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1. Introduction

The 2016 Nobel Prize in physics was awarded to David Thou-
less, John Kosterlitz, and Duncan Haldane for “theoretical 

Topological spin/polarization structures in ferroic materials continue to draw 

great attention as a result of their fascinating physical behaviors and prom-

ising applications in the field of high-density nonvolatile memories as well as 

future energy-efficient nanoelectronic and spintronic devices. Such devel-

opments have been made, in part, based on recent advances in theoretical 

calculations, the synthesis of high-quality thin films, and the characterization 

of their emergent phenomena and exotic phases. Herein, progress over the 

last decade in the study of topological structures in ferroic thin films and het-

erostructures is explored, including the observation of topological structures 

and control of their structures and emergent physical phenomena through 

epitaxial strain, layer thickness, electric, magnetic fields, etc. First, the evolu-

tion of topological spin structures (e.g., magnetic skyrmions) and associated 

functionalities (e.g., topological Hall effect) in magnetic thin films and hetero-

structures is discussed. Then, the exotic polar topologies (e.g., domain walls, 

closure domains, polar vortices, bubble domains, and polar skyrmions) and 

their emergent physical properties in ferroelectric oxide films and heterostruc-

tures are explored. Finally, a brief overview and prospectus of how the field 

may evolve in the coming years is provided.
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discoveries of topological phase transi-
tions and topological phases of matter,” 
which highlights the role and signifi-
cance of topology in materials science 
and physics. Topology is an important 
branch of mathematics that studies prop-
erties of spaces invariant under smooth 
continuous deformations. The concept of 
topology was introduced to study various 
exotic states of condensed matter, espe-
cially the topological structure associated 
with exotic polarization/spin configura-
tion in real space and topological phenom-
enon in reciprocal- or momentum-space 
(e.g., topological insulators).[1–3] Over the 
past decade, owing to precise theoretical 
predictions and experimental advances 
in synthesis and characterization, more 
and more intriguing topological struc-
tures have been discovered; thus opening 
up a new world of materials science and 
the fundamental physics.[4] For instance, 
magnetic skyrmions are topologically non-
trivial chiral-spin textures with a whirling 

configuration and hold great promise for future low-power spin-
tronic devices including memories and logic gates.[5–8] Thus, 
topological structures have become an important research area 
in materials science and condensed-matter physics.

Adv. Mater. 2021, 33, 2000857
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On the other hand, ferroic materials, such as ferroelectric, 
magnetic, and multiferroic materials, have received consider-
able interest in view of their field switchable spontaneous polar/
magnetic ordering and wide range of practical applications 
including memories, sensors, and actuators.[9,10] Most of these 
applications require the ability to produce highly controlled 
thin-film versions of materials. Ferroic thin films have a ten-
dency to form domains, areas that differ in the orientation of 
the order parameter and are separated by domain walls, to 
reduce uncompensated depolarization/demagnetization fields 
at the surfaces, accommodate elastic strain, and, ultimately, 
lower the total free energy.[11,12] Domain walls (Figure  1a), as 
one type of topological defects, have recently been shown to 
exhibit unexpected functionalities that differ from the bulk 
domains.[13–18] Therefore, although uniform domains with 
aligned polarization/magnetization are most common in fer-
roic thin films, there is both fundamental and technological 
interest in designing more exotic, smoothly varying dipole 
topologies in both ferroelectrics and magnetic materials. By 
delicately engineering the boundary conditions and/or size and 
dimensionality, more intriguing topological nanoscale spin/
polar textures, such as flux-closure domains, vortices, bubbles, 
skyrmions, and merons have been revealed in ferroic materials 
(Figure  1b–g).[19–22] For the 2D systems, these complex topo-
logical structures are generally characterized by the topolog-
ical number/charge N,[5,6,23,24] which can be calculated via the 
closed-loop integral of the vector field angle, i.e.
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where n is the direction vector of order parameter (magnetiza-
tion or polarization).[24]

Topological structures in magnetic materials have been 
studied extensively and the interplay between the topological 
structures and the spins of conduction electrons can lead to 
many fascinating topological properties (e.g., topological Hall 
effect) and potential spintronic applications.[24] Dating back 
to the late 1940s, Kittel proposed that different spin texture 
in magnetic materials could be possible depending on the 
relative strength of exchange, anisotropy, and magnetostatic 
energies.[25] Flux-closure domains and vortices have similar 
structures and common in magnetic materials, especially when 
they are reduced to the nanoscale.[26–28] Note that both of them 
are due to the magnetostatic effect. Magnetic bubbles were also 
studied extensively since their first observation in 1960s in fer-
romagnetic films with strong perpendicular anisotropy,[29] and 
were applied to memory devices soon after.[30] Note that there 
are two types of bubbles in ferromagnetic materials, wherein 
soft-type bubbles have a closed domain wall and hard-type 
bubbles have an unclosed domain wall.[31] Another impor-
tant topological spin structure are magnetic skyrmions.[5,7,8,24] 
There are two major types of magnetic skyrmions, i.e., Bloch- 
(or spiral-type) and Néel-type (or hedgehog-type), both of 
them have topological charges of N  = 1.[7] Although magnetic 
skyrmions were predicted more than two decades ago,[32] 
the first experimental observation of magnetic skyrmion can 
be traced back to just 2009 in chiral magnets.[33] Since then, 
magnetic skyrmions have been observed in various material 
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systems (including ferromagnets, ferrimagnets, and antifer-
romagnets) and have become one of the hottest topics in con-
densed matter physics.[34–41] This is mainly because skyrmions 
are energetically stable on the nanometer scale and exhibit 
energy-efficient, current-driven behavior that is suitable for 
next-generation low-power spintronic devices.[42] In addition to 
the discovery of skyrmions, other new forms of topological spin 
textures have been studied in magnetic materials.[43–46] One 
particularly interesting structure is the so-called meron, wherein 

