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Supplementary Note 1: ab initio calculations of the trilayer heterostructure

To justify our choice of TL heterostructure for the realisation of spin-layer locked IXs, we performed ab initio
calculations using Quantum Espresso [1]. We employed the local density approximation including spin-orbit interaction
with spinorial wave functions, using norm-conserving full relativistic pseudopotentials. The pseudopotentials of Mo
and W atoms include semi-core valence electrons and were generated with ONCVPSP [2] and PSEUDODOJO [3]. The
electronic density converges with an energy cutoff of 80 Ry and a k-grid of 12 × 12 × 1. We use a slab model with a
10 Å vacuum thickness to avoid interactions between periodic images.

FIG. 1: Electronic structure of an H-type tri-layer WSe2 /MoSe2 heterostructure. a, Spin-projected band structure
of the TL around the K point. Green represents 100 % spin up (↑) and pink 100 % spin down (↓). The insets show the wave
functions corresponding to the top of the valence band (|V, ↑i) and bottom of the conduction band (|L, ↓i, |U, ↑i, |L, ↑i, and
|U, ↓i, in increasing energy order). The red, blue and black dots represent the W, Mo, and Se atoms, respectively. b, Detail
of the conduction band at the K-point for the H-type tri-layer WSe2 /MoSe2 heterostructure. We have denoted each condution
band state at K as upper (U) or lower (L) layer with spin up or down.

Supplementary Figure 1a shows the calculated spin-projected band structure around the K-point. The insets show
the lateral view of the calculated spatial distributions of the wave functions for electrons (top two panels) and holes
(bottom panel) over the three layers. The spatial distribution of the wave functions demonstrates the type-II band
alignment of the heterostructure, with the valence band state localised in the WSe2 layer and the conduction band
states localised in the MoSe2 layers. In addition, the calculations reveal that the energy-degenerate spin-orbit-split
conduction bands of BL MoSe2 at K split into four different bands in the TL heterostructure (see Suppl. Fig. 1b).
The splitting arises from the breaking of symmetry induced by the presence of ML WSe2 (see Suppl. Figs. 1-3 in
Suppl. Note 1). More importantly, the calculations reveal that the four split conduction band states at K inherit the
spin-layer locking of BL MoSe2 , such that a unique spin and layer pseudospin can be associated to each conduction
band state. In increasing energy order, the conduction band states at K can be unequivocally labelled as |L, ↓i,
|U, ↑i, |L, ↑i, and |U, ↓i, where U (L) is the upper (lower) MoSe2 layer (layer pseudospin) and the up (down) arrow
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represents spin sz = 1/2 (-1/2). Optical transitions between these conduction band states and the top valence band
state at K (|V, ↑i) give rise to four possible IX configurations: IXHs (|V, ↑i ↔ |L, ↑i), IXHt (|V, ↑i ↔ |L, ↓i), IXRs
(|V, ↑i ↔ |U, ↑i), and IXRt (|V, ↑i ↔ |U, ↓i), where s and t superscripts denote spin-conserving (spin-singlet) and
spin-flip (spin-triplet) optical transitions, respectively. We note that the in-plane moiré superlattice potentials are
not taken into account in these calculations.

FIG. 2: Electronic structure of an R-type tri-layer WSe2 /MoSe2 heterostructure. a, Layer-projected band structure
of the R-type tri-layer heterostructure. b, Zoom of the spin-projected calculated conduction bands around the high-symmetry
point K. c-d, Lateral views of the calculated spatial distributions of the wave functions for electrons localised in the lower (c)
and upper (d) MoSe2 layers at K. The red, blue and black dots represent the W, Mo, and Se atoms, respectively.

