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Fig. 1. Typical spin topology defects in magnetic materials: (a) Domain wall*?; (b) flux-closure pattern*?; (c) vortex*?l; (d) anti-

vortex!*l; (e) center-divergent pattern*’); (f) center-convergent pattern*?l; (g) meron**™; (h) skyrmion/7.
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Fig. 2. Typical polar topologies in ferroelectric materials: (a) Polar vortex in nanodisks|
() polar vortex in nanodots™); (d) vortex in BTO nanoislands™}; (e) vortex domain in PZT nanodots

2711 (b) polar vortex in nanorodsi227!;

I; (f) anti-vortex domain in

BFO films™; (g) center-divergent domain in BFO films™®™); (h) flux-closure pattern in BTO crystal®™; (i), (j) center-divergent

(convergent) domain in BFO nanoislands®*3!.
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Fig. 3. Mobility of flux-closed topological domains in ferroelectric materials: (a) Bundles-like domain structures at the edges of the

PZNPT single crystal lamellaP?; (b) approach, coalesce and separate of the vertices after delivery of a prepoling field pulse”.
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Fig. 4. Conductivity of polar topological domains in ferroelectric thin films. Creation (a) and conductivity (b) of the flux-closure do-

main in BFO films®%; (c) flux- closure domain and center-divergent (convergent) domain in BiFeOy films and (d) their conductiv-
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Fig. 5. Observation of the polar topological domains in ferroelectric thin films: (a) Flux-closure domains in ferroelectric PZTI;

(b) vortex domains in ferroelectric BFO ultrathin films®?; (c) flux-closure domains in ferroelectric BFO ultrathin films".
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Fig. 8. Topological mixed phase structure and field control in ferroelectric superlattice: (a) Lateral piezoresponse force studies re-

vealing the distribution of a,/a, and vortex phases”; (b) dark field TEM image showing ferroelectric vortices and a,/a,-domain co-

existencel”; (c) phase field model of the a;/a,-domain/vortex boundary; (d) reversible electric-field control of ferroelectric and

vortex phases®?7; (e) temperature-dependent synchrotron X-ray diffraction on reversible switching of ferroelectric and vortex

phases™7; (f) reversible sub-picosecond optical pulses control of ferroelectric mixture and supercrystal structurel?>97.
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Fig. 9. Topological mixed phase structure and field control in ferroelectric superlattice: (a) Theoretical guidelines to create polar

skyrmions®®); (b) topoligical transition between polar vortex and skyrmion in ferroelectric nanocomposites®); (c) phase field model

of the topoligical transition between polar vortex and skyrmion in ferroelectric PTO/STO superlattices™; (d) manipulating topolo-

gical transformations of polar vortices in ferroelectric superlattices!.
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Polar topological structures in ferroelectric materials”
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Abstract

Spin topologies, including flow-closure, vortex, meron, skyrmion and other spin configurations, are usually
found in magnetic materials. The emergence of the topological structures will trigger a number of intriguing
functionalities and physical properties. Recent studies have shown that the trival domain structures can be
transformed into polar topological domain structures under certain boundary conditions, such as size-confining,
interfacial coupling, and epitaxial strain. In this paper, we review the observations of polar topologies and their
formation mechanism in ferroelectric nanoparticles, thin films, and superlattice films, and focus on the
intriguing properties, including ferroelectric, piezoelectric, dielectric, and photoelectric performances, which arise
from the formation of polar topologies. We also review the highlights of recent studies of the manipulations and
evolutions of polar topologies under the external field loading in ferroelectric materials. Finally, the future

research directions of polar topological structure and potential application directions are proposed.

Keywords: ferroelectric materials, domain, polar topologies, manipulations
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