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            Abstract
Reflection and refraction of waves occur at the interface between two different media. These two fundamental interfacial wave phenomena form the basis of fabricating various wave components, such as optical lenses. Classical refractionâ€”now referred to as positive refractionâ€”causes the transmitted wave to appear on the opposite side of the interface normal compared to the incident wave. By contrast, negative refraction results in the transmitted wave emerging on the same side of the interface normal. It has been observed in artificial materials1,2,3,4,5, following its theoretical prediction6, and has stimulated many applications including super-resolution imaging7. In general, reflection is inevitable during the refraction process, but this is often undesirableÂ in designing wave functional devices. Here we report negative refraction of topological surface waves hosted by a Weyl phononic crystalâ€”an acoustic analogue of the recently discovered Weyl semimetals8,9,10,11,12. The interfaces at which this topological negative refraction occurs are one-dimensional edges separating different facets of the crystal. By tailoring the surface terminations of the Weyl phononic crystal, constant-frequency contours of surface acoustic waves can be designed to produce negative refraction at certain interfaces, while positive refraction is realized at different interfaces within the same sample. In contrast to the more familiar behaviour of waves at interfaces, unwanted reflection can be prevented in our crystal, owing to the open nature of the constant-frequency contours, which is a hallmark of the topologically protected Â surface states inÂ Weyl crystals8,9,10,11,12.
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                    Fig. 1: Schematics of different responses of sound waves to interfaces.[image: ]


Fig. 2: The Weyl phononic crystal and topologically protected SAWs.[image: ]


Fig. 3: Experimental observation of topological negative refraction.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Simulated surface band dispersions in a wide frequency range.
aâ€“c, The data are evaluated at kzâ€‰=â€‰0.5Ï€/h for the three side surfaces XZ1, YZ1 and XZ2, respectively, the terminations of which are specified in the main text. Two gapless surface bands (green lines) traverse the two gaps between the lowest three projected bulk bands (grey regions). We focus on the lowest surface band in the main text.


Extended Data Fig. 2 Berry flux distributions, Chern numbers and bulk boundary correspondence.
a, Berry flux contributions to the lowest two bulk bands, derived from the numerically calculated Weyl charge distributions (see Fig.Â 2h). Here |C| labels the amplitude of the Weyl charge, and the red and black spheres indicate sources and sinks of Berry fluxes, respectively. b, Chern numbers for the lowest two bulk gaps opened at kzâ€‰>â€‰0, labelled according to the Berry flux distributions in a. (Here, the band structure is simulated at kzâ€‰=â€‰0.5Ï€/h.) The Chern numbers Cgap of both gaps are âˆ’1, consistent with the topologically non-trivial surface spectra presented in Extended Data Fig.Â 1.


Extended Data Fig. 3 Different EFC properties attained by engineering the surface terminations of the Weyl phononic crystal.
a, Surface EFCs evaluated for the XZ surfaces at the Weyl frequency of 5.75 kHz, where the parameter dy defined at the top of the column characterizes the surface truncation (black dashed line). The grey regions display the projections of bulk bands, the blue spheres display the projections of the Weyl points K and Kâ€² at 5.75 kHz, and the arrows indicate the directions of the group velocities for the surface arc states. b, Similar to a, but for the YZ surfaces specified by dx. The evolution of the EFCs for different surface terminations shows various possibilities of manipulating the surface states according to their group velocities. We focus on the cases in a2, a4 and b4 in the main text to attain the desired SAW properties. Throughout, we use 5.75 kHz to shrink the momentum regions projected by the bulk bands, which is favourable for the experimental observation of the surface arc states and the associated interfacial phenomena.


Extended Data Fig. 4 Experimental characterizations of the topologically protected SAWs.
aâ€“c, Pressure distributions on the sample surfaces XZ1, YZ1 and XZ2 (Fig.Â 2dâ€“f), respectively, scanned step by step at 5.75 kHz. The white stars indicate the positions of the point-like sound source. The propagation directions of the beams, as predicted from most of the SAWs hosted on the corresponding facets, are closely related to the positive and negative refractions observed in Fig.Â 3. The data are used to obtain the EFCs (with kzâ€‰>â€‰0) in Fig.Â 2lâ€“n through a Fourier transform. Similar data can be collected to obtain the frequency-dependent surface band dispersions at a given kz (Fig.Â 2iâ€“k). dâ€“f, Decay signatures identified for the surface states in aâ€“c. The data are measured along the normal directions of the sample surfaces, the in-plane coordinates of which are marked by the black circles (Aâ€“G) in aâ€“c. The pressure magnitudes do not exhibit precise (oscillatory) exponential decay, mainly because the surface beam consists of many surface arc states with different out-of-plane decay lengths. The inset shows the kz dependence of the decay length l simulated for each surface.





Rights and permissions
Reprints and permissions


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



Cite this article
He, H., Qiu, C., Ye, L. et al. Topological negative refraction of surface acoustic waves in a Weyl phononic crystal.
                    Nature 560, 61â€“64 (2018). https://doi.org/10.1038/s41586-018-0367-9
Download citation
	Received: 14 November 2017

	Accepted: 05 June 2018

	Published: 01 August 2018

	Issue Date: 02 August 2018

	DOI: https://doi.org/10.1038/s41586-018-0367-9


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

                
                    	
                            
                                
                                    
                                        Surface potential-adjusted surface states in 3D topological photonic crystals
                                    
                                

                            
                                
                                    	Haedong Park
	Sang Soon Oh
	Seungwoo Lee


                                
                                Scientific Reports (2024)

                            
	
                            
                                
                                    
                                        Mechanically-tunable bandgap closing in 2D graphene phononic crystals
                                    
                                

                            
                                
                                    	Jan N. Kirchhof
	Kirill I. Bolotin


                                
                                npj 2D Materials and Applications (2023)

                            
	
                            
                                
                                    
                                        Bulk-local-density-of-state correspondence in topological insulators
                                    
                                

                            
                                
                                    	Biye Xie
	Renwen Huang
	Shuang Zhang


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Strongly nonlinear topological phases of cascaded topoelectrical circuits
                                    
                                

                            
                                
                                    	Jijie Tang
	Fangyuan Ma
	Di Zhou


                                
                                Frontiers of Physics (2023)

                            
	
                            
                                
                                    
                                        Large area crystalline Weyl semimetal with nano Au film based micro-fold line array for THz detector
                                    
                                

                            
                                
                                    	Qi Song
	Yu Zhou
	BingYuan Zhang


                                
                                Science China Technological Sciences (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
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Reflection forbidden and refraction reversed in an artificial crystal
                

                
	Baile Zhang



                
    
        
            Nature
        
        News & Views
        
        
            01 Aug 2018
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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: ]