Besides the calculation of the tri-layer heterostructures used in this work, we have also performed calculations of the
electronic structure corresponding to a tri-layer heterostructure in which the bottom MoSe2 layer presents a 3R-type
stacking with respect to WSe2 , and a MoSe2 /WSe2 bi-layer heterostructure with H-type stacking. Supplementary
Figure 2a shows the material-projected band structure of the R-type tri-layer heterostructure. The bands in this figure
are projected onto the atomic orbitals of the single layers. Therefore, bands with blue and red colors correspond to
MoSe2 and WSe2 layers, respectively. These calculations reveal that the R-type tri-layer heterostructure also presents
a type-II band alignment, with the valence band state at K purely localised in the WSe2 layer and the conduction
band states localised in the MoSe2 layers. A close-up of the spin-projected conduction bands at K is shown in Suppl.
Fig. 2b. As for the H-type tri-layer (see Suppl. Fig. 1,), four energy-split conduction band states at K can be
observed as a consequence of the spin-orbit interaction and the symmetry breaking of the BL MoSe2 by the presence of
the WSe2 . Supplementary Figure 2c and 2d show the lateral views of the calculated spatial distributions of the wave
functions for electrons localised in the lower (c) and upper (d) MoSe2 layers at K. The spatial distribution of the wave
functions demonstrates that the four split conduction band states at K inherit the spin-layer locking of BL MoSe2 ,
such that a unique spin and layer pseudospin can be associated to each conduction band state. However, a remarkable
difference in the energy order of the conduction band states is observed with respect to the H-type heterostructure
shown in Suppl. Fig. 1b: the spin and layer numbers exchange the order due to the different layer stacking. In increasing energy order, the conduction band states at K can be unequivocally labelled as |L, ↑i, |U, ↓i, |L, ↓i, and |U, ↑i.
Supplementary Figure 3a shows the material-projected band structure corresponding to a H-type-stacked
MoSe2 /WSe2 hetero-BL, revealing a type-II band alignment. Supplementary Figure 3b shows the spin-projected
calculated band structure of the hetero-BL around K. The calculations reveal a conduction band splitting of 22 meV.
This value is very similar to the splitting observed for the tri-layer hetersotructure (19 meV).
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FIG. 3: Electronic structure of the MoSe2 /WSe2 hetero-BL heterostructure. a, Layer-projected band structure of
the H-type bi-layer heterostructure. b, Zoom of the spin-projected electronic structure around the high-symmetry point K.

Supplementary Note 2: Sample fabrication

FIG. 4: Sample fabrication. a-c, Optical images of the WSe2 (a), and MoSe2 flakes (b) used to assemble the tri-layer
heterostructure shown in (c). The purple, red, blue, white, green and black lines indicate the boundaries of the ML WSe2 ,
bulk WSe2 , ML MoSe2 , BL MoSe2 , bottom hBN and top hBN layers, respectively. Scale bar, 10 µm.
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The heterostructures used in this work were fabricated in an inert environment. Mechanical exfoliation from bulk
crystals was used for each 2D material. The thickness of the WSe2 , the MoSe2 , and the hBN flakes was initially
determined by optical contrast. The number of layers of WSe2 and MoSe2 was subsequently confirmed by in-situ PL
measurements at room temperature. The exfoliated flakes were vertically stacked together using the all-dry transfer
technique [4]. Supplementary Figures 1a and 1b show optical images of the WSe2 and MoSe2 flakes used to assemble
one of the tri-layer heterostructures measured in this work (Suppl. Fig. 1c). The heterostructures were encapsulated
between hBN flakes (see green and black contours in Suppl. Fig. 1c).

Supplementary Note 3: Determination of the stacking angle of the WSe2 /MoSe2 heterostructures

