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            Abstract
A hallmark feature of topological physics is the presence of one-way propagating chiral modes at the system boundary1,2. The chirality of edge modes is a consequence of the topological character of the bulk. For example, in a non-interacting quantum Hall model, edge modes manifest as mid-gap states between two topologically distinct bulk bands. The bulkâ€“boundary correspondence dictates that the number of chiral edge modes, a topological invariant called the winding number, is completely determined by the bulk topological invariant, the Chern number3. Here, for the first time, we measure the winding number in a 2D photonic system. By inserting a unit flux quantum at the edge, we show that the edge spectrum resonances shift by the winding number. This experiment provides a new approach for unambiguous measurement of topological invariants, independent of the microscopic details, and could possibly be extended to probe strongly correlated topological orders.
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                    Figure 1: Schematic of the set-up used to measure the winding number.[image: ]


Figure 2: Anomalous spectral flow of edge state resonances.[image: ]


Figure 3: Local nature of coupled gauge flux and spectral flow for spin-flip excitation.[image: ]


Figure 4: Absence of spectral flow in a topologically trivial ring geometry.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Symmetry-controlled edge states in the type-II phase of Dirac photonic lattices
                                        
                                    

                                    
                                        Article
                                         Open access
                                         29 April 2020
                                    

                                

                                Georgios G. Pyrialakos, Nora Schmitt, â€¦ Demetrios N. Christodoulides

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Braiding photonic topological zero modes
                                        
                                    

                                    
                                        Article
                                        
                                         03 September 2020
                                    

                                

                                Jiho Noh, Thomas Schuster, â€¦ Mikael C. Rechtsman

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Probing bulk topological invariants using leaky photonic lattices
                                        
                                    

                                    
                                        Article
                                        
                                         11 February 2021
                                    

                                

                                Daniel Leykam & Daria A. Smirnova

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Wen, X.-G. Quantum Field Theory of Many-Body Systems (Oxford Univ. Press, 2004).

                    Google ScholarÂ 
                

	Bernevig, B. & Hughes, T. Topological Insulators and Topological Superconductors (Princeton Univ. Press, 2013).
BookÂ 
    
                    Google ScholarÂ 
                

	Hatsugai, Y. Chern number and edge states in the integer quantum Hall effect. Phys. Rev. Lett. 71, 3697â€“3700 (1993).
ArticleÂ 
    ADSÂ 
    MathSciNetÂ 
    
                    Google ScholarÂ 
                

	Miyake, H. et al. Realizing the Harper Hamiltonian with laser-assisted tunneling in optical lattices. Phys. Rev. Lett. 111, 185302 (2013).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Jotzu, G. et al. Experimental realization of the topological Haldane model with ultracold fermions. Nature 515, 237â€“240 (2014).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Spielman, I. B. Detection of topological matter with quantum gases. Ann. Phys. 525, 797â€“807 (2013).
ArticleÂ 
    MathSciNetÂ 
    
                    Google ScholarÂ 
                

	Aidelsburger, M. et al. Measuring the Chern number of Hofstadter bands with ultracold bosonic atoms. Nature Phys. 11, 162â€“166 (2015).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hafezi, M. & Taylor, J. M. Topological physics with light. Phys. Today 67, 68â€“69 (2014).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Lu, L. et al. Topological photonics. Nature Photon. 8, 821 (2014).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hafezi, M. et al. Imaging topological edge states in silicon photonics. Nature Photon. 7, 1001â€“1005 (2013).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Rechtsman, M. C. et al. Photonic Floquet topological insulators. Nature 496, 196â€“200 (2013).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Wang, Z. et al. Observation of unidirectional backscattering-immune topological electromagnetic states. Nature 461, 772â€“775 (2009).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Mittal, S. et al. Topologically robust transport of photons in a synthetic gauge field. Phys. Rev. Lett. 113, 087403 (2014).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Kraus, Y. et al. Topological states and adiabatic pumping in quasicrystals. Phys. Rev. Lett. 109, 106402 (2012).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hu, W. et al. Measurement of a topological edge invariant in a microwave network. Phys. Rev. X 5, 011012 (2015).

                    Google ScholarÂ 
                

	Zeuner, J. M. et al. Observation of a topological transition in the bulk of a non-hermitian system. Phys. Rev. Lett. 115, 040402 (2015).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	UmucalÄ±lar, R. & Carusotto, I. Artificial gauge field for photons in coupled cavity arrays. Phys. Rev. A 84, 043804 (2011).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Fang, K., Yu, Z. & Fan, S. Realizing effective magnetic field for photons by controlling the phase of dynamic modulation. Nature Photon. 6, 782â€“787 (2012).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Khanikaev, A. B. et al. Photonic topological insulators. Nature Mater. 12, 233â€“239 (2013).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Tzuang, L. D. et al. Non-reciprocal phase shift induced by an effective magnetic flux for light. Nature Photon. 8, 701â€“705 (2014).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Ma, T., Khanikaev, A. B., Mousavi, S. H. & Shvets, G. Guiding electromagnetic waves around sharp corners: topologically protected photonic transport in metawaveguides. Phys. Rev. Lett. 114, 127401 (2015).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Lu, L. et al. Experimental observation of Weyl points. Science 349, 622â€“624 (2015).
ArticleÂ 
    ADSÂ 
    MathSciNetÂ 
    
