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            Abstract
Metamaterials, man-made composite media structured on a scale much smaller than a wavelength, offer surprising possibilities for engineering the propagation of waves1,2,3,4,5,6. One of the most interesting of these is the ability to achieve superlensing—that is, to focus or image beyond the diffraction limit7. This originates from the left-handed behaviour—the property of refracting waves negatively—that is typical of negative index metamaterials8,9,10. Yet reaching this goal requires the design of ‘double negative’ metamaterials, which act simultaneously on the permittivity and permeability in electromagnetics11,12, or on the density and compressibility in acoustics; this generally implies the use of two different kinds of building blocks13,14 or specific particles presenting multiple overlapping resonances15,16,17. Such a requirement limits the applicability of double negative metamaterials, and has, for example, hampered any demonstration of subwavelength focusing using left-handed acoustic metamaterials18. Here we show that these strict conditions can be largely relaxed by relying on media that consist of only one type of single resonant unit cell. Specifically, we show with a simple yet general semi-analytical model that judiciously breaking the symmetry of a single negative metamaterial is sufficient to turn it into a double negative one. We then demonstrate that this occurs solely because of multiple scattering of waves off the metamaterial resonant elements, a phenomenon often disregarded in these media owing to their subwavelength patterning. We apply our approach to acoustics and verify through numerical simulations that it allows the realization of negative index acoustic metamaterials based on Helmholtz resonators only. Finally, we demonstrate the operation of a negative index acoustic superlens, achieving subwavelength focusing and imaging with spot width and resolution 7 and 3.5 times better than the diffraction limit, respectively. Our findings have profound implications for the physics of metamaterials, highlighting the role of their subwavelength crystalline structure, and hence entering the realm of metamaterial crystals. This widens the scope of possibilities for designing composite media with novel properties in a much simpler way than has been possible so far.
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                    Figure 1: Analytical study of one-dimensional chains of resonant point scatterers.


Figure 2: Importance of multiple scattering within the building block.


Figure 3: Numerical simulations of soda-can two-dimensional regular and symmetry-broken media.


Figure 4: Experimental demonstration of subwavelength focusing and imaging using a flat acoustic superlens.
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Extended data figures and tables

Extended Data Figure 1 Effective parameters for metamaterials made from resonant point scatterers.
a, Parameters for the single negative medium made of a periodic arrangement of identical point scatterers. b, c, Parameters for the bi-periodic medium (b) and the bi-disperse medium (c), showing the double negativity for each medium. f, Frequency; f0, resonant frequency; see Methods for definitions of variables shown in the keys.


Extended Data Figure 2 Effective parameters for the simulated soda-can metamaterials extracted from the transmission and reflection of a single unit cell.
a–h, Speed of sound (a, e), impedance (b, f), compressibility (c, g) and modulus (d, h) for the triangular (left column) and the honeycomb (right column) arrangements. Thick lines, with loss; thin lines, without loss; blue lines, real part; green lines, imaginary part.


Extended Data Figure 3 Experimental estimation of the imaginary part of the effective index of refraction within the negative band.

Extended Data Figure 4 Simulated Gaussian beam incident on an infinite slab showing negative refraction at a frequency of 417.5 Hz.
a–d, Simulations for incident angles of 15° (a), 30° (b), 45° (c) and 60° (d); for each angle, data are shown for a lossless slab made of soda cans (left) or of negative effective medium (right). The frequency corresponds to 417.5 Hz, for which the effective index of refraction is −3. Red lines delimit the slab interfaces while white arrows evidence the direction of the incident, reflected and refracted beams.


Extended Data Figure 5 Simulated Gaussian beam incident on an infinite slab showing negative refraction at a frequency of 418.5 Hz.
As Extended Data Fig. 4 but for 418.5 Hz, and an effective index of refraction of −2.4.


Extended Data Figure 6 Simulated Gaussian beam incident on an infinite slab showing negative refraction at a frequency of 419.5 Hz.
As Extended Data Fig. 4 but for 419.5 Hz, and an effective index of refraction of −1.5.


Extended Data Figure 7 Renormalized maps of the measured acoustic pressure intensity for three different frequencies within the negative index of refraction band.
a, f = 417 Hz; b, f = 427 Hz; and c, f = 445 Hz. For each frequency the ray tracing is superimposed (red). The red dashed lines correspond to the slab's interfaces; the white dashed lines highlight the focus depth.


Extended Data Figure 8 Longitudinal profiles of the focus for varying frequencies.
Bottom panel: profiles of the field within the lens (red shading), in its near field (yellow shading) and its far field (green shading) for different frequencies within the negative band (colour key). Top panel: tracked position of the foci in the previously described regions for the same frequencies in the negative band (colour key).


Extended Data Figure 9 Effect of the phase shift between the two sources on the intensity measured on the focal plane.
a, Map of the intensity of the field in the focal plane along the normalized axis y/λ0 (colour coded, key at right) as a function of the phase shift between the sources. b, Profiles of the normalized real part of the field (Re(P)) along the normalized axis y/λ0 for varying phase shifts (colour key) between the two sources.
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        Editorial Summary
A negative refractive index in single negative metamaterials
Negative refractive index, a property that doesn't exist in nature, can be produced in metamaterials that have simultaneous negative permittivity and negative permeability. This is normally achieved by combining two different building blocks. However, Nadège Kaina et al. now show that it is possible to design and fabricate media with a negative refractive index that consist of only one type of building block. In such a 'single negative' metamaterial, multiple scattering of waves leads to 'double negative' properties. The approach is demonstrated for acoustics, and the authors show that it is possible to make an acoustic metamaterial with superlensing properties, the hallmark of a negative refractive index. The method could open up a simpler way of designing and constructing metamaterials with interesting properties.

show all

    

    
    

    
        
            
                
                    
                        
                            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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter — 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
            
        


    









    








