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            Abstract
Cavity-enhanced radiation-pressure coupling between optical and mechanical degrees of freedom allows quantum-limited position measurements and gives rise to dynamical backaction, enabling amplification and cooling of mechanical motion. Here, we demonstrate purely dispersive coupling of high-Q nanomechanical oscillators to an ultrahigh-finesse optical microresonator via its evanescent field, extending cavity optomechanics to nanomechanical oscillators. Dynamical backaction mediated by the optical dipole force is observed, leading to laser-like coherent nanomechanical oscillations solely due to radiation pressure. Moreover, sub-fm Hz−1/2 displacement sensitivity is achieved, with a measurement imprecision equal to the standard quantum limit (SQL), which coincides with the nanomechanical oscillator’s zero-point fluctuations. The achievement of an imprecision at the SQL and radiation-pressure dynamical backaction for nanomechanical oscillators may have implications not only for detecting quantum phenomena in mechanical systems, but also for a variety of other precision experiments. Owing to the flexibility of the near-field coupling platform, it can be readily extended to a diverse set of nanomechanical oscillators. In addition, the approach provides a route to experiments where radiation-pressure quantum backaction dominates at room temperature, enabling ponderomotive squeezing or quantum non-demolition measurements.
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                    Figure 1: Evanescent coupling of nanomechanical oscillators to an optical microresonator.[image: ]


Figure 2: Characterization of the optomechanical coupling.[image: ]


Figure 3: Displacement measurement of a nanomechanical oscillator with an imprecision at the SQL.[image: ]


Figure 4: Observation of radiation-pressure-induced dynamical backaction and coherent oscillations of a nanomechanical oscillator.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Cavity electromechanics with parametric mechanical driving
                                        
                                    

                                    
                                        Article
                                         Open access
                                         27 March 2020
                                    

                                

                                D. Bothner, S. Yanai, … G. A. Steele

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Overcoming thermo-optical dynamics in broadband nanophotonic sensing
                                        
                                    

                                    
                                        Article
                                         Open access
                                         07 July 2021
                                    

                                

                                Mingkang Wang, Diego J. Perez-Morelo & Vladimir Aksyuk

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Dissipative optomechanics in high-frequency nanomechanical resonators
                                        
                                    

                                    
                                        Article
                                         Open access
                                         18 September 2023
                                    

                                

                                André G. Primo, Pedro V. Pinho, … Thiago P. Mayer Alegre

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Craighead, H. G. Nanoelectromechanical systems. Science 290, 1532–2537 (2000).
Article 
    ADS 
    
                    Google Scholar 
                

	Ekinci, K. L. & Roukes, M. L. Nanoelectromechanical systems. Rev. Sci. Instrum. 76, 061101 (2005).
Article 
    ADS 
    
                    Google Scholar 
                

	Jensen, K., Kwanpyo, K. & Zettl, A. An atomic-resolution nanomechanical mass sensor. Nature Nanotech. 3, 533–537 (2008).
Article 
    ADS 
    
                    Google Scholar 
                

	Cleland, A. & Roukes, M. A nanometre-scale mechanical electrometer. Nature 392, 160–162 (1998).
Article 
    ADS 
    
                    Google Scholar 
                

	Rugar, D., Budakian, R., Mamin, H. & Chui, B. Single spin detection by magnetic resonance force microscopy. Nature 430, 329–332 (2004).
Article 
    ADS 
    
                    Google Scholar 
                

	Braginsky, V. B. & Khalili, F. Y. Quantum Measurement (Cambridge Univ. Press, 1992).
Book 
    
                    Google Scholar 
                

	Tittonen, I. et al. Interferometric measurements of the position of a macroscopic body: Towards observation of quantum limits. Phys. Rev. A 59, 1038–1044 (1999).
Article 
    ADS 
    
                    Google Scholar 
                

	Caves, C. M. Quantum-mechanical noise in an interferometer. Phys. Rev. D 23, 1693–1708 (1981).
Article 
    ADS 
    
                    Google Scholar 
                

	Clerk, A. A., Devoret, M. H., Girvin, S. M., Marquardt, F. & Schoelkopf, R. J. Introduction to quantum noise, measurement and amplification. Preprint at &lt;http://arxiv.org/abs/0810.4729v1&gt; (2008).

