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            Abstract
An outstanding goal in quantum information science is the faithful mapping of quantum information between a stable quantum memory and a reliable quantum communication channel1. This would allow, for example, quantum communication over remote distances2, quantum teleportation3 of matter and distributed quantum computing over a â€˜quantum internetâ€™. Because quantum states cannot in general be copied, quantum information can only be distributed in these and other applications by entangling the quantum memory with the communication channel. Here we report quantum entanglement between an ideal quantum memoryâ€”represented by a single trapped 111Cd+ ionâ€”and an ideal quantum communication channel, provided by a single photon that is emitted spontaneously from the ion. Appropriate coincidence measurements between the quantum states of the photon polarization and the trapped ion memory are used to verify their entanglement directly. Our direct observation of entanglement between stationary and â€˜flyingâ€™ qubits4 is accomplished without using cavity quantum electrodynamic techniques5,6,7 or prepared non-classical light sources3. We envision that this source of entanglement may be used for a variety of quantum communication protocols2,8 and for seeding large-scale entangled states of trapped ion qubits for scalable quantum computing9.
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                    Figure 1: The experimental apparatus.[image: ]


Figure 2: The experimental procedure (time axis not to scale).[image: ]


Figure 3: Measured conditional probabilities in the original basis (no atomic or photonic qubit rotation before measurement).[image: ]


Figure 4: Conditional probabilities after both atomic and photonic qubits are rotated by a polar angle of Ï€/2 in the Bloch sphere.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Quantum entanglement between an atom and a molecule
                                        
                                    

                                    
                                        Article
                                        
                                         20 May 2020
                                    

                                

                                Yiheng Lin, David R. Leibrandt, â€¦ Chin-wen Chou

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Experimental realization of entangled coherent states in two-dimensional harmonic oscillators of a trapped ion
                                        
                                    

                                    
                                        Article
                                         Open access
                                         21 March 2024
                                    

                                

                                Honggi Jeon, Jiyong Kang, â€¦ Taehyun Kim

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Entanglement between distant macroscopic mechanical and spin systems
                                        
                                    

                                    
                                        Article
                                        
                                         21 September 2020
                                    

                                

                                Rodrigo A. Thomas, MichaÅ‚ Parniak, â€¦ Eugene S. Polzik

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	DiVincenzo, D. The physical implementation of quantum computation. Fortschr. Phys. 48, 771â€“783 (2000)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Duan, L.-M., Lukin, M., Cirac, J. I. & Zoller, P. Long-distance quantum communication with atomic ensembles and linear optics. Nature 414, 413â€“418 (2001)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bouwmeester, D., Ekert, A. & Zeilinger, A. (eds) Quantum Cryptography, Quantum Teleportation, Quantum Computation (Springer, Springer, 2000)

	Gheri, K., Ellinger, K., Pellizzari, T. & Zoller, P. Photon-wavepackets as flying quantum bits. Fortschr. Phys. 46, 401â€“415 (1998)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Haroche, S., Raimond, J. M. & Brune, M. in Experimental Quantum Computation and Information (eds de Martini, F. & Brune, M.) 3â€“36 (Proc. Int. School of Physics Enrico Fermi, course CXLVIII, IOS Press, Amsterdam, 2002)

                    Google ScholarÂ 
                

	Kuhn, A. & Rempe, G. in Experimental Quantum Computation and Information (eds de Martini, F. & Monroe, C.) 37â€“66 (Proc. Int. School of Physics Enrico Fermi, course CXLVIII, IOS Press, Amsterdam, 2002)

                    Google ScholarÂ 
                

	McKeever, J. et al. State-insensitive cooling and trapping of single atoms in an optical cavity. Phys. Rev. Lett. 90, 133602 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Briegel, H.-J., Duer, W., Cirac, J. I. & Zoller, P. Quantum repeaters: the role of imperfect local operations in quantum communication. Phys. Rev. Lett. 81, 5932â€“5935 (1998)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Duan, L.-M., Blinov, B. B., Moehring, D. L. & Monroe, C. Scalable trapped ion quantum computation with a probabilistic ion-photon mapping. Preprint at ã€ˆhttp://www.arxiv.org/quant-ph/0401020ã€‰ (2004)

