the photonic crystal periodicity (distance
between nanoholes) is chirped to create the photonic and
phononic band gap confinement of the cavity [45]. Recent
work reported that the intervalley scattering between
different excitonic states is significantly enhanced by cavity
phononic modes [23], because they provide intermediate
replica states to enhance the exciton-phonon coupling. As
such, ifD is an intervalley exciton, its incoherent relaxation
to bright excitons will be greatly enhanced in the cavity, as
schematically depicted by the gray arrows in Fig. 2(a). This
prediction agrees remarkably with our experimental obser-
vations as we discuss next.
To illustrate this, in Fig. 2(b) we present the spectra

recorded from the cavity. The intensity enhancement of the
SHG-exciton resonances for X0 at 1.937 eV and T1;2;3 at
1.906, 1.914, and 1.925 eV is observed, similar to the case
of the planar substrate in Fig. 1(a). Furthermore, as
presented in the raw spectra in Fig. 2(c) and fitting results
in Fig. 2(d), the anticrossing for the SHG-D resonance
centered at 1.962 eV is clearly observed. The energy
differences between the excitons, particularly the 25 meV
D-X0 detuning, agree remarkably with those obtained in
the planar substrate shown in Fig. 1, supporting the overall
reproducibility of the SHG spectroscopy and the excitonic
feature of D arising from monolayer MoS2.
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FIG. 2. (a) Schematic of the hBN=MoS2=hBN heterostructure
integrated in the nanobeam cavity. Gray arrows in the upper panel
depict that the intervalley scattering is enhanced in the cavity
[23]. (b) The intensity enhancement at the resonances to bright
excitons (X0 and T1;2;3) and (c) anticrossing at the resonance toD
are observed, same to Figs. 1(a) and 1(b). (d) Peak energies
extracted by fitting. Here, D-X0 energy detuning is still 25 meV.
This strengthens thatD arises from the excitonic feature of MoS2.
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Moreover, we observe a significantly different relative
intensity of the various spectral features when the MoS2 is
integrated in the cavity. By comparing Figs. 1(b) and 2(c),
we observe that the X0 peak intensity relative to the SHG1;2

features in the cavity is much larger than that on the planar
substrate. This is consistent with the prediction that the
relaxation of D to bright excitons (D → X0) is enhanced in
the cavity. However, this relaxation is not very straightfor-
ward in experiment, because the X0 peak arises from two
contributions, including the two-photon PL (relaxation
from higher energy states) and the SHG signal enhanced
by the X0 excitonic state [46]. When the SHG is strongly
detuned, the X0 peak is dominated by the two-photon PL
and exhibits the intrinsic emission peak energy that is
independent from the excitation energy 2ωp. In contrast,
when the SHG is near resonant, the X0 peak is dominated
by the enhanced SHG signal and the peak energy will shift
with 2ωp [5]. The former corresponds to 2ωp > 1.98 eV,
and the latter corresponds to 2ωp < 1.97 eV, respectively,
as shown by the peak energy of X0 in Figs. 1(c) and 2(d).
Around the SHG-D resonance both effects contri-
bute, discussed in detail in Fig. S3 in Supplemental
Material [26].
Despite the multifaceted response for the X0 peak, the

peak of the localized excitons (LX) is always dominated by
the two-photon PL relaxed from higher energy states such
as X0 or D [7]. LXs in MoS2 originate from crystalline
defects and emit in an energy band around ∼1.75 eV as
shown by the example in Fig. 3(a). When the SHG is near
resonant to X0 orD, the population of these free excitons as
well as the corresponding relaxation to LX will be
enhanced, as schematically depicted in Fig. 3(b).
Therefore, resonant peaks observed in the two-photon
PL-excitation spectroscopy of LX are proportional to the
rates of relaxation from the higher energy free excitonic
states. The experimental results are presented in Fig. 3(c),
showing the LX intensity with varying 2ωp recorded from
the planar substrate, the cavity, and another cavity in
narrower nanobeam (details in Fig. S1 in Supplemental
Material [26]), respectively. Dashed lines in Fig. 3(c)
indicate a baseline emission, which gradually increases
with 2ωp, explained by above-gap absorption [22]. The
enhanced LX emission, depicted by the blue shaded peak in
Fig. 3(c), centered at the SHG-X0 resonance reveals the
relaxation from X0 into LX, and the orange shaded area
centered at SHG-D resonance reveals the relaxation from
D. Clearly, when the monolayer MoS2 is on the planar
substrate, the LX intensity exhibits a single enhancement
centered at the SHG-X0 resonance, indicating that the D →
LX relaxation is suppressed. In contrast, in cavities we
observe a broadened feature indicating a double-peaked
enhancement arising from both the SHG-X0 and SHG-D

resonance, indicating the D → LX relaxation is enabled by
the cavity. These results are fully consistent with the cavity
mediated intervalley scattering between different excitonic
states [23]. Comparing the effect of different cavities, the
narrower nanobeam has smaller bending rigidity and
therefore stronger phononic effects [23,47,48]. This is
fully consistent with the stronger D → LX relaxation in
the narrower cavity shown in Fig. 3(c).
In summary, we performed resonant SHG spectroscopy

to probe a dark excitonic state D in monolayer MoS2. The
dark exciton exhibits coherent two-photon strong coupling
which manifests itself as an anticrossing observed in SHG
spectroscopy. Our work shows that nonlinear optical
spectroscopy methods are capable to provide new insights
into excitonic photophysics, activating dipole forbidden
transitions via coherent two-photon spectroscopy.
Moreover, since dark excitons have unique features such
as the antisymmetry and no spontaneous emission, their
quantum interference with incident optical fields provide
strong potential in nonlinear quantum devices based on 2D
materials.
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