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            Abstract
The dispersion of charge carriers in a metal is distinctly different from that of free electrons owing to their interactions with the crystal lattice. These interactions may lead to quasiparticles mimicking the massless relativistic dynamics of high-energy particle physics1,2,3, and they can twist the quantum phase of electrons into topologically non-trivial knotsâ€”producing protected surface states with anomalous electromagnetic properties4,5,6,7,8,9. These effects intertwine in materials known as Weyl semimetals, and in their crystal-symmetry-protected analogues, Dirac semimetals10. The latter show a linear electronic dispersion in three dimensions described by two copies of the Weyl equation (a theoretical description of massless relativistic fermions). At the surface of a crystal, the broken translational symmetry creates topological surface states, so-called Fermi arcs11, which have no counterparts in high-energy physics or conventional condensed matter systems. Here we present Shubnikovâ€“de Haas oscillations in focused-ion-beam-prepared microstructures of Cd3As2 that are consistent with the theoretically predicted â€˜Weyl orbitsâ€™, a kind of cyclotron motion that weaves together Fermi-arc and chiral bulk states12. In contrast to conventional cyclotron orbits, this motion is driven by the transfer of chirality from one Weyl node to another, rather than momentum transfer of the Lorentz force. Our observations provide evidence for direct access to the topological properties of charge in a transport experiment, a first step towards their potential application.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Surface oscillations in microstructures.[image: ]


Figure 2: Angle-dependent oscillations.[image: ]


Figure 3: Thickness dependence.[image: ]


Figure 4: Non-adiabatic corrections.[image: ]


Figure 5: Absence of surface oscillations in triangular samples.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Synthesis and characterization of Cd3As2 crystals.
a, A typical facetted Cd3As2 single crystal, and b, the powder X-ray diffraction (PXRD) spectrum. Cd3As2 single crystals were produced using the flux growth technique with a 5:1 ratio of Cd flux to Cd3As2. Elemental Cd and As were placed into an aluminium oxide crucible with a quartz wool plug and sealed into a quartz ampoule under vacuum. The ampoule was heated to 825â€‰Â°C and held at that temperature for two days to ensure a fully homogenized mixture. It was then cooled at a rate of 6â€‰Â°C per hour to 425â€‰Â°C, where it was centrifuged to remove excess Cd. Bulk crystals were found trapped in the quartz wool following this procedure, and were confirmed to be Cd3As2 by both PXRD and single-crystal X-ray diffraction. The PXRD data (red trace) can be well fitted by the I41/acd low-temperature phase of Cd3As2 (ref. 43) (black trace), and no parasitic phases were observed.


Extended Data Figure 2 Surface quantum oscillations are resistant to intentional surface damage.
a, Sketch of the device cross-section before and after the irradiation. Three possible current paths exist in these devices: the crystal bulk (purple), the topological surface states (orange), and the amorphous FIB-induced damage shell (green). b, Device after the heavy irradiation damage. The dimples due to the beam centre impact are well visible across the whole device. The polished back side remained undisturbed by this procedure. c, Comparison of the same device with pristine surfaces and after damaging the surface. The resistance increases after irradiation, as expected for the increased scattering. d, Magnetoresistance of the Cd3As2 microstructure before and after irradiation; and e, the Fourier components of the quantum oscillations.


Extended Data Figure 3 Effective mass analysis of bulk and surface oscillations.
The temperature dependence of the Shubnikovâ€“de Haas (SdH) amplitudes in the bulk (blue) and at the surface (red) follow the usual Lifshitzâ€“Kosevich behaviour. The fits to the data (lines) yield an effective electron mass in the bulk of 0.044me, in good agreement with previously reported values26. The surface state appears slightly heavier (0.05me).


Extended Data Figure 4 Spin splitting.
a, Positions of the nth Landau levels, Bn, calculated for spin-splitting (blue) and experimentally observed values (red). The observed deviation is opposite to the expectation of spin-splitting, yet qualitatively and quantitatively consistent with the non-adiabatic corrections of the Weyl orbit process. b, Calculated Landau level energy spectrum for Dirac systems with and without spin-splitting as described by equation (2).


