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Transition metal dichalcogenides have valley degree of freedom, which features optical
selection rule and spin-valley locking, making them promising for valleytronics devices and
quantum computation. For either application, a long valley polarization lifetime is crucial.
Previous results showed that it is around picosecond in monolayer excitons, nanosecond for
local excitons and tens of nanosecond for interlayer excitons. Here we show that the dark
excitons in two-dimensional heterostructures provide a microsecond valley polarization
memory thanks to the magnetic ﬁeld induced suppression of valley mixing. The lifetime of the
dark excitons shows magnetic ﬁeld and temperature dependence. The long lifetime and valley
polarization lifetime of the dark exciton in two-dimensional heterostructures make them
promising for long-distance exciton transport and macroscopic quantum state generations.
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R

eassembled layered van der Waals heterostructures have
revealed new phenomena beyond single material layers1. In
particular, when two different monolayer transition metal
dichalcogenides (TMDs) are properly aligned, the electrons can
be conﬁned in one layer while the holes are conﬁned in the other
layer1–8. Because the electron and hole wavefunctions in the two
layers only have small overlap, excitons can have a longer lifetime
of several nanoseconds, as compared to around picoseconds for
excitons in monolayer. Such exciton is known as indirect exciton
or interlayer exciton2,8. A long exciton lifetime is crucial for the
generation of high-temperature macroscopically ordered exciton
state, which forms the basis of a series of fundamental physics
phenomena such as superﬂuidity9 and Bose–Einstein condensation10–12. Moreover, longer survival of excitons means longer
distance of exciton transport, which is useful for excitonic
devices13,14.
In another perspective, similar to monolayer TMDs, the
properly aligned two-dimensional (2D) heterostructure has
indirect exciton with valley degree of freedom. Valleys (K and K′)
are located at the band edges in the corners of the hexagonal
Brillouin zone15,16. The spins show opposite signs in the two
valleys at the same energy which corresponds to spin-valley
locking15,16. Moreover, these two valleys have opposite Berry
curvature leading to different optical selection rules in each valley.
By using a circularly polarized optical pumping and observing the
locking between the output photon chirality and the valleys, the
phenomena of valley polarization has been observed17–21. These
unique properties put the valley degree of freedom as a possible
candidate for opto-electronics and quantum computation with
2D material22–24. Leading to its application, a long valley polarization lifetime is a prerequisite and extensive efforts have been
put towards particles and quasi-particles with longer lifetime in
these ultra-thin systems. Previous lifetime measurement reveals
that direct exciton lifetime is in the order of picosecond25–27,
limiting its application to some extent. Localized excitons can
have a lifetime of around nanosecond28,29 and indirect exciton
can have ~100 ns lifetime30,31 and tens of nanosecond valley
polarization lifetime8. We note that recent work also shows single
charge carrier can have microsecond lifetime32. On the other
hand, experimental evidence shows the existence of dark excitons,
lying tens of millielectronvolts below the bright exciton in
WSe233. Their decay time is measured to be nanoseconds in
monolayer TMD34.
Here we report that, the dark excitons in 2D heterostructures
can survive for microsecond timescale. With magnetic ﬁeld
suppressed valley mixing, they serve as a microsecond valley
polarization memory for indirect excitons. This is two orders
longer than the case without an applied magnetic ﬁeld.
Results
Experimental observation of interlayer excitons. The schematics and the optical spectroscopy result of the MoSe2/WSe2
heterostructure on SiO2/Si substrate are shown in Fig. 1. In such
heterostructures, electrons tend to go to the conduction band of
MoSe2 and holes are conﬁned in the valence band of WSe2,
forming the indirect excitons (Fig. 1a). Our samples are prepared
via a mechanical exfoliation and aligned-transfer method7. In this
sample, the MoSe2 monolayer is stacked on top of the WSe2
monolayer in AA-stacking style (see Supplementary Note 4 and
Supplementary Fig. 5 for the second harmonic generation
experiment). The detail of the sample preparation can be found in
the Methods section. A ﬂuorescence image of the heterostructure
was taken with a color camera under white light excitation
(Fig. 1d). It is found that the heterostructure consists of two areas:
dark area with low intensity luminescence (labeled as H1) and
2