	LaHaye, M. D., Buu, O., Camarota, B. & Schwab, K. C. Approaching the quantum limit of a nanomechanical resonator. Science 304, 74–77 (2004).
Article 
    ADS 
    
                    Google Scholar 
                

	Flowers-Jacobs, N. E., Schmidt, D. R. & Lehnert, K. W. Intrinsic noise properties of atomic point contact displacement detectors. Phys. Rev. Lett. 98, 096804 (2007).
Article 
    ADS 
    
                    Google Scholar 
                

	Arcizet, O. et al. High-sensitivity optical monitoring of a micromechanical resonator with a quantum-limited optomechanical sensor. Phys. Rev. Lett. 97, 133601 (2006).
Article 
    ADS 
    
                    Google Scholar 
                

	Schliesser, A., Anetsberger, G., Riviere, R., Arcizet, O. & Kippenberg, T. J. High-sensitivity monitoring of micromechanical vibration using optical whispering gallery mode resonators. New J. Phys. 10, 095015 (2008).
Article 
    ADS 
    
                    Google Scholar 
                

	Schliesser, A., Rivière, R., Anetsberger, G., Arcizet, O. & Kippenberg, T. J. Resolved-sideband cooling of a micromechanical oscillator. Nature Phys. 4, 415–419 (2008).
Article 
    ADS 
    
                    Google Scholar 
                

	Unterreithmeier, Q. P., Weig, E. M. & Kotthaus, J. P. Universal transduction scheme for nanomechanical systems based on dielectric forces. Nature 458, 1001–1004 (2009).
Article 
    ADS 
    
                    Google Scholar 
                

	Braginsky, V. & Manukin, A. Measurement of Weak Forces in Physics Experiments (Univ. Chicago Press, 1977).

                    Google Scholar 
                

	Kippenberg, T. J. & Vahala, K. J. Cavity optomechanics: Back-action at the mesoscale. Science 321, 1172–1176 (2008).
Article 
    ADS 
    
                    Google Scholar 
                

	Arcizet, O., Cohadon, P.-F., Briant, T., Pinard, M. & Heidman, A. Radiation-pressure cooling and optomechanical instability of a micromirror. Nature 444, 71–74 (2006).
Article 
    ADS 
    
                    Google Scholar 
                

	Gigan, S. et al. Self-cooling of a micromirror by radiation pressure. Nature 444, 67–70 (2006).
Article 
    ADS 
    
                    Google Scholar 
                

	Schliesser, A., Del’Haye, P., Nooshi, N., Vahala, K. J. & Kippenberg, T. J. Radiation pressure cooling of a micromechanical oscillator using dynamical backaction. Phys. Rev. Lett. 97, 243905 (2006).
Article 
    ADS 
    
                    Google Scholar 
                

	Kippenberg, T. J., Rokhsari, H., Carmon, T., Scherer, A. & Vahala, K. Analysis of radiation-pressure induced mechanical oscillation of an optical microcavity. Phys. Rev. Lett. 95, 033901 (2005).
Article 
    ADS 
    
                    Google Scholar 
                

	Schwab, K. C. & Roukes, M. L. Putting mechanics into quantum mechanics. Phys. Today 58, 36–42 (2005).
Article 
    
                    Google Scholar 
                

	Etaki, S. et al. Motion detection of a micromechanical resonator embedded in a d.c. SQUID. Nature Phys. 4, 785–788 (2008).
Article 
    ADS 
    
                    Google Scholar 
                

	Poggio, M. et al. An off-board quantum point contact as a sensitive detector of cantilever motion. Nature Phys. 4, 635–638 (2008).
Article 
    
                    Google Scholar 
                

	Eichenfield, M., Camacho, R., Chan, J., Vahala, K. & Painter, O. A picogram- and nanometre scale photonic-crystal optomechanical cavity. Nature 459, 550–555 (2009).
Article 
    ADS 
    
                    Google Scholar 
                

	Cui, Y., Wei, Q., Park, H. & Lieber, C. M. Nanowire nanosensors for highly sensitive and selective detection of biological and chemical species. Science 293, 1289–1292 (2001).
Article 
    ADS 
    
                    Google Scholar 
                

	Bunch, J. S. et al. Electromechanical resonators from graphene sheets. Science 315, 490–493 (2007).
Article 
    ADS 
    
                    Google Scholar 
                

	Wilson-Rae, I., Nooshi, N., Zwerger, W. & Kippenberg, T. J. Theory of ground state cooling of a mechanical oscillator using dynamical backaction. Phys. Rev. Lett. 99, 093901 (2007).
Article 
    ADS 
    
                    Google Scholar 
                

	Marquardt, F., Chen, J. P., Clerk, A. A. & Girvin, S. M. Quantum theory of cavity-assisted sideband cooling of mechanical motion. Phys. Rev. Lett. 99, 093902 (2007).
Article 
    ADS 
    
                    Google Scholar 
                

	Verbridge, S. S., Craighead, H. G. & Parpia, J. M. A megahertz nanomechanical resonator with room temperature quality factor over a million. Appl. Phys. Lett. 92, 013112 (2008).
Article 
    ADS 
    
