v a—

THERR A ( T ) K4 WANG YU

Theoretical study on dynamic behaviors of magnetic skyrmions from multi-physics
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This thesis focused on a nanoscale topological magnetic order (skyrmion) recently
discovered in magnetic thin films, and the effects of external factors such as
temperature and strain fields and interactions between skyrmions on their dynamic
behavior are analyzed using a phase—-field method, with the aim of clarifying the
dynamic behavior of skyrmions.

Chapter 1 1is the introduction. The skyrmion 1is a nanoscale bubble-like
magnetization structure with a topologically protected particle feature and
excellent dynamic response with multi—-physical external fields (such as magnetic,
temperature, and mechanical fields). The fascinating controllable multi-physical
skyrmion dynamic behaviors have been widely attracting attention due to their
application potential in the next generation of advanced devices (such as memory,
logical gate, microwave, and computing devices), which motivates this thesis.
However, as a new face, the law of skyrmion dynamics is still wunclear and
controversial. Therefore, this thesis aims to build up skyrmion dynamic equations
in multi-physical fields. Although the magnetic field effects on skyrmion dynamics
are well studied, the temperature and mechanical nature of skyrmion dynamics in
complex conditions are still wunclear due to their mathematical modeling
limitations, and thus becomes the gap that needs to be filled. Here, the
limitations are broken by proposing a temperature— and mechanical-related phase-
field simulation method based on a modified magnetization dynamic equation. Then,
the gaps of skyrmion dynamics are filled and a unified multi—-physical skyrmion
dynamic law is proposed.

Chapter 2 aims to break the limitation of the zero temperature and fixed
magnetization magnitude of the classical magnetization dynamic equation, 1i.e.
Landau-Lifshitz-Gilbert (LLG) equation, by developing an advanced simulation
method for skyrmion dynamics in multi-physical external fields. Here, a modified
LLG equation is proposed for simultaneously including precession, magnitude change
of magnetizations in finite temperature and mechanical fields, and a real—space
phase-field simulation is developed by numerically solving the modified LLG,
mechanical equilibrium, and Maxwell’s equations accordingly. It breaks the
limitations and is anticipated to be a powerful tool for the study of multi-
physical magnetic (skyrmion) dynamics

In Chapter 3, an isolated skyrmion motion in a temperature field is studied
by the proposed phase—-field simulation. The temperature gradient field is a
driving force for the skyrmion motion, and the local temperature cooling can

accelerate the motion. The energy analysis demonstrates that the mechanism of
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driving force is the energy imbalance of the skyrmion in thermal gradient.
According to the results, a skyrmion kinetic equation with temperature effects
is proposed.

In Chapter 4, the mechanical effect on the isolated skyrmion motions 1is
studied. The uniaxial tensile strain—induced skyrmion distortion along the
thermal gradient direction can further accelerate the skyrmion thermal motion.
Based on the result, the mechanical effect is included into the skyrmion
kinetic equation.

In Chapter 5, two skyrmions’ interaction is investigated. At first, the
temperature effect on the repulsive skyrmion—-skyrmion interaction 1is
simulated. The decreased temperature can exponentially increase the skyrmion-
skyrmion interaction by affecting the overlap areas, distortions, and
magnetizations magnitude of skyrmions. Then, the temperature effect of
skyrmion interaction—induced driving force 1is 1included into the skyrmion
kinetic equation.

In Chapter 6, the mechanical effect on two skyrmions’ interaction is
investigated. The wuniaxial strain can exponentially change the skyrmion-—
skyrmion interaction by controlling the deformation of skyrmions. Then, such
a mechanical effect is included into the skyrmion kinetic equation.

In Chapter 7, the skyrmion dynamics in more complicated small damping
systems, where the precession of magnetization is dominant, is studied. Here,
the phase—-field simulation showed the coupling between dynamic skyrmions and
the emission of spin waves. The magnitude—-fluctuated spin wave near the Curie
temperature is found for the first time, and the coherence of such spin waves
can create new skyrmions at the interference points near the ordering
temperature. This result suggests a richer skyrmion dynamic behavior in small
damping systems.

Chapter 8 is the conclusion, where all the results obtained in this thesis

are summarized.
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