NATURE COMMUNICATIONS | (2018)9:753

bright area with high intensity luminescence (labeled as H2). The
photoluminescence (PL) of these two areas as well as the MoSe2
region under 633 nm continuous-wave (CW) laser excitation is
shown in Fig. 1e. As can be seen from this ﬁgure, the interlayer
exciton emission of ~1.34 eV emerges for the dark area H2. The
interlayer exciton emission intensity is comparable to the intralayer exciton and the trion emission of MoSe2. The interlayer
emission is missing for the H1 region where higher intensity of
intralayer emission is observed. This can be attributed to the weak
coupling between the two layers in this H1 region7. In the following measurements, we focused on the interlayer exciton
emission in H2 area. An 850-nm long pass ﬁlter is used in the PL
collection to ﬁlter out the contribution of other emission type.
Valley polarization with CW laser. We ﬁrstly carried out the
measurement of valley polarization with a CW pump laser. The
results are shown in Fig. 2. In order to increase the count of the
interlayer exciton, an excitation laser with wavelength of 1.708 eV
is used. This corresponds to the resonant excitation of the WSe2
charged exciton. The polarization states of the excitation and
detection are set to the circular polarization σ+ or σ−, and the
degree of circular polarization is extracted from these four
polarization combinations. Please note that the emission polarization will have a small distortion away from circular polarization due to the existence of the Moire pattern35–38. However,
circular polarization still acts as a good approximation for
studying the dynamics of valley polarization here. The PL emission of different conﬁgurations at 0 T are shown in Fig. 2a, b. It is
observed that the PL intensity of the co-polarization is always
larger than that of the cross-polarization, corresponding to valley
polarization. Next, we apply a magnetic ﬁeld of −7 T perpendicular to the sample surface (out-of-plane direction, Bz). The
results are shown in Fig. 2c, d. As can be seen from these ﬁgures,
the emission difference between the case with co-polarization and
cross-polarization excitation gets larger at Bz = −7 T compared to
0 T.
To quantify this difference, we measured the degree of
polarization as a function of magnetic ﬁeld in both Bz (Faraday
geometry) and By directions (parallel to sample surface, Voigt
geometry). Here we deﬁne the degree of polarization as
 
j
j
I I
Pj ¼ Iσj þ þIσj  , where Iσj þ Iσj  is the σ+ (σ−) polarized PL intensity
σþ

σ

when excited with j polarization. The degree of polarization
pumped by σ+ and σ− excitation versus magnetic ﬁeld in the
Faraday and Voigt geometry are shown in Fig. 2e, f. We can
observe a dip of the degree of polarization at low magnetic ﬁeld
around 0 T in Faraday geometry. The valley polarization is
around 17% at 0 T and quickly increases to ~35% at ~1 T. For
Voigt geometry, the degree of polarization does not show any
dependence on the magnetic ﬁeld.
Regarding the Faraday geometry, our observation of increased
valley polarization near 0 T is in line with the report in ref. 39 where
it is attributed to the suppression of intervalley electron–hole
exchange interaction. Similar with traditional semiconductor
quantum wells and quantum dots, the valley depolarization in 2D
material is caused by electron–hole exchange interaction40–42. The
larger binding energy of excitons in monolayer TMDs further
enhances such interaction, leading to valley depolarization and short
valley polarization lifetime. The intervalley scattering can be
understood in term of in-plane depolarizing ﬁeld40. Hence, by
increasing the magnitude of out-of-plane magnetic ﬁeld, the valley
depolarization can be suppressed28,41. This model can also explain
why the degree of polarization saturates at high magnetic ﬁeld. This
saturation has also been observed in WSe2 exciton system43. The
difference is that, unlike the bright exciton case reported there, the
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Fig. 1 Sample characterization. a MoSe2 and WSe2 form a 2D heterostructures, where electrons are conﬁned in one layer and holes are conﬁned in the
other layer. b Schematic of the interlayer exciton and dark exciton. The interlayer excitons are illustrated as solid black ellipses. The dark excitons are
represented by the dashed ellipses. Red (blue) curves denote spin-up (spin-down) in the conduction and valence bands while the gray arrowed curves
denote the dark exciton valley scattering. c Optical microscope image of the MoSe2/WSe2 heterostructure. Blue dashed line shows the area of MoSe2.
White dashed lines show the region of heterostructure, which is separated into two areas labeled as H1 and H2 in d. d Fluorescence image taken with a
color camera under white light excitation. It shows a bright (H1) and dark (H2) state in the two different place of heterostructure. e Photoluminescence in
the monolayer MoSe2, heterostructure H1 region, and heterostructure H2 region under a 633 nm laser excitation. Peaks on MoSe2 are attributed to exciton
(XMo) and trion (TMo) of MoSe2. In H1 area, another two weak peaks appear and are labeled as exciton (XW) and trion (TW) from WSe2. In H2 area, another
peak around 1.34 eV emerges, which is attributed to interlayer exciton and labeled as Int