Extended Data Figure 5 Raw oscillatory signal of the 150â€‰nm device.
Shown are Shubnikovâ€“de Haas oscillations of the 150-nm-wide rectangular device, the smallest microstructure fabricated in this study, as a function of 1/field, for different angles between the sample and the magnetic field. Following the notation of the main manuscript, 0Â° and 180Â° correspond to a field perpendicular to the surface of the device (â€˜surfâ€™). The separation between curves along y represents the field angle on a linear scale. Close to the perpendicular field configurations, traces at 5Â° angle increment were taken, and at 10Â° increment elsewhere. The appearance of the surface frequency can be well seen in the raw data as strong beating appears around 0Â°. Also, the characteristic cos(Î¸)âˆ’1 angle dependence of a surface frequency can be easily seen by following the peak positions to higher angles.


Extended Data Figure 6 Raw oscillatory signal of the triangular and rectangular devices.
Shown are Shubnikovâ€“de Haas oscillations of the triangular (top) and rectangular (bottom) devices, as a function of 1/field for different angles between the sample and the magnetic field. Traces were taken at 5Â° angle increment. Those angles where the field is perpendicular to a surface are marked by â€˜surfâ€™ for both the rectangular and the triangular devices. While the rectangular device shows the characteristic beating, the peak positions in the triangle remain at the same fields.





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4

PowerPoint slide for Fig. 5




Rights and permissions
Reprints and permissions


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



Cite this article
Moll, P., Nair, N., Helm, T. et al. Transport evidence for Fermi-arc-mediated chirality transfer in the Dirac semimetal Cd3As2.
                    Nature 535, 266â€“270 (2016). https://doi.org/10.1038/nature18276
Download citation
	Received: 20 November 2015

	Accepted: 13 April 2016

	Published: 04 July 2016

	Issue Date: 14 July 2016

	DOI: https://doi.org/10.1038/nature18276


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

                
                    	
                            
                                
                                    
                                        Top-down patterning of topological surface and edge states using a focused ion beam
                                    
                                

                            
                                
                                    	Abdulhakim Bake
	Qi Zhang
	David Cortie


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Thermoelectric properties of ballistic Normalâ€“Weyl semimetal-Normal junction
                                    
                                

                            
                                
                                    	Jafar Lotfi
	Babak Abdollahipour


                                
                                Scientific Reports (2023)

                            
	
                            
                                
                                    
                                        Anisotropic resistance with a 90Â° twist in a ferromagnetic Weyl semimetal, Co2MnGa
                                    
                                

                            
                                
                                    	Nicholas P. Quirk
	Guangming Cheng
	N. P. Ong


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        The thickness dependence of quantum oscillations in ferromagnetic Weyl metal SrRuO3
                                    
                                

                            
                                
                                    	Uddipta Kar
	Akhilesh Kr. Singh
	Wei-Li Lee


                                
                                npj Quantum Materials (2023)

                            
	
                            
                                
                                    
                                        Transport signatures of the topological surface state induced by the size effect in superconductor Î²-PdBi2
                                    
                                

                            
                                
                                    	Ankang Zhu
	Zheng Chen
	Mingliang Tian


                                
                                Science China Physics, Mechanics & Astronomy (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
'Weyl orbits' in a topological insulator
In recently discovered topological semimetals, quasiparticles appear that are condensed-matter versions of high-energy massless Weyl fermions. They show curious electronic behaviour, having a distinct chirality and residing in topologically protected states. At the surface, so-called Fermi arcs form between specific Weyl nodes, and these have recently been observed in spectroscopic measurements. Philip Moll et al. present electronic transport measurements of the topological Dirac semimetal Cd3As2 in a magnetic field, identifying the predicted Weyl orbits that weave Fermi arcs and bulk states together. These Weyl orbits enable transfer of chirality from one node to another and open up the possibility of controlling topological properties electronically.
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