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            Abstract
The major breakthroughs in understanding of topological materials over the past decade were all triggered by the discovery of the Z2-type topological insulatorâ€”a type of material that is insulating in its interior but allows electron flow on its surface. In three dimensions, a topological insulator is classified as either â€˜strongâ€™ or â€˜weakâ€™1,2, and experimental confirmations of the strong topological insulator rapidly followed theoretical predictions3,4,5. By contrast, the weak topological insulator (WTI) has so far eluded experimental verification, because the topological surface states emerge only on particular side surfaces, which are typically undetectable in real three-dimensional crystals6,7,8,9,10. Here we provide experimental evidence for the WTI state in a bismuth iodide, Î²-Bi4I4. Notably, the crystal has naturally cleavable top and side planesâ€”stacked via van der Waals forcesâ€”which have long been desirable for the experimental realization of the WTI state11,12. As a definitive signature of this state, we find a quasi-one-dimensional Dirac topological surface state at the side surface (the (100) plane), while the top surface (the (001) plane) is topologically dark with an absence of topological surface states. We also find that a crystal transition from the Î²-phase to the Î±-phase drives a topological phase transition from a nontrivial WTI to a normal insulator at roughly room temperature. The weak topological phaseâ€”viewed as quantum spin Hall insulators stacked three-dimensionally13,14â€”will lay a foundation for technology that benefits from highly directional, dense spin currents that are protected against backscattering.
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                    Fig. 1: Crystal structure, transport and band topology calculations for Î±- and Î²-Bi4I4.


Fig. 2: Two cleavage surfaces of Î²-Bi4I4.


Fig. 3: Experimental band structures of Î±- and Î²-Bi4I4 as measured by laser-ARPES.


Fig. 4: Surface-selective nano-ARPES of Î²-Bi4I4 at hv Â =Â 85Â eV.
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Extended data figures and tables

Extended Data Fig. 1 X-ray diffraction measurements for Î±- and Î²-Bi4I4.
a, b, X-ray diffraction measurements taken with CuKÎ± radiation from the ab planes of Î±- and Î²-Bi4I4 crystals used in our experiments. These two crystals were obtained by the quenching procedure (seeÂ Methods). The lattice parameters obtained by structural analysis using single-crystal X-ray diffraction are: aÂ =Â 14.345Â Ã…, bÂ =Â 4.443Â Ã…, cÂ =Â 20.112Â Ã… and Î²Â =Â 92.974Â° for the Î±-phase; and aÂ =Â 14.406Â Ã…, bÂ =Â 4.432Â Ã…, cÂ =Â 10.475Â Ã… and Î²Â =Â 107.463Â° for the Î²-phase.


Extended Data Fig. 2 Theoretical study of the electronic structure of Î±-Bi4I4.
a, The first Brillouin zone of Î±-Bi4I4. b, Bulk band structures calculated by GGA without SOC (left), with SOC (middle) and by GGA plus mBJ with SOC (right). The red and blue circles label the parities (Â±) for the bulk bands at the M and L points. The band topology of the Î±-phase is estimated to be a normal insulator (NI). c, Projected bulk bands for the top surface (001) of Î±-Bi4I4. The colour of the lines denotes different kz values.


Extended Data Fig. 3 Theoretical study of the electronic structure of the (001) surface of Î²-Bi4I4.
aâ€“d, Calculated bulk band dispersions for the \(\bar{{\rm{M}}}\) and \(\bar{\Gamma }\) points of the (001) surface, depending on the topological phase. Colours denote different kz values. eâ€“h, Calculation of the band structures, including surface states (SS), for the \(\bar{{\rm{M}}}\) and \(\bar{\Gamma }\) points of the (001) surface depending on the topological phase.


Extended Data Fig. 4 Spin texture of the quasi-1D Dirac state in Î²-Bi4I4.
a, Experimental geometry used for the spin-resolved measurements. We used s-polarization (vertical polarization) of incident light and measured three-dimensional spin polarizations, Sx, Sy and Sz. b, Schematic illustration of the band structure for the spin-resolved measurements around \(\bar{{\rm{Z}}}\). The solid lines indicate the TSSs; the grey areas indicate the bulk valence band (BVB) and the bulk conduction band (BCB). The dotted lines denote the wavenumber (ky) corresponding to the measured angles. The red and blue arrows show the direction of the measured spin polarization along z-axis. c, Spin texture of the constant energy contour for the (100) surface of Î²-Bi4I4 obtained by first-principles calculations. The red arrows indicate the directions of the spin polarizations of the TSSs at each momentum point. The energy is set at 0.05Â eV to duplicate the Fermi surface obtained in the ARPES experiment. dâ€“f, Spin-resolved photoelectron intensities around \(\bar{{\rm{Z}}}\) (Î¸Â =Â 49Â°) for the x- (d), y- (e) and and z- (f) axes, where x is perpendicular to the (100) plane, while y and z are in-plane. gâ€“i, Corresponding spin polarizations for the x- (g), y- (h) and z- (i) axes. Red and blue areas indicate positive and negative spin polarizations, respectively, of photoelectrons.


Extended Data Fig. 5 Angle-resolved photoemssion spectra of Î±- and Î²-Bi4I4 measured at hv Â =Â 85Â eV and 6.994Â eV.
a, Experimental geometry of synchrotron-based ARPES at hÎ½Â =Â 85Â eV. b, c, Constant energy contours at EF for Î±- and Î²-Bi4I4. The ARPES intensities are integrated within an energy window of 30Â meV about the chemical potential. The dashed lines denote the two-dimensional Brillouin zone of the projected (001) surface. d, e, Band dispersion along the high-symmetry direction \(\bar{\Gamma }\)Â â€“Â \(\bar{{\rm{M}}}{\prime} \). f, g, Magnified intensity maps around the \(\bar{\Gamma }\) point. h, MDCs at EF around the \(\bar{\Gamma }\) point. i, Energy-distribution curves (EDCs) at the \(\bar{\Gamma }\) point. j, k, ARPES images measured at hÎ½Â =Â 6.994Â eV for the Î±-phase (j) and the Î²-phase (k) (these panels are duplicates of Fig. 3f, j (Î¸Â =Â 28Â°), respectively). l, EDCs along the red dotted lines in panels j, k. The black arrows indicate the peak positions of the bulk valence bands; the data clearly show the presence of bilayer splitting in the Î±-phase, consistent with our theoretical calculations (Extended Data Fig. 2c).


Extended Data Fig. 6 Polarization dependence of the quasi-1D TSS of Î²-Bi4I4 measured with a 6.994-eV laser.
a, Experimental geometry of laser-ARPES, showing the direction of s- and p-polarized light. b, Fermi surface mapping obtained with p-polarized light. c, d, ARPES band maps across the \(\bar{\Gamma }\) point of the (100) surface (red arrow in b) taken with p-polarized light (c) and s-polarized light (d). e, f, As for c, d, but with the momentum cut across the \(\bar{{\rm{Z}}}\) point of the (100) surface (yellow arrow in b). The quasi-1D TSSs are observed with both p- and s-polarized light, in agreement with the orbital characters obtained by first-principles calculations (Extended Data Fig. 7).


Extended Data Fig. 7 Orbital characters of the TSSs in Î²-Bi4I4.
a, Calculated constant energy contour for the (100) surface of Î²-Bi4I4. The energy is set at 0.05Â eV to allow comparison with the Fermi surface obtained by ARPES experiment. b, Orbital separated spectra, calculated with the p-orbital model, of the surface electronic structure around the \(\bar{\Gamma }\) point of the (100) surface (red arrow in a). Each subpanel shows the contribution of the px, py and pz orbitals for Bi, I and all elements. The directions of the px,y,z orbitals are defined relative to the (100) surface, as illustrated in a. c, The same results as b, but for the momentum cut across the \(\bar{{\rm{Z}}}\) point (orange arrow in a).


Extended Data Fig. 8 A slight modulation of 1D Fermi surface along kz in the side surface of Î²-Bi4I4.
a, Calculated constant energy contour of the band for the (100) surface of Î²-Bi4I4. The energy is set at 0.05Â eV to allow comparison with the Fermi surface obtained in the ARPES experiment. bâ€“e, ARPES band maps and their MDCs at EF around the \(\bar{\Gamma }\) and \(\bar{{\rm{Z}}}\) points of the (100) surface. Double Lorentzian curves (black dotted curves) are fit to the MDCs with two-peak structure. The distances between these two peaks are indicated by the thin red arrows in b and d.


Extended Data Fig. 9 Periodicity of band dispersions obtained by surface-selective nano-ARPES at hv Â =Â 74Â eV.
a, b, Schematics of surface preparation for nano-ARPES measurements of the side (a) and top (b) planes. c, Real-space mapping of photoemission intensity for the cleavage surface of a (left), along with a magnified image (right). The white circle indicates the position at which we performed surface-selective ARPES measurements. d, Fermi surface mapping for the (100) surface. The intensities are integrated within 100Â meV. The dashed lines indicate the Brillouin zone for the (100) surface. e, f, Similar results to c, d, respectively, but for the (001) surface. g, h, ARPES band dispersion along the chain direction extracted at kyÂ =Â âˆ’0.4Â Ã…âˆ’1 (blue arrow in d, f). The dashed red curves trace the band dispersions, with periodicities consistent with the sizes of the Brillouin zones for the (100) and (001) surfaces (red and black arrows in g and h, respectively). A high-flux nanometre-scale beam obtained using a Schwarzschild objective enabled clear mapping of kz/x dispersions. i, j, ARPES band maps cut across the \(\bar{\Gamma }\) and \(\bar{{\rm{Z}}}\) points of the (100) surface. k, l, ARPES band maps cut across the \(\bar{\Gamma }\) and \(\bar{{\rm{M}}}\) points of the (001)Â surface.


Extended Data Fig. 10 Demonstration of the switchable topological state in Bi4I4, using the same piece of crystal.
a, Schematic showing the experimental sequence used to demonstrate the topological phase transition from the Î²- to the Î±-phase with the same piece of crystal. b, c, ARPES images of the same piece of crystal measured at Î¸Â =Â 0Â° and 20Â K after quenching (b) and after mild cooling (c). d, Schematic showing the experimental sequence used to demonstrate the topological phase transition from the Î±- to the Î²-phase for the same piece of crystal. e, f, ARPES images of the same piece of crystal measured at Î¸Â =Â 0Â° and 20Â K after mild cooling (e) and after quenching (f).
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