cates the excitation polarization, P0 is the residual degree of
j
polarization at 0 T, P1 is the saturation level of degree of
polarization, and α represents the intervalley scattering term between
the dark excitons where the dark exciton refers to the WSe2 dark
exciton as illustrated in Fig. 1b. The experimental data ﬁts very well
with this model within the magnetic ﬁeld range of our experiment.
The exchange interaction-based argument can also be used to
explain why the degree of polarization does not show any magnetic
ﬁeld dependence under the Voigt geometry. In order to discuss this,
it should be noted that the 2D material can be seen as an atomicthin quantum well. It is known that the effect of in-plane magnetic
ﬁeld to the exchange interaction is proportional to the quantum
well thickness44. Hence, the exchange interaction is practically
independent of the magnetic ﬁeld under the Voigt geometry which
result in the magnetic ﬁeld-independent degree of polarization.

of the Fig. 3a, b show the decay of the PL emission pumped by σ+
excitation at 0 T and −3 T, respectively. The middle panels show
the calculated degree of polarization. We can see that, the degree
of polarization Pσþ decays quickly to zero at 0 T, while it has an
extra slow decay component and remains above 0.2 for up to 2.5
μs at −3 T. To quantify it, here we address two different types of
degree of polarization: valley polarization and PL polarization.
The former depends on the polarization state of the excitation, i.e.
copolarization and cross-polarization give different PL intensity.
σþ
σ
. The latter one solely
It can be calculated as Pval ¼ P P
2
depends on the polarization of the PL emission and it does not
depend on the excitation. It can be calculated as the average of the
individual degree of polarization pumped by σ+ or σ− excitation:
σþ
σ
PPL ¼ P þP
. Figure 3e, f shows the decay of valley polarization
2
Pval at 0 and −3 T. valley polarization at 0 T has a decay time of
15 ± 0.3 ns, while it has a decay time of 1.745 ± 0.007 μs at −3 T.
More detailed PL data, valley polarization and PL polarization at
−3, 0 and 3 T are provided in Supplementary Figs. 1 and 2. More
analysis can be found in Supplementary Note 1.

Time-resolved experiment with pulsed laser excitation. To
understand the dynamics of the interlayer exciton emission, we
carried out time-resolved PL experiment with pulsed laser excitation. The laser has a repetition period of 8 μs and has the same
wavelength as the one used in the CW experiment. The left panels

Microscopic mechanism of long lifetime and valley polarization lifetime for interlayer excitons. Below we analyze the origin
of the long exciton lifetime and valley polarization lifetime. To
this end, the experimental result for B = −7, 0, 7 T at low

interlayer exciton shows a non-linear magnetic-dependence of valley
polarization. Following this, we ﬁt the degree
of polarization with

j
j
1
equation Pj ¼ P0 ± P1 1  r2 þrpﬃﬃﬃﬃﬃﬃﬃ
,
r
¼
jBj=α where j indi1þr2 þ1
j

NATURE COMMUNICATIONS | (2018)9:753

| DOI: 10.1038/s41467-018-03174-3 | www.nature.com/naturecommunications

3

ARTICLE
PL intensity (a.u.)

