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            Abstract
The formation of moiré patterns in crystalline solids can be used to manipulate their electronic properties, which are fundamentally influenced by periodic potential landscapes. In two-dimensional materials, a moiré pattern with a superlattice potential can be formed by vertically stacking two layered materials with a twist and/or a difference in lattice constant. This approach has led to electronic phenomena including the fractal quantum Hall effect1,2,3, tunable Mott insulators4,5 and unconventional superconductivity6. In addition, theory predicts that notable effects on optical excitations could result from a moiré potential in two-dimensional valley semiconductors7,8,9, but these signatures have not been detected experimentally. Here we report experimental evidence of interlayer valley excitons trapped in a moiré potential in molybdenum diselenide (MoSe2)/tungsten diselenide (WSe2) heterobilayers. At low temperatures, we observe photoluminescence close to the free interlayer exciton energy but with linewidths over one hundred times narrower (around 100 microelectronvolts). The emitter g-factors are homogeneous across the same sample and take only two values, −15.9 and 6.7, in samples with approximate twist angles of 60 degrees and 0 degrees, respectively. The g-factors match those of the free interlayer exciton, which is determined by one of two possible valley-pairing configurations. At twist angles of approximately 20 degrees the emitters become two orders of magnitude dimmer; however, they possess the same g-factor as the heterobilayer at a twist angle of approximately 60 degrees. This is consistent with the umklapp recombination of interlayer excitons near the commensurate 21.8-degree twist angle7. The emitters exhibit strong circular polarization of the same helicity for a given twist angle, which suggests that the trapping potential retains three-fold rotational symmetry. Together with a characteristic dependence on power and excitation energy, these results suggest that the origin of the observed effects is interlayer excitons trapped in a smooth moiré potential with inherited valley-contrasting physics. This work presents opportunities to control two-dimensional moiré optics through variation of the twist angle.
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                    Fig. 1: Moiré superlattice potential and observation of trapped interlayer excitons.


Fig. 2: Valley polarization of trapped interlayer excitons.


Fig. 3: Dependence of Zeeman splitting of trapped interlayer excitons on the twist angle.


Fig. 4: g-factors and umklapp light coupling of interlayer excitons.
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Extended data figures and tables

Extended Data Fig. 1 Supplementary power-dependence data.
a, Interlayer exciton photoluminescence spectra at selected excitation powers for the θ = 2° sample of device 1. b, c, Photoluminescence spectra at low (blue) and high (red) power for the θ = 57° sample of device 2 (b) and the θ = 20° sample of device 1 (c). Insets show the Lorentzian fit to the representative photoluminescence peaks with the indicated linewidths. When the excitation reaches around 1 μW, a broad background characteristic of delocalized interlayer exciton emission begins to dominate the spectrum. This excitation intensity is consistent with the expected threshold required to fill the moiré lattice. In brief, for a twist angle of around 2°, the moiré wavelength is about 10 nm and the moiré supercell spans about 100 nm2. Considering the average interlayer exciton lifetime of around 100 ns (Extended Data Fig. 10) and assuming around 10% absorption, the approximate pump intensity required to fill the moiré superlattice with approximately 1 interlayer exciton per supercell is around 100 W cm−2 (around 1 μW for a beam size of 1 μm2). We note that, with the strong repulsive interaction of interlayer excitons, the moiré potential traps will also be broadened by the loading of more excitons in each trap.


Extended Data Fig. 2 Temperature-dependent photoluminescence.
a, b, Temperature dependence of the interlayer exciton photoluminescence spectrum for θ = 2° (a) and θ = 20° (b) samples of device 1. The excitation powers were 20 nW (a) and 1 μW (b). The trapped interlayer excitons vanish above about 30 K (around 2–3 meV). Future work is needed to determine the mechanisms that lead to this thermal energy scale.


Extended Data Fig. 3 Supplementary circular-polarization-resolved photoluminescence spectra.
Each panel represents data from a different sample with the indicated twist angle. The left and right graphs of each panel correspond to σ− and σ+ polarized excitation, and the red and blue curves indicate σ+ and σ− polarized photoluminescence components. Spectra from the θ = 2° and θ = 20° regions of device 1 are shown in a and c, whereas those from the θ = 6° and θ = 57° regions of device 2 are shown in b and e. The θ = 2° spectra in a were acquired from a different sample region than the spectra in Fig. 2c, and show a similarly strong polarization reversal. The spectra in d and f are from additional heterobilayers. The twist angle uncertainty is 1°.


Extended Data Fig. 4 Linear-polarization-resolved photoluminescence.
a–c, Photoluminescence intensity plots as a function of the linear polarization detection angle and photon energy under linearly polarized excitation for θ = 57° (a), 20° (b) and 2° (c). No linear photoluminescence polarization is observed.


