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            Abstract
The Wigner crystal1 has fascinated condensed matter physicists for nearly 90 years2,3,4,5,6,7,8,9,10,11,12,13,14. Signatures of two-dimensional (2D) Wigner crystals were first observed in 2D electron gases under high magnetic field2,3,4, and recently reported in transition metal dichalcogenide moirÃ© superlattices6,7,8,9. Direct observation of the 2D Wigner crystal lattice in real space, however, has remained an outstanding challenge. Conventional scanning tunnelling microscopy (STM) has sufficient spatial resolution but induces perturbations that can potentially alter this fragile state. Here we demonstrate real-space imaging of 2D Wigner crystals in WSe2/WS2 moirÃ© heterostructures using a specially designed non-invasive STM spectroscopy technique. This employs a graphene sensing layer held close to the WSe2/WS2 moirÃ© superlattice. Local STM tunnel current into the graphene layer is modulated by the underlying Wigner crystal electron lattice in the WSe2/WS2 heterostructure. Different Wigner crystal lattice configurations at fractional electron fillings of nâ€‰=â€‰1/3, 1/2 and 2/3, where n is the electron number per site, are directly visualized. The nâ€‰=â€‰1/3 and nâ€‰=â€‰2/3 Wigner crystals exhibit triangular and honeycomb lattices, respectively, to minimize nearest-neighbour occupations. The nâ€‰=â€‰1/2 state spontaneously breaks the original C3 symmetry and forms a stripe phase. Our study lays a solid foundation for understanding Wigner crystal states in WSe2/WS2 moirÃ© heterostructures and provides an approach that is generally applicable for imaging novel correlated electron lattices in other systems.
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                    Fig. 1: STM measurement of Wigner crystal states in a dual-gated WSe2/WS2 moirÃ© superlattice.


Fig. 2: Imaging Mott and generalized Wigner crystal states.


Fig. 3: Evolution of dI/dV maps for the nâ€‰=â€‰2/3 state with increased Vbias.
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              The data supporting the findings of this study can be found at https://github.com/HongyuanLiCMP/Imaging_Generalized_Wigner_Crystals_data, and are also available from the corresponding authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Comparison of single dI/dV spectra obtained at VTGâ€‰=â€‰0 and VTGâ€‰=â€‰0.53â€‰V.
a, VTGâ€‰= 0. b, VTGâ€‰=â€‰0.53â€‰V. In a we display dI/dV spectra obtained when the graphene doping is near the CNP. A strong spectral change is observed when the graphene transitions from hole-doped to electron-doped. The Dirac point positions are denoted by vertical arrows. In b we display typical dI/dV spectra at nâ€‰=â€‰1/3, 1/2, 2/3 and 1 for correlated states (red) as well as for three other filling factors that lack correlated states (black). In each panel the dI/dV spectra are shifted vertically for clarity. The spectra indicate that the graphene sensing layer is more electron doped when the moirÃ© heterostructure is in a correlated insulator state.


Extended Data Fig. 2 MoirÃ© site dependence of the dI/dV spectra.
a, A typical STM topographic image of the moirÃ© superlattice seen through the graphene sensing layer. bâ€“d, Position dependent dI/dV spectra measured along the red linecut shown in a with VTGâ€‰=â€‰0.7â€‰V and VBGâ€‰=â€‰19â€‰V (b), 26.5â€‰V and 35â€‰V (d).


Extended Data Fig. 3 Raw images and FFT filtering of the dI/dV maps for the generalized Wigner crystal states.
a, Raw dI/dV map of the nâ€‰=â€‰2/3 state. b, FFT image of a. c, Real space dI/dV map after FFT filtering of a. In the filtering process, we removed the Fourier components within the six red circles indicated in b. This FFT filtering suppresses the periodic feature associated with the moirÃ© superlattice. d, FFT image of c. e, Raw dI/dV map of the nâ€‰=â€‰1/3 state. f, FFT image of e. g, Real space dI/dV map after FFT filtering of e. The Fourier components within the red circles shown in f have been filtered out. h, FFT image of g. i, Raw dI/dV map of the nâ€‰=â€‰1/2 state. j, FFT image of i. k, Real-space dI/dV map after FFT filtering of i. The Fourier components within the red circles shown in j have been filtered out. l, FFT image of k.


Extended Data Fig. 4 Uniaxial strain of the moirÃ© superlattice.
a, Topography image shown in Fig. 1b. b, the corresponding FFT image. c, d, 1D height modulation along three directions (c; denoted by the red arrows in a), and the corresponding FFT results (d). The different moirÃ© periods along the three different directions yields a uniaxial strain of 0.39% along the pink double-arrowed line (a, b). As a comparison, the stripe direction of the nâ€‰=â€‰1/2 Wigner crystal state is denoted by the yellow double-arrowed line.
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