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            Abstract
When electrons are subject to a large external magnetic field, the conventional charge quantum Hall effect1,2 dictates that an electronic excitation gap is generated in the sample bulk, but metallic conduction is permitted at the boundary. Recent theoretical models suggest that certain bulk insulators with large spinâ€“orbit interactions may also naturally support conducting topological boundary states in the quantum limit3,4,5, which opens up the possibility for studying unusual quantum Hall-like phenomena in zero external magnetic fields6. Bulk Bi1-xSb x single crystals are predicted to be prime candidates7,8 for one such unusual Hall phase of matter known as the topological insulator9,10,11. The hallmark of a topological insulator is the existence of metallic surface states that are higher-dimensional analogues of the edge states that characterize a quantum spin Hall insulator3,4,5,6,7,8,9,10,11,12,13. In addition to its interesting boundary states, the bulk of Bi1-xSb x is predicted to exhibit three-dimensional Dirac particles14,15,16,17, another topic of heightened current interest following the new findings in two-dimensional graphene18,19,20 and charge quantum Hall fractionalization observed in pure bismuth21. However, despite numerous transport and magnetic measurements on the Bi1-xSb x family since the 1960s17, no direct evidence of either topological Hall states or bulk Dirac particles has been found. Here, using incident-photon-energy-modulated angle-resolved photoemission spectroscopy (IPEM-ARPES), we report the direct observation of massive Dirac particles in the bulk of Bi0.9Sb0.1, locate the Kramers points at the sampleâ€™s boundary and provide a comprehensive mapping of the Dirac insulatorâ€™s gapless surface electron bands. These findings taken together suggest that the observed surface state on the boundary of the bulk insulator is a realization of the â€˜topological metalâ€™9,10,11. They also suggest that this material has potential application in developing next-generation quantum computing devices that may incorporate â€˜light-likeâ€™ bulk carriers and spin-textured surface currents.
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                        Dirac-like dispersion near the L-point in the bulk Brillouin zone.
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Figure 2: 
                        Dispersion along the cut in the 
                        k
                        
                        z
                        -direction.
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Figure 3: The topological gapless surface states in bulk insulating Bi0.9Sb0.1. [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Dual quantum spin Hall insulator by density-tuned correlations in TaIrTe4
                                        
                                    

                                    
                                        Article
                                        
                                         20 March 2024
                                    

                                

                                Jian Tang, Thomas Siyuan Ding, â€¦ Qiong Ma

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Magnetically tunable supercurrent in dilute magnetic topological insulator-based Josephson junctions
                                        
                                    

                                    
                                        Article
                                         Open access
                                         01 April 2024
                                    

                                

                                Pankaj Mandal, Soumi Mondal, â€¦ Laurens W. Molenkamp

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Multistep topological transitions among meron and skyrmion crystals in a centrosymmetric magnet
                                        
                                    

                                    
                                        Article
                                        
                                         01 April 2024
                                    

                                

                                H. Yoshimochi, R. Takagi, â€¦ S. Seki

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	von Klitzing, K., Dorda, G. & Pepper, M. New method for high-accuracy determination of the fine-structure constant based on quantized Hall resistance. Phys. Rev. Lett. 45, 494â€“497 (1980)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tsui, D. C., Stormer, H. L. & Gossard, A. C. Two-dimensional magnetotransport in the extreme quantum limit. Phys. Rev. Lett. 48, 1559â€“1562 (1982)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kane, C. L. & Mele, E. J. Quantum spin Hall effect in graphene. Phys. Rev. Lett. 95, 226801 (2005)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bernevig, B. A. & Zhang, S.-C. Quantum spin Hall effect. Phys. Rev. Lett. 96, 106802 (2006)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Sheng, D. N., Weng, Z. Y., Sheng, L. & Haldane, F. D. M. Quantum spin-Hall effect and topological Chern numbers. Phys. Rev. Lett. 97, 036808 (2006)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Haldane, F. D. M. Model for a quantum Hall effect without Landau levels: Condensed-matter realization of the â€˜parity anomalyâ€™. Phys. Rev. Lett. 61, 2015â€“2018 (1988)
ArticleÂ 
    ADSÂ 
    MathSciNetÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Fu, L. & Kane, C. L. Topological insulators with inversion symmetry. Phys. Rev. B 76, 045302 (2007)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Murakami, S. Phase transition between the quantum spin Hall and insulator phases in 3D: emergence of a topological gapless phase. New J. Phys. 9, 356 (2007)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Fu, L., Kane, C. L. & Mele, E. J. Topological insulators in three dimensions. Phys. Rev. Lett. 98, 106803 (2007)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Moore, J. E. & Balents, L. Topological invariants of time-reversal-invariant band structures. Phys. Rev. B 75, 121306(R) (2007)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Roy, R. Three dimensional topological invariants for time reversal invariant Hamiltonians and the three dimensional quantum spin Hall effect. ã€ˆhttp://arXiv.org/abs/cond-mat/0607531v1ã€‰ (2006)