                    Google Scholar 
                

	Fabre, C. et al. Quantum-noise reduction using a cavity with a movable mirror. Phys. Rev. A 49, 1337–1343 (1994).
Article 
    ADS 
    
                    Google Scholar 
                

	Heidmann, A., Hadjar, Y. & Pinard, M. Quantum nondemolition measurement by optomechanical coupling. Appl. Phys. B: Laser Optics 64, 173–180 (1997).
Article 
    ADS 
    
                    Google Scholar 
                

	Verlot, P., Tavernarakis, A., Briant, T., Cohadon, P.-F. & Heidmann, A. Scheme to probe optomechanical correlations between two optical beams down to the quantum level. Phys. Rev. Lett. 102, 103601 (2009).
Article 
    ADS 
    
                    Google Scholar 
                

	Vitali, D. et al. Optomechanical entanglement between a movable mirror and a cavity field. Phys. Rev. Lett. 98, 030405 (2007).
Article 
    ADS 
    
                    Google Scholar 
                

	Favero, I. & Karrai, K. Cavity cooling of a nanomechanical resonator by light scattering. New J. Phys. 10, 095006 (2008).
Article 
    ADS 
    
                    Google Scholar 
                

	Zalalutdinov, M. et al. Autoparametric optical drive for micromechanical oscillators. Appl. Phys. Lett. 79, 695–697 (2001).
Article 
    ADS 
    
                    Google Scholar 
                

	Höhberger Metzger, C. & Karrai, K. Cavity cooling of a microlever. Nature 432, 1002–1005 (2004).
Article 
    ADS 
    
                    Google Scholar 
                

	Anetsberger, G., Rivière, R., Schliesser, A., Arcizet, O. & Kippenberg, T. Ultralow-dissipation optomechanical resonators on a chip. Nature Photon. 2, 627–633 (2008).
Article 
    
                    Google Scholar 
                

	Gorodetsky, M. L. & Grudinin, I. S. Fundamental thermal fluctuations in microspheres. J. Opt. Soc. Am. B 21, 697–705 (2004).
Article 
    ADS 
    
                    Google Scholar 
                

	Arcizet, O., Rivière, R., Schliesser, A., Anetsberger, G. & Kippenberg, T. J. Cryogenic properties of optomechanical silica microcavities. Phys. Rev. A 80, 021803 (2009).
Article 
    ADS 
    
                    Google Scholar 
                

	Schawlow, A. L. & Townes, C. H. Infrared and optical masers. Phys. Rev. 112, 1940–1949 (1958).
Article 
    ADS 
    
                    Google Scholar 
                

	Hossein-Zadeh, M., Rokhsari, H., Hajimiri, A. & Vahala, K. J. Characterization of a radiation-pressure-driven micromechanical oscillator. Phys. Rev. A 74, 023813 (2006).
Article 
    ADS 
    
                    Google Scholar 
                

	Teufel, J. D., Harlow, J. W., Regal, C. A. & Lehnert, K. W. Dynamical backaction of microwave fields on a nanomechanical oscillator. Phys. Rev. Lett. 101, 197203 (2008).
Article 
    ADS 
    
                    Google Scholar 
                

	Castellanos-Beltran, M., Irwin, K., Hilton, G., Vale, L. & Lehnert, K. Amplification and squeezing of quantum noise with a tunable Josephson metamaterial. Nature Phys. 4, 929–931 (2008).
Article 
    ADS 
    
                    Google Scholar 
                

	Thompson, J. D. et al. Strong dispersive coupling of a high-finesse cavity to a micromechanical membrane. Nature 452, 72–75 (2008).
Article 
    ADS 
    
                    Google Scholar 
                

	Miao, H., Danilishin, S., Corbitt, T. & Chen, Y. Standard quantum limit for probing mechanical energy quantization. Phys. Rev. Lett. 103, 100402 (2009).
Article 
    ADS 
    
                    Google Scholar 
                

	Aoki, T. et al. Observation of strong coupling between one atom and a monolithic microresonator. Nature 443, 671–674 (2006).
Article 
    ADS 
    
                    Google Scholar 
                

	Hammerer, K., Aspelmeyer, M., Polzik, E. S. & Zoller, P. Establishing Einstein–Poldosky–Rosen channels between nanomechanics and atomic ensembles. Phys. Rev. Lett. 102, 020501 (2009).
Article 
    ADS 
    
                    Google Scholar 
                

	Rabl, P. et al. Strong magnetic coupling between an electronic spin qubit and a mechanical resonator. Phys. Rev. B 79, 041302 (2009).
Article 
    ADS 
    
                    Google Scholar 
                

	Teufel, J. D., Donner, T., Castellanos-Beltran, M. A., Harlow, J. W. & Lehnert, K. W. Nanomechanical motion measured with precision beyond the standard quantum limit. Preprint at &lt;http://arxiv.org/abs/0906.1212v1&gt; (2009).