Extended Data Fig. 5 Free and trapped interlayer exciton g-factor for θ ≈ 0°.
The data are acquired from the θ = 6° region of device 2 under linearly polarized excitation. a, Photoluminescence intensity plot of σ+ (right) and σ− (left) components as a function of applied magnetic field and photon energy. The broad background (free exciton) shifts with the same slope as the sharp trapped interlayer exciton on top. b, Valley Zeeman splitting (Δ) against applied magnetic field, from which a g-factor of 6.74 ± 0.05 is extracted from a linear fit (solid red line).


Extended Data Fig. 6 Uniformity of g-factors.
a–d, Photoluminescence intensity plots of 2° (a), 3° (b), 56° (c) and 60° (d) heterobilayers as a function of applied magnetic field and photon energy. The data for the 2° heterobilayer (a) were acquired from a different spot than the data in Fig. 3c. The excitation is linearly polarized. Top, circularly polarized photoluminescence spectra at 3 T. Middle, photoluminescence intensity as a function of applied magnetic field, displaying a clear linear Zeeman shift of the σ+ and σ− components. Bottom, valley Zeeman splitting (Δ) against applied magnetic field. Linear fits (solid red lines) give effective g-factors of heterobilayers at different twist angles, yielding 6.73 ± 0.02, 6.72 ± 0.03, −15.88 ± 0.09 and −15.91 ± 0.02 for a–d, respectively. The data confirm the g-factor uniformity across the same sample as well as across different samples with similar twist angles.


Extended Data Fig. 7 Calibrated photoluminescence spectra for a comparison of the photoluminescence intensity from heterobilayers with different twist angles.
a–c, Photoluminescence spectra of samples in which θ = 57° (a), 20° (b) and 2° (c). The photoluminescence intensity of samples in which θ = 2° and θ = 57° is about 100 times higher than that of θ = 20°. Excitation powers were 10 nW for a and c and 100 nW for b. The photoluminescence intensity for the heterobilayer in which θ = 20° is still in the linear regime for powers less than 100 nW. Aside from the excitation power, the data from all three twist angles were acquired under identical experimental conditions to facilitate their comparison.


Extended Data Fig. 8 Heterobilayer moiré pattern for twist angles close to 21.8°.
a–c, Three high-symmetry stacking patterns exist for the heterobilayer with a commensurate 21.8° twist angle, in which the two layers have the same lattice constant a. The dashed diamonds indicate the smallest supercells, the periodicity of which is \(\sqrt{7}a\). The large (small) solid green dots denote the metal, M (chalcogen, X) sites in the electron layer, whereas the large (small) empty orange dots denote the metal, M (chalcogen, X) sites in the hole layer. a, The stacking in which two M sites in different layers horizontally overlap. b, The stacking in which two hexagon centres (h sites) in different layers horizontally overlap. c, The stacking in which two X sites in different layers horizontally overlap. Because M, X and h are the C3 rotation centres of the monolayers, the stacking configurations in a, b and c are all C3 symmetric. d, Illustration of the moiré pattern when the twist angle slightly deviates from 21.8° (θ = 20° here). Red circles marked by A, B and C are the local regions that are nearly indistinguishable from the commensurate 21.8° pattern in a, b and c, respectively. The black diamonds are the \(\sqrt{7}a\times \sqrt{7}a\) supercells of the local regions.


Extended Data Fig. 9 Spatial homogeneity of interlayer exciton photoluminescence.
The centre image shows a spatial map of the integrated photoluminescence for the θ = 2° heterobilayer, and the plots along the outside show selected interlayer exciton photoluminescence spectra at different sample locations. The photoluminescence is bright across a wide region of the sample, except along one edge of a crack that runs through the sample (note the correspondence to the sample height map in Fig. 1c). Narrow-line photoluminescence emission is a general feature of the photoluminescence spectra across the sample, as seen in the selected spectra from spatially distinct regions of the sample. The number of narrow-line peaks, their intensities and their energy distribution is inhomogeneous across the sample. The origin of this inhomogeneity is an important topic for further study.


Extended Data Fig. 10 Time- and polarization-resolved photoluminescence of trapped interlayer excitons.
a, Time-resolved photoluminescence intensity traces for σ+ (red) and σ− (blue) emission from a single line of the θ = 57° heterobilayer under σ+ excitation. Inset, photoluminescence spectra of the emission line. Vertical dashed lines indicate the spectral collection bandwidth. b, Time-resolved valley polarization, η, under σ+ (orange, top) and σ− (green, bottom) excitation.
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