Adv. Mater. 2021, 33, 2000857



© 2020 Wiley-VCH GmbH2000857 (3 of 24)

www.advmat.dewww.advancedsciencenews.com

the spin at the core points in the up or down direction but 
those at the periphery align in the plane; thus a meron is topo-
logically equal to one-half of a skyrmion with N = 0.5.[44,47–49]

Inspired by the observation of various topological spin tex-
tures in magnetic materials, considerable interest has also 
been given to the exploration of polar topologies in ferroelec-
trics. Both theoretical and experimental studies of topological 
structures in ferroelectrics appeared much later than their 
magnetic counterparts; mainly because they were considered 
difficult to realize since there is a strong lattice-polarization 
coupling in bulk ferroelectrics which should impose a signifi-
cant energy cost for rotating the polarization away from the 
symmetry-allowed directions. In the early 2000s, however, Fu 
and Bellaiche et  al. first reported the realization of vortex pat-
tern in ferroelectric BaTiO3 quantum dots and wires using a 
first-principles-derived effective-Hamiltonian approach.[50] Dif-
ferent from in bulk materials, the depolarization field increased 
dramatically and the magnitude of the polarization was sup-
pressed in low-dimensional ferroelectrics, resulting in weak 
anisotropy. Therefore, the electric dipoles in the nanostructured 
ferroelectrics could rotate and be redistributed head-to-tail 
to form a flux-closure domain or vortex-domain structure in 
order to reduce the depolarization energy.[50–52] Since that 
time, additional theoretical investigations have predicted fer-
roelectric vortices and flux-closure domain patterns in ferro-
electric epitaxial ultrathin films,[51] nanodisks and nanorods,[52] 

nanodots,[53] nanoparticles,[54,55] nanotubes,[56] nanowires,[57] etc. 
In contrast, there are fewer experimental observations, mainly 
due to challenges in realizing such nanostructured ferroelec-
trics, as well as a lack of adequate characterization tools. In 
2008, Gruveman et  al. made one of the earliest claims of the 
experimental observation of vortex-domain structures during 
polarization switching in PbZr0.2Ti0.8O3 (PZT) epitaxial thin 
films by piezoelectric force microscopy.[58] Direct evidence for 
the formation of rotating polarization at atomic scale was made 
in 2011 when experimentalists were able to directly observe con-
tinuous polarization rotation near the interfaces of ferroelectric 
thin films using aberration-corrected (scanning) transmission 
electron microscopy (TEM).[59,60] Since then, several exotic polar 
topologies such as flux-closure domains,[61–65] vortices,[66–71] 
non-Ising-like domain walls,[72–74] center-type domains,[68,70,75,76] 
labyrinthine domains,[77] bubbles,[78] incommensurate curl 
domains,[79] spiral states,[80] hedgehog states,[81] and polar skyr-
mions,[82,83] have been revealed in various ferroelectric mate-
rials. Which kind of polar topology develops would depend on 
the relative magnitudes of various energies, such as elastic (i.e., 
strain), electrostatic (i.e., depolarization), polarization/chemical 
gradient, and interfacial coupling energies. Recent advances in 
layer-by-layer epitaxial growth provide a great opportunity to 
engineer different energies and phase competitions in ferroelec-
tric thin films and heterostructures.[84–86] For instance, in super-
lattices of (PbTiO3)n/(SrTiO3)n with n = 1–2 unit cells, improper 