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03174-3

a

+ out

+ excitation

PL intensity (a.u.)

1.38

– excitation

1.26

c

1.29
1.32
1.35
Photon energy (eV)

1.38

d

+ excitation

+ out

– excitation

– out

+ out
– out

–7T

–7T
1.29
1.32
1.35
Photon energy (eV)

1.38

e

0.2

+ out
– out

0T
1.29
1.32
1.35
Photon energy (eV)

1.26

Degree of polarization

– out

0T
1.26

0.4

b

1.26

1.29
1.32
1.35
Photon energy (eV)

1.38

f
+ excitation
– excitation

0.0
–0.2
–0.4
–6

–3
0
3
Magnetic field Bz (T)

6

–0.6

–0.3
0.0
0.3
Magnetic field By (T)

0.6

Fig. 2 Valley polarization with CW laser excitation. a, b Valley polarization at 0 T. Right and left circularly polarized light are labeled as σ+ and σ−. Under σ+
laser excitation, σ+ PL output component is more than σ− and vice versa for σ− excitation. This shows evidence of valley polarization. c, d Valley polarization
at −7 T. Valley polarization is enhanced by applying magnetic ﬁeld perpendicular to the sample surface. e The valley polarization degree as a function of


ﬃ , r ¼ jBj=α where j indicates the
applied magnetic ﬁeld in the z direction. The solid line is the ﬁtting result following equation Pj ¼ Pj0 ± Pj1 1  r2 þrp1ﬃﬃﬃﬃﬃﬃ
2
1þr þ1
excitation polarization, Pj0 is the residual degree of polarization at 0 T due to the valley polarization, Pj1 is the saturation level of degree of polarization, and α
represents the intervalley scattering between the dark exciton. f, The valley polarization degree as a function of applied magnetic ﬁeld in the y direction with
Bz = 0T

temperature (T = 2.3 K) in the case of σ− polarization excitation
and σ− polarized PL detection are shown in Fig. 4a. First we
consider the case at high magnetic ﬁeld. The decay has both the
slow and fast decay components. The slow decay in the order of
τ1 ~ 1 μs suggests the dark exciton involvements, which will be
further conﬁrmed by the magnetic ﬁeld dependence measurement shown below. The fast decay part includes two parts, one of
which is exponential decay and the other one is power-law decay.
Hence, we ﬁt the decay with three components as
I ¼ A1 eτ1 þ A2 eτ2 þ
t

t

B
;
t þ t0

ð1Þ

where τ1 and τ2 are related to the lifetimes of the slow and fast
decay, respectively. A1, A2, B and t0 are other ﬁtting parameters
related to the initial population and rate constants. The value of τ1
is ~1 μs while τ2 has a value of ~10 ns.
For the small magnetic ﬁeld case, instead of Eq. (1), a more
complete model has to be used. In this more complete model,
each valley has one WSe2 dark exciton state and two type of
interlayer exciton states. The ﬁrst type of the interlayer exciton
decays following power law while the second type undergoes
exponential decay. The dark exciton can scatter to the interlayer
exciton of the second type. Additionally the dark exciton in one
valley can scatter to become dark exciton in the other valley. This
model is equivalent to Eq. (1) when this dark exciton intervalley
4
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scattering rate is negligible. The complete description of this
model is given in the Supplementary Note 2 and Supplementary
Fig. 3.
As can be seen from Fig. 4a, both the experimental data ﬁts
well with the theoretical model. The dark-to-interlayer exciton
scattering rate is found to be in the MHz regime. This suggests
that the dark exciton lifetime should be in the order of μs which is
exceptionally long compared to the lifetime of other exciton
types. The maximum value of the dark exciton intervalley
scattering rate is found to be ~100 MHz at Bz = 0 T. It decreases
quickly with increasing magnetic ﬁeld. Note that this scattering
rate is much smaller than the intralayer bright exciton intervalley
scattering rate which can be attributed to the fact that the
exchange interaction between dark excitons is much smaller
compared to that between bright excitons. However, here we need
to consider microsecond time scale. For this time scale, the valley
depolarization of dark exciton need to be taken into account.
The dark-to-interlayer scattering rate has an exponential
dependence on the magnetic ﬁeld (Fig. 4d). This can be
understood by analyzing the scattering mechanism from the
dark exciton to the interlayer exciton. The dark exciton can
scatter to become an interlayer exciton by following two different
paths. These two paths are illustrated in Fig. 4b, c. In the ﬁrst path
(A-B-D path in Fig. 4b, c), the conduction band electron
undergoes spin ﬂipping before the charge transfer happens while
in the second path (A-C-D path in Fig. 4b, c) the charge transfer
| DOI: 10.1038/s41467-018-03174-3 | www.nature.com/naturecommunications
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Fig. 3 Time-resolved investigation of polarization in magnetic ﬁeld. a, b Time-resolved PL of σ+-output and σ−-output pumped by a σ+-polarized pulsed laser
in Faraday geometry at Bz = 0 T (a) and Bz = −3 T (b). c, d Degree of polarization extracted from σ+ excitation PL at Bz = 0 T (c) and Bz = −3 T (d). e, f
Valley polarization calculated from σ+ excitation and σ−-excitation PL. The σ− excitation PL data is in the Supplementary Figs. 1 and 2. At Bz = 0 T, the
degree of polarization disappears quickly and hardly seen after 50 ns and valley polarization has a decay time of 15 ± 0.3 ns. At Bz = −3 T, the difference
between σ+ output and σ− output is clearly seen even at 200 ns. The valley polarization at Bz = −3 T has a decay time of 1.745 ± 0.007 μs

