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            Abstract
Nascent platforms for programmable quantum simulation offer unprecedented access to new regimes of far-from-equilibrium quantum many-body dynamics in almost isolated systems. Here achieving precise control over quantum many-body entanglement is an essential task for quantum sensing and computation. Extensive theoretical work indicates that these capabilities can enable dynamical phases and critical phenomena that show topologically robust methods to create, protect and manipulate quantum entanglement that self-correct against large classes of errors. However, so far, experimental realizations have been confined to classical (non-entangled) symmetry-breaking orders1,2,3,4,5. In this work, we demonstrate an emergent dynamical symmetry-protected topological phase6, in a quasiperiodically driven array of ten 171Yb+ hyperfine qubits in Quantinuumâ€™s System Model H1 trapped-ion quantum processor7. This phase shows edge qubits that are dynamically protected from control errors, cross-talk and stray fields. Crucially, this edge protection relies purely on emergent dynamical symmetries that are absolutely stable to generic coherent perturbations. This property is special to quasiperiodically driven systems: as we demonstrate, the analogous edge states of a periodically driven qubit array are vulnerable to symmetry-breaking errors and quickly decohere. Our work paves the way for implementation of more complex dynamical topological orders8,9 that would enable error-resilient manipulation of quantum information.
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                    Fig. 1: Fibonacci drive (EDSPT).


Fig. 2: Floquet drive (FSPT).
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Extended data figures and tables

Extended Data Fig. 1
Circuit compilation. Compilation of two-qubit operations into hardware-native gates for (a) the FSPT model (Fig. 2), and (b) the EDSPT model (Fig. 1). XXÎ¸ gates are obtained from a single-qubit basis rotation of ZZÎ¸ gates. Here, a line with two dots indicates a controlled-Z gate with unitary: \({u}_{{C}_{Z}}={e}^{-i\pi /4(1+{\sigma }^{z})\otimes (1+{\sigma }^{z})}\), and single qubit gates are listed as Pauli rotations with unitary \({u}_{X,{Y}_{\theta }}={e}^{-i\frac{\theta }{2}{\sigma }^{x,y}}\).


Extended Data Fig. 2 Disorder resolved EDSPT.
Data for edge qubits (top row) and site-averaged bulk qubits (bottom row) for the EDSPT protocol at Jâ€‰=â€‰0.95Ï€ (Fig. 1). The different curves correspond to different static disorder realizations of Ki,Î± and BÎ±,i. Disorder d0 is performed on the H1-1 quantum device, whilst the other disorders are performed on the newer H1-2 device. See Methods for the differences between these devices. The H1-2 data (disorder averaged) was shown in Fig. 1a. The edge state data for single disorder d0 was shown in Fig. 1b, to compare with other J data taken on the same device.


Extended Data Fig. 3 Global qubit frequency calibration error.
(a) Histogram of the observed difference between the calibrated qubit frequency and the last known good calibration for each of the three ion trap gate zones: G2, G3, and G4. (b) Time-series of same data. These errors arise due to combination of background drifts in the magnetic field environment and statistical error in the actual qubit frequency calibration. For the data detailed in this paper, we observe a global RMS frequency error of Â±0.5(1) Hz. Outliers are filtered (dashed line) for points greater than 4x the standard deviation to better capture the average behaviour of this error source.


Extended Data Fig. 4 FSPT Simulation with Coherent Error â€“.
Classical simulations of the FSPT in the presence of a coherent error of the form Eq. (3) in addition to depolarizing noise. Here, we perform 50 different coherent error realizations, with 104 measurement shots for each. The dark lines indicate the error averaged result for each site i, the pale line is an example of single coherent error realization. The parameters tlayerÎ´f[xi] are drawn from a Gaussian distribution of standard deviation 0.025 and are approximated to be constant in time.


Extended Data Fig. 5 Loschmidt flux echo (ED Simulations).
Exact diagonalization (ED) simulations of the Loschmidt flux echo, \({\mathscr{Z}}(t)\), for the Floquet model with Lâ€‰=â€‰9 for Jâ€‰=â€‰0.9Ï€ in the FSPT phase (blue dots) where it exhibits saturating period-two oscillations, Jâ€‰=â€‰0.5 in the thermal phase (purple diamonds) where \({\mathscr{Z}}(t)\) immediately averages to zero, and for Jâ€‰=â€‰0.1Ï€ in a trivial MBL phase (orange, triangles) where \({\mathscr{Z}}(t)\) saturates to a non-oscillating value. Each point is averaged over all initial states and 100 disorder realizations.


Extended Data Fig. 6 Loschmidt flux echo.
(a) Interferometric protocol for measuring the Loschmidt flux-echo, \({\mathscr{Z}}(t)\): controlled evolution and measurement of an ancilla a (shown here in red) enables measurement of the overlap between time evolved states with and without a symmetry flux inserted. (b) Circuit for implementing the ancilla-controlled flux insertion. (c) Simulated and experimental data for the Loschmidt flux echo in the Floquet model with Jâ€‰=â€‰0.9Ï€ (top panel) in the FSPT phase, Jâ€‰=â€‰0.1Ï€ (bottom left panel) in the trivial MBL phase, and Jâ€‰=â€‰0.5Ï€ (bottom right panel) in the thermalizing phase. For ideal noiseless simulations (pale line, simulation), symmetry-preserving MBL \({\mathscr{Z}}(t)\) exhibits persistent period-two oscillations in the FSPT phase, saturates to a constant value in the trivial MBL phase, and rapidly decays in the thermalizing phase. For weakly-open but symmetry-preserving MBL systems (dashed line, simulation) the oscillation or saturation amplitude slowly decays due to incoherent errors. By contrast, the experimental data strongly deviates from the symmetric simulations after \(t\gtrsim 5\) Floquet periods due to coherent errors. Experimental data shown for trivial-MBL and thermal include only ten shots, and were taken for a different disorder realization than the FSPT data.