Adv. Mater. 2021, 33, 2000857

Figure 1. Schematics of typical topological structures in ferroics. Order parameter, such as polarization and magnetization represented as arrows.  
a) Different types of domain walls; note that ferroelectric domain walls were assumed to be predominantly Ising-type, while domain walls in magnetic 
materials are typically of Bloch-type (the magnetization vector rotates continuously in a plane parallel to the wall plane) or Néel-type (the magnetization 
vector rotates in a plane normal to the wall plane); b) flux-closure; c) vortex and antivortex; d) bubble, including soft-type and hard-type; e) Bloch-type 
and Néel-type skyrmion; f) spiral and hedgehog skyrmion ball; g) meron, including vortex-type and hedgehog-type. Note that skyrmion corresponds 
to 2D projection from an original 3D skyrmion ball, and meron can be considered as one-half skyrmion.
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ferroelectricity emerges because of antiferrodistortive/ferroelec-
tric coupling at the interfaces.[84] At relatively large length scales 
(n > 20), these superlattices form flux-closure domain patterns 
in order to reduce depolarization fields,[59,63] while nonuni-
form polarization modes consisting of highly ordered vortex/
skyrmion phase are stabilized in (PbTiO3)n/(SrTiO3)n super-
lattices with n  = 10–20 under different epitaxial strains.[69,83] 
Although the nontrivial topologies in ferroelectrics are analo-
gous to the spin topologies, the fundamental physical origin 
is completely different. The spin topologies, such as magnetic 
skyrmions, mostly originate from the competition of exchange 
interaction, magnetic anisotropy, dipole–dipole interaction (i.e., 
magnetostatic interaction), and/or the chiral Dzyaloshinski–
Moriya interaction (DMI).[87] In ferroelectrics, there is no such 
magnetic interactions. The elastic, electrostatic, and gradient 
energies compete such a way that topological nontrivial polar 
texture could occur automatically in ferroelectric system. The 
presence of nonuniform polarization mode in ferroelectrics 
enables the possibility to create novel functionalities previ-
ously inaccessible in the parent materials, such as enhanced 
electronic conductivity,[14,88] enhanced magnetization,[16] giant 
electromechanical response,[78] chirality,[89,90] negative capaci-
tance,[91,92] etc., and could provide a new paradigm for poten-
tial applications in nanoelectronic devices, including ultradense 
nonvolatile memories and low-power transistors.

This progress report aims to give a timely review on the 
advance and breakthrough over the past decade in topological 
structures in ferroic thin films and heterostructures. As a 
starting point, we focus on magnetic skyrmions in metallic thin 
films and heterostructures, and topological Hall effect (THE) 
in magnetic oxide thin films and heterostructures. We then 
introduce typical polar topologies, such as domain walls, flux-
closure domains, vortices, bubble domains, polar skyrmions, 
and associated functionalities recently observed in ferroelectric 
epitaxial thin films and heterostructures. Finally, we conclude 
this review with an outlook for this burgeoning field.

2. Topological Structures in Magnetic Thin Films 
and Heterostructures

2.1. Skyrmions in Magnetic Metallic Thin Films and 
Heterostructures

In the field of magnetism, the concept of topology is intro-
duced to explain the physical behaviors of some exotic spin 
configurations, including vortices,[93] merons,[44] bubbles,[25] 
skyrmions,[5,8] bobbers,[94] and hopfions,[27] where the physical 
behaviors of these magnetic states are significantly affected 
by their topological characteristics. For the stabilization of 
magnetic structures, the Heisenberg exchange energy plays a 
dominate role and generally favors adjacent spins to orientate 
along the parallel or antiparallel orientation. The topological 
spin structures, however, belong to the noncollinear spin con-
figurations. Thus, some other energy terms that can stabilize 
the noncollinear textures should be introduced. In general, 
the noncollinear spin textures can be stabilized by magneto-
static interaction (i.e., dipole–dipole interaction),[95] DMI,[96,97] 
four-spin exchange interaction,[37] and frustrated exchange 

interaction.[98,99] In the past decade, most investigations are 
focused on the DMI because its generation is closely connected 
with the interface engineering in the field of modern thin-film 
fabrication technique. DMI belongs to a kind of asymmetric 
exchange interaction that originates from the combination 
of spin–orbit coupling and inversion symmetry breaking. Its 
Hamiltonian can be written as[100]

H ij i j

ij

DD SS SSDMI ∑= − ⋅ ×  (2)

where Si is the ith spin vector and Dij is the DMI vector. The 
DMI favors a canting of the two neighboring spins and sup-
ports a rotating magnetization alignment tending to an angle 
with a fixed rotation manner (that is so called “chirality”). 
Depending on the type of inversion symmetry breaking, there 
are two types of DMI, namely, the bulk DMI and interfacial 
DMI. The bulk DMI originates from intrinsic noncentrosym-
metric lattice structures typically observed in B20 crystals, such 
as MnSi and FeGe.[35,36,38,101] While the interfacial DMI gener-
ally exists in magnetic multilayered ultrathin films (Figure 2a), 
where the inversion symmetry is naturally broken at the inter-
face/surface.[102,103] Note that the strength of DMI is propor-
tional to the spin–orbit coupling, whose magnitude increases 
with the atomic number. Therefore, a large DMI is typically 
found in materials with heavy element (e.g., Pt and Ir), which 
exhibit strong spin–orbit coupling strength.

Among the numerous DMI-stabilized topological spin 
configurations, magnetic skyrmions have received the most 
attention in view of their intriguing electromagnetic proper-
ties,[5,8,40,94,104–113] such as THE,[112,114] and ultralow threshold for 
current-driven motion.[110,111] These novel magnetoelectronic 
properties, in combination with their fixed chirality, nanoscale 
size, and stable particle-like features, make magnetic skyr-
mions the most promising candidates for carrying information 
in future magnetic memories or logic circuits.[5,7,8,24,115] In the 
following, we will mainly review the development of the skyr-
mions in ferromagnetic thin films and heterostructures driven 
by interfacial DMI.

