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            Abstract
Quantum computers can efficiently solve classically intractable problems, such as the factorization of a large number1 and the simulation of quantum many-body systems2,3. Universal quantum computation can be simplified by decomposing circuits into single- and two-qubit entangling gates4, but such decomposition is not necessarily efficient. It has been suggested that polynomial or exponential speedups can be obtained with global N-qubit (N greater than two) entangling gates5,6,7,8,9. Such global gates involve all-to-all connectivity, which emerges among trapped-ion qubits when using laser-driven collective motional modes10,11,12,13,14, and have been implemented for a single motional mode15,16. However, the single-mode approach is difficult to scale up because isolating single modes becomes challenging as the number of ions increases in a single crystal, and multi-mode schemes are scalable17,18 but limited to pairwise gates19,20,21,22,23. Here we propose and implement a scalable scheme for realizing global entangling gates on multiple 171Yb+ ion qubits by coupling to multiple motional modes through modulated laser fields. Because such global gates require decoupling multiple modes and balancing all pairwise coupling strengths during the gate, we develop a system with fully independent control capability on each ion14. To demonstrate the usefulness and flexibility of these global gates, we generate a Greenbergerâ€“Horneâ€“Zeilinger state with up to four qubits using a single global operation. Our approach realizes global entangling gates as scalable building blocks for universal quantum computation, motivating future research in scalable global methods for quantum information processing.
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                    Fig. 1: Global entangling gate and its experimental implementation.[image: ]


Fig. 2: Experimental implementation of a global three-qubit entangling gate.[image: ]


Fig. 3: Experimental implementation and results of the global entangling gates in three-ion qubits.[image: ]


Fig. 4: Experimental implementation and results of the global entangling gate in a four-ion system.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Comparison between gate durations of single- and multi-mode approaches.
For the given trap frequencies, the gate duration Ï„ of the single-mode approach grows faster than linearly (Ï„Â â‰ˆÂ N2.4) to maintain the fidelity F when the number of ions, N, increases. The gate duration of the multi-mode approach grows near linearly, with a theoretical fidelity of unity. The vertical axis is on a logarithmic scale.


Extended Data Fig. 2 Side view of the experimental ion-trap system.
The figure shows the structure of the blade trap. The radiofrequency potential is applied to the RF electrodes and the direct-current (DC) electrodes are connected to the direct-current potential. A static magnetic field of BÂ â‰ˆÂ 6Â Ã—Â 10âˆ’4Â T is applied along the direction shown in the figure. The cover-all beam goes through the side viewport and is focused at the ion-chain position into an elliptical Gaussian beam, with waists of about 30Â Î¼m along the ion chain and about 5Â Î¼m in the perpendicular direction. The individual beams go through the bottom re-entry viewport and have a focused radius of about 1Â Î¼m at the ion position. The average laser power is around 120Â mW for the cover-all beam and around 1Â mW for each individual beam. The effective wave vector Î”k of the two Raman beams is almost in the x direction, and the beams are polarized linearly, perpendicular to each other.


Extended Data Fig. 3 Motional trajectories in phase space for the global four-qubit entangling gate.
Because we apply different modulated-phase patterns to the qubits (1,Â 4) and (2,Â 3), the shapes of the motional trajectories in aâ€“d and eâ€“h are different.


Extended Data Table 1 Pulse scheme for the global three-qubit entangling gateFull size table


Extended Data Table 2 Pulse scheme for the global four-qubit entangling gateFull size table





Supplementary information
Supplementary Information
This file contains Supplementary Methods.





Rights and permissions
Reprints and permissions


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



Cite this article
Lu, Y., Zhang, S., Zhang, K. et al. Global entangling gates on arbitrary ion qubits.
                    Nature 572, 363â€“367 (2019). https://doi.org/10.1038/s41586-019-1428-4
Download citation
	Received: 15 January 2019

	Accepted: 10 May 2019

	Published: 24 July 2019

	Issue Date: 15 August 2019

	DOI: https://doi.org/10.1038/s41586-019-1428-4


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

                
                    	
                            
                                
                                    
                                        Error-mitigated quantum simulation of interacting fermions with trapped ions
                                    
                                

                            
                                
                                    	Wentao Chen
	Shuaining Zhang
	Kihwan Kim


                                
                                npj Quantum Information (2023)

                            
	
                            
                                
                                    
                                        Benchmarking universal quantum gates via channel spectrum
                                    
                                

                            
                                
                                    	Yanwu Gu
	Wei-Feng Zhuang
	Dong E. Liu


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Observation of entanglement transition of pseudo-random mixed states
                                    
                                

                            
                                
                                    	Tong Liu
	Shang Liu
	Heng Fan


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Demonstration of three- and four-body interactions between trapped-ion spins
                                    
                                

                            
                                
                                    	Or Katz
	Lei Feng
	Marko Cetina


                                
                                Nature Physics (2023)

                            
	
                            
                                
                                    
                                        Scalable and programmable phononic network with trapped ions
                                    
                                

                            
                                
                                    	Wentao Chen
	Yao Lu
	Kihwan Kim


                                
                                Nature 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

                
                    
                    
                        
                            
    
        
            
                
                    Parallel entangling operations on a universal ion-trap quantum computer
                

                
	C. Figgatt
	A. Ostrander
	C. Monroe



                
    
        
            Nature
        
        Letter
        
        
            24 Jul 2019
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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: ]