The relative orientation of WSe2 and MoSe2 in the fabricated heterostructures is determined at different stages of
the fabrication/experiment with different degrees of accuracy.
First, during the heterostructure assembly we rely on the fact that, in addition to the interlayer cleavage,
mechanical exfoliation from bulk layered crystals shows a distinctive tendency to in-plane cleavage along specific
preferred crystallography orientations. In the case of TMDs, mechanical exfoliation of 2D flakes typically results
on the in-plane fracture of the crystals along the armchair and zigzag directions of the hexagonal lattice, with the
zigzag direction being the preferred one [5]. Optical microscopy represents thus a fast and non-invasive technique to
identify the lattice direction of exfoliated 2D TMDs during the exfoliation process in an inert environment, where
the armchair and zigzag crystal directions can be recognised by straight regular edges with edge angles of either 60◦
or 120◦ . Therefore, during the heterostructure fabrication process, ML MoSe2 and WSe2 flakes with straight regular
edges and well-defined edge angles of 60◦ or 120◦ are selected and vertically stacked together by optical alignment of
the flake edges. This fabrication process can thus result in TMD heterostructures with relative stacking angles of
around either 0◦ or 60◦ .
Second, the low-temperature confocal photoluminescence results are used to corroborate that the two TMDs are
stacked with a relative angle close to 0◦ or 60◦ . The observation of interlayer exciton emission in the heterostructures
confirms that the two TMDs are nearly aligned to 0◦ or 60◦ , since hetero-BLs with these stacking angles present
minimum displacement in momentum space for carriers at the band edges (±K), maximizing coupling to the light
cone for optical transitions [6]. On the contrary, the absence of interlayer exciton emission indicates larger relative
rotations with respect to 0◦ or 60◦ stacking angles, in which the momentum shift between electrons and holes located
in the different layers does not allow the coupling of excitons to the light cone.
Third, photoluminescence measurements as function of an applied vertical magnetic field (see Fig. 4 in the main
manuscript) allow us to distinguish between 0◦ (R-type) or 60◦ (H-type) stacking of the hetero-BL, since it has been
demonstrated that the Zeeman splitting of IXs is determined by the spin and valley configuration of the carriers, and
therefore IXs in R-type and H-type heterostructures present very different and characteristic values of the Landé
g-factor [7, 8].
Finally, the relative stacking angle of the hetero-BLs can be determined more precisely by means of second harmonic
generation (SHG) measurements. SHG microscopy is a powerful technique that has been proven to be useful for
identifying the crystallographic axis in few-layer TMDs and their related heterostructures [5]. Supplementary Figure
5a below shows a polar plot of the polarization-resolved SHG intensity as a function of azimuthal angle φ measured
in the ML WSe2 (red dots) and ML MoSe2 region (blue dots) of heterostructure 1 used in the work. The red and
blue solid lines represent fits to the equation
W,M
ISHG
(φ) = I0 + I W,M cos2 (3φ − φW,M
),
0

(1)

where the W(M) superscript denotes WSe2 (MoSe2 ), ISHG represents the SHG intensity as a function of azimuthal
angle φ, I0 represents an experimental background, I represents the maximum SHG intensity, and φ0 represents the
orientation angle of each individual layer. Fitting of the experimental data shown in Suppl. Fig. 5a to Supplementary
◦
◦
◦
M
Eq. 1 reveal φW
0 = 9.83 ± 0.04 and φ0 = 9.93 ± 0.04 , from which a relative stacking angle ∆0 = 0.10 ± 0.05 can
be calculated.
Next, assuming that the stacked MLs behave as two electrically decoupled layers, the total SHG intensity in the
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hetero-BL region is proportional to
√
hBL
ISHG
(∆φ0 ) = I W + I M + 2 I W I M cos(3∆φ0 ),

(2)

hBL
where ISHG
represents the maximum SHG intensity in the hetero-BL region [5]. According to Supplementary Eq. 2,
◦
∆0 = 0 (R-type stacking) yields a completely constructive interference of the SHG signals of the individual MLs,
whereas ∆0 = 60◦ (H-type stacking) yields a completely destructive interference of SHG fields. Supplementary Figure
5b shows a comparison of the polarisation-resolved SHG signals measured in the ML WSe2 (red dots), ML MoSe2
(blue dots) and WSe2 /MoSe2 hetero-BL (green dots) as a function of the azimuthal angle. As can be seen in this
figure, the reduced SHG signal in the hetero-BL indicates that the ML TMDs present a H-type stacking with a
|∆φ0 | = 0.10 ± 0.05◦ . Finally, from the fits to the SHG signals of the individual MLs it is possible to estimate the
maximum SHG intensity of the individual layers: I W = 793 ± 60 and I M = 453 ± 30. With the previous values,
hBL
and by using Supplementary Eq. 2, it is possible to estimate ISHG
= 47 ± 2. The green solid line in Suppl. Fig.
hBL
5b represents the calculated SHG signal in the hetero-BL region assuming a maximum intensity ISHG
= 47. As can
be seen, a good agreement between the measured and calculated SHG signal is obtained, which further proves the
H-type stacking.

