Topological spin textures in chiral magnets: from 2D to 3D prrymmmys

Program Scope

This grant award focuses on the study of both fundamental physical
property and material realization of magnetic spin textures with
nontrivial topology. It consists of three major part:

»  Novel Skyrmionic textures and their dynamics. A zoo of
skyrmion-like topological spin textures can be enabled in chiral
magnets, and their controlled current driven dynamics can be
designed through simulations.

» Investigating transport signatures of spin textures. Topological
Hall effect (THE) has been widely used for identifying
skyrmions. We have identified THE in various systems.
Alternative mechanisms to THE-like feature have been
proposed.

» Unlocking 3D topological hopfion textures. Energy landscape,
transport signature, and novel dynamics of hopfions will be
discussed.

Theoretical developments in this project are also supported by
intensive experimental collaborations.

Magnetic Skyrmion

Magnetic skyrmion is a nanostructured spin texture in which
magnetic moments point in all directions wrapping a unit
sphere. There exists one-to-one correspondence between a
skyrmion and a unit sphere. It has been realized in chiral
magnets such as MnSi and FeGe.

Left: unit cell of FeGe.
Right: Lorentz TEM imaging of skyrmions

Topological Charge Minimal Hamiltonian of chiral magnet
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Emergent magnetic field induces
Hall effect of itinerant electrons
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Novel Skyrmionic Textures

From skyrmionium to skyrmion bundles
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Numerical simulation indicates stable skyrmionium and skyrmion
bundle states in chiral magnets. Experimental realization shows
cascading topological charge transition in skyrmion bundles

Skyrmionic vortex in chiral tetrahedron

Simulation

Integration of simulation and
electron holography reveals

skyrmionic vortex in FeGe
nano-tetrahedron. Formation
of the vortex is enabled by
chiral frustration at the edges.
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By gating (magnetic) topological insulator
multilayers, concurrence of quantum
anomalous Hall effect and THE was
addressed. Variation of the THE resistivity is
reproduced by linear response theory on
quantum well and surface state Hamiltonians

Model Hamiltonian
Hqw = €(k) + N(k)z, + A(kyax - kxay)rx + Uty
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Nonlinear anomalous Hall effect
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Non-linear Anomalous Hall Effect: Apxy = OxyPix
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Topological Hall Effect:
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» 3D topological spin texture, no singularity

» Equal S, contours form a torus plane

» Two arbitrary equal spin contours linked
with each other
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Prediction of magnetic hopfion
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Current driven hopfion dynamics
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Hopfion moves mainly along current direction. Transverse velocities and
collective rotations are present.
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S(r,t) =So(0(r—R)) _Déy + aKggX + aK re®, = fKrrlis,

DX — 10, + aKreY + aKee®, = fKrotj, + D&jx,
O ~1—0(t) - Listhe rotation ~DY +10, +aKgoX + aKee®, = Krotix — Déjy.

R = (X(t),Y(t),Z(t)) is the displacement
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Conclusions

» Skyrmion textures with arbitrary topological
charges can be generated. In chiral magnet
nanoparticles chiral frustration at the sample
edges are important.

» Topological Hall effect can be induced in
topological matters, but special care must be
taken. It could be nonlinear anomalous Hall effect
from field-induced band evolution.

» Magnetic hopfion is a new class of 3D topological
texture. Its recent realization might lead to more
exciting research. It has novel current driven
dynamics owing to its 3D nature.

» Exploration of other exotic topological spin
textures, especially the composites of skyrmions,
Bloch points, helical stripes, and merons.

» Developing 3D magnetic imaging as a special
example of inverse problem in general. Using
advanced algorithm such as machine learning.

» Clarifying topological Hall effect in various
systems. Studying transport signatures of
topological textures.
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