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            Abstract
Majorana zero modes are quasiparticle excitations in condensed matter systems that have been proposed as building blocks of fault-tolerant quantum computers1. They are expected to exhibit non-Abelian particle statistics, in contrast to the usual statistics of fermions and bosons, enabling quantum operations to be performed by braiding isolated modes around one another1,2. Quantum braiding operations are topologically protected insofar as these modes are pinned near zero energy, with the departure from zero expected to be exponentially small as the modes become spatially separated3,4. Following theoretical proposals5,6, several experiments have identified signatures of Majorana modes in nanowires with proximity-induced superconductivity7,8,9,10,11 and atomic chains12, with small amounts of mode splitting potentially explained by hybridization of Majorana modes13,14,15. Here, we use Coulomb-blockade spectroscopy in an InAs nanowire segment with epitaxial aluminium, which forms a proximity-induced superconducting Coulomb island (a ‘Majorana island’) that is isolated from normal-metal leads by tunnel barriers, to measure the splitting of near-zero-energy Majorana modes. We observe exponential suppression of energy splitting with increasing wire length. For short devices of a few hundred nanometres, sub-gap state energies oscillate as the magnetic field is varied, as is expected for hybridized Majorana modes. Splitting decreases by a factor of about ten for each half a micrometre of increased wire length. For devices longer than about one micrometre, transport in strong magnetic fields occurs through a zero-energy state that is energetically isolated from a continuum, yielding uniformly spaced Coulomb-blockade conductance peaks, consistent with teleportation via Majorana modes16,17. Our results help to explain the trivial-to-topological transition in finite systems and to quantify the scaling of topological protection with end-mode separation.
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                    Figure 1: Majorana island device.[image: ]


Figure 2: Peak splitting in magnetic field.[image: ]


Figure 3: Bias spectroscopy.[image: ]


Figure 4: Length dependence of Coulomb-peak heights.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Device layouts.
Gate pattern for the five measured devices showing applied voltage bias VSD, measured current I and gate voltage VG.


Extended Data Figure 2 Summary of even–odd peak spacing.
a–i, Peak spacings for even and odd valleys Se,o versus applied magnetic field B‖, B⊥ or Btr (similar to Fig. 2b) for different device lengths. Left axis shows peak spacings; right axis shows corresponding energy scales, converting from gate voltage to energy by the lever arm η, which is measured independently from Coulomb-blockade diamonds. Insets show a magnification of the first energy splitting with an arrow indicating where A is measured. j, Cross-section of the nanowire, showing the applied field directions B‖, B⊥ and Btr.


Extended Data Figure 3 Critical field measurement for the L = 0.9 μm device.
a, Conductance g versus gate voltage VG and parallel magnetic field B‖ at zero bias showing the 2e-to-1e peak splitting. b, Conductance versus source–drain voltage VSD and B‖, taken at VG = −14.92 V, showing a closing of the superconducting gap at Bc ≈ 640 mT, more than 500 mT after the onset of 1e periodicity.


Extended Data Figure 4 Oscillating 1e-periodic peak spacings.
a, Zero-bias conductance g versus gate voltage VG and parallel magnetic field B‖ at zero bias showing the 2e-to-1e peak splitting for L = 0.9 μm. The fitted peak position is indicated by a red line; even and odd peak spacings Se,o are indicated by white arrows. b, Peak spacing for even and odd valleys as a function of B‖. The plot shows the average peak spacings 〈Se,o〉 as well as the individual peak spacings Se,o.


Extended Data Figure 5 Angle dependence of state-continuum anti-crossing.
a–f, Differential conductance g as a function of source–drain bias VSD and magnetic field Bα for different angles (α = 22.5°–157.5°) in the plane perpendicular to the nanowire direction. Measurements are from the L = 400 nm device.


Extended Data Figure 6 Gate positions.
a, Differential conductance g as a function of gate voltage VG and parallel magnetic field B‖ for the L = 330 nm device. Three different gate positions are indicated by coloured horizontal lines. b–d, Differential conductance as function of bias voltage VSD and B‖ for the three gate voltages in a.


Extended Data Figure 7 Comparison of peak spacings and bias spectroscopy.
a, Peak spacing for even and odd valleys 〈Se,o〉 versus applied field B⊥. b, Differential conductance g as a function of source–drain bias VSD and magnetic field B⊥.