Extended Data Fig. 7 Slow heating (numerical simulations).
Numerical simulations of the long-time behaviour of \(|{C}_{z}|\) for the edge qubit of an Lâ€‰=â€‰10 qubit-chain with the Fibonacci drive, for various J (other parameters chosen as in Fig. 1). Each point is averaged over 960 disorder realizations. The inset shows estimate of heating time th empirically defined as the time when \(|{C}_{z}|\) drops below a small threshold Îµâ€‰=â€‰0.02 (dashed line), and demonstrates that the three-fold periodic oscillations persist to timescale exponentially long in the inverse pulse detuning, \({|J-\pi |}^{-1}\).


Extended Data Fig. 8 Ideal FSPT implementation (short times).
FSPT model simulation (noiseless: pale solid lines, noisy: dashed lines) and experimental data (solid points with error bars) at the ideal J = Ï€ â€œfixed-pointâ€�. At these short times tâ€‰â‰¤â€‰15, coherent errors have not yet affected the topological edge qubits. The edge shows the expected period-two oscillations, whereas bulk qubits show slowly decaying, weakly-open MBL behaviour along the symmetry axis âˆ¼Ïƒx, and rapidly dephase due to random fields and qubit-qubit interactions perpendicular to the symmetry axis, âˆ¼Ïƒz.


Extended Data Fig. 9 EDSPT with uniaxial disorder.
(a) Edge and (site averaged) bulk correlators for various values of J for the EDSPT model with disorder that nominally has a microscopic \({{\mathbb{Z}}}_{2}\) symmetry \(({{\bf{B}}}_{i}\parallel \hat{y})\). This symmetry is broken in the implementation by the same coherent errors that decohere the FSPT edge states. The EDSPT behaviour is not harmed by these coherent errors and does not rely on this fine-tuned symmetry; it persists over a range of \(|\,J-\pi |/\pi \lesssim 0.25\). Pale lines show idealized (noiseless) simulations, dashed lines show simulations with depolarizing noise, and solid dots with 1Ïƒ-error bars are experimental data. (b) The same edge data for various J replotted on a single plot to facilitate comparison of curves with different pulse-weights.


Extended Data Fig. 10 EDSPT Site-resolved Correlators (with uniaxial disorder).
shown for each site \(i\in \{1,2,\ldots 10\}\) in the chain. Pale lines show idealized (noiseless) simulations, dashed lines show simulations with depolarizing noise, and solid dots with 1Ïƒ-error bars are experimental data. As described in the Methods section, even sites are prepared and measured in the z basis and odd sites in the x basis. Whereas edge sites (iâ€‰=â€‰1, 10) exhibit period-three oscillations in Fibonacci time, the bulk sites (2â€‰â‰¤â€‰iâ€‰â‰¤â€‰9) undergo random, but slowly decaying oscillations characteristic of the slow dephasing dynamics of MBL. Upon disorder- and/or site- averaging these random oscillations wash out as presented in Extended Data Fig. 9.





Supplementary information
Supplementary Information
Supplementary methods and calculations that detail the relationship between the dynamic sequences studied to the standard AKLT chain, which present a method to detect FSPT order through many-body interferometry, and which explore the stability of quasiperiodically driven MBL and demonstrate the long time (meta)stability of recursively generated quasiperiodic drives and the theoretical emergence of the multiple time-translation symmetries.





Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Dumitrescu, P.T., Bohnet, J.G., Gaebler, J.P. et al. Dynamical topological phase realized in a trapped-ion quantum simulator.
                    Nature 607, 463â€“467 (2022). https://doi.org/10.1038/s41586-022-04853-4
Download citation
	Received: 15 September 2021

	Accepted: 11 May 2022

	Published: 20 July 2022

	Issue Date: 21 July 2022

	DOI: https://doi.org/10.1038/s41586-022-04853-4


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

                
                    	
                            
                                
                                    
                                        Quantum many-body simulations on digital quantum computers: State-of-the-art and future challenges
                                    
                                

                            
                                
                                    	Benedikt Fauseweh


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Continuous symmetry breaking in a trapped-ion spin chain
                                    
                                

                            
                                
                                    	Lei Feng
	Or Katz
	Christopher Monroe


                                
                                Nature (2023)

                            
	
                            
                                
                                    
                                        Benchmarking universal quantum gates via channel spectrum
                                    
                                

                            
                                
                                    	Yanwu Gu
	Wei-Feng Zhuang
	Dong E. Liu


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Quantum Advantage Seeker with Kernels (QuASK): a software framework to speed up the research in quantum machine learning
                                    
                                

                            
                                
                                    	Francesco Di Marcantonio
	Massimiliano Incudini
	Michele Grossi


                                
                                Quantum Machine Intelligence (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

                
                    
                    
                        
                            
    
        
            
                
                    Digital quantum simulation of Floquet symmetry-protected topological phases
                

                
	Xu Zhang
	Wenjie Jiang
	H. Wang



                
    
        
            Nature
        
        Article
        
            Open Access
        
        
            20 Jul 2022
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    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
            
        


    









    