The concept of skyrmion was initially proposed by Skyrme 
in the 1960s in the field of particle physics.[116] In the field of 
magnetism, skyrmions was first proposed by Bogdanov and 
Yablonskiĭ in 1989.[117] Subsequently, in 1994, Bogdanov and 
Hubert predicted that magnetic skyrmions may exist in non-
centrosymmetric magnetic crystals with a bulk DMI.[118] In 
2001, Bogdanov and Rößler further predicted that the magnetic 
skyrmions could also exist in the asymmetric magnetic films 
or multilayers with interfacial DMI.[119] Until 2009, Mühlbauer 
et  al. first experimentally verified the existence of skyrmions 
in the chiral magnet MnSi at 29 K by using neutron scattering 
technique.[33] Meanwhile they found that skyrmions were 
densely arranged into hexagonal lattices that are also called 
“skyrmion lattice.” Then, in 2010, Yu et al. directly observed the 
skyrmion lattice in real space in the Fe0.5Co0.5Si thin plate at 
25 K by using the Lorentz transmission electron microscopy 
(LTEM).[36] Based on neutron scattering and LTEM techniques, 
researchers further reported the existence of skyrmions in var-
ious bulk chiral magnets, such as FeGe,[36,120] Cu2OSeO3,

[38] and 
Co–Zn–Mn.[101]

Adv. Mater. 2021, 33, 2000857
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The investigations of skyrmions in ferromagnetic thin films 
and heterostructures are later than that of the bulk. In 2011, 
Heinze et  al. first reported the existence of skyrmions in the 
magnetic ultrathin films, i.e., Fe monolayer grown on Ir sub-
strate, by using spin-polarized scanning tunneling microscopy 
(SP-STM) at 11 K.[37] By further using a local spin-polarized cur-
rent from a STM tip, Romming et  al. realized both a control-
lable writing and deleting of Néel-type skyrmions with sub-5 nm 
feature size in a PdFe bilayer on the (111)-orientated substrates 
at 4.2 K (Figure  2b).[121] In 2015, Jiang et  al. first reported the 
room-temperature stabilized skyrmion bubbles with a diameter 
of ≈1  µm in the Ta(5  nm)/CoFeB(1.1  nm)/TaOx (3  nm) multi-
layered ferromagnetic ultrathin films grown by using the mag-
netron sputtering.[40] Meanwhile, they also realized a genera-
tion and motion of skyrmions in the geometrical constrictions 
by using a spin-polarized current. Their work has motivated 
researchers to explore the stable, nanosized skyrmions at room 
temperature in the multilayered ferromagnetic ultrathin films. 
One year later, Moreau-Luchaire et al. reported the sub-100 nm 
skyrmions at room temperature in the Ir/Co/Pt asymmetric 
multilayers by using a magnetization-sensitive scanning X-ray 
transmission microscopy (STXM) technique.[122] In the same 
year, using the X-ray magnetic circular dichroism photoemission 

electron microscopy (XMCD-PEEM), Boulle et al. also reported 
the observations of stable skyrmions in Pt/Co/MgO ultrathin 
films at room temperature (Figure  2c).[123] More intriguingly, 
they fabricated the films into geometrical constrains and zero 
external magnetic field stabilization were further realized due 
to the strongly pinning effect from the geometrical edge. Sub-
sequently, Woo et al. not only reported the observation of room-
temperature stabilized skyrmions in the [Pt(3 nm)/Co(0.9 nm)/
Ta(4  nm)]15 and [Pt(4.5  nm)/CoFeB(0.7  nm)/MgO(1.4  nm)]15 
multilayer stacks, but also realize a current-induced motion 
of skyrmions in a geometrically confined nanodisk.[102] In 
2017, Soumyanarayanan et  al. reported a room-temperature 
sub-50  nm skyrmions in the tunable Ir/Fe/Co/Pt multilayer 
stacks (Figure  2d),[124] which demonstrated that the magnetic 
interactions for the stabilization of skyrmions can be tuned by 
varying the compositions of ferromagnetic films. In 2019, Wang 
et  al. obtained the ultrahigh-density sub-100  nm skyrmions in 
the [Pt/Co/Ta]n multilayer stacks by tuning the magnetic ani-
sotropy and DMI. Meanwhile, they found that the film with in-
plane magnetic anisotropy possess a larger skyrmion density 
than that of the film with perpendicular magnetic anisotropy.[125]

In addition to the asymmetric ferromagnetic ultrathin films with 
interfacial DMI, researchers also found that the room-temperature  