Download references




Acknowledgements
T.J.K. acknowledges financial support by an Independent Max Planck Junior Research Group of the Max Planck Society, an ERC Starting Grant (SiMP), MINOS and a Marie Curie Excellence Grant as well as the Nanosystems Initiative Munich (NIM). J.P.K. acknowledges financial support by the Deutsche Forschungsgemeinschaft through project Ko 416/18, the German Excellence Initiative through the Nanosystems Initiative Munich (NIM) and LMUexcellent as well as LMUinnovativ. O.A. acknowledges financial support from a Marie Curie Intra European Fellowship within FP7 (project QUOM). T.J.K. thanks P. Gruss and the MPQ for continued Max-Planck support. The authors thank M.L. Gorodetsky for valuable discussions.


Author information
Authors and Affiliations
	Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, 85748 Garching, Germany
G. Anetsberger, O. Arcizet, R. Rivière, A. Schliesser & T. J. Kippenberg

	Fakultät für Physik and Center for NanoScience (CeNS), Ludwig-Maximilians-Universität (LMU), Geschwister-Scholl-Platz 1, 80539 München, Germany
Q. P. Unterreithmeier, E. M. Weig & J. P. Kotthaus

	Ecole Polytechnique Fédérale de Lausanne, EPFL, 1015 Lausanne, Switzerland
T. J. Kippenberg


Authors	G. AnetsbergerView author publications
You can also search for this author in
                        PubMed Google Scholar



	O. ArcizetView author publications
You can also search for this author in
                        PubMed Google Scholar



	Q. P. UnterreithmeierView author publications
You can also search for this author in
                        PubMed Google Scholar



	R. RivièreView author publications
You can also search for this author in
                        PubMed Google Scholar



	A. SchliesserView author publications
You can also search for this author in
                        PubMed Google Scholar



	E. M. WeigView author publications
You can also search for this author in
                        PubMed Google Scholar



	J. P. KotthausView author publications
You can also search for this author in
                        PubMed Google Scholar



	T. J. KippenbergView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
J.P.K. initiated the study and jointly devised the concept with T.J.K. G.A. and O.A. planned, carried out and analysed the experiments supervised by T.J.K. Q.P.U. and E.M.W. designed and developed suitable nanomechanical resonators. All authors discussed the results and contributed to the manuscript. R.R. contributed to the development of the experimental apparatus and A.S. assisted with the response measurements.
Corresponding author
Correspondence to
                T. J. Kippenberg.


Supplementary information

Supplementary Information
Supplementary Information (PDF 516 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Anetsberger, G., Arcizet, O., Unterreithmeier, Q. et al. Near-field cavity optomechanics with nanomechanical oscillators.
                    Nature Phys 5, 909–914 (2009). https://doi.org/10.1038/nphys1425
Download citation
	Received: 13 May 2009

	Accepted: 04 September 2009

	Published: 11 October 2009

	Issue Date: December 2009

	DOI: https://doi.org/10.1038/nphys1425


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

                
                    	
                            
                                
                                    
                                        Study of optical bistability/multistability and transparency in cavity-assisted-hybrid optomechanical system embedded with quantum dot molecules
                                    
                                

                            
                                
                                    	Ranjan Kumar
	Madhav Kumar Singh
	Aranya B. Bhattacherjee


                                
                                Optical and Quantum Electronics (2024)

                            
	
                            
                                
                                    
                                        Dynamics of Two-Level Atom in Cavity Optomechanics: Strong Coupling Limit Study
                                    
                                

                            
                                
                                    	Anas Othman


                                
                                International Journal of Theoretical Physics (2024)

                            
	
                            
                                
                                    
                                        Massively parallel electro-optic sampling of space-encoded optical pulses for ultrafast multi-dimensional imaging
                                    
                                

                            
                                
                                    	Yongjin Na
	Hyunsoo Kwak
	Jungwon Kim


                                
                                Light: Science & Applications (2023)

                            
	
                            
                                
                                    
                                        Nonlinear interactions between vibration modes with vastly different eigenfrequencies
                                    
                                

                            
                                
                                    	Oriel Shoshani
	Steven W. Shaw


                                
                                Communications Physics (2023)

                            
	
                            
                                
                                    
                                        Thermodynamic optical pressures in tight-binding nonlinear multimode photonic systems
                                    
                                

                            
                                
                                    	Nikolaos K. Efremidis
	Demetrios N. Christodoulides


                                
                                Communications Physics (2022)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Contact
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    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 Physics (Nat. Phys.)
                
                
    
    
        ISSN 1745-2481 (online)
    
    


                
    
    
        ISSN 1745-2473 (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: ]
