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            Abstract
In the regime of deep strong light–matter coupling, the coupling strength exceeds the transition energies of the material1,2,3, fundamentally changing its properties4,5; for example, the ground state of the system contains virtual photons and the internal electromagnetic field gets redistributed by photon self-interaction1,6. So far, no electronic excitation of a material has shown such strong coupling to free-space photons. Here we show that three-dimensional crystals of plasmonic nanoparticles can realize deep strong coupling under ambient conditions, if the particles are ten times larger than the interparticle gaps. The experimental Rabi frequencies (1.9 to 3.3 electronvolts) of face-centred cubic crystals of gold nanoparticles with diameters between 25 and 60 nanometres exceed their plasmon energy by up to 180 per cent. We show that the continuum of photons and plasmons hybridizes into polaritons that violate the rotating-wave approximation. The coupling leads to a breakdown of the Purcell effect—the increase of radiative damping through light–matter coupling—and increases the radiative polariton lifetime. The results indicate that metallic and semiconducting nanoparticles can be used as building blocks for an entire class of materials with extreme light–matter interaction, which will find application in nonlinear optics, the search for cooperative effects and ground states, polariton chemistry and quantum technology4,5.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 / 30 days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Plasmon polaritons in metal nanoparticle fcc crystals.[image: ]


Fig. 2: Synthesis of gold nanoparticle crystals.[image: ]


Fig. 3: Deep strong light–matter coupling in nanoparticle crystals.[image: ]


Fig. 4: Counter-rotating and photon self-interaction terms in deep strong coupling.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Plasmon dispersion without light–matter interaction, calculated with a microscopic theory based on the point-dipole approximation and the Drude model24 (see Methods).
The following parameters were used: fcc crystal, nanoparticle diameter d = 30 nm, interparticle gap size a = 2 nm, ħωp = 9.07 eV, ε∞ = 1 and εm = 1.96. The plasmonic band structure was calculated using \({\omega }_{{\rm{pl}}}({\bf{k}})={\omega }_{{\rm{NP}}}\sqrt{1+{\rm{g}}f({\bf{k}})}\), where we set ft = −4/3 and fl = 8/3 close to the Γ point because of a divergence of the lattice sums; see discussion in ref. 24. The oscillations close to Γ are an artefact of the calculations and were omitted when calculating the polariton dispersion in Fig. 1b.

Source data



Extended Data Fig. 2 SEM images of gold nanoparticle crystals with large crystallites.
a, Gold nanoparticle crystal consisting of 30-nm gold nanoparticles. b, Gold nanoparticle crystal consisting of 59-nm gold nanoparticles. The scale bars are 1 μm.


Extended Data Fig. 3 Simulated optical transmission of aluminium nanoparticle fcc crystals.
The crystals consist of six layers of d = 30 nm nanoparticles with gaps a = 2 nm (black), 5 nm (cyan) and 10 nm (magenta). The dielectric constant of the embedding medium was set to εm = 1.96 and the optical properties of aluminium were modelled using a fit of the experimental data from Rakić49.

Source data



Extended Data Fig. 4 Approximations of the Hopfield Hamiltonian.
a, Vacuum Bloch–Siegert shift, ΔVBS, calculated from the difference between the polariton dispersion of the full Hamiltonian (black line in Fig. 4a) and the dispersion of the Hamiltonian when neglecting all counter-rotating terms (orange line in Fig. 4a). b, Fitting of experimental data (d = 59 nm) with the polariton dispersions of the interaction Hamiltonians discussed in Supplementary Information. The black line is a fit with the Hopfield model (Supplementary Information equation (S8)). The pink line shows a fit with the polariton dispersion when neglecting the A2 term (Supplementary Information equation (S9)). The orange line is a fit with the dispersion when neglecting all counter-rotating (CR) terms (no CR terms; Supplementary Information equation (S11)). The blue line is a fit with the RWA approximation (no CR terms and no A2 term; Supplementary Information equation (S12)).

Source data



Extended Data Fig. 5 Mean population of the ground state with virtual photons and virtual plasmons as a function of the wave vector k.
The populations were calculated from the Hopfield model following ref. 1 for the experimental nanoparticle crystals in Fig. 3. We used the fitting parameters shown in Table 1. Shown are results for crystals with d = 25 nm (orange), 30 nm (black), 41 nm (blue), 46 nm (yellow) and 59 nm (pink).

Source data



Extended Data Fig. 6 Absorption spectra calculated from the Hopfield Hamiltonian for ultrastrong to deep strong coupling.
The absorption by the lower polariton branch increases in intensity and decreases in line width, and vice versa for the upper polariton branch. The normalized coupling strength is η = 0.5−2.0 and varies in increments of ∆η = 0.05 (ħωNP = 4.06 eV, \({\omega }_{{\rm{pl}}}^{{\rm{t}}}=\sqrt{{\omega }_{{\rm{NP}}}^{2}-4{\varOmega }_{{\rm{R}}}^{2}/3}\), slab thickness 100 nm and γ = 5 × 1013 rad s−1). The model is discussed in Methods.