                    Google ScholarÂ 
                

	Ozawa, T. & Carusotto, I. Anomalous and quantum Hall effects in lossy photonic lattices. Phys. Rev. Lett. 112, 133902 (2014).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hafezi, M. Measuring topological invariants in photonic systems. Phys. Rev. Lett. 112, 210405 (2014).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Atala, M. et al. Direct measurement of the Zak phase in topological Bloch bands. Nature. Phys. 9, 795â€“800 (2014).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Duca, L. et al. An Aharonovâ€“Bohm interferometer for determining Bloch band topology. Science 347, 288â€“292 (2015).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Laughlin, R. Quantized Hall conductivity in two dimensions. Phys. Rev. B 23, 5632â€“5633 (1981).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Halperin, B. I. Quantized Hall conductance, current carrying edge states and extended states in 2D disordered potential. Phys. Rev. B 25, 2185â€“2190 (1982).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hafezi, M. et al. Robust optical delay lines with topological protection. Nature Phys. 7, 907â€“912 (2011).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Levkivskyi, I. P. et al. Machâ€“Zehnder interferometry of fractional quantum Hall edge states. Phys. Rev. B 80, 045319 (2009).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Ganeshan, S. Quantum Effects in Condensed Matter Systems in Three, Two and One Dimensions PhD thesis, Stony Brook Univ. (2012).

	Houck, A. A. et al. On-chip quantum simulation with superconducting circuits. Nature Phys. 8, 292â€“299 (2012).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Carusotto, I. & Ciuti, C. Quantum fluids of light. Rev. Mod. Phys. 85, 299â€“366 (2013).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Kapit, E. et al. Induced self-stabilization in fractional quantum Hall states of light. Phys. Rev. X 4, 031039 (2014).

                    Google ScholarÂ 
                


Download references




Acknowledgements
This research was supported by the Air Force Office of Scientific Research grant no. FA9550-14-1-0267, Army Research Office, Office of Naval Research, Bethe postdoctoral fellowship, National Science Foundation Career grant, Laboratory for Physical Sciencesâ€”Condensed Matter Theory Center, Microsoft and the Physics Frontier Center at the Joint Quantum Institute. We thank M. Levin, A. G. Abanov, A. Lobos, A. Migdall and J. Taylor for fruitful discussions and E. Barnes, M. Davanco and E. Goldschmidt for useful comments on the manuscript.


Author information
Authors and Affiliations
	Joint Quantum Institute, NIST/University of Maryland, College Park, 20742, Maryland, USA
Sunil Mittal,Â Sriram Ganeshan,Â Jingyun FanÂ &Â Mohammad Hafezi

	Department of Electrical Engineering and Institute for Research in Electronics and Applied Physics, University of Maryland, College Park, 20742, Maryland, USA
Sunil MittalÂ &Â Mohammad Hafezi

	Condensed Matter Theory Center, University of Maryland, College Park, 20742, Maryland, USA
Sriram Ganeshan

	Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, 14853, New York, USA
Abolhassan Vaezi


Authors	Sunil MittalView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Sriram GaneshanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jingyun FanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Abolhassan VaeziView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Mohammad HafeziView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
S.M. and M.H. conceived and designed the experiment. S.M. and J.F. performed the experiment. All authors contributed significantly in analysing the data and editing the manuscript.
Corresponding author
Correspondence to
                Mohammad Hafezi.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary information
Supplementary information (PDF 4042 kb)





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Mittal, S., Ganeshan, S., Fan, J. et al. Measurement of topological invariants in a 2D photonic system.
                    Nature Photon 10, 180â€“183 (2016). https://doi.org/10.1038/nphoton.2016.10
Download citation
	Received: 24 August 2015

	Accepted: 13 January 2016

	Published: 22 February 2016

	Issue Date: March 2016

	DOI: https://doi.org/10.1038/nphoton.2016.10


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

                
                    	
                            
                                
                                    
                                        Direct extraction of topological Zak phase with the synthetic dimension
                                    
                                

                            
                                
                                    	Guangzhen Li
	Luojia Wang
	Xianfeng Chen


                                
                                Light: Science & Applications (2023)

                            
	
                            
                                
                                    
                                        Sensing performance of Fano resonance induced by the coupling of two 1D topological photonic crystals
                                    
                                

                            
                                
                                    	Zain Elabdeen A. Mohamed
	Sayed Elshahat
	Mohamed Almokhtar


                                
                                Optical and Quantum Electronics (2023)

                            
	
                            
                                
                                    
                                        Topological Wannier cycles induced by sub-unit-cell artificial gauge flux in a sonic crystal
                                    
                                

                            
                                
                                    	Zhi-Kang Lin
	Ying Wu
	Jian-Hua Jiang


                                
                                Nature Materials (2022)

                            
	
                            
                                
                                    
                                        Quantum walks of two correlated photons in a 2D synthetic lattice
                                    
                                

                            
                                
                                    	Chiara Esposito
	Mariana R. Barros
	Fabio Sciarrino


                                
                                npj Quantum Information (2022)

                            
	
                            
                                
                                    
                                        Simulating topological materials with photonic synthetic dimensions in cavities
                                    
                                

                            
                                
                                    	Mu Yang
	Jin-Shi Xu
	Guang-Can Guo


                                
                                Quantum Frontiers (2022)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    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 Photonics (Nat. Photon.)
                
                
    
    
        ISSN 1749-4893 (online)
    
    


                
    
    
        ISSN 1749-4885 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	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 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: ]
