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            Abstract
The recent progress in nanotechnology1,2 and single-molecule spectroscopy3,4,5 paves the way for emergent cost-effective organic quantum optical technologies with potential applications in useful devices operating at ambient conditions. We harness a π-conjugated ladder-type polymer strongly coupled to a microcavity forming hybrid light–matter states, so-called exciton-polaritons, to create exciton-polariton condensates with quantum fluid properties. Obeying Bose statistics, exciton-polaritons exhibit an extreme nonlinearity when undergoing bosonic stimulation6, which we have managed to trigger at the single-photon level, thereby providing an efficient way for all-optical ultrafast control over the macroscopic condensate wavefunction. Here, we utilize stable excitons dressed with high-energy molecular vibrations, allowing for single-photon nonlinear operation at ambient conditions. This opens new horizons for practical implementations like sub-picosecond switching, amplification and all-optical logic at the fundamental quantum limit.
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                    Fig. 1: The principle of the extreme nonlinearity in organics.[image: ]


Fig. 2: Attojoule polariton switch.[image: ]


Fig. 3: Polariton switching contrast towards the single-photon level.[image: ]


Fig. 4: Single-photon switching for single-shot condensate realizations.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Microcavity-like exciton-polaritons can be the primary photoexcitation in bare organic semiconductors
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 November 2021
                                    

                                

                                Raj Pandya, Richard Y. S. Chen, … Akshay Rao

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Energy relaxation pathways between light-matter states revealed by coherent two-dimensional spectroscopy
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 September 2020
                                    

                                

                                Lars Mewes, Mao Wang, … Majed Chergui

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Tunable exciton–polariton condensation in a two-dimensional Lieb lattice at room temperature
                                        
                                    

                                    
                                        Article
                                         Open access
                                         01 March 2021
                                    

                                

                                Fabio Scafirimuto, Darius Urbonas, … Thilo Stöferle

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              All data supporting this study are openly available from the University of Southampton repository at https://doi.org/10.5258/SOTON/D1374.

            

Change history
	02 December 2021
A Correction to this paper has been published: https://doi.org/10.1038/s41586-021-04113-x





References
	Chikkaraddy, R. et al. Single-molecule strong coupling at room temperature in plasmonic nanocavities. Nature 535, 127–130 (2016).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Hail, C. U. et al. Nanoprinting organic molecules at the quantum level. Nat. Commun. 10, 1880 (2019).
Article 
    ADS 
    
                    Google Scholar 
                

	Maser, A., Gmeiner, B., Utikal, T., Götzinger, S. & Sandoghdar, V. Few-photon coherent nonlinear optics with a single molecule. Nat. Photon. 10, 450–453 (2016).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Wang, D. et al. Coherent coupling of a single molecule to a scanning Fabry-Perot microcavity. Phys. Rev. X 7, 021014 (2017).

                    Google Scholar 
                

	Wang, D. et al. Turning a molecule into a coherent two-level quantum system. Nat. Phys. 15, 483–489 (2019).
Article 
    CAS 
    
                    Google Scholar 
                

	Zasedatelev, A. V. et al. A room-temperature organic polariton transistor. Nat. Photon. 13, 378–383 (2019).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Walmsley, I. A. Quantum optics: science and technology in a new light. Science 348, 525–530 (2015).
Article 
    ADS 
    MathSciNet 
    CAS 
    
                    Google Scholar 
                

	Chang, D. E., Vuletić, V. & Lukin, M. D. Quantum nonlinear optics—photon by photon. Nat. Photon. 6, 685–694 (2014).
Article 
    ADS 
    
                    Google Scholar 
                

	Reiserer, A., Ritter, S. & Rempe, G. Nondestructive detection of an optical photon. Science 342, 1349–1351 (2013).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Shomroni, I. et al. All-optical routing of single photons by a one-atom switch controlled by a single photon. Science 346, 903–906 (2014).
Article 
    ADS 
    
                    Google Scholar 
                

	Tiecke, T. G. et al. Nanophotonic quantum phase switch with a single atom. Nature 508, 241–244 (2014).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Hacker, B., Welte, S., Rempe, S. & Ritter, S. A photon–photon quantum gate based on a single atom in an optical resonator. Nature 536, 193–196 (2016).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Volz, T. et al. Ultrafast all-optical switching by single photons. Nat. Photon. 6, 605–609 (2012).
Article 
    ADS 
    