Source data



Extended Data Fig. 7 Evaluation of nanoparticle diameter d and interparticle gap a using a TEM image of a 59-nm nanoparticle monolayer.
a, TEM image of a monolayer of gold nanoparticles. b, Evaluation of nanoparticle sizes and interparticle gap sizes of the image in a using the software Image J. The software determines the size of the nanoparticles (coloured areas), giving the mean nanoparticle diameter. The interparticle gaps sizes were obtained by subtracting the particle diameters from the nearest-neighbour distances (white lines). c, Histogram of the nanoparticle diameters and fit with a Gaussian distribution. The mean values from the analysis of the TEM image in a are d = 60.6 nm and a = 1.5 nm. The scale bars are 100 nm.


Extended Data Fig. 8 Simulated plasmon-polariton dispersions for gold nanoparticle fcc crystals with different diameters d and interparticle gap sizes a.
The labels show d and a in nanometres. a, Dispersions for different nanoparticle diameters and an interparticle gap size of 2 nm. b, Dispersions for different gap sizes and a nanoparticle diameter of 50 nm. The data points were obtained from simulated absorption spectra and the solid lines are fits with equation (1) using ΩR and \({\omega }_{{\rm{pl}}}^{{\rm{t}}}\) as fitting parameters.

Source data



Extended Data Fig. 9 Comparison of polariton dispersions from the microscopic model (solid black lines) and FDTD simulations (data points).
a, The polariton dispersion shown in Fig. 1b with d = 30 nm, a = 2 nm and εm = 1.96. b, Parameters as in a, except for εm = 1. c, Polariton dispersion for d = 30 nm, a = 20 nm and εm = 1.96. We used the Drude model as the dielectric function of the metallic nanoparticles with ε ∞= 1, ħωp = 9.07 eV and ħγp = 40 meV.

Source data



Extended Data Fig. 10 Effect of crystal thickness on the coupling strength.
a, Simulated polariton dispersion for an fcc gold nanoparticle crystal with d = 50 nm, a = 2 nm and εm = 1.96. The data points were obtained by fitting the absorption spectra of crystals with different numbers of layers. The black line is a fit of the data points for 20 layers with the Hopfield dispersion (equation (1)). The inset shows the normalized coupling strength as a function of layer number. b, As in a, but for the experimental data of the gold nanoparticle crystal with d = 41 nm. The black line is a fit of the data points for 5–7 layers.

Source data
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Supplementary Information
The Supplementary Information contains a Supplementary Table with all variables used in the manuscript and Supplementary Discussion on the Hopfield model.





Source data
Source Data Fig. 1

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9

Source Data Extended Data Fig. 10




Rights and permissions
Reprints and permissions


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



Cite this article
Mueller, N.S., Okamura, Y., Vieira, B.G.M. et al. Deep strong light–matter coupling in plasmonic nanoparticle crystals.
                    Nature 583, 780–784 (2020). https://doi.org/10.1038/s41586-020-2508-1
Download citation
	Received: 09 August 2019

	Accepted: 21 April 2020

	Published: 29 July 2020

	Issue Date: 30 July 2020

	DOI: https://doi.org/10.1038/s41586-020-2508-1


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

                
                    	
                            
                                
                                    
                                        Mode-multiplexing deep-strong light-matter coupling
                                    
                                

                            
                                
                                    	Joshua Mornhinweg
	Laura Katharina Diebel
	Christoph Lange


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Dynamical control of nanoscale light-matter interactions in low-dimensional quantum materials
                                    
                                

                            
                                
                                    	Yeonjeong Koo
	Taeyoung Moon
	Kyoung-Duck Park


                                
                                Light: Science & Applications (2024)

                            
	
                            
                                
                                    
                                        High-quality nanocavities through multimodal confinement of hyperbolic polaritons in hexagonal boron nitride
                                    
                                

                            
                                
                                    	Hanan Herzig Sheinfux
	Lorenzo Orsini
	Frank H. L. Koppens


                                
                                Nature Materials (2024)

                            
	
                            
                                
                                    
                                        Efficient bosonic nonlinear phase gates
                                    
                                

                            
                                
                                    	Kimin Park
	Radim Filip


                                
                                npj Quantum Information (2024)

                            
	
                            
                                
                                    
                                        Ultrastrong to nearly deep-strong magnon-magnon coupling with a high degree of freedom in synthetic antiferromagnets
                                    
                                

                            
                                
                                    	Yuqiang Wang
	Yu Zhang
	Guoqiang Yu


                                
                                Nature Communications (2024)

                            


                

            

        
    

            
                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 — 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: ]
