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            Abstract
Van der Waals heterostructures with small misalignment between adjacent layers (â€˜interlayer twistâ€™) are of interest because of electronic structure and correlation phenomena (such as superconductivity) that are determined by both the atomic lattice and long-range superlattice potentials arising in interlayer moirÃ© patterns1,2,3,4,5,6,7. Previously, such twisted heterostructures have involved a single planar interface between layers isolated by exfoliation and micromechanically stacked in the desired relative orientation1,8,9,10,11,12. Here we demonstrate a class of materialsâ€”van der Waals nanowires of layered crystalsâ€”in which a tunable interlayer twist evolves naturally during synthesis. In vapourâ€“liquidâ€“solid growth, nanowires of germanium(ii) sulfide, an anisotropic layered semiconductor, crystallize with layering along the wire axis13 and have a strong propensity for forming axial screw dislocations. Nanometre-resolved electron diffraction shows that Eshelby twist, induced by a torque on the ends of a cylindrical solid due to the stress field of an axial dislocation14,15, causes a chiral structure in the van der Waals nanowires. The in-plane germanium sulfide crystal axes progressively rotate along the wire, and germanium sulfide layers in adjacent turns of the helix naturally form a moirÃ© pattern because of their interlayer twist. The axial rotation and the twist are tunable by varying the nanowire thickness. Combined electron diffraction and cathodoluminescence spectroscopy show the correlation between the interlayer twist and locally excited light emission that is due to progressive changes in the lattice orientation and in the interlayer moirÃ© registry along the nanowires. The findings demonstrate a step towards scalable fabrication of van der Waals structures with defined twist angles, in which interlayer moirÃ© patterns are realized along a helical path on a nanowire instead of a planar interface.
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                    Fig. 1: Twisted van der Waals nanowires.


Fig. 2: Eshelby twist of layered GeS nanowires.


Fig. 3: Optoelectronics of twisted GeS nanowires.
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              Raw data are included for Figs. 1 and 3a, b, and Extended Data Figs. 1, 3, 4a, b, 5, 6aâ€“e, 7 and 9. The full set of diffraction data that support the nanowire twist analysis is available from the corresponding author upon request.
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Extended data figures and tables

Extended Data Fig. 1 Electron microscopy of twisted GeS nanowires with axial screw dislocations.
a, High-resolution TEM image of a 65-nm GeS nanowire. The lattice fringes along the wire axis are spaced by 1.06 nm (that is, the GeS c-axis unit cell dimension). b, High-resolution STEM image of a 54-nm GeS nanowire. As in a, the lattice fringes along the wire axis are spaced by the GeS c-axis unit cell dimension.


Extended Data Fig. 2 GeS twist moirÃ© patterns.
a, Illustration of a GeS twist moirÃ© (here with 1Â° twist angle). Note the reversal of the ratio Î»a/Î»b = b/a, where (a, b) denote the in-plane lattice parameters of GeS, and Î»a, Î»b are the moirÃ© periods along the a and b directions. b, MoirÃ© periodicity for a twisted GeS van der Waals interface as a function of interlayer twist angle. Data points were obtained from overlays of models of two GeS monolayers with different relative orientation. The solid line is a power-law fit Î» âˆ� Ï•âˆ’1 to the data.


Extended Data Fig. 3 STEM-CL line scan along a twisted GeS nanowire measured at T = 110 K.
a, HAADF-STEM image of a GeS nanowire (diameter about 44 nm). b, Position-dependent STEM-CL spectra recorded along the nanowire at points marked in a (T = 110 K). Lines are Gaussian fits to the dominant band-edge luminescence peak. c, Plots of the Gaussian fit parameters (amplitude I; FWHM; centre wavelength Î»0) as a function of position along the nanowire.


Extended Data Fig. 4 Size-dependent GeS band-edge luminescence.
a, Examples of STEM-CL spectra for GeS nanowires with four different diameters (140 nm, 70 nm, 40 nm, 30 nm) measured at room temperature. Note the progressive blueshift with decreasing nanowire diameter and the intensity modulation for the 140-nm wire, which is due to photonic waveguide mode interference in thick nanowires similar to that observed in planar GeS plates and prisms29 (see Extended Data Fig. 5). b, Comparison of the temperature-dependent CL spectra of a 40-nm-diameter GeS nanowire and of a micrometre-sized, single-crystalline bulk GeS plate; CL spectra were measured at room temperature and at T = 120 K and 110 K. For nanowires and plates, the luminescence peak narrows and blueshifts by the same amount (about 30 nm) at low temperature. c, Analysis of the peak photon energy of the CL spectra of GeS nanowires with different diameters, dNW and of a bulk GeS plate (lateral size approximately 1 Î¼m). Error bars are based on the FWHM of the luminescence peaks. The black line is a fit hÎ½ âˆ� dNWâˆ’1, with a bulk bandgap of 1.60 eV (ref. 29).