happens before the spin ﬂipping. Following the ﬁrst path, the
dark exciton will transform into an intermediate bright exciton
before transforming into an interlayer exciton. According to
previous measurement, charge transfer from the bright monolayer exciton to the interlayer exciton is very fast ~100 fs7.
Therefore, we can safely neglect the charge transfer time. This
means that the contribution of the ﬁrst path to the dark-tointerlayer scattering rate will be approximately the same as the
dark-to-bright exciton scattering rate. As can be seen from Fig. 4c
this scattering rate at temperature T can be written as
r0 eðΔE0 þgμB Þ=kB T , where ΔE0 is the energy difference between
the dark exciton and bright exciton at 0 T and r0 is the bright-todark exciton scattering rate. This shows that this contribution
from the ﬁrst path has an exponential dependence on magnetic
ﬁeld. On the contrary, the second path does not have strong
magnetic ﬁeld dependence because the transition only happens
from a higher energy level to a lower energy level. Hence, its
contribution to the dark-to-interlayer scattering rate is constant.
Based on our explanation above, the g-factor of the conduction
band electron can be obtained from the magnetic dependence of
the dark-to-interlayer exciton scattering rate at a ﬁxed temperature. This can be used to check the sanity of our model. For K
valley, the value 1.07 ± 0.079 is found while it is equal to −1.11 ±
0.095 for K′ valley. These g-factor values agree well with the
theoretical prediction of the conduction band g-factor for WSe2
when the out-of-plane effective spin g-factor has negative sign45.
From the ﬁtting in Fig. 4d, it can also be seen that the dark-toNATURE COMMUNICATIONS | (2018)9:753

