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Identifying quantum numbers to label elementary excitations is essential for the correct description
of light-matter interaction in solids. In monolayer semiconducting transition metal dichalcogenides
(TMDs) such as MoSe2 or WSe2, most optoelectronic phenomena are described well by labelling
electron and hole states with the spin projection along the normal to the layer (Sz). In contrast,
for WSe2/MoSe2 interfaces recent experiments show that taking Sz as quantum number is not a
good approximation, and spin mixing needs to be always considered [1, 2]. Here we argue that
the correct quantum number for these systems is not Sz, but the z-component of the total angular
momentum – Jz = Lz + Sz – associated to the C3 rotational lattice symmetry, which assumes half-
integer values corresponding modulo 3 to distinct states. We validate this conclusion experimentally
through the observation of strong intervalley scattering mediated by chiral optical phonons that –
despite carrying angular momentum 1 – cause resonant intervalley transitions of excitons, with an
angular momentum difference of 2.

A useful frame to understand the optical properties
of TMD monolayers is to consider spin conserving tran-
sitions, i.e. recombination of excitons with composing
carriers of identical spin [3]. Using spin as the quantum
number to describe optical transitions in TMD mono-
layers, excitons have been classified as bright for spin
singlets (parallel spin configuration of electron and hole)
and as dark for spin triplets (anti-parallel spin config-
uration) [4, 5]. However, it has been realized recently
that the so-called dark excitons emit light that propa-
gates within the layer plane and can be observed using
an adequate experimental configuration [6–8]. Follow-
ing this approach of spin conserving transitions, one also
definitely fails to describe interlayer optical transitions in
heterobilayers elaborated from distinct individual TMD
monolayers [9, 10]. In these systems, optical emission
of interlayer exciton (IX) [11–13] is allowed for two par-
ticular alignment angles, i.e. θ = 0◦ or θ = 60◦ [14].
For θ = 0◦ the lowest energy exciton is a singlet state
where the spin of the electron and the hole is conserved
during the recombination process. The situation is dif-
ferent for the recombination of IX where the constituent
layers have been rotated by 60◦ . In this case, the large
extracted g-factor of |g| = 16 [9, 15] is only compatible
with a triplet state of the exciton: the involved electronic
bands have anti-parallel spin configuration and one would
not expect this exciton to be optically bright. This sim-
ple picture has been recently challenged by theoretical
calculations [16, 17] that have confirmed that the exci-
tonic triplet state in 60◦ aligned heterobilayers (so called
2H-stacking [14]) recombines radiatively.

Here we show, based on magneto-PL measurements,

that the quantum number in TMD monolayers is their
total angular moment Jz which provides a correct and
extensive description of the light-matter interaction in
this class of materials, including in their heterobilayers.
Indeed, the dominant part of spin-orbit interaction in
TMDs is proportional to LzSz and does conserve sepa-
rately Lz and Sz, the components of the orbital and spin
angular momentum, perpendicular to the layer plane.
Still, a weak residual part of the spin-orbit interaction,
allowed by the crystal symmetry, mixes the different spin
states and only the total angular momentum Jz = Lz+Sz

is a good quantum number. This picture naturally ex-
plains why interlayer spin triplet excitons are optically
active. These conclusions are experimentally validated
by revealing a particularly efficient exciton-phonon cou-
pling mechanism between IX in van der Waals (vdW)
heterostructures made of monolayer WSe2 and MoSe2,
and chiral optical phonons [19] of the individual con-
stituents, which would not be possible if spin would have
been the correct quantum number of the system. This
magneto-phonon resonance effect is observed when the
Zeeman energy is tuned to the optical phonon energy
and is responsible for an extremely efficient relaxation
of excitons into the lower Zeeman component when the
Zeeman energy of the IX precisely matches the energies
of the non-Raman active E′′ optical phonon modes of
WSe2 and of MoSe2. Finally, thanks to the finesse of the
exciton-chiral phonon interaction we can further disclose
that the underlying potential landscape in the heterobi-
layer caused by the twist angle between the monolayers
affects the properties of the IX through an energy depen-
dent g-factor.
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Figure 1. High-quality MoSe2/WSe2 heterobilayers with signature of the moiré potential a,b) Optical photograph
of samples S1 and S2 with the TMD layers indicated by red (MoSe2) and yellow (WSe2) solid lines. c) Schematics of the
investigated structure of an heterobilayer encapsulated in hBN. d) Moiré pattern between two TMD layers tilted by 58.5◦