Adv. Mater. 2021, 33, 2000857

Figure 2. Skyrmions in metallic magnetic thin films and heterostructures. a) Schematics of interfacial Dzyaloshinskii–Moriya interaction (DMI) in 
multilayer heterostructure. The top layer is a heavy metal with strong spin–orbit coupling and the bottom is ferromagnetic layer. S1 and S2 label the 
spins of neighboring atoms, and D12 is the corresponding Dzyaloshinskii–Moriya vector. The exchanged-coupled neighboring parallel moments S1 and 
S2 tend to tilt due to the competition interaction in the heterostructure. b) Manipulation of the magnetic states of the PdFe bilayer at T = 4.2 K under 
electrical filed of 0.1 V (spin spiral state, top) and 1 V (skyrmions, bottom). b) Reproduced with permission.[121] Copyright 2013, American Association 
for the Advancement of Science. c) X-ray magnetic circular dichroism photoemission electron microscopy image of a Néel-type skyrmion observed 
at room temperature and zero external magnetic field in sputtered ultrathin Pt/Co/MgO nanostructures. Reproduced with permission.[123] Copyright 
2016, Springer Nature. d) MFM image in the skyrmion state for the Pt/Co/Fe/Ir multilayer. Reproduced with permission.[124] Copyright 2017, Springer 
Nature. e) A schematic (top) and MFM image (bottom) of the artificial skyrmions observed in hybrid structures of Co nanodots on a Co/Pd underlayer 
with perpendicular magnetic anisotropy. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (https://
creativecommons.org/licenses/by/4.0).[128] Copyright 2015, Springer Nature. f) Schematic of spin frustration. g) LTEM image of frustrated skyrmions 
observed in a frustrated kagome Fe3Sn2 magnet. h) Spin texture of the frustrated skyrmion in (g). f–h) Reproduced with permission.[129] Copyright 2017, 
Wiley-VCH. i) Schematics of antiferromagnetic skyrmions (right) and synthetic antiferromagnetic skyrmions (left). Left: Reproduced under the terms 
of the CC-BY Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0).[132] Copyright 2016, Springer 
Nature. Right: Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (https://creativecommons.org/
licenses/by/4.0).[135] Copyright 2016, Springer Nature.
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skyrmions can also be stabilized in the films without DMI, such 
as the artificial skyrmions,[126–128] and frustrated skyrmions.[129] 
In 2013, Sun et al. theoretically proposed that the so-called “arti-
ficial skyrmions” can be created by embedding a magnetic vortex 
into a perpendicularly magnetized film.[126] These topological 
spin configurations possess a similar spin texture with that of 
Bloch-type skyrmions. Moreover, the artificial skyrmions are pro-
posed to be able to keep stable at room temperature and even 
under zero magnetic field. Soon after, the artificial method for 
creating skyrmions have been experimentally confirmed.[127,128] 
For instance, in 2015, Gilbert et  al.[128] realized such an artifi-
cial skyrmion at room temperature in Co/Pd multilayered films 
(Figure 2e). Skyrmions can also exist in geometrically frustrated 
magnets with competing exchange interactions.[98,99] Theoretical 
works has predicted that the frustrated skyrmions may exhibit 
intriguing magneto-electrical properties, such as the multiple 
topologies and unfixed helicity.[98,99] In 2017, Hou et al first 
experimentally observed skyrmionic magnetic bubbles at room 
temperature in a frustrated Fe3Sn2 magnet with Kagome lat-
tice by using LTEM (Figure 2f–h).[129,130] In 2019, Kurumaji et al. 
demonstrated a Bloch-type skyrmion state in a frustrated cen-
trosymmetric triangular-lattice magnet Gd2PdSi3. Meanwhile, 
the authors also observed a giant topological Hall response.[131] 
However, all the skyrmions in the frustrated magnets are 
observed in the bulk form at current stage. Hence, searching for 
frustrated skyrmions in thin film form will be a hot topic for the 
further development of skyrmions.

In the past decade, the investigations on skyrmions are 
mainly focused on ferromagnetic systems. Very recently, 
researchers found that the antiferromagnets could host skyr-
mions also.[46,132–135] In contrast to the ferromagnetic skyr-
mions, the antiferromagentic skyrmions possess a zero 
topological charge (N  = 0) because they can be considered as 
two skyrmions coupled with opposite topological number 
(Figure  2i). Such a special spin texture endows them several 
intrinsic merits for their practical applications in the field of 
spintronics. For example, when ferromagnetic skyrmions are 

driven by the spin current, a transverse shift, namely skyrmion 
Hall effect (SkHE),[113,136] usually accompanies with the longi-
tudinal motion. The SkHE originates from the Magnus force 
induced by the topological spin structure of the skyrmions 
and may lead to the destruction of skyrmions at the edge of 
the samples.[134,135] However, the Magnus force during the 
current-induced motion of antiferromagnetic skyrmions can 
be canceled due to their zero topological charge and hence the 
antiferromagnetic skyrmions can move straightly along the  
direction that the current is injected.[106,132,134,137] Moreover, 
their motion speed is also significantly enhanced in contrast 
to that of ferromagnetic skyrmions.[134,135] Despite their great 
potentials, the materials hosting the antiferromagnetic skyr-
mions are not reported yet. Very recently, the synthetic antifer-
romagnetic skyrmions are experimentally reported in the mag-
netic thin films (Figure  2i, left).[132] Until 2019, Legrand et  al. 
first experimentally observed the antiferromagentic skyrmions 
in the synthetic antiferromagnets Pt/Co/Ru multilayered film 
at room temperature.[46] Subsequently, Dohi et  al. realized the 
current-induced motion of antiferromagnetic skyrmions at 
room temperature.[133] Meanwhile, their work experimentally 
confirmed that theoretical expectations on the antiferromag-
netic skyrmions, including high motion speed and negligible 
SkHE, which greatly promotes the practical application of anti-
ferromagnetic skyrmions in the field of spintronics.[106,132,138,139] 
Due to the intriguing properties, searching for new material 
systems hosting antiferromagnetic skyrmions and investigating 
the correlated dynamics have become one of the most prom-
ising directions for the further development of skyrmions.

