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            Abstract
Crystal lattices with tetragonal or hexagonal structure often exhibit structural transitions in response to external stimuli1. Similar behaviour is anticipated for the lattice forms of topological spin textures, such as lattices composed of merons and antimerons or skyrmions and antiskyrmions (types of vortex related to the distribution of electron spins in a magnetic field), but has yet to be verified experimentally2,3. Here we report real-space observations of spin textures in a thin plate of the chiral-lattice magnet Co8Zn9Mn3, which exhibits in-plane magnetic anisotropy. The observations demonstrate the emergence of a two-dimensional square lattice of merons and antimerons from a helical state, and its transformation into a hexagonal lattice of skyrmions in the presence of a magnetic field at room temperature. Sequential observations with decreasing temperature reveal that the topologically protected skyrmions remain robust to changes in temperature, whereas the square lattice of merons and antimerons relaxes to non-topological in-plane spin helices, highlighting the different topological stabilities of merons, antimerons and skyrmions. Our results demonstrate the rich variety of topological spin textures and their lattice forms, and should stimulate further investigation of emergent electromagnetic properties.
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                    Fig. 1: Real-space observations of a square lattice of merons and antimerons in a thin plate of the chiral-lattice magnet Co8Zn9Mn3.[image: ]


Fig. 2: Magnetically induced transformation of a square (anti)meron lattice to a hexagonal skyrmion lattice via a deformed skyrmion lattice in the (001) plate of Co8Zn9Mn3 at 295Â K.[image: ]


Fig. 3: Stability of the square (anti)meron and hexagonal skyrmion lattices in the (001) plate of Co8Zn9Mn3.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 The crystal structure, magnetic configurations and magnetic phase diagrams of the (001) thin plate of Co8Zn9Mn3.
a, b, Schematics of the crystal structure with space group P4132 (a) and P4332 (b). Coloured arrows indicate the crystal axes. c, Magnetic phase diagram (approximate) of the hex-SkL30 and sq-ML observed over field-increasing runs from low (less than 10Â mT) field cooling for a (001) thin plate of Co8Zn9Mn3. The phase determination was based on the continuous magnetic-field scans at fixed temperatures in intervals of Î”Tâ€‰=â€‰5Â K. The arrow indicates the field-increasing run for the Lorentz TEM images shown in Fig.Â 2aâ€“c. FM, field-magnetized ferromagnetic structure. d, e, Periodic stripe domains with a single wavevector along the [100] axis at 95Â K (d), the helical structure with possible multi-domains composed of helices with in-plane wavevectors (area B) and with out-of-plane wavevectors (dark regions; area A) at 295Â K (e), respectively. f, A hex-SkL realized under 65Â mT at 300Â K. Colours in dâ€“f (see colour wheel) depict the direction (white arrows) of the local in-plane magnetization; black shows the out-of-plane magnetization.


Extended Data Fig. 2 The approximate in-plane magnetization textures and simulated defocused Lorentz TEM images.
a, d, h, sq-ML. b, e, i, sq-SkL. c, f, j, hex-SkL. The parameters for the simulations are shown in Extended Data TableÂ 1. The colour bar indicates the normalized component of the out-of-plane magnetization mz.


Extended Data Fig. 3 Magnetic phase diagrams and several over-focused Lorentz TEM images observed in the (001) thin plate of Co8Zn9Mn3 with varying temperature T and external magnetic field B.
a, Phase diagram of the magnetic structure observed after 60-mT field cooling with increasing B (red dashed arrows), decreasing (black arrow) B and then increasing T (blue dashed arrow). b, Phase diagram of the magnetic structure observed after field cooling with various cooling fields (indicated by red dashed arrows). HÂ +Â M shows the mixed structure of helices (dominant) and merons (minor). The open circles specify the (T,Â B) points that we measured. The dark blue region shows the helical phase. câ€“f, Over-focused Lorentz TEM images observed for different T and B, indicated by black solid circles in a (c, d) and yellow solid circles in b (e, f).


Extended Data Fig. 4 Various periodic arrays of the topological spin textures observed in the (001) thin plate of Co8Zn9Mn3 with varying external magnetic field.
a, b, d, e, g, h, Lorentz TEM images (a, d and g; insets show the corresponding fast Fourier transforms) and their magnetization maps (b, e and h) for the sq-ML (a, b), hex-SkL (d, e) and skyrmion chains (g, h) observed at 295Â K and various fields. c, f, i, Magnified magnetization textures in the boxed areas in b, e and h.


Extended Data Fig 5 Spontaneous magnetic structures in thin plates of Co-Zn-Mn with various Mn compositions.
aâ€“h, Defocused Lorentz TEM images observed in the thin plates of Co-Zn-Mn at zero field and 95 K. iâ€“l, Electron-phase images obtained from analysing Lorentz TEM images in aâ€“h with the transport-of-intensity equation.


Extended Data Fig. 6 Exotic topological spin textures in thin plates of Co-Zn-Mn with various Mn compositions.
aâ€“c, Over-focused Lorentz TEM images of skyrmion chains observed in Co8Zn9Mn3 (a), bound skyrmions in Co8Zn10Mn2 (b; such as that indicated by the yellow arrow) and bubble-like domains in CoZn (c; such as that indicated by the white arrow).


Extended Data Table 1 Parameters for Fresnel image simulationsFull size table





Supplementary information
Video 1
An in-situ Lorentz TEM video showing transitions of magnetic configurations from the helical structure to a hexagonal lattice of skyrmion, via a square lattice of meron and antimeron in a (001) thin plate of Co8Zn9Mn3 with an increasing run of the magnetic bias field.
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