Extended Data Figure 8 Common-mode peak motion removal.
a, Differential conductance g versus gate voltage VG and applied magnetic field B‖ for the L = 1.5 μm device. b, Same as a, but with effective gate voltage VG,eff defined to remove common-mode peak motion. The reference Coulomb peak that is used for common-mode removal is labelled.


Extended Data Figure 9 Zero-energy state.
a, Differential conductance g as a function of bias voltage VSD and gate voltage VG for the L = 1.5 μm device and B‖ = 270 mT, showing an evenly spaced Coulomb diamond pattern and the associated gapped zero-energy state. b, Differential conductance versus bias voltage at the gate voltages indicated by coloured ticks in a. At these VG values, the presence of a zero-energy state is indicated by a zero-bias peak.


Extended Data Figure 10 Bias-spectroscopy at successive Coulomb peaks.
a, Differential conductance g versus effective gate voltage VG,eff and applied magnetic field B‖. VG,eff is defined to remove common-mode peak motion; see Methods section ‘Bias spectroscopy of the long device’. b, Differential conductance versus source–drain bias VSD and applied magnetic field B‖ at fixed VG,eff indicated by the coloured ticks on the right axis of a.


Extended Data Figure 11 Measurement of the g-factor for three devices.
a, Differential conductance g versus source–drain voltage VSD and applied magnetic field B‖ for the L = 330 nm device, showing a g-factor of 23. b, c, Average even and odd peak spacings 〈Se,o〉 as a function of B‖ for the L = 790 nm and L = 0.9 μm devices, showing extracted g-factors of 20 and 50, respectively.


Extended Data Table 1 Device length L, charging energy EC, lever arm η and characteristic amplitude A for the five measured devicesFull size table


Extended Data Table 2 All non-zero offset voltage values δV(B) for the L = 1.5 μm deviceFull size table





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


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



Cite this article
Albrecht, S., Higginbotham, A., Madsen, M. et al. Exponential protection of zero modes in Majorana islands.
                    Nature 531, 206–209 (2016). https://doi.org/10.1038/nature17162
Download citation
	Received: 14 September 2015

	Accepted: 18 January 2016

	Published: 09 March 2016

	Issue Date: 10 March 2016

	DOI: https://doi.org/10.1038/nature17162


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

                
                    	
                            
                                
                                    
                                        Hosohedral nodal-line superconductivity in hexagonal ABC Dirac semimetals
                                    
                                

                            
                                
                                    	Hong-Guk Min
	Churlhi Lyi
	Youngkuk Kim


                                
                                Communications Physics (2024)

                            
	
                            
                                
                                    
                                        Superconducting tunnel junctions with layered superconductors
                                    
                                

                            
                                
                                    	Xiangyu Bi
	Ganyu Chen
	Hongtao Yuan


                                
                                Quantum Frontiers (2024)

                            
	
                            
                                
                                    
                                        Intermediate states in Andreev bound state fusion
                                    
                                

                            
                                
                                    	Christian Jünger
	Sebastian Lehmann
	Andreas Baumgartner


                                
                                Communications Physics (2023)

                            
	
                            
                                
                                    
                                        In search of Majorana
                                    
                                

                            
                                
                                    	Sankar Das Sarma


                                
                                Nature Physics (2023)

                            
	
                            
                                
                                    
                                        Conductance spectroscopy of Majorana zero modes in superconductor-magnetic insulator nanowire hybrid systems
                                    
                                

                            
                                
                                    	Roshni Singh
	Bhaskaran Muralidharan


                                
                                Communications 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
            
        

        
    



            

        
    


    
        Editorial Summary
Majorana modes get more real
There are three known fundamental types of fermions called Dirac, Weyl and Majorana. Until recently, the latter two had escaped observation, but evidence for the existence of Weyl and Majorana modes was found in condensed matter systems. In particular, signatures for Majorana modes were identified in semiconductor–superconductor nanowire devices, and this sparked significant interest because non-trivial topological properties had been predicted. Charles Marcus and colleagues present the next essential piece of evidence for the robust presence of Majorana modes in such devices, namely the exponential protection of Majorana modes in the form of a suppression of energy splitting with increasing nanowire length. The observations open a path to the next step of controlling Majorana modes and establishing topological properties.
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