with respect to each other. e) Photoluminescence signal of sample S1 and S2 in the spectral emission region of the IX. Both
samples show a clear signal in this spectral range characteristic of the type-II alignment between the bands of WSe2 and
MoSe2. FWHMs are of 4 meV and of 15 meV for S1and S2, respectively f) Photoluminescence spectra of S2 for selected laser
excitation power ranging from 50 µW, to 50 nW (as indicated in the panel). The excitation wavelength of the laser is tuned to
be resonant with the WSe2 intralayer X0, i. e. 720 nm. At the lowest exctitation power one observes the emergence of several
narrow lines typical for the so-called moiré excitons. At energies slightly lower than that of the IX, a weak and broad emission
can be observed (see supplementary materials for more details) which has been attributed to IX trapped in the strain field of
the heterostructure [18].
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Figure 2. Polarization resolved Magneto-photoluminescence in high magnetic fields a) Polarization resolved photo-
luminescence spectra of S1 in the range of both IX and of intralayer excitons in MoSe2, for selected values of the magnetic field.
The laser used for the excitation is not polarized. b) False color map of polarization resolved photoluminescence intensity of the
IX up to B = ±29 T. c) Schematics of the electronic bands at the +K point of a 60◦ aligned MoSe2/WSe2 heterostructure at
finite magnetic field. It is formed from ±K point of MoSe2 and from ∓K points of WSe2. The −K point of the heterostructure
is obtained by reversing the spin of all the bands and changing the sign of the indicated values of Jz. Spin of the different
bands are indicated by small colored arrows and their angular momentum Jz, calculated using the center of the hexagon as the
center of rotation, are indicated in black. The energy shift of the bands with magnetic field is indicated in orange. The blue
and red arrows depict the intra-layer bright excitons of MoSe2 and of WSe2, respectively, while the green arrow is inter-layer
exciton IX−1. The change of angular momentum, ∆Jz, defined modulo 3, is indicated close to the different optical excitations.
This implies that JZ = +3/2 ≡ −3/2. The light dashed lines indicate the position of the band edges in absence of magnetic
field.
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Two different heterobilayer samples consisting of
stacked MoSe2 and WSe2 monolayers encapsulated in
hexagonal Boron Nitride (h-BN) using a dry transfer
technique [20] have been fabricated (see supplementary
materials). Optical photographs are presented in Fig-
ure 1a,b. The schematics of the structure and the re-
sulting moiré pattern is illustrated by Figures 1c and d,
respectively. The rotation angle between the monolayers
is of 60◦ , as verified below by their excitonic g-factor [15].
The benchmark of both samples is the presence of a peak
at 1.4 eV seen in Figure 1e, in addition to the emis-
sion peak of intralayer excitons of MoSe2 and WSe2 at
higher energy [13] (for details of the experimental setup,
see the Methods section at the end of the manuscript).
The emission peak shown in Figure 1e is the direct con-
sequence of the type-II band alignment between MoSe2
and WSe2 [13, 21–23], and the experimental signature of
the recombination of interlayer excitons. It is worth not-
ing that the full width at half maximum (FWHM) of the
main peak of 4 meV (sample S1) is close to the intrinsic
linewidth of intralayer excitons in TMD monolayers [24]
and the differences in the spectrum between both sam-
ples can be attributed to varying electrostatic potential
landscapes. In agreement with previous reports [15, 25],
the IX line shape evolves when the laser power is lowered
down in Figure 1f and the narrow emission lines observed
in the spectrum of 50 nW excitation originate from exci-
tons trapped in the lateral moiré potential of the heter-
obilayer (virtually identical results are presented in the
Supplementary Information for samples S1).

