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            Abstract
At the interface of classical and quantum physics, the Maxwell and SchrÃ¶dinger equations describe how optical fields drive and control electronic phenomena to enable lightwave electronics at terahertz or petahertz frequencies and on ultrasmall scales1,2,3,4,5. The electric field of light striking a metal interacts with electrons and generates lightâ€“matter quasiparticles, such as excitons6 or plasmons7, on an attosecond timescale. Here we create and image a quasiparticle of topological plasmonic spin texture in a structured silver film. The spin angular momentum components of linearly polarized light interacting with an Archimedean coupling structure with a designed geometric phase generate plasmonic waves with different orbital angular momenta. These plasmonic fields undergo spinâ€“orbit interaction and their superposition generates an array of plasmonic vortices. Three of these vortices can form spin textures that carry non-trivial topological charge8 resembling magnetic meron quasiparticles9. These spin textures are localized within a half-wavelength of light, and exist on the timescale of the plasmonic field. We use ultrafast nonlinear coherent photoelectron microscopy to generate attosecond videos of the spatial evolution of the vortex fields; electromagnetic simulations and analytic theory confirm the presence of plasmonic meron quasiparticles. The quasiparticles form a chiral field, which breaks the time-reversal symmetry on a nanometre spatial scale and a 20-femtosecond timescale (the â€˜nano-femto scaleâ€™). This transient creation of non-trivial spin angular momentum topology pertains to cosmological structure creation and topological phase transitions in quantum matter10,11,12, and may transduce quantum information on the nano-femto scale13,14.
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                    Fig. 1: The plasmonic meron SAM texture.[image: ]


Fig. 2: Ultrafast microscopy of the SPP vortex.[image: ]


Fig. 3: The origin of the topological SAM texture.[image: ]


Fig. 4: The topological charge.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Diagram of the nonlinear two-photon photoelectron emission process that forms the PEEM images.
The recorded photoelectron count images are created by electrons absorbing two energy quanta (2Ä§Ï‰L) from the total electric fields at the surface, ELÂ +Â ElongÂ +Â Ez, exciting them above Evac (left). The light quanta can be supplied either from a single pulse, or from a coherent superposition of fields from a pumpâ€“probe pulse pair with a variable time delay; the PEEM records the spatial distribution of photoelectrons excited by the total field. Right, the superposition of EL (shown as solid (dotted) grey lines) with wavelength Î»L and the parallel (anti-parallel) Elong (the tangential component of the SPP field at the vacuum/Ag interface, which oscillates between the Ez and Elong character; the solid and dotted curved lines signify a change in the SPP field sign in the same sense as for EL) fields with wavelength Î»SPP creates the total in-plane field with a modulation period of Î»SPP, as shown by the green curve. The PEEM signal is integrated over many excitation cycles, so the experimental time resolution is encoded by how interferences evolve with the pumpâ€“probe delay.


Extended Data Fig. 2 Raw static PEEM image of the plasmonic vortex.
Top, image presented on a logarithmic colour scale. The vertical dashed lines approximately delineate the regions dominated by self-interference and SPP interference, as described in the text. Bottom, the horizontal line intensity profile shows the vertically integrated signal within the white rectangle centred on the vortex. The interferences occur with Î»SPP and Î»SPP/2 periods.


Extended Data Fig. 3 Interferograms of photoemission (PE) yields.
a, 2PP yields recorded at single pixels from selected regions within the vortex (inset). The reference 2PP signal is recorded from a flat Ag surface region. The scans are translated vertically for easier viewing. b, Phase distribution (the red and blue colours signify opposite phases) of the y component of Elong relative to the excitation field. c, Fourier transform of the 2PP yield, as a function of polarization energy, which is defined by Ä§Ï‰L. The square filtering function of 1Â eV width centred at 1Ä§Ï‰L indicates the selected energy range for the inverse Fourier transformation to obtain Supplementary VideoÂ 2. A second-order correlation process also includes the 2Ä§Ï‰L signal, which is not evaluated. The vertical scale is normalized at the 0Ä§Ï‰L peak maximum. Scale bars in a and b, Î»SPP.


Extended Data Fig. 4 ITR-PEEM images of the SPP vortex corresponding to the same time delays as in Fig. 2d.
The time delay increases from Ï„ (leftmost image) to Ï„Â +Â 0.9Â fs (rightmost image). a, The raw PEEM data; b, absolute values of the phase-independent 0Ä§Ï‰L Fourier component. c, The real part (amplitude) of the EyÂ component of the SPP field from the inverse Fourier transform of the 1Ä§Ï‰L signal. The asterisk and white lines mark the evolution of two components with the opposite phase as Î”Ï„ is advanced. Scale bars, Î»SPP.


Extended Data Fig. 5 The FDTD simulated field evolution in 1/2 an optical cycle at the SPP vortex excited by 550-nm y-polarized light.
The fields from top to bottom represent Ez and y and x components of Elong. For an mÂ =Â 2 Archimedean spiral structure, the optical phase evolves by Ï€ from left to right. Note that the stronger Ez component is plotted with a different colour scale than the x and y components. Scale bars, Î»SPP/2.


