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Topological invariants are known to arise in the magnetic and electronic structures of crystals. [1-3] 

Despite the wealth of topological magnetic and electronic platforms, the discovery of a system which 

exhibits co-existing topology in both the magnetic order and the electronic band structure has remained 

elusive. Topological magnetic configurations such as magnetic vortices, skyrmions and magnetic bubbles 

have received enormous attention from the viewpoint of both fundamental science and promising 

applications in spintronic devices. The topological magnetic orders are considered to have strong anti-

interference properties and are easily manipulated. Many techniques (referring to stray field, magnetic 

polarization, Lorentz force and weak lattice distortion) have been developed in characterizing the detailed 

magnetic configurations and the response of magnetic domains to the external magnetic fields, 

temperatures, etc. Among them, magnetic force microscopy (MFM)[4] and electron microscopes (EM), 

especially Lorentz transmission electron microscope (LTEM)[5], are effectively for visualizing magnetic 

domains from bulk to thin films. However, little effort has been made for the investigation of topological 

magnetic order in bulk samples because the domain structures are extremely sensitive to the sample 

geometry, induced stress and external magnetic field. In this study, we overcome the difficulty of sample 

preparation via focus ion beam (FIB) cutting. Here we report a real-space observation of a unique 

characteristic of topological magnetic order in a Weyl line ferromagnet as fabricated from a bulk single 

crystal. 

To examine the surface properties of a L21 Co-based Heusler single crystal, we fabricated square-shaped 

lamellae with a fixed size of 15x15x1 um3 from < 001 > oriented bulk single crystal, shown in Fig.1a. The 

edges (along the x and y axes) of the present sample correspond to the crystallographic axes of < 110 > or 

< 100 >. Four separated electrodes were designed to be uniformly distributed on the corners of both the 

top and bottom surfaces, respectively. Figure 1b shows the surface resistance as a function of temperature 

as measured by using the four surface electrodes placed along the top and bottom surfaces. To characterize 

the magnetic surface properties, we prepared square-shaped lamellae from < 001 > oriented bulk single 

crystals so as to minimize the shape effect; a fixed side length (a) of ~5 um was utilized, while the thickness 

(t) was systematically varied. Figure 2 shows the surface domains from the top and bottom surfaces in the 

square-shaped lamellae with a sample thickness (t) of 1200 nm, as measured by MFM. The samples were 

further thinned and examined via Fresnel imaging under LTEM and differential phase contrast imaging 

under LM-STEM.[6] 
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Figure 1. FIB cut lamellae for the physical measurement and microstructural characterization of a 

topological Weyl line ferromagnet. a, A square-shaped lamella fabricated by FIB cutting (top, a schematic; 

bottom, a SEM image). Scale bar, 5 um. b, Anisotropic changes of resistance measured from the top and 

bottom surfaces of a lamella with a thickness of 1 um. 

 
Figure 2. Experimental observation of the surface domains (top/T and bottom/B surfaces) in the lamella 

with a thickness of 1200 nm, taken by MFM. Scale bar, 1 um. 
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