interlayer exciton scattering rate saturates to a ﬁnite value of ~1
MHz at a big magnetic ﬁeld as predicted by the model.
Additionally, the value of the energy level difference between
the bright and dark exciton at zero magnetic ﬁeld (ΔE0) can also
be calculated from the temperature dependence of k1. The detail
of the experimental data and the theoretical ﬁtting of the
temperature dependence of k1 is shown in Supplementary Note 3
and Supplementary Fig. 4. The obtained energy level difference is
in line with the value reported in ref. 46. All of these results shows
the sanity of our model.
Discussion
The fact that there are two types of interlayer exciton and that the
time-resolved PL signal follows a multi-exponential decay has
been reported before2,30,31. The component with slow exponential
decay of this PL signal has been attributed to the extrinsic defect30
and also to a transition that is indirect in both real space and
momentum space31. However, these two possible explanations
cannot be used to explain the magnetic dependence of the slow
decay rate that is observed in our data. Instead, we attribute this
slow decay component to slow conversion rate from the dark
exciton to the bright exciton. By doing so, the magnetic ﬁeld
dependence of this decay rate can be explained. Experimental
demonstration of interlayer excitons on additional samples can be
found in Supplementary Notes 5 and 6, Supplementary Figs. 7, 8
and 9.
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In summary, we have experimentally demonstrated the long
valley polarization lifetime in the order of microsecond in 2D
heterostructures. This is primarily induced by magnetic ﬁeld
suppressed valley mixing for dark excitons. The long lifetime of
the dark exciton put the dark exciton as a reservoir for the
interlayer exciton in a long time scale. The long lifetime of exciton
in 2D heterostructures makes 2D heterostructure to be a promising candidate for the realization of ultralong-distance exciton
transport and exciton devices13,14. The possibilty to realize
6
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superﬂuidity9 in 2D heterostructures with a long exciton lifetime
may provide future platform towards low-energy dissipation
valleytronic devices.
Methods

Spectroscopy experiment setup. A homemade ﬁber-based confocal microscope
is used for performing the polarization-resolved PL spectroscopy. Polarizers and
quarter wave plates are installed on the excitation and detection arms of the
confocal microscope for polarization-selective excitation and PL detection. The PL
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emission is directed by an multi-mode optical ﬁber into a spectrometer (Andor
Shamrock) with a CCD detector for spectroscopic recording. The sample is loaded
into a magneto cryostat and cooled down to ~2.3 K. Cryostat with vector magnet
provides possibility to study dynamics in different magnetic ﬁeld directions. The
vector magnetic ﬁeld ranges from −7 to +7 T in the out-of-plane direction (z-axis)
and −1 to +1 T in the in-plane direction (x-axis and y-axis). The wavelength of the
excitation is 726 nm (1.708 eV) for both the CW and pulsed laser experiment
(pulse width 100 ps).
Preparation of the heterostructures. We fabricated MoSe2/WSe2 heterostructures via a mechanical exfoliation and aligned-transfer method7. Bulk WSe2
and MoSe2 crystals (from HQ graphene) were used to produce WSe2 and MoSe2
monolayer ﬂakes and they were precisely stacked with a solvent-free alignedtransfer process. We ﬁrst prepared a WSe2 monolayer on SiO2 (300 nm)/Si
substrate and a MoSe2 monolayer on a transparent polydimethylsiloxane
(PDMS) substrate. After careful alignment (for both relative position and
stacking angle) under the optical microscope with the aid of an XYZ manipulation stage, we then stacked the two monolayer ﬂakes together, forming a
PDMS/MoSe2/WSe2–SiO2/Si structure. Finally, we removed the top PDMS layer
and obtained a MoSe2/WSe2 heterostructure on SiO2/Si substrate. For the controlled alignment of stacking angle, the armchair axes were guided according to
their sharp edges from optical images, e.g., a stacking angle of 0° (60°) (<±2°)
can be identiﬁed from Fig. 1a.
Data availability. The data that support the ﬁndings of this study are available
from the corresponding author upon request.

Received: 28 December 2017 Accepted: 24 January 2018

References
1.
2.
3.
4.

5.