Extended Data Fig. 5 Waveguide-mode interference in thick GeS nanowires.
HAADF-STEM image of a 140-nm-thick nanowire near the Au-rich VLS catalyst (left), and STEM-CL line scan along the centre axis of the wire (right) showing fringes due to interference of travelling waveguide modes reflected by the specular end facets of the nanowire29.


Extended Data Fig. 6 Polarized Raman and photoluminescence on mesoscale monocrystalline GeS plates.
a, Raman spectrum on a monocrystalline GeS plate with linearly polarized laser light (Î» = 532 nm) incident along the c axis, showing the B3g and Ag modes associated with the orthorhombic layered crystal. b, Polar plots of Raman intensity as a function of the polarization direction of the incident light for three different modes. Note the strongly anisotropic Raman scattering by the single-crystalline GeS plate34. c, HAADF-STEM image of a mesoscale GeS plate. The c axis lies perpendicular to the large top facet of the plate. Inset: electron diffraction pattern of the GeS plate. d, Polar plot of band-edge photoluminescence intensity as a function of the polarization of the exciting laser beam (Î» = 532 nm). e, Photoluminescence spectra for different orientation of the GeS plate relative to the polarization of the incident light. Lines show Gaussian fits to the main peak. f, Plots of the parameters of the Gaussian fits for different rotation angles of the plate relative to the polarization of the incident light: amplitude (I), FWHM, centre wavelength (Î»0). Polarization dependences were measured on individual GeS plates using a Horiba Scientific XPlora Plus Raman/photoluminescence microscope with angle between sample and incident light polarization varied using a sample rotation stage.


Extended Data Fig. 7 STEM-CL line scans on a long GeS nanowire (T = 300 K).
a, HAADF-STEM image of the GeS nanowire (approximately 5 Î¼m long). b, STEM-CL spectrum line scan, obtained in five consecutive sections scanned as shown by arrows. The particular scan pattern was chosen to identify displacements of charge-carrier recombination from the position of the exciting electron beam. Note the repetition of spectral features, even though the electron-beam excitation was precisely stitched in consecutive line scans. c, Reconstruction of the CL spectra along the nanowire by cutting repeated sections along dashed lines shown in b.


Extended Data Fig. 8 Twist and STEM-CL analysis of a long GeS nanowire section (length about 5 Î¼m, T = 300 K).
a, HAADF-STEM image of the GeS nanowire and analysis of the cumulative twist angle along the wire. b, STEM-CL spectrum line scan of the twisted GeS nanowire, reconstructed from five individual line scans as shown in Extended Data Fig. 7. The twist angle increases by 90Â° between points with zone axis [010] and [100]. c, Histogram of Burgers vectors along the GeS nanowire shown in a, using the same analysis as in Fig. 2. d, Evolution of the twist moirÃ© registry along the nanowire. White and orange shaded regions indicate sections of a planar twist moirÃ© pattern in which the atoms in the adjacent GeS layers are closely aligned (white, (i)) or misaligned (orange, (ii)). The arc indicates the progression of the moirÃ© registry between zone axis [010] and [100] along the nanowire; it sweeps through several regions with aligned and misaligned GeS lattices. The positions of closely aligned regions, marked by arrows in b, coincide approximately with intensity maxima of the STEM-CL spectrum line scan. e, Illustration of parts of the spiral path of the periphery of the helical van der Waals interface across the twist moirÃ© pattern (dNW, nanowire diameter). f, Illustration of the closely aligned (i) and misaligned (ii) regions of the twist moirÃ© (drawn here for 0.25Â° interlayer twist).


Extended Data Fig. 9 Gated charge transport in twisted GeS nanowires.
a, Drain current as a function of sourceâ€“drain bias measured at room temperature for a single GeS nanowire field-effect transistor (FET) back-gated via 300 nm SiO2/Si. Nanowire diameter, 116 nm. Channel length, 5 Î¼m. b, Transfer characteristics (drain current as a function of back-gate voltage) for the GeS nanowire FET. For transport measurements, Ti/Au contacts (10 nm/60 nm) were deposited on single GeS nanowires using patterning with electron-beam lithography; transport measurements were made on a Lakeshore probe station under vacuum (1 Ã— 10âˆ’7 Torr) at room temperature.


Extended Data Fig. 10 Schematic of asymmetric minority carrier drift or diffusion along the GeS nanowires.
Illustration of the two possible mechanisms discussed in the Methods, both related to the filling of charge traps (T) by electron-beam excited carriers: (i) drift (vd) due to a net electric field along the wire axis; or (ii) charged impurity scattering causing differences in carrier mobility and diffusion coefficient (D). In line scans as shown in Extended Data Fig. 7, both mechanisms would cause light emission predominantly downstream (that is, in areas not yet scanned by the electron beam) from the excitation spot.
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