FIG. 5: a, Polar plot of the polarisation-resolved SHG intensity as a function of the azimuthal angle φ measured in the ML WSe2
(red dots) and ML MoSe2 region (blue dots) of the heterostructure used in the work. The red and blue solid lines represent fits
to the Supplementary Eq. 1. b, Comparison of the polarisation-resolved SHG signals measured in the ML WSe2 (red dots), ML
MoSe2 (blue dots) and WSe2 /MoSe2 hetero-BL (green dots) as a function of azimuthal angle, showing destructive interference
in the hetero-BL region.

Supplementary Note 4: DC Stark effect of spin-layer-locked interlayer valley excitons trapped in moiré
potentials

In order to confirm that the heterostructure configuration corresponds to the one described in Fig. 1a of the main
manuscript, we carried out some additional measurements using sample 2 described in the main manuscript. In sample
2 it was possible to apply vertical electric fields through the heterostructure between a bottom gold contact and a
top graphene layer. According to the heterostructure configuration described in Fig. 1a in the main manuscript, IXR
excitons in the hetero-trilayer region should present a larger permanent dipole (~
p R ) than IXH excitons (~
p H ) due to
R
the increased spatial separation of the charges for IX excitons (see Suppl. Fig. 6a). Therefore, the application
of vertical electric fields through the hetero-trilayer should result in a larger DC Stark shift of the emission energy
for IXR compared to IXH . Supplementary Figure 6b shows the experimental evolution of the emission energy as
a function of the applied bias for localised IXs in a region of the hetero-trilayer where spectrally isolated emission
peaks were observed for both IXR and IXH excitons. As can be seen in this figure, IXR excitons (with lower emission
energy) present a larger DC Stark shift under the application of a vertical electric field. Supplementary Figure 6c
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shows the voltage-dependent shifts on the emission energy of the spin-layer-locked IXs shown in Suppl. Fig. 6b as
extracted from Lorentzian fits. Finally, Suppl. Fig. 6d summarises the dependence of the permanent dipole moment
of localised IXs a function of their emission energy, as extracted from fits to the experimental data shown in Fig. 6c.
As can be seen in Suppl. Fig. 6d, IXR excitons present values of the permanent dipole moment ∼2 times larger than
IXH , which supports the heterostructure configuration adopted in the main manuscript.

FIG. 6: DC Stark effect of spin-layer-locked interlayer valley excitons trapped in moiré potentials. a, Sketch of
the heterostructure configuration adopted in the manuscript showing the different permanent dipole moments of both exciton
species: IXH (~
p H ) and IXH (~
p R ). b. Measured evolution of the emission energy as a function of the applied bias for localised
IXs in a region of the hetero-trilayer where spectrally isolated emission peaks were observed for both IXR and IXH excitons.
c, Voltage-dependent shifts on the emission energy of the spin-layer-locked IXs shown in b as extracted from Lorentzian fits.
d, Summary of the permanent dipole moment of localised IXs a function of their emission energy, as extracted from fits to the
experimental data shown in c.

Supplementary Note 5: Power dependence of a representative IX H trapped in a moiré potential

Supplementary Figure 7a shows the full evolution of the emission under increasing Pexc for representative trapped
IX H with emission in the energy range 1.385-1.405 eV. The increase of the excitation power leads to a power-induced
broadening of the PL peaks together with the appearance of a broad emission background, as expected for excitons
trapped in several nearby confinement potentials when these start to be filled up and delocalised excitons with
broadened linewidths dominate the emission.
For low Pexc , the broad PL gradually disappears until the sharp peaks dominate. Supplementary Figures 7b, 7d
and 7f show high-resolution PL spectra measured at the spatial positions corresponding to the spectra shown in
Fig. 2a but with reduced Pexc . The IXH (IXR ) PL peaks exhibit Lorentzian lineshapes with average full-width at
half maximum (FWHM) of ∼100 µeV (∼250 µeV); the narrowest peaks observed are ∼70 µeV. Moreover, for each
species of IX the intensity saturates with increasing Pexc (see Suppl. Figs. 7c, 7e and 7g). The power dependence of
the intensity is described by a two-level saturation model: I = Isat (Pexc /(Pexc + PN )), where PN is the normalised
excitation power at which integrated intensity (I) of the PL peak becomes half of the saturation integrated intensity
(Isat ). We find PN of individual emitters varies substantially for different spatial positions.
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FIG. 7: Power-dependent emission of representative IX trapped in moiré potentials. a, Full evolution of the PL
emission under increasing Pexc for representative trapped IX H with emission in the energy range 1.385-1.405 eV. b-g, Single
peak linewidths (b,d and f ), and power dependence (c, e and g) of the single peaks of representative IXs trapped in moiré
potentials in the ML WSe2 /ML MoSe2 (b-e), and the ML WSe2 /BL MoSe2 regions of the heterostructure (f-g).