                    Google Scholar 
                

	Giesz, V. et al. Coherent manipulation of a solid-state artificial atom with few photons. Nat. Commun. 7, 11986 (2016).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Sun, S., Kim, H., Luo, Z., Solomon, G. S. & Waks, E. A single-photon switch and transistor enabled by a solid-state quantum memory. Science 361, 57–60 (2018).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Dietrich, C. P., Fiore, A., Thompson, M. G., Kamp, M. & Höfling, S. GaAs integrated quantum photonics: towards compact and multi-functional quantum photonic integrated circuits. Laser Photon. Rev. 10, 870–894 (2016).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Peyronel, T. et al. Quantum nonlinear optics with single photons enabled by strongly interacting atoms. Nature 488, 57–60 (2012).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Chen, W. et al. All-optical switch and transistor gated by one stored photon. Science 341, 768–770 (2013).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Gorniaczyk, H., Tresp, C., Schmidt, J., Fedder, H. & Hofferberth, S. Single-photon transistor mediated by interstate Rydberg interactions. Phys. Rev. Lett. 113, 053601 (2014).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Sanvitto, D. & Kéna-Cohen, S. The road towards polaritonic devices. Nat. Mater. 15, 1061–1073 (2016).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Deng, H., Haug, H. & Yamamoto, Y. Exciton-polariton Bose-Einstein condensation. Rev. Mod. Phys. 82, 1489–1537 (2010).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Kasprzak, J. et al. Bose–Einstein condensation of exciton polaritons. Nature 443, 409–414 (2006).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Plumhof, J. D., Stöferle, T., Mai, L., Scherf, U. & Mahrt, R. F. Room-temperature Bose–Einstein condensation of cavity exciton–polaritons in a polymer. Nat. Mater. 13, 247–252 (2014).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Carusotto, I. & Ciuti, C. Quantum fluids of light. Rev. Mod. Phys. 85, 299–366 (2013).
Article 
    ADS 
    
                    Google Scholar 
                

	Lerario, G. et al. Room-temperature superfluidity in a polariton condensate. Nat. Phys. 13, 837–841 (2017).
Article 
    CAS 
    
                    Google Scholar 
                

	Sun, Z. & Snoke, D. W. Optical switching with organics. Nat. Photon. 13, 370–371 (2019).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Baranikov, A. V. et al. All-optical cascadable universal logic gate with sub-picosecond operation. Preprint at https://arxiv.org/abs/2005.04802 (2020).

	Tartakovskii, A. I. et al. Raman scattering in strongly coupled organic semiconductor microcavities. Phys. Rev. B 63, 121302 (2001).
Article 
    ADS 
    
                    Google Scholar 
                

	Coles, D. M. et al. Vibrationally assisted polariton-relaxation processes in strongly coupled organic-semiconductor microcavities. Adv. Funct. Mater. 21, 3691–3696 (2011).
Article 
    CAS 
    
                    Google Scholar 
                

	Grant, R. T. et al. Efficient radiative pumping of polaritons in a strongly coupled microcavity by a fluorescent molecular dye. Adv. Opt. Mater. 4, 1615–1623 (2016).
Article 
    CAS 
    
                    Google Scholar 
                

	Daskalakis, K. S., Maier, S. A. & Kéna-Cohen, S. Spatial coherence and stability in a disordered organic polariton condensate. Phys. Rev. Lett. 115, 035301 (2015).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Bobrovska, N. et al. Dynamical instability of a nonequilibrium exciton-polariton condensate. ACS Photon. 5, 111–118 (2018).
Article 
    CAS 
    
                    Google Scholar 
                

	Scherf, U., Bohnen, A. & Müllen, K. Polyarylenes and poly(arylenevinylene)s, 9 The oxidized states of a (1,4-phenylene) ladder polymer. Makromol. Chem. 193, 1127–1133 (1992).
Article 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
Authors acknowledge A. Putintsev for technical support. This work was supported by the Russian Science Foundation (RSF) grant no. 20-72-10145 and the UK’s Engineering and Physical Sciences Research Council grant EP/M025330/1 on Hybrid Polaritonics. E.S.A. and V.Yu.Sh. thank the Foundation for the Advancement of Theoretical Physics and Mathematics Basis. Yu.E.L. acknowledges Basic Research Program at the National Research University HSE, D.U., F.S. and T.S. acknowledge support by QuantERA project RouTe (SNSF grant no. 20QT21 175389). P.G.L, D.U., T.S. and R.F.M. acknowledge support by European H2020-FETOPEN project POLLOC (Grant No. 899141).