6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

Geim, A. K. & Grigorieva, I. V. Van der Waals heterostructures. Nature 499,
419–425 (2013).
Rivera, P. et al. Observation of long-lived interlayer excitons in monolayer
MoSe2-WSe2 heterostructures. Nat. Commun. 6, 6242 (2014).
Gong, Y. et al. Vertical and in-plane heterostructures from WS2/MoS2
monolayers. Nat. Mater. 13, 1135–1142 (2014).
Ceballos, F. et al. Ultrafast charge separation and indirect exciton formation in
a MoS2-MoSe2 van der Waals heterostructure. ACS Nano 8, 12717–12724
(2014).
Fang, H. et al. Strong interlayer coupling in van der Waals heterostructures
built from single-layer chalcogenides. Proc. Natl. Acad. Sci. 111, 6198–6202
(2014).
Lin, Y.-C. et al. Atomically thin resonant tunnel diodes built from synthetic
van der Waals heterostructures. Nat. Commun. 6, 7311 (2015).
Xu, W. et al. Correlated ﬂuorescence blinking in two-dimensional
semiconductor heterostructures. Nature 541, 62–67 (2017).
Rivera, P. et al. Valley-polarized exciton dynamics in a 2D semiconductor
heterostructure. Science 351, 688–691 (2016).
Fogler, M. et al. High-temperature superﬂuidity with indirect excitons in van
der Waals heterostructures. Nat. Commun. 5, 4555 (2014).
Butov, L. et al. Macroscopically ordered state in an exciton system. Nature
418, 751 (2002).
Butov, L. et al. Towards bose-einstein condensation of excitons in potential
traps. Nature 417, 47 (2002).
High, A. et al. Spontaneous coherence in a cold exciton gas. Nature 483, 584
(2012).
High, A. et al. Control of exciton ﬂuxes in an excitonic integrated circuit.
Science 321, 229–231 (2008).
Grosso, G. et al. Excitonic switches operating at around 100 K. Nat. Photonics
3, 577–580 (2009).
Xiao, D. et al. Coupled spin and valley physics in monolayers of MoS2 and
other group-VI dichalcogenides. Phys. Rev. Lett. 108, 196802 (2012).
Xu, X. et al. Spin and pseudospins in layered transition metal dichalcogenides.
Nat. Phys. 10, 343–350 (2014).
Mak, K. F. et al. Control of valley polarization in monolayer MoS2 by optical
helicity. Nat. Nanotech. 7, 494–498 (2012).
Zeng, H. et al. Control of valley polarization in monolayer MoS2 by optical
helicity. Nat. Nanotech. 7, 490–493 (2012).
Cao, T. et al. Valley-selective circular dichroism of monolayer molybdenum
disulphide. Nat. Commun. 3, 887 (2012).
Sallen, G. et al. Robust optical emission polarization in MoS2 monolayers
through selective valley excitation. Phys. Rev. B 86, 081301–081304
(2012).

