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Fig. 1. Polar topological states in ferroelectric materials: (a) Vortex; (b) anti-vortex; (c) flux-closure; (d) six-fold vortex; (e) center-

divergent; (f) convergent states; (g) skyrmion; (h) Meron.
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Fig. 2. Vortex domain states in (SrTiO3),/(PbTiO3), multilayers and superlattices: (a) The left panel presents the geometric phase

analysis (GPA) image, the right panel is a local polarization distribution map for a single closure domain('%; (b) the left panel is a

cross-section dark-field TEM image of (SrTiO3),/(PbTiO3), superlattices, and the right panel is the local magnification of polariza-

tion distribution of a single vortex structurel®”; (c) a calculated phase diagram for (SrTiOs),/(PbTiO3), illustrating the length scales

within which different topological states can be stabilized*4].
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Fig. 3. Topological center-domain structures in BiFeO; nanoislands: (a) Four types of center-domain states in BiFeO; nanodots on
SrTiO; substrate observed by vector PFM analysis?!, where panel A illustrates the center-convergent, panel B illustrates the center-
divergent, panel C illustrates the double-center domain with convergent, panel D illustrates the divergent center states, and panel E
illustrates the cylinder model for phase-field simulation and two type of polar vector contour maps derived from the simulation;
(b) topological center-domain states in BiFeO3; nanodots on Nb-SrTiOy substratel?”, where panel A and B illustrate the plan-view
TEM image for a single nanodot and atomically resolved HAADF-STEM images corresponding to the red square area in panel A,
panel C is local magnified view of polarization distribution calculated by TEM corresponding to the white square area in panel B,
panel D is the polarization vector distributions of the nanoisland, panel E is the schematic of domain configuration in these BFO
nanoislands based on the analysis of both PFM and TEM characterization.
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Fig. 4. The polar skymion bubble and polar meron states: (a) Polar skyrmion bubbles in a (SrTiOs),/(PbTiOs3), superlattice on

SrTiOy substratel), where the upper panel is a cross-section dark-field TEM image, the middle panel is a planar-view dark-field

STEM image, and the bottom panel is chematic skyrmion bubble configuration from calculations; (b) polar merons in a untrathin
PbTiO; film on SmScO; substratel’, where the upper panel is the cross-section HAADF-STEM image, the middle panel is the

corresponding geometric phase analysis (GPA) image, and the bottom panel is a meron configuration from calculations.
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Fig. 5. External field control of polar topological domains: (a) Creation of closure in-plane domains in BFO film by using scan bias.
Domain configuration for several closure domain states arranged along a line (upper panel), in-plane PFM image after switching
several closure domains (bottom panel)P; (b) in-plane PFM image of a vortex domain structure which was created by using scan
biasl®?; (c) in-plane PFM image of a created center-type domain structure®); (d) PFM images showing the electric switching of
BiFeO; center domains by scanning electric biasi?; (e) phase transition from a mixed phase of in-plane a,/a, domains and polar
vortex to a single 3D supercrystal phase triggered by sub-picosecond optical pulses in a (SrTiO;),/(PbTiO;), superlatticel;
(f) Mechanical manipulation of vortices in a (SrTiOj),/(PbTiO;), superlattice. A chronological high resolution TEM image series
acquired under mechanical loads (upper panel) and the corresponding inverse fast Fourier transform maps (bottom panel)?.
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Fig. 6. Enhanced electric conductivity at domain walls and vortex cores: (a) CAFM images of quadrant center domains in an array
of square-shape BiFeO; nanoislands on LaAlO; substrate (left panel), different conductive domain wall states for respective
convergent (right front panel) and divergent domains (right rear panel) ?!; (b) endurance performance of resistive switching in do-
main wall conduction (left panel), and a crossbar device architecture of conceptual memory prototype based on domain wall cur-

rent (right panel)?'; (c) the PFM image of vortex domains (left panel) and corresponding CAFM image of vortex core (right panel),
shows enhanced electric conductivity.
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Abstract

Exotic ferroelectric topological states (such as vortex state) have received intensive attention in the past

decade, creating a new area for exploring the emerging physical phenomena and functionalities, as well as new

applications (such as memory). In recent years, a series of discoveries in novel topological states, such as vortex,

central domain, skyrmion and meron states, has inspired an upsurge of research interests. Moreover, the effort

to manipulate such a topological domain structure hints the possibilities for the local, deterministic control of

order parameters so that the static interface conductivity can be successfully controlled at topologically

protected domain walls. These encouraging discoveries create a new avenue to the fertile emerging physic

phenomena, and offer new possibilities for developing potential high-performance materials and new nano-

electronic devices based on these exotic states. In the past decade, this field has developed rapidly and become a

hot research topic in ferroelectrics. In this paper, we review the recent progress in the field of exotic topological

state in nanoferroelectrics, and discuss some existing problems and potential directions.
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