Author information
Authors and Affiliations
	Center for Photonics and Quantum Materials, Skolkovo Institute of Science and Technology, Moscow, Russia
Anton V. Zasedatelev, Anton V. Baranikov, Denis Sannikov, Vladislav Yu. Shishkov, Evgeny S. Andrianov, Yurii E. Lozovik & Pavlos G. Lagoudakis

	Laboratories for Hybrid Photonics, Skolkovo Institute of Science and Technology, Moscow, Russia
Anton V. Zasedatelev, Anton V. Baranikov, Denis Sannikov, Vladislav Yu. Shishkov, Evgeny S. Andrianov, Yurii E. Lozovik & Pavlos G. Lagoudakis

	IBM Research Europe - Zurich, Rüschlikon, Switzerland
Darius Urbonas, Fabio Scafirimuto, Thilo Stöferle & Rainer F. Mahrt

	Dukhov Research Institute of Automatics (VNIIA), Moscow, Russia
Vladislav Yu. Shishkov, Evgeny S. Andrianov & Yurii E. Lozovik

	Moscow Institute of Physics and Technology, Dolgoprudny, Russia
Vladislav Yu. Shishkov & Evgeny S. Andrianov

	Institute for Spectroscopy RAS, Troitsk, Russia
Yurii E. Lozovik

	Moscow Institute of Electronics and Mathematics, National Research University Higher School of Economics, Moscow, Russia
Yurii E. Lozovik

	Macromolecular Chemistry Group and Institute for Polymer Technology, Bergische Universität Wuppertal, Wuppertal, Germany
Ullrich Scherf

	Department of Physics and Astronomy, University of Southampton, Southampton, UK
Pavlos G. Lagoudakis


Authors	Anton V. ZasedatelevView author publications
You can also search for this author in
                        PubMed Google Scholar



	Anton V. BaranikovView author publications
You can also search for this author in
                        PubMed Google Scholar



	Denis SannikovView author publications
You can also search for this author in
                        PubMed Google Scholar



	Darius UrbonasView author publications
You can also search for this author in
                        PubMed Google Scholar



	Fabio ScafirimutoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Vladislav Yu. ShishkovView author publications
You can also search for this author in
                        PubMed Google Scholar



	Evgeny S. AndrianovView author publications
You can also search for this author in
                        PubMed Google Scholar



	Yurii E. LozovikView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ullrich ScherfView author publications
You can also search for this author in
                        PubMed Google Scholar



	Thilo StöferleView author publications
You can also search for this author in
                        PubMed Google Scholar



	Rainer F. MahrtView author publications
You can also search for this author in
                        PubMed Google Scholar



	Pavlos G. LagoudakisView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
A.V.Z., A.V.B. and D.S. performed the experiments and analysed the data. D.U., F.S., T.S. and R.F.M. contributed to the design and fabrication of the organic microcavity. U.S. synthesized the organic material. V.Yu.Sh., E.S.A. and Yu.E.L. developed microscopic theory and carried out numerical simulations. A.V.Z. and P.G.L. designed and led the research. The manuscript was written through contributions from all authors. All authors have given approval to the final version of the manuscript.
Corresponding authors
Correspondence to
                Anton V. Zasedatelev or Pavlos G. Lagoudakis.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information
Peer review information Nature thanks the anonymous reviewers for their contribution to the peer review of this work. Peer reviewer reports are available.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Supplementary information

Supplementary Information
Supplementary Sections 1–7, including text and data, Supplementary Figs. 1–22, Table 1 and references.


Peer Review File




Rights and permissions
Reprints and permissions


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



Cite this article
Zasedatelev, A.V., Baranikov, A.V., Sannikov, D. et al. Single-photon nonlinearity at room temperature.
                    Nature 597, 493–497 (2021). https://doi.org/10.1038/s41586-021-03866-9
Download citation
	Received: 25 December 2020

	Accepted: 29 July 2021

	Published: 22 September 2021

	Issue Date: 23 September 2021

	DOI: https://doi.org/10.1038/s41586-021-03866-9


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

                
                    	
                            
                                
                                    
                                        Hyperbolic whispering-gallery phonon polaritons in boron nitride nanotubes
                                    
                                

                            
                                
                                    	Xiangdong Guo
	Ning Li
	Qing Dai


                                
                                Nature Nanotechnology (2023)

                            
	
                            
                                
                                    
                                        The physics of optical computing
                                    
                                

                            
                                
                                    	Peter L. McMahon


                                
                                Nature Reviews Physics (2023)

                            
	
                            
                                
                                    
                                        Exciton polariton interactions in Van der Waals superlattices at room temperature
                                    
                                

                            
                                
                                    	Jiaxin Zhao
	Antonio Fieramosca
	Qihua Xiong


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Realizing tight-binding Hamiltonians using site-controlled coupled cavity arrays
                                    
                                

                            
                                
                                    	Abhi Saxena
	Arnab Manna
	Arka Majumdar


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Ultrafast imaging of polariton propagation and interactions
                                    
                                

                            
                                
                                    	Ding Xu
	Arkajit Mandal
	Milan Delor


                                
                                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
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Light detection nears its quantum limit
                

                
	Sebastian Klembt



                
    
        
            Nature
        
        News & Views
        
        
            22 Sept 2021
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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: ]