Supplementary Note 6: Spectral wandering of IX H at long time scales

FIG. 8: Spectral wandering of interlayer valley excitons trapped in a moiré potential. a-b, Top panels: spectral
wandering of two representative IX H trapped in a moiré potential over 10 minutes. Bottom panels: experimental spectra
(dots) and Lorentzian fits (solid lines) corresponding to the maximum spectral shifts of the central emission energy towards
low (red) and high (black) energies.
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The trapped interlayer valley excitons show minimal spectral wandering (< 10 µeV) at long time scales. The top
panels of Suppl. Figs. 8a and 8b show the PL evolution over 10 minutes of two representative IX H trapped in a moiré
potential. A standard deviation of ∼7-9 µeV around the central energy of 1.39683 (Suppl. Fig. 8a) and 1.401530
eV (Suppl. Fig. 8b) eV is obtained from Lorentzian fits of the experimental spectra. The bottom panels of Suppl.
Figs. 8a and 8b show the experimental spectra (dots) and Lorentzian fits (solid lines) corresponding to the maximum
spectral shifts of the central emission energy towards low (red) and high (black) energies.
Supplementary Note 7: Zeeman splitting of trapped IX H and IX R

Supplementary Figure 9 shows the magnetic field dependence of the experimental ∆ values (black dots) of representative IX H in Sample 1 (a) and Sample 2 II (b), and IX R in Samples 1 and 2 (bottom and top panels of Suppl.
Fig. 9c, respectively), as extracted from Lorentzian fits of the experimental data. The red solid lines represent fits to
Equation (1) in the main manuscript.

FIG. 9: Magneto-optics of trapped IX R and IX H in Faraday configuration. a-c, Magnetic-field dependence of the
energy splitting (∆) measured for representative trapped IX H (a and b) and IX R (c), as obtained from fits of the experimental
data. Red solid lines represent fits of the experimental data to Eq. (1) in the main manuscript.

Supplementary Note 8: Valley polarisation of IX H trapped in moiré potentials

As discussed in the main manuscript, the trapped IXs retain the strong valley polarisation of the constituent ML
semiconductors. Supplementary Figure Fig. 10a shows the valley polarisation of trapped IXH under σ − excitation
resonant to the A exciton of ML WSe2 . A degree of circular polarisation (Pc ) of ∼ 60% is estimated from these
measurements. Supplementary Figure 10b shows that σ + excitation resonant to the A exciton of WSe2 gives rise to a
similar Pc , confirming the expected time-reversal process. Conversely, no appreciable valley polarisation is observed
under σ ± excitation resonant to the A exciton of ML MoSe2 (see Suppl. Figs. 10c-10d). This result is in agreement
with previous observations where a PC ≈ 0 was observed for resonant excitation to the A exciton of MoSe2 under σ
excitation [9, 10].
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FIG. 10: Valley polarisation of IX H trapped in moiré potentials. a-b, Circularly-polarised-resolved PL spectra of
representative IX H trapped excitons under σ − (a) and σ + (b) excitation resonant to the A exciton of ML WSe2 with an
applied magnetic field of 1 T. c-d, Circularly-polarised-resolved PL spectra of representative IX H trapped excitons under σ +
and σ − excitation resonant to the A exciton of ML MoSe2 with an applied magnetic field of 0.5 T (b and c, respectively). The
coloured arrows indicate the Zeeman-split peaks belonging to the same emitters.
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