







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 01 April 2019



                    Quantum Kibble–Zurek mechanism and critical dynamics on a programmable Rydberg simulator

                    	Alexander Keesling1, 
	Ahmed Omran1, 
	Harry Levine1, 
	Hannes Bernien1, 
	Hannes Pichler1,2, 
	Soonwon Choi1, 
	Rhine Samajdar1, 
	Sylvain Schwartz3, 
	Pietro Silvi4,5, 
	Subir Sachdev1, 
	Peter Zoller4,5, 
	Manuel Endres6, 
	Markus Greiner1, 
	Vladan Vuletić7 & 
	…
	Mikhail D. Lukin1 

Show authors

                    

                    
                        
    Nature

                        volume 568, pages 207–211 (2019)Cite this article
                    

                    
        
            	
                        15k Accesses

                    
	
                        299 Citations

                    
	
                            90 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Phase transitions and critical phenomena
	Quantum simulation


    


                
    
    

    
    

                
            


        
            Abstract
Quantum phase transitions (QPTs) involve transformations between different states of matter that are driven by quantum fluctuations1. These fluctuations play a dominant part in the quantum critical region surrounding the transition point, where the dynamics is governed by the universal properties associated with the QPT. Although time-dependent phenomena associated with classical, thermally driven phase transitions have been extensively studied in systems ranging from the early Universe to Bose–Einstein condensates2,3,4,5, understanding critical real-time dynamics in isolated, non-equilibrium quantum systems remains a challenge6. Here we use a Rydberg atom quantum simulator with programmable interactions to study the quantum critical dynamics associated with several distinct QPTs. By studying the growth of spatial correlations when crossing the QPT, we experimentally verify the quantum Kibble–Zurek mechanism (QKZM)7,8,9 for an Ising-type QPT, explore scaling universality and observe corrections beyond QKZM predictions. This approach is subsequently used to measure the critical exponents associated with chiral clock models10,11, providing new insights into exotic systems that were not previously understood and opening the door to precision studies of critical phenomena, simulations of lattice gauge theories12,13 and applications to quantum optimization14,15.
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                    Fig. 1: Quantum Kibble–Zurek mechanism and phase diagram.[image: ]


Fig. 2: QKZM for a QPT into the \({{\mathbb{Z}}}_{2}\)-ordered phase.[image: ]


Fig. 3: Universality of spatial correlations.[image: ]


Fig. 4: Power-law scaling for different interactions.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Determination of initial detuning Δ0.
At fixed laser detuning, we linearly ramp Ω on and then off (1 μs each). We identify the negative detuning closest to resonance for which the system is fully adiabatic, such that the excitation probability at the end of the pulse returns to the minimum. From this typical measurement, taken at Rb/a = 1.59, we set Δ0 = −2.5 MHz. Error bars denote 68% confidence intervals.


Extended Data Fig. 2 Numerically extracted phase diagram with trajectories for QKZM measurements.
a, Green (purple) markers indicate the phase boundary points between disordered and \({{\mathbb{Z}}}_{2}\) (\({{\mathbb{Z}}}_{3}\))-ordered phases. Yellow diamonds indicate the boundaries of the disordered phase (as approached from increasing Δ with fixed Ω and Rb/a). We have not verified whether these transitions are directly from disordered to \({{\mathbb{Z}}}_{4}\)-ordered phases or involve incommensurate phases. Each grey dashed line corresponds to the trajectory across phase space used to probe for scaling behaviour of the correlation length growth. The horizontal section of each trace corresponds to the detuning sweep at a constant Rabi frequency, whereas the curved sections correspond to pulse turn-off at a fixed value of detuning. The total duration of the detuning sweep is varied to control the rate of transition across the phase boundaries, but the time to turn the field off is not. b, Numerically obtained energy densities \({\mathscr{E}}\) along the red solid line indicated in a. The second-order derivative of \({\mathscr{E}}\) shows clear cusps at two critical points.


Extended Data Fig. 3 Scaling window.
Determination of the window of rates for which scaling is valid for the transition into the \({{\mathbb{Z}}}_{3}\)-ordered phase. The grey solid lines represent the result of the fitted model, which grows as a power law until it saturates. The dashed horizontal line marks the size of the blockade radius. All of the rates used in the experiment are larger than the values at which the dashed and solid lines intersect and smaller than the point at which the model saturates. The error bars denote one standard deviation of the power-law fit.


Extended Data Fig. 4 Approximation of interaction potential.
Comparison between the exact power-law decay 1/r6 and its approximation using a linear combination of four exponentials. The two functions agree with each other until their relative strength decreases to 10−6.


Extended Data Fig. 5 Energy gap.
Calculated gap between ground and first excited state using DMRG calculations. Green (purple) circles indicate the extracted quantum critical points separating the disordered from the \({{\mathbb{Z}}}_{2}\) (\({{\mathbb{Z}}}_{3}\))-ordered phase.


Extended Data Fig. 6 Rydberg density–density correlations.
Full density–density correlation map for sites i and j after a slow sweep into the \({{\mathbb{Z}}}_{2}\)-ordered phase. The orange square marks the bulk region used for analysis.


Extended Data Fig. 7 Finite-size scaling across QPT into the \({{\mathbb{Z}}}_{2}\)-ordered phase.
a, Experimentally measured growth of the correlation length across the phase transition for different sweep speeds. The error bars denote one standard deviation of the power-law fit. b, Verification of critical exponents across the QPT into the \({{\mathbb{Z}}}_{2}\)-ordered phase by rescaling the control parameter and spatial correlations. Using the experimentally extracted value of the QKZM length-scaling exponent, μ = 0.52, and setting the dynamical critical exponent to the Ising prediction, z = 1, it is observed that the data in a fall along a smooth function.


Extended Data Table 1 Pulse parameters for QKZM sweepsFull size table
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