Skyrmions are widely considered as promising candidates for 
carrying information in future high-dense, low-power and high-
speed magnetic memories and logic circuits (Figure 3a).[109,140] 
As the information bits, magnetic skyrmions are required to 
be controllably written, deleted, and read through a purely elec-
trical manner for easy integration into modern electronic tech-
nology.[110] To date, electrical writing and deletion of skyrmions 
have been generally realized via the use of the spin-polarized 
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Figure 3. Writing, deleting, and reading of skyrmions. a) Schematic of a skyrmion-based race-track memory device. b) Generation of skyrmions in 
a skyrmion-based race-track memory device by using a series of write pulses and shift pulse. a,b) Reproduced with permission.[140] Copyright 2016, 
American Chemical Society. c) Current-induced helicity switching of frustrated skyrmions. Reproduced with permission.[142] Copyright 2019, Wiley-
VCH. d) Perspective views of electrical-field-induced writing and deleting of individual magnetic skyrmions in an Fe triple layer subsequently by using 
SP-STM. Reproduced with permission.[143] Copyright 2017, Springer Nature. e) Variation of Hall resistance (ρxy) with the skyrmion nucleation process. 
Reproduced with permission.[107] Copyright 2018, Springer Nature.
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current on basis of the spin-transfer torque or spin–orbit torque 
effect (Figure  3b).[140] Initially, Jonietz et  al. and Schulz et  al. 
experimentally reported a low threshold current density of  
106 A/m2 for de-pinning motion of skyrmions in the chiral bulk 
crystals,[110,111] and such a current density is 4–5 orders of mag-
nitude lower than that required for the de-pinning motion of 
ferromagnetic domain walls.[141] However, further investigations 
showed that such a low current density just corresponds to a 
low motion speed and the speed increases with the increase 
of the current density.[106,110] At current stage, the current for 
the creation, deletion, and motion with a relatively high speed 
of skyrmions require a high current density ranging from  
109–1012 A m−2.[40,102,103,106,109] Recently, Hou et  al., experimen-
tally realized a current-driven helicity switching of Bloch-type 
frustrated skyrmions at room temperature (Figure  3c), which 
opens a new direction for spintronic device designs, e.g., the 
skyrmion-based multistate memories.[142]

The large driven current density leads to the large energy 
consumption, and meanwhile the Joule heating originating 
from the inject current is detrimental to the stability of skyr-
mion bits. In contrast, the electric-field method provides a 
potentially effective route to achieve the low-energy-dissipa-
tion and low-Joule-heating target, as the operations generate 
almost no current (Figure 3d).[143–145] Moreover, the electric-field 
approach could avoid the unexpected displacement of skyr-
mions during the writing process. These features are of great 
significance to practical applications and have thus promoted 
the usage of electric field instead of current to manipulate 
skyrmions. In addition to the electric-field-method, the strain 
and laser are also applied to manipulate the skyrmions with an 
expectation of low-energy consumption.[146,147]

Since the applications of skyrmions in the spintronic devices 
require identifying the behaviors and locations of skyrmions, 
the reading of skyrmions is also an important task for practical 
applications. At current stage, numerous state-of-art micro-
scopy magnetic imaging techniques, including magnetooptical  
Kerr microscopy (MOKE),[40] LTEM,[36,101] magnetic force 
microscopy (MFM),[124] SP-STM,[37] SXTM,[122] and X-ray mag-
netic circular dichroism (XMCD),[123] are applied. Although 
these technologies are efficient for the detection of skyrmions, 
the electrical reading is an essential step toward the applica-
tions of skyrmion-based information devices. One promising 
method to electrically read skyrmions is on basis of the THE, 
which will be discussed in detail next section (Figure  3e).[107] 
Another method to read skyrmions is based on the large on/off 
ratio of skyrmions by integrating the skyrmion-hosting films 
into the magnetic tunnel junction (MTJ) sensors.[148,149] The 
magnetoresistance of MTJ is sensitive to the variation of the 
magnetic environment and hence the creation and annihilation 
of skyrmions can be electrically detected.

For the last decade, we have witnessed the booming devel-
opment of skyrmions, in view of their fascinating physics and 
promising applications in the field of low-power, high-speed 
spintronic devices. In this section, we have reviewed the recent 
progress of skyrmion-electronics from the point view of both 
skyrmion-hosting materials and possible practical applications. 
However, we should note that other topological spin textures, 
such as magnetic vortices, merons, bobbers, magnetic bubbles, 
also exhibit numerous intriguing topological properties that are 

of great significance to the further development of spintronics. 
These topological spin configurations together with magnetic 
skyrmions have constructed a large family of magnetic topolo-
gies, and the relevant investigations has led to the emerging 
a brand-new field of “topological magnetism”. In the coming 
decade, the investigations of topological magnetism will con-
tinue to be active in the field of materials science and con-
densed matter physics.