NATURE COMMUNICATIONS | (2018)9:753

21. Jones, A. M. et al. Optical generation of excitonic valley coherence in
monolayer WSe2. Nat. Nanotech. 8, 634–638 (2013).
22. Li, X. et al. Unconventional quantum hall effect and tunable spin all effect in
dirac materials: Application to an isolated MoS2 trilayer. Phys. Rev. Lett. 110,
066803 (2013).
23. Mak, K. F. et al. The valley Hall effect in MoS2 transistors. Science 344,
1489–1492 (2014).
24. Gong, Z. et al. Magnetoelectric effects and valley-controlled spin quantum
gates in transition metal dichalcogenide bilayers. Nat. Commun. 4, 2053
(2013).
25. Lagarde, D. et al. Carrier and polarization dynamics in monolayer MoS2. Phys.
Rev. Lett. 112, 047401 (2014).
26. Mai, C. et al. Many-body effects in valleytronics: direct measurement of valley
lifetimes in single-layer MoS2. Nano. Lett. 14, 202–206 (2014).
27. Wang, G. et al. Valley dynamics probed through charged and neutral exciton
emission in monolayer WSe2. Phys. Rev. B 90, 075413 (2014).
28. Smoleński, T. et al. Tuning valley polarization in a WSe2 monolayer with a
tiny magnetic ﬁeld. Phys. Rev. X 6, 021024 (2016).
29. Srivastava, A. et al. Optically active quantum dots in monolayer WSe2. Nat.
Nano. 10, 491–496 (2015).
30. Nagler, P. et al. Interlayer exciton dynamics in a dichalcogenide monolayer
heterostructure. 2D Materi. 4, 025112 (2017).
31. Miller, B. et al. Long-lived direct and indirect interlayer excitons in van der
waals heterostructures. Nano. Lett. 17, 5229–5237 (2017).
32. Kim, J. et al. Observation of ultralong valley lifetime in WSe2/MoS2
heterostructures. Sci. Adv. 3, e1700518 (2017).
33. Zhang, X.-X. et al. Experimental evidence for dark excitons in monolayer
WSe2. Phys. Rev. Lett. 115, 257403 (2015).
34. Zhang, X.-X. et al. Magnetic brightening and control of dark excitons in
monolayer WSe2. Nat. Nanotech. 12, 883–888 (2017).
35. Yu, H. et al. Anomalous light cones and valley optical selection rules of
interlayer excitons in twisted heterobilayers. Phys. Rev. Lett. 115, 187002
(2015).
36. Wu, F. et al. Topological exciton bands in Moiré heterojunctions. Phys. Rev.
Lett. 118, 147401 (2017).
37. Wu, F. et al. Theory of optical absorption by interlayer excitons in transition
metal dichalcogenide heterobilayers. Phy. Rev. B 97, 035306 (2018).
38. Yu, H. et al. Moiré excitons: From programmable quantum emitter arrays to
spin-orbit-coupled artiﬁcial lattices. Sci. Adv. 3, e1701696 (2017).
39. Srivastava, A. et al. Valley zeeman effect in elementary optical excitations of
monolayer WSe2. Nat. Phys. 11, 141–147 (2015).
40. Maialle, M. Z. et al. Exciton spin dynamics in quantum wells. Phys. Rev. B 47,
15776–15788 (1993).
41. Bayer, M. et al. Fine structure of neutral and charged excitons in selfassembled In (Ga) As/(Al) GaAs quantum dots. Phys. Rev. B 65, 195315
(2002).
42. Yu, T. & Wu, M. Valley depolarization due to intervalley and intravalley
electron-hole exchange interactions in monolayer MoS2. Phys. Rev. B 89,
205303 (2014).
43. Aivazian, G. et al. Magnetic control of valley pseudospin in monolayer. Nat.
Phys. 11, 148–152 (2015).
44. Maialle, M. Z. & Degani, M. H. Transverse magnetic ﬁeld effects upon the
exciton exchange interaction in quantum wells. Semicond. Sci. Technol. 16,
982–085 (2001).
45. Kormányos, A. et al. Spin-orbit coupling, quantum dots, and qubits in
monolayer transition metal dichalcogenides. Phys. Rev. X 4, 011034 (2014).
46. Molas, M. R. et al. Brightening of dark excitons in monolayers of
semiconducting transition metal dichalcogenides. 2D Mater. 4, 021003 (2017).

Acknowledgements
The ﬁrst two authors contribute equally to this work. We acknowledges the support from
the Singapore National Research Foundation through Singapore NRF fellowship grants
(NRF-NRFF2015-03), Competitive Research Programme (CRP Award No. NRF-CRP142014-02), Astar QTE and Singapore Ministry of Education (No. MOE2016-T2-2-077,
No. MOE2017-T2-1-163, and No. RG176/15) and a start-up grant (No. M4081441) from
Nanyang Technological University. Q. H. Xiong acknowledges the support for this work
from the Singapore National Research Foundation through an Investigatorship Award
(NRF-NRFI2015-03), and Singapore Ministry of Education via two AcRF Tier 2 grants
(MOE2013-T2-1-049 and MOE2015-T2-1-047).

Author contributions
W.-b.G. and Q.X. supervised the work. C.J. and W.-b.G. conceived the idea and designed
the experiments. W.X. prepared the heterostructure samples and carried out the second
harmonic generation investigation. C.J. and Z.H. carried out the steady state and timeresolved magneto-PL study of the heterostructures. C.J. and A.R. did the data analysis. A.
R. contributed to the theoretical interpretation of the results. K.L. supported the PL

| DOI: 10.1038/s41467-018-03174-3 | www.nature.com/naturecommunications

7

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03174-3

experiment. C.J., A.R., W.X., W.-b.G., Q.X. and Z.H. co-wrote the paper. All the authors
reviewed and modiﬁed the manuscript.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

© The Author(s) 2018

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467018-03174-3.
Competing interests: The authors declare no competing ﬁnancial interests.

8

NATURE COMMUNICATIONS | (2018)9:753

| DOI: 10.1038/s41467-018-03174-3 | www.nature.com/naturecommunications