	Freedman, S. J. & Clauser, J. F. Experimental test of local hidden variables theories. Phys. Rev. Lett. 28, 938â€“941 (1972)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Aspect, A., Grangier, P. & Roger, G. Experimental realization of Einstein-Podolsky-Rosen-Bohm Gedanken experiment: a new violation of Bell's inequalities. Phys. Rev. Lett. 49, 91â€“94 (1982)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Eichmann, U. et al. Young's interference experiment with light scattered from two atoms. Phys. Rev. Lett. 70, 2359â€“2362 (1993)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	DeVoe, R. G. & Brewer, R. G. Observation of superradiant and subradiant spontaneous emission of two trapped ions. Phys. Rev. Lett. 76, 2049â€“2052 (1996)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kuzmich, A., Mandel, L. & Bigelow, N. Generation of spin squeezing via continuous quantum nondemolition measurement. Phys. Rev. Lett. 85, 1594â€“1597 (2000)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Julsgaard, B., Kozhekin, A. & Polzik, E. Experimental long-lived entanglement of two macroscopic objects. Nature 413, 400â€“403 (2001)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kuzmich, A. et al. Generation of nonclassical photon pairs for scalable quantum communication with atomic ensembles. Nature 423, 731â€“734 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	van der Wal, C. H. et al. Atomic memory for correlated photon states. Science 301, 196â€“200 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wineland, D. J. et al. Experimental issues in coherent quantum manipulation of trapped atomic ions. NIST J. Res 103, 259â€“328 (1998)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cirac, J. I. & Zoller, P. Quantum computations with cold trapped ions. Phys. Rev. Lett. 74, 4091â€“4094 (1995)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	SÃ¸rensen, A. & MÃ¸lmer, K. Quantum computation with ions in thermal motion. Phys. Rev. Lett. 82, 1971â€“1975 (1999)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	GarcÃa-Ripoll, J. J., Zoller, P. & Cirac, J. I. Speed optimized two-qubit gates with laser coherent control techniques for ion trap quantum computing. Phys. Rev. Lett. 91, 157901 (2003)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Blatt, R. & Zoller, P. Quantum jumps in atomic systems. Eur. J. Phys. 9, 250â€“256 (1988)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	BadziÄ™g, P., Horodecki, M., Horodecki, P. & Horodecki, R. Local environment can enhance fidelity of quantum teleportation. Phys. Rev. A 62, 012311 (2000)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Sackett, C. A. et al. Experimental entanglement of four particles. Nature 404, 256â€“259 (2000)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Guthorlein, G., Keller, M., Hayasaka, H., Lange, W. & Walther, H. A single ion as a nanoscopic probe of an optical field. Nature 414, 49â€“51 (2001)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Mundt, A. B. et al. Coupling a single atomic quantum bit to a high finesse optical cavity. Phys. Rev. Lett. 89, 103001 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Duan, L.-M. & Kimble, J. Efficient engineering of multiatom entanglement through single-photon detections. Phys. Rev. Lett. 90, 253601 (2003)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Simon, C. & Irvine, W. Robust long-distance entanglement and a loophole-free Bell test with ions and photons. Phys. Rev. Lett. 91, 110405 (2003)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Cabrillo, C., Cirac, J. I., Garcia-Fernandez, P. & Zoller, P. Creation of entangled states of distant atoms by interference. Phys. Rev. A 59, 1025â€“1033 (1999)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bennett, C. H., DiVincenzo, D. P., Smolin, J. A. & Wootters, W. K. Mixed-state entanglement and quantum error correction. Phys. Rev. A 54, 3824â€“3851 (1996)
ArticleÂ 
    ADSÂ 
    MathSciNetÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We acknowledge discussions with M. Madsen, P. Haljan, M. Acton and D. Wineland, and thank R. Miller for assistance in building the trap apparatus. This work was supported by the National Security Agency, the Advanced Research and Development Activity, under Army Research Office contract, and the National Science Foundation Information Technology Research Division.


Author information
Authors and Affiliations
	FOCUS Center and University of Michigan Department of Physics, Ann Arbor, Michigan, 48109-1120, USA
B. B. Blinov,Â D. L. Moehring,Â L.- M. DuanÂ &Â C. Monroe


Authors	B. B. BlinovView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	D. L. MoehringView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	L.- M. DuanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	C. MonroeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                B. B. Blinov.


Ethics declarations

              
                Competing interests

                The authors declare that they have no competing financial interests.

              
            

Rights and permissions
Reprints and permissions


About this article
Cite this article
Blinov, B., Moehring, D., Duan, L . et al. Observation of entanglement between a single trapped atom and a single photon.
                    Nature 428, 153â€“157 (2004). https://doi.org/10.1038/nature02377
Download citation
	Received: 19 December 2003

	Accepted: 30 January 2004

	Issue Date: 11 March 2004

	DOI: https://doi.org/10.1038/nature02377


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

                
                    	
                            
                                
                                    
                                        Realization of a crosstalk-avoided quantum network node using dual-type qubits of the same ion species
                                    
                                

                            
                                
                                    	L. Feng
	Y.-Y. Huang
	L.-M. Duan


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Deterministic Bell state measurement with a single quantum memory
                                    
                                

                            
                                
                                    	Akira Kamimaki
	Keidai Wakamatsu
	Hideo Kosaka


                                
                                npj Quantum Information (2023)

                            
	
                            
                                
                                    
                                        High-rate entanglement between a semiconductor spin and indistinguishable photons
                                    
                                

                            
                                
                                    	N. Coste
	D. A. Fioretto
	P. Senellart


                                
                                Nature Photonics (2023)

                            
	
                            
                                
                                    
                                        Advances in device-independent quantum key distribution
                                    
                                

                            
                                
                                    	VÃctor Zapatero
	Tim van Leent
	Marcos Curty


                                
                                npj Quantum Information (2023)

                            
	
                            
                                
                                    
                                        Applications of single photons to quantum communication and computing
                                    
                                

                            
                                
                                    	Christophe Couteau
	Stefanie Barz
	Gregor Weihs


                                
                                Nature Reviews Physics (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

                
                    
                    
                        
                            
    
        
            
                
                     Flight of the qubit
                

                
	Eugene Polzik



                
    
        
            Nature
        
        News & Views
        
        
            11 Mar 2004
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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: ]