2.2. Topological Hall Effect in Magnetic Oxide  
Thin Films and Heterostructure

Besides the magnetic skyrmions observed in magnetic metals 
or intermetallic compound,[124,150–153] there have been several 
reports very recently on the magnetic skyrmions in a variety of 
magnetic oxide epitaxial thin films and heterostructures, where 
a subtle interplay between spin, charge, orbital and lattice 
degrees of freedom across heterointerfaces is responsible for 
the phenomena.[34,41,150,154–158] However, direct real-space obser-
vation of skyrmions in functional oxide thin films and hetero-
structures is experimentally challenging primarily because of 
the low Curie temperature and/or weak magnetization moment 
in the oxide systems. Alternatively, an indirect transport-meas-
urement method, i.e., topological Hall measurement, has been 
used to detect the skyrmion state in ferromagnet and antifer-
romagnet.[114,152,159–162] The THE originates from scalar spin 
chirality ijk i j kSS SS SS

� � �

χ ( )= ⋅ ×



  concomitant with noncoplanar 

spin configurations. When electrons pass through a skyrmion, 
the spin of the conduction electron will experience an emer-
gent magnetic field (Berry curvature) through interaction with 
skyrmions, which deflects the electrons perpendicular to the 
current direction.[163] Therefore, it will cause an additional con-
tribution to the observed Hall signal that is termed as THE. The 
Hall resistivity can be expressed by

H OHE AHE THEρ ρ ρ ρ= + +  (3)

where the first, second, and third terms denote the ordinary, 
anomalous and topological Hall resistivities, respectively. 
The topological Hall resistivity ρTHE originates from the real-
space Berry phase and is proportional to the skyrmion den-
sity.[114,152,159,160,164,165] THE has a distinct hump-like feature in 
Hall resistivity near the coercive field,[34,154] and can be quan-
titatively extracted from the total Hall resistivity measurement 
by subtracting off the ordinary and anomalous Hall resistivi-
ties. Therefore, THE is considered as a hallmark of skyrmions 
and thus has been used to detect the presence of magnetic 
skyrmion.[34,114,152,154,156,157,159,160]

Recently, THE and possible magnetic skyrmions have been 
reported in a variety of ferroic oxide epitaxial thin films and 
heterostructures.[34,41,154,156,157,166–170] Most of the research has 
focused on SrRuO3 epitaxial thin films and heterostructures 
since SrRuO3 exhibits ferromagnetism and also large intrinsic 
spin–orbit coupling, providing the basic ingredients for DMI 
and skyrmion formation.[34,41,154,156,157] The THE is attributed to 
the interfacial DMI induced by the strong spin–orbit coupling 
in 4d/5d transition metal oxides (e.g., ruthenates and iridates) 
and broken inversion symmetry at the heterointerface/surface. 

Adv. Mater. 2021, 33, 2000857
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In 2016, Matsuno et  al. reported the first observation of THE 
in SrRuO3, where a capping layer of 5d perovskite SrIrO3 was 
provided to enhance the spin–orbit coupling and DMI strength 
(Figure 4a–c).[34] As is shown in Figure 4c, THE with hump-like 
features in Hall resistivity is clearly observed over a wide region 
of temperature (from 10 to 120 K) and magnetic field in epi-
taxial bilayers consisting of itinerant ferromagnet SrRuO3 and 
paramagnetic SrIrO3.

[34] Importantly, the magnitude of THE 
rapidly decreases with increasing thickness of SrRuO3 layer and 
completely disappears when SrRuO3 layer thickness is above 
6 uc, strongly suggesting that THE is derived from interfacial 
DMI. Furthermore, an interface-driven Néel-type magnetic 
skyrmions with feature size of ≈10 nm is proposed to exist in 
ultrathin layers of SrRuO3. In addition, Ohuchi et  al. found 
that the observed THE and associated skyrmion in the SrRuO3/