	Bernevig, B. A., Hughes, T. L. & Zhang, S.-C. Quantum spin Hall effect and topological phase transition in HgTe quantum wells. Science 314, 1757â€“1761 (2006)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Konig, M. et al. Quantum spin Hall insulator state in HgTe quantum wells. Science 318, 766â€“770 (2007)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Wolff, P. A. Matrix elements and selection rules for the two-band model of bismuth. J. Phys. Chem. Solids 25, 1057â€“1068 (1964)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Fukuyama, H. & Kubo, R. Interband effects of magnetic susceptibility. II. Diamagnetism of bismuth. J. Phys. Soc. Jpn 28, 570â€“581 (1970)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Buot, F. A. Weyl transformation and the magnetic susceptibility of a relativistic Dirac electron gas. Phys. Rev. A 8, 1570â€“1581 (1973)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lenoir, B. et al. in Fifteenth International Conference on Thermoelectrics (Pasadena, California) 1â€“13 (IEEE, New York, 1996)
BookÂ 
    
                    Google ScholarÂ 
                

	Zhang, Y., Tan, Y.-W., Stormer, H. L. & Kim, P. Experimental observation of the quantum Hall effect and Berry's phase in graphene. Nature 438, 201â€“204 (2005)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Novoselov, K. S. et al. Room-temperature quantum Hall effect in graphene. Science 315, 1379 (2007)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhou, S. Y. et al. Substrate-induced bandgap opening in epitaxial graphene. Nature Mater. 6, 770â€“775 (2007)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Behnia, K., Balicas, L. & Kopelevich, Y. Signatures of electron fractionalization in ultraquantum bismuth. Science 317, 1729â€“1731 (2007)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Liu, Y. & Allen, E. Electronic structure of semimetals Bi and Sb. Phys. Rev. B 52, 1566â€“1577 (1995)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hebel, L. C. & Smith, G. E. Interband transitions and band structure of a BiSb alloy. Phys. Lett. 10, 273â€“275 (1964)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kane, C. L. & Mele, E. J. Z2 topological order and the quantum spin Hall effect. Phys. Rev. Lett. 95, 146802 (2005)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ast, C. R. & Hochst, H. Fermi surface of Bi(111) measured by photoemission spectroscopy. Phys. Rev. Lett. 87, 177602 (2001)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hochst, H. & Gorovikov, S. Lack of electron-phonon coupling along two-dimensional bands in Bi1â€‰-â€‰x Sb x single crystal alloys. J. Elect. Spectrosc. Relat. Phenom. 144, 351â€“355 (2005)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Hofmann, P. The surfaces of bismuth: Structural and electronic properties. Prog. Surf. Sci. 81, 191â€“245 (2006)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hirahara, T. et al. Direct observation of spin splitting in bismuth surface states. Phys. Rev. B 76, 153305 (2007)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hengsberger, M. et al. Photoemission study of the carrier bands in Bi(111). Eur. Phys. J. B 17, 603â€“608 (2000)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ast, C. R. & Hochst, H. Electronic structure of a bismuth bilayer. Phys. Rev. B 67, 113102 (2003)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Kopelevich, Y. et al. Universal magnetic-field-driven metal-insulator-metal transformations in graphite and bismuth. Phys. Rev. B 73, 165128 (2006)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hufner, S. Photoelectron Spectroscopy (Springer, Berlin, 1995)
BookÂ 
    