Figure 2a displays the polarization resolved PL spectra
of the heterostructure in sample S1 for magnetic fields
of 0, 7, and 14 T. In agreement with previous results,
the intralayer exciton in MoSe2 are characterized by a
Landé factor g ∼ −4 [26] while a significantly larger value
is found for the interlayer exciton with g ∼ −16. As
shown in Figure 2b, the Zeeman effect acting on the IX
remains robust up to 30 T and all sharp features accom-
panying the main PL line follow the same magnetic field
dependence as the bright main transition. This means
that all features that we observe in this spectral region
originate from the energetically most favorable region
with the smallest interlayer distance [27] (AB-stacking
in our case). This stacking implies that the ±K points
of one layer are aligned with the ∓K points of the other
layer [28]. The large value of the g-factor of the interlayer
exciton is fully consistent with values reported previously
in the literature for 60◦ aligned MoSe2/WSe2 vdW het-
erostructures [9] and very recent reports have thoroughly
identified that the lowest energy exciton with a g-factor
of g ∼ −16 belongs to an excitonic triplet state [1, 2].

In order to explain the bright recombination of the spin
triplet state, we focus our attention to the schematics of
the band structure presented in Figure 2c. Because of
the strong spin-orbit coupling in TMDs we associate to
each band the total angular momentum Jz following the

procedure developed in References [16, 25, 29]. As the
AB stacked domains of the heterobilayer in which the
excitonic recombination takes place are invariant under
C3 rotation, the angular momentum for each band is de-
fined modulo 3. The lattice can absorb/emit units of
3h̄ angular momentum, which is crucial to understand
the optical selection rules. We also indicate the energetic
shift experienced by the different band extrema when a
magnetic field is applied, by approximating the individ-
ual contributions [26, 30–33] to the total IX g-factor with
gv ∼ g2d ∼ 2 and gs ∼ 1, where gs is the electron/hole
spin, gv the valley term, and g2d the contribution of the
atomic orbitals. Optical emission requires that the dif-
ference in angular momentum between the two bands
involved in the process should be ∆JZ modulo 3 = ±1,
hence the resulting photon has a helicity σ±. As re-
cently noted [16], conservation of angular momentum for
interlayer excitons does not require conservation of the
spin during the optical transition. At the K-point of the
heterostructure presented in Fig. 2c, the two lowest-in-
energy interlayer excitons X−1 and X+1, involving the
JZ = +3/2 and the JZ = +1/2 bands in the conduction
band of MoSe2, respectively, with the JZ = −1/2 band in
the valence band of WSe2, are optically active. Another
example of such situation is provided by dark excitons
in monolayer TMDs which carry zero total angular mo-
mentum and thus can couple to photons polarized per-
pendicularly to the monolayer plane [7]. The experimen-
tally observed IX in Figure 2a,b appears to correspond to
the IX−1 exciton (green arrow in Figure 2c), involving at
the K point of the heterostructure, the lowest conduction
band state of MoSe2 with JZ = +3/2 and the highest va-
lence band state of WSe2 with JZ = −1/2. These two
bands differ by ∆Jz = +2 ≡ −1 allowing for the creation
of a σ− polarized photon, and their energy difference in-
creases by 8µBB when applying a magnetic field, raising
a value for the factor of the IX−1 close g ∼ −16 (the
negative sign shows that the σ− component increases in
energy under magnetic field). The IX+1 exciton, not ob-
served in our experiment, would be σ+ polarized with
a g-factor close to g ∼ +12, i. e. showing a complete
different magnetic field dependence[1, 2].