SrIrO3 heterostructures can be effectively controlled by an elec-
tric field (Figure  4d–f).[154] The magnitude of ρTHE get larger 
(smaller) when the negative (positive) gate voltage is applied. 
The authors further suggest that the electric-field control of 
THE is attributed to the change in the strength of spin–orbit 
coupling at the heterointerface and consequently the DMI and 
skyrmion density. In 2018, Wang et al. reported that THE and 
magnetic skyrmions with feature size of ≈50–100  nm can be 
created and electrically controlled at BaTiO3/SrRuO3 heteroin-
terfaces (Figure  4g).[157] Unlike 5d perovskite SrIrO3, BaTiO3 
is ferroelectric with negligibly weak spin–orbit coupling. It 
is found that the ferroelectric-driven polar distortion in the 
BaTiO3 layer can penetrate into SrRuO3 layer and induce size-
able ionic displacement at the top three SrRuO3 monolayers. 
Such ferroelectric proximity effect at the heterointerface can 
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Figure 4. Topological Hall effect (THE) and related modulation in SrRuO3 heterostructures. a–c) THE in the (SrRuO3)m–(SrIrO3)2 bilayers (m = 4–7). 
a) Schematics and HAADF-STEM image of the bilayer structure; b) contribution from AHE and THE of m = 5 at 80 K; c) color map of topological Hall 
resistivity in the T–H plane for m = 5. Black open and filled symbols represent coercive field (Hc) and the field at which topological Hall resistivity 
reaches its maximum (Hp), respectively. a–c) Reproduced with permission.[34] Copyright 2016, The Authors, published by American Association for the 
Advancement of Science (AAAS). Reprinted/modified from ref. [34].  © The Authors, some rights reserved; exclusive licensee American Association 
for the Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.
org/licenses/by-nc/4.0/. d–f) THE in SrRuO3/SrIrO3/SrTiO3 heterostructure under the application of a gate electric field. d) Schematics of magne-
totransport properties observed in SrRuO3/SrIrO3 heterostructure under the application of gate voltage VG. e) Hall resistivities (ρAHE + ρTHE) and  
f) topological Hall resistivity (ρTHE) of SrRuO3(5 uc)/SrIrO3(2 uc) bilayer films under gate voltage VG = −180, 0, and 200 V at 30 K. d–f) Reproduced under 
the terms of the CC-BY Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0).[154] Copyright 2018, 
The Authors, published by Springer Nature. g–i) THE in BaTiO3/SrRuO3/SrTiO3 heterostructure controlled by ferroelectric switching. g) Schematics of 
BaTiO3(3–20 u.c.)/SrRuO3(4–5 u.c.)/SrTiO3(001) heterostructures; h) piezoresponse force microscopy (PFM) phase images (top panels), correlated 
Hall resistivities (ρAHE + ρTHE) and topological Hall resistivity (ρTHE) of the BaTiO3(20 u.c.)/SrRuO3(4 u.c.) bilayer film in different ferroelectric poling 
states. The scale bar in h corresponds to 10 µm. i) The ρTHE and the skyrmion phase diagrams controlled by ferroelectric switching. g–i) Reproduced 
with permission.[157] Copyright 2018, Springer Nature.
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break the inversion symmetry of the SrRuO3 atomic structure 
near the BaTiO3/SrRuO3 heterointerface and induce a consid-
erably large DMI, and thus create emergent skyrmions in the 
SrRuO3 interfacial layer. Since the skyrmions in SrRuO3 are 
induced by the spontaneous polarization in BaTiO3 and thus 
the THE and skyrmion density can be readily controlled via 
switching the BaTiO3 polarization with electric field (Figure 4h). 
Furthermore, the skyrmions is stable over a wide region of 
temperature (from 5 to 80 K) and magnetic field (−4 to 4 T) 
for both polarization states (Figure  4i). Recently, THE signa-
tures were also observed by Qin et al. in SrRuO3 single layers 
with layer thickness ranging from 3 to 6  nm and interpreted 
as arising from the presence of skyrmions.[156,171] The authors 
further proposed that the naturally broken inversion symmetry 
at the film surface and the spin–orbit coupling of Ru ions gives 
rise to sizeable DMI in SrRuO3 epitaxial ultrathin films that is 
responsible for the observed THE.

Although several independent studies reported indications of 
THE and associated skyrmions in ultrathin layers of ferromag-
netic SrRuO3 via transport measurements,[34,41,154,156,157,171–173] 
while these indications are questioned by other models very 
recently.[174–181] For instance, both Kan et al.[174] and Wu et al.[175] 
pointed out that the THE due to a skyrmion phase cannot be 
the only origin of the observed hump-like features in Hall signal 
and further suggest that film inhomogeneities could be the key 
factor responsible for the observed THE-like signal in SrRuO3. 
Real-space imaging with adequate resolution of the microscopic 
spin texture, such as LTEM, is highly desired in order to settle 
the debate about the presence of skyrmions in SrRuO3.

THE signal was also observed in other functional 
oxide thin films and heterostructures, as shown in 
Table  1.[34,155–157,166,167,169,172,177,182,183] For instance, the magni-
tude of ρTHE in the ferromagnet EuO thin films can reach up to 
12 µΩ cm at 50 K, nearly two orders of magnitude larger than 
that in SrRuO3.

[167] Furthermore, Vistoli et al. observed a giant 
ρTHE with magnitude up to 120 µΩ cm at 20 K in the lightly 
electron-doped manganites, Ca0.99Ce0.01MnO3 films.[155] And 
Shao et  al. recently found that the THE can persist to room 
temperature in a bilayer heterostructure composed of a mag-
netic insulator (thulium iron garnet, Tm3Fe5O12) in contact with 

heavy-metal Pt.[166] Very recently, Cheng et al. observed a clear 
THE signal (the maximum ρTHE ≈ 1.0 nΩ cm) in Pt/antiferro-
magnetic insulator bilayers (Pt/Cr2O3) at temperatures near or 
above the TN (307 K for bulk Cr2O3), indicating the emergence 
of nontrivial spin textures in antiferromagnetic insulator oxide 
films.[162] These studies demonstrate that magnetic oxide epi-
taxial thin films and heterostructures represent an exciting 
class of materials exhibiting THE originating from topologi-
cally nontrivial spin textures, which are highly tunable through 
doping, strain and interface engineering.

3. Topological Structures in Ferroelectric/
Ferroelastic Thin Films and Heterostructures

3.1. Domain Walls in Ferroelectric/Ferroelastic Thin Films

3.1.1. Functional Domain Walls in Ferroelectric Thin Films

A ferroelectric domain wall (FEDW) is one type of naturally 
occurring planar topological defects. Owing to the polariza-