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ABSTRACT  

Understanding topological spin textures is important because of scientific interests and technological applications. 
However, observing nanoscale magnetization and mapping out their interactions in 3D have been challenging – due to 
the lack of nondestructive vector nanoimaging techniques that penetrate thick samples. Recently, we developed a new 
characterization technique, soft x-ray vector ptycho-tomography, to image spin textures with a 3D vector spatial 
resolution of 10 nm. Using 3D magnetic metamaterial as an example, we demonstrated the creation and observation of 
topological magnetic monopoles and their interactions. We expect this method to be applied broadly to image vector 
fields in magnetic samples and beyond. 
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1. INTRODUCTION  
Probing and mapping topological spin textures such as magnetic Skyrmions and hedgehogs is of paramount importance. 
In fact, topological magnetic whirls not only reveal new physics, but they have also risen and become leading candidates 
for next-generation information encoding and storage platforms. Within the last decade, it has been demonstrated that 
nanoscale topological spin textures in various materials at room temperature can be experimentally created, manipulated, 
and erased1,2. However, observing the magnetization directly and mapping out their interactions at 10s of nanometer 
scales has been challenging. This is due to the lack of high-resolution (<20 nm), nondestructive 3D imaging techniques 
that penetrate relatively thick (>100nm) samples.  

2. METHODOLOGY 
Recently, we developed a new imaging technique, soft x-ray vector ptycho-tomography, to characterize spin textures 
with a 3D vector spatial resolution of 10 nm3. This new coherent x-ray imaging method combines x-ray magnetic 
circular dichroism (XMCD), ptychography (a scanning coherent diffractive imaging method), scalar tomography based 
on a new algorithm called RESIRE4, and vector tomography, to quantitatively image and reconstruct spin textures. This 
new method contrasts with the 3D vector imaging methods using Maxwell's equations as a constraint5,6. By measuring 
diffraction patterns with high differential magnetic contrast at the L3-edge resonance of transition metals, we improved 
the spatial resolution close to the magnetic exchange length of transition metals, representing a significant advance of the 
resolution over previous soft and hard x-ray vector tomography methods7,8. 

 

 
Figure 1. Schematic experiment setup for soft x-ray vector ptycho-tomography and its results. Circularly polarized soft x-
ray (purple) at 856 eV (λ ~ 1.45 nm) is on resonance with nickel L3-edge and illuminates the sample (gray). The topological 
magnetic metamaterial sample is a ferromagnetic meta-lattice, which is made of fcc-packed 60nm silica nanospheres with 
infiltrated nickel in-between the nanospheres. An x-ray camera collects coherent diffractive images (~800,000 diffraction 
patterns in total, several TB of raw data). Bottom insets: after reconstructions, 3D scalar images (gray, representing nickel) 
and spin textures (red and blue arrows, representing magnetization fields in nickel) can be observed. Image credit: the 
artistic rendering is done by Steven Burrows at JILA, based on experimentally measured and reconstructed data. 
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3. RESULTS 
To showcase the method, we demonstrated the creation and observation of topological magnetic monopoles (TMMs) 
and their interactions in a nanoscale magnetic metamaterial3,9,10. More than 100 stable TMMs are created in a frustrated 
ferromagnetic meta-lattice. These field-free, room-temperature TMMs do not possess strong anisotropy or the 
Dzyaloshinskii-Moriya interaction (DMI). The complex 3D curved surfaces of the nanospheres in the meta-lattice create 
a magnetically frustrated configuration harboring topological spin texture.  

4. CONCLUSIONS 
Our work demonstrates that magnetic meta-lattices could be used as a new platform to create and investigate the 
interactions of TMMs. Furthermore, we expect soft x-ray vector ptycho-tomography to be applied broadly to 
quantitatively image 3D vector fields in magnetic and anisotropic nanomaterials based on facility-scale 
(synchrotrons)11,12 and table-top (laser-driven high harmonic generation) 13,14 coherent soft x-ray sources.  
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