                    Google ScholarÂ 
                

	Novoselov, K. S. et al. Two-dimensional gas of massless Dirac fermions in graphene. Nature 438, 197â€“200 (2005)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bostwick, A., Ohta, T., Seyller, T., Horn, K. & Rotenberg, E. Quasiparticle dynamics in graphene. Nature Phys. 3, 36â€“40 (2007)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jezequel, G., Thomas, J. & Pollini, I. Experimental band structure of semimetal bismuth. Phys. Rev. B 56, 6620â€“6626 (1997)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ast, C. R. & Hochst, H. High-resolution mapping of the three-dimensional band structure of Bi(111). Phys. Rev. B 70, 245122 (2004)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank P. W. Anderson, B. A. Bernevig, L. Balents, E. Demler, A. Fedorov, F. D. M. Haldane, D. A. Huse, C. L. Kane, R. B. Laughlin, J. E. Moore, N. P. Ong, A. N. Pasupathy, D. C. Tsui and S.-C. Zhang for discussions. The synchrotron experiments are supported by the DOE-BES and materials synthesis is supported by the NSF-MRSEC at Princeton Center for Complex Materials.


Author information
Authors and Affiliations
	Department of Physics,, Joseph Henry Laboratories of Physics, 
D. Hsieh,Â D. Qian,Â L. Wray,Â Y. XiaÂ &Â M. Z. Hasan

	Department of Chemistry,, 
Y. S. HorÂ &Â R. J. Cava

	Princeton Center for Complex Materials, Princeton Institute for the Science and Technology of Materials, Princeton University, Princeton, New Jersey 08544, USA , 
M. Z. Hasan


Authors	D. HsiehView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	D. QianView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	L. WrayView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Y. XiaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Y. S. HorView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	R. J. CavaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	M. Z. HasanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                M. Z. Hasan.


Supplementary information

 This file contains Supplementary Methods, Supplementary Notes, Supplementary Figures S1-S4 with Legends and additional references. 
The Supplementary Information (SI) describes our method of comparing experimentally measured deeper lying bands of Bi0.9Sb0.1 with theoretical calculations of bulk Bi as further evidence of their bulk origin, and as an alternate way of extracting the kz values from ARPES measurements. The SI also provides further theoretical justification that spin-orbit coupling is essential to account for the 3D bulk Dirac point, and provides further experimental evidence for an odd number of surface state Fermi crossings. (PDF 503 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Hsieh, D., Qian, D., Wray, L. et al. A topological Dirac insulator in a quantum spin Hall phase.
                    Nature 452, 970â€“974 (2008). https://doi.org/10.1038/nature06843
Download citation
	Received: 25 November 2007

	Accepted: 14 February 2008

	Issue Date: 24 April 2008

	DOI: https://doi.org/10.1038/nature06843


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        1/4 is the new 1/2 when topology is intertwined with Mottness
                                    
                                

                            
                                
                                    	Peizhi Mai
	Jinchao Zhao
	Philip W. Phillips


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Confining chiral edge states
                                    
                                

                            
                                
                                    	Ankita Anirban


                                
                                Nature Reviews Physics (2023)

                            
	
                            
                                
                                    
                                        Dual topological insulator found in superlattice
                                    
                                

                            
                                
                                    	Ankita Anirban


                                
                                Nature Reviews Physics (2023)

                            
	
                            
                                
                                    
                                        Quantum anomalous layer Hall effect
                                    
                                

                            
                                
                                    	Ankita Anirban


                                
                                Nature Reviews Physics (2023)

                            
	
                            
                                
                                    
                                        Probing the structural, mechanical, phonon, thermal, and transport properties of magnetic halide perovskites XTiBr3 (Xâ€‰=â€‰Rb, Cs) through ab-initio results
                                    
                                

                            
                                
                                    	Vishal Shivhare
	Saveer Ahmad Khandy
	Dinesh C. Gupta


                                
                                Scientific Reports (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
The best of both worlds
Two of the hottest topics in fundamental condensed matter physics are relativistic Dirac particles and the quantum spin Hall phase. Materials that realize either one of these phenomena are scarce, but new work in bismuth-antimony crystals points to a novel state of quantum matter with both properties. Dirac particles have so far been discovered only in graphene, and the topological edge states central to the quantum spin Hall phase have yet to be directly observed. Hsieh et al. now show, through experimental observation of the simple crystal system Bi1âˆ’xSbx, that the three-dimensional generalization of both these exotic quantum phases coexist and are highly coupled. This 'topological metal' could be of interest for developing next-generation quantum computing devices.

show all

    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