Extended Data Fig. 6 Topological properties of plasmonic vortex system.
a, L-line map of a 2Â Î¼mÂ Ã—Â 2Â Î¼m region about the central vortex. The central domains are surrounded by apple-shaped toroids that are delimited by dashed lines and repeat with an approximate periodicity of Î»SPP (along the y direction) to infinity. Different domains of interest are coloured and labelled with the corresponding topological charge. Black dots mark the phase singularities, within these regions. b, Normalized spin texture overlapped by the L-line map in a. The colour map and arrows indicate the spin components, as in Supplementary Fig. 3b. c, d, Enlarged spin textures at side phase singularities indicated by the square shading in c. e, f, Spin texture in the same region as in c, d, but with the sign of positive Sz reversed, while conserving the topological charge. Black dots in c, d indicate positions of the phase singularities.


Extended Data Fig. 7 Phase change of the Ez associated with the phase singularities.
a, Phase change of Ez around the central and the two side phase singularities at yÂ =Â 0 and Â±Î»SPP/2 in the dumb-bell region. b, Phase change of Ez around of the phase singularities along the x and y axes shown in Extended Data Fig. 6c, d. The opposite phase change along the x and y axes results from the opposite vorticity causing the topological charges of apple toroid domains to be zero.


Extended Data Fig. 8 Selected slices of the experimental plasmonic flow illustrating L-line formation, persistence and decay.
The delay times given at the top of each panel are normalized by the optical cycle. They are obtained from ITR-PEEM images with the probe pulse interacting with the sample before, during and after the generation of the plasmonic vortex (labelled â€˜Pre-vortexâ€™, â€˜Established vortexâ€™ and â€˜After vortexâ€™, respectively).





Supplementary information
Supplementary Information
This file contains (A) Analytical formalism of the Plasmonic Vortex Fields; (B) Formalism of the Topological SAM Textures; Supplementary References; and Supplementary Figure 1-3.


Supplementary Video 1
. Raw ITR-PEEM movie of plasmonic vortex The experimental ITR-PEEM data showing the spatial distribution of the 2PP signal from the SPP plasmonic vortex; PEEM images are taken in pump-probe delay increments between identical pulses of ~100 as.


Supplementary Video 2
. Fourier filtered plasmon vortex at 1Ï‰ The component of the Fourier transformed signal (absolute value) from Video 1 at the laser driving frequency, 1Ï‰L, is inverse Fourier transformed. This extracts the interference signal between the SPP and the probe optical pulse fields at the sample, enabling imaging of the vortex gyration about the vortex core. This SPP field gyration generates the spin angular momentum meron texture.


Supplementary Video 3
. The L-line singularity distribution The L-line distribution for a single pulse generated at the optical vortex. The bright contrast corresponds to high ellipticity of the x,y polarized SPP field, where the polarization is nearly linear and SAM points in the x,y plane orthogonal to the propagation k-vector. The central hourglass domain and the dumbbell region that are constant on Â±20 fs time scale contain the meron-like SAM texture, and define the integration boundaries that obtain the topological charge of +1/2/per domain or +3/2 total. Time zero corresponds to maximum in the SPP vortex field.


Supplementary Video 4
. SAM quasiparticle density distribution. The video shows the evolution of SAM quasiparticle density. Integrating the density within the specified L-line domains in Video 3, gives topological charges of +1/2 and +3/2, respectively.





Rights and permissions
Reprints and permissions


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



Cite this article
Dai, Y., Zhou, Z., Ghosh, A. et al. Plasmonic topological quasiparticle on the nanometre and femtosecond scales.
                    Nature 588, 616â€“619 (2020). https://doi.org/10.1038/s41586-020-3030-1
Download citation
	Received: 11 February 2019

	Accepted: 02 October 2020

	Published: 23 December 2020

	Issue Date: 24 December 2020

	DOI: https://doi.org/10.1038/s41586-020-3030-1


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

                
                    	
                            
                                
                                    
                                        Attosecond electron microscopy by free-electron homodyne detection
                                    
                                

                            
                                
                                    	John H. Gaida
	Hugo LourenÃ§o-Martins
	Claus Ropers


                                
                                Nature Photonics (2024)

                            
	
                            
                                
                                    
                                        Real-time tracking of coherent oscillations of electrons in a nanodevice by photo-assisted tunnelling
                                    
                                

                            
                                
                                    	Yang Luo
	Frank Neubrech
	Manish Garg


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Optical skyrmions and other topological quasiparticles of light
                                    
                                

                            
                                
                                    	Yijie Shen
	Qiang Zhang
	Anatoly V. Zayats


                                
                                Nature Photonics (2024)

                            
	
                            
                                
                                    
                                        Focused surface plasmon polaritons coherently couple to electronic states in above-threshold electron emission
                                    
                                

                            
                                
                                    	Pascal Dreher
	David Janoschka
	Frank-J. Meyer zu Heringdorf


                                
                                Communications Physics (2023)

                            
	
                            
                                
                                    
                                        Revealing low-loss dielectric near-field modes of hexagonal boron nitride by photoemission electron microscopy
                                    
                                

                            
                                
                                    	Yaolong Li
	Pengzuo Jiang
	Qihuang Gong


                                
                                Nature Communications (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
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            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: ]
