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            Abstract
The electronic properties of heterostructures of atomically thin van der Waals crystals can be modified substantially by moirÃ© superlattice potentials from an interlayer twist between crystals1,2. MoirÃ©Â tuning of the band structure has led to the recent discovery of superconductivity3,4 and correlated insulating phases5 in twisted bilayer graphene (TBG) near the â€˜magic angleâ€™ of twist of about 1.1 degrees, with a phase diagram reminiscent of high-transition-temperature superconductors. Here we directly map the atomic-scale structural and electronic properties of TBG near the magic angle using scanning tunnelling microscopy and spectroscopy. We observe two distinct van Hove singularities (VHSs) in the local density of states around the magic angle, with an energy separation of 57Â millielectronvolts that drops to 40Â millielectronvolts with high electron/hole doping. Unexpectedly, the VHS energy separation continues to decrease with decreasing twist angle, with a lowest value of 7 to 13 millielectronvolts at a magic angle of 0.79 degrees. More crucial to the correlated behaviour of this material, we find that at the magic angle, the ratio of the Coulomb interaction to the bandwidth of each individual VHS (U/t) is maximized, which is optimal for electronic Cooper pairing mechanisms. When doped near the half-moirÃ©-band filling, a correlation-induced gap splits the conduction VHS with a maximum size of 6.5 millielectronvolts at 1.15 degrees, dropping to 4 millielectronvolts at 0.79 degrees. We capture the doping-dependent and angle-dependent spectroscopy results using a Hartreeâ€“Fock model, which allows us to extract the on-site and nearest-neighbour Coulomb interactions. This analysis yields a U/t of order unity indicating that magic-angle TBG is moderately correlated. In addition, scanning tunnelling spectroscopy maps reveal an energy- and doping-dependent three-fold rotational-symmetry breaking of the local density of states in TBG, with the strongest symmetry breaking near the Fermi level and further enhanced when doped to the correlated gap regime. This indicates the presence of a strong electronic nematic susceptibility or even nematic order in TBG in regions of the phase diagram where superconductivity is observed.
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                    Fig. 1: Atomic insights on TBG structure near the magic angle.[image: ]


Fig. 2: LDOS and bandwidth of TBG at the magic angle.[image: ]


Fig. 3: Doping dependence of magic-angle LDOS peaks.[image: ]


Fig. 4: Wavefunctions and symmetry breaking in magic-angle TBG under doping.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 0.79Â° LDOS doping dependence.
a, STS LDOS as a function of doping at a 0.79Â° TBG AA site for a doping range of âˆ’0.95ns to 0.8ns (ns being full filling of the moirÃ© band with four electrons or holes). Spectra were taken in a closed loop at 100-meV and 50-pA setpoints with a 0.5-meV oscillation. b, Experimental VHS separation versus doping (bottom axis) and theoretical mean-field VHS separation as a function of chemical potential (Ed âˆ’ Î¼) relative to charge neutrality (top axis) for the 0.79Â° doping-dependent LDOS. c, LDOS comparison of the correlated gap at half-filling (âˆ’0.5ns) in 1.15Â° TBG and 0.79Â° TBG. d, Peak-to-peak gap size as a function of doping, offset to half-filling (0.5ns) for 1.15Â° and 0.79Â°, where x is additional carrier doping in carriers per square centimetre around half-filling. e, Comparison of 0.79Â°, 1.15Â° and 1.10Â° LDOS when doped near the Fermi level, which is 0Â V in the plot. The doping level of each curve is indicated in the legend. Error bars in b and d are estimated from the sum of squares of the lock-in oscillation (0.5 meV for 1.15Â° and 1 meV for 0.79Â°) used to determine feature positions.


Extended Data Fig. 2 Asymmetry in valence VHS with doping.
Half-widths of the trailing edge and leading edge of the valence VHS as a function of doping in the 1.15Â° sample. Error bars are estimated from the sum of squares of the lock-in oscillation (0.5 meV) used, which determines the peak half-width position.





Supplementary information
Supplementary Information
Supplementary Notes 1-10 including Supplementary Figures 1-10 and Supplementary References.





Rights and permissions
Reprints and permissions


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



Cite this article
Kerelsky, A., McGilly, L.J., Kennes, D.M. et al. Maximized electron interactions at the magic angle in twisted bilayer graphene.
                    Nature 572, 95â€“100 (2019). https://doi.org/10.1038/s41586-019-1431-9
Download citation
	Received: 23 December 2018

	Accepted: 14 June 2019

	Published: 31 July 2019

	Issue Date: 01 August 2019

	DOI: https://doi.org/10.1038/s41586-019-1431-9


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

                
                    	
                            
                                
                                    
                                        Manipulation of chiral interface states in a moirÃ© quantum anomalous Hall insulator
                                    
                                

                            
                                
                                    	Canxun Zhang
	Tiancong Zhu
	Michael F. Crommie


                                
                                Nature Physics (2024)

                            
	
                            
                                
                                    
                                        Terahertz linear/non-linear anomalous Hall conductivity of moirÃ© TMD hetero-nanoribbons as topological valleytronics materials
                                    
                                

                            
                                
                                    	Farzaneh Shayeganfar
	Ali Ramazani
	Mohammad Rafiee Diznab


                                
                                Scientific Reports (2024)

                            
	
                            
                                
                                    
                                        Local atomic stacking and symmetry in twisted graphene trilayers
                                    
                                

                            
                                
                                    	Isaac M. Craig
	Madeline Van Winkle
	D. Kwabena Bediako


                                
                                Nature Materials (2024)

                            
	
                            
                                
                                    
                                        Vestigial singlet pairing in a fluctuating magnetic triplet superconductor and its implications for graphene superlattices
                                    
                                

                            
                                
                                    	Prathyush P. Poduval
	Mathias S. Scheurer


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Dynamically tunable moirÃ© exciton Rydberg states in a monolayer semiconductor on twisted bilayer graphene
                                    
                                

                            
                                
                                    	Minhao He
	Jiaqi Cai
	Xiaodong Xu


                                
                                Nature Materials (2024)

                            


                

            

        
    

            
                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

                
                    
                    
                        
                            
    
        
            
                
                    Spectroscopy of graphene with a magic twist
                

                
	Mathias S. Scheurer



                
    
        
            Nature
        
        News & Views
        
        
            31 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: ]