Optical emission from this pair of bands with opposite
spin, in contrast to the case of intralayer excitons in the
bare constituents, is then possible. The coupling between
bands of similar angular momentum, when approaching
the two layers close enough to each other, is effective both
in the conduction band and in the valence band [34, 35].
In a given circular polarization, the spectrum is com-
posed of the intra-layer exciton of WSe2 and of the IX at
the same K point of the heterostructure, together with
the intra-layer exciton of MoSe2 from the -K point of
the heterostructure. Magneto-optical experiments per-
formed in Voigt geometry, up to B = 29 T applied in the
plane of the sample, did not show any evidence of mag-
netic brightening [6, 36] of any other IX transition (see
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Figure 3. Valley relaxation due to exciton-phonon coupling a,b) False color map of the circularly polarized PL emission
from IX of S1 measured with a resolution of 10 mT in the vicinity of the two identified resonant magnetic fields. c,d) Peak
position and intensity (proportional to the size of the symbol) of the polarized IX emission. The excitonic Zeeman splitting
is tuned in resonance with two characteristic energies of 22.3 and 22.95 meV for which a very efficient thermalization of the
excitons towards the lowest energy component is observed. The inset in panel d sketches the thermalization between the valleys
mediated with help of a chiral phonon with L = +1. e) Zeeman splitting of the IX as function of the magnetic field, which
shows that the energy of the chiral phonons in WSe2 and MoSe2 are crossed between 24 and 25 T.

Supp. Info.). These low temperature experimental data
together with the recent theoretical works [16] allow for
the clear identification of the IX in 60◦ aligned heterobi-
layers of MoSe2/WSe2 as the IX−1 exciton indicated in
Fig. 2c.

The giant g-factor associated with IX−1 in 60◦ aligned
MoSe2/WSe2 heterobilayer allows one to tune the Zee-
man energy up to few tens of meV with magnetic fields
available in high magnetic fields infrastructures. In Fig-
ure 2b, one can see close to B = 24 T a nearly complete
extinction of the high energy component of the IX with
σ− polarization (indicated by a white arrow). In Fig-
ure 3a and 3b we explore this range of magnetic fields
with a much higher field resolution of 10 mT and it
appears that the σ− polarized IX emission disappears

at two distinct values of the magnetic field, close to
B = 24.0 T and at B = 24.6 T for S1. Simultaneously,
as shown in Figure 3c and 3d for each extinction respec-
tively, the intensity of the lower energy σ+ component
grows and decreases back to its initial value for higher
magnetic fields. The excitonic emission does not show
any significant energy shift nor broadening during the
resonance. Its intensity vanishes in the σ− branch at
these two precise values of the magnetic field for which a
very efficient relaxation of the IX is obtained. The reso-
nant magnetic fields correspond to an excitonic Zeeman
energy of EZ = 22.30 meV and 22.95 meV, respectively.
Striking is the narrow field interval where the energy re-
laxation occurs: its width of ∼ 150 mT corresponds to
the change in EZ of 150 µeV, as presented in Figure 3a,b.
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a b

Figure 4. Influence of the moiré potential on the intrinsic properties of TMD heterobilayers a) False color map of
the σ- PL emission from IX of S2 measured with a resolution of 10 mT in the vicinity of the two identified resonant magnetic
fields. The magnetic field for every sharp peak is different and the resonance has a diagonal profile. The white line indicates the
energy dependence of the excitonic g factor, whose slope is ∂g/∂E ≈ 7.5 eV −1 (at B ≈ 24.2 T) and 8.5 eV −1 (at B ≈ 24.9 T)
for the two resonant magnetic fields. b) PL Emission spectrum (left axis) of the IX at B= 0 T of S2 with energy dependent
g-factor value (right axis) extracted from the data of panel a.

This indicates a resonance with a mode with a very well
defined energy, which couples IX excitons of different po-
larizations (i.e. from different valleys). Following our
precedent discussion, such a mode reverses also the IX’s
angular momemtum.

A natural candidate for this mechanism is the emis-
sion of E′′ chiral in-plane optical phonons [19], i. e.,
phonons carrying an angular momentum such that Lz =
±1 [19, 37]. These phonons are known to efficiently cou-
ple to excitons in TMD [38], limiting their lifetime as
well as the valley coherence. In particular, they produce
replicas in the emission spectrum of quantum dot like
structures in WSe2 [39]. They are not Raman active in
monolayers and we could not detect them in our heterobi-
layers (see Supplementary Information Section S6). E′′

phonons are doubly degenerate at the Γ-point and can
carry orbital angular momentum Lz = ±1 [19, 37] which
can be transferred to the electronic system, as sketched
in the inset of Figure 3d. A similar situation has been
also observed in the case of E2g phonons in graphene or in
graphite [40–42]. The E′′ phonon energy at the Γ-point in
TMDs, is close to 21.8 meV in WSe2 [43] and to 21.1 meV
in MoSe2 [44]. These values are slightly lower than the
ones observed but are known to be slightly affected by de-
tails of the experimental conditions. The high magnetic
fields required to reach this resonance prevent any direct
application of this effect but this very efficient scattering
mechanism can play a crucial role enabling energy level
lifetime engineering in optical devices.

The same phenomenon is observed in sample S2 as
shown in Figure 4a. Due to the slightly smaller g factor
for S2, the resonant magnetic fields for this sample are
B = 24.25 T and B = 24.9 T (see Figure 4a). In con-
trast to S1, the resonance occurs over a broader range of

magnetic fields due to different emission components in
the IX [15, 45]. This leads to the specific diagonal feature
seen in Figure 4a. The exciton-phonon resonance remains
nevertheless extremely sharp for each emission peak com-
posiing the broad IX emission. This enables to resolve the
energy dependence of the excitonic g-factor, whose slope
is ∂g/∂E ≈ 7.5 and 8.5 eV−1 for the two resonant mag-
netic fields, respectively. We also present in Figure 4b
the values of g-factor extracted close to B ∼ 24.2 T to-
gether with the zero field IX spectrum. The magnitude
of the slope as well as the fact that the exciton g-factor is
determined by the excitation energy are consistent with
the standard band theory expression for the orbital con-
tribution gorbi to the g-factor of a single-electron band i
due to virtual transitions to other bands j [46]:

gorbi =
∑
j 6=i

|〈i|p̂+|j〉|2 − |〈i|p̂−|j〉|2

m0(εi − εj)
, (1)

where p̂± = p̂x ± ip̂y are the components of the momen-
tum operator, εi, εj are the band energies, and m0 is the
free electron mass. Note that the bands are predomi-
nantly localized on one of the layers, i. e. none of the
energy differences εi − εj corresponds to the IX transi-
tion energy and therefore only an order-of-magnitude es-
timate can be given. Typically, |〈i|p̂±|j〉|2/m0 is several
eV, a few times larger than nearest band energy differ-
ences. If different components of the luminescence spec-
trum are due to random band energy variations across
the sample, Eq. (1) gives ∂g/∂E of the order of a few
eV−1, in agreement with the experimental observation in
Figure 4a.

To conclude, because of spin-orbit interaction, spin is
not a good quantum number to describe optical tran-
sitions in monolayers of TMD and in their heterostruc-
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tures. Only the total angular momentum is conserved
and, because of the C3 symmetry of the structure, opti-
cal transitions among conduction and valence band states
with opposite spin can be allowed. Together with the
ability to control the interlayer relative angle, this further
provides a tool to design heterostructures with tailored
electronic properties. Benefiting of the very high values
for excitonic g-factor for 60◦ aligned heterobilayers, we
demonstrate the conservation of the total angular mo-
mentum by tuning the Zeeman energy to the energy of
chiral phonons and inducing a momentum transfer which
flips the excitonic orbital momentum and provokes ex-
citon intervalley scattering, polarizing entirely the exci-
tonic system. The ability to control the lifetime of a
quantum state is a key element for designing for instance
emitting quantum device and using momentum transfer
for this aim is a unique possibility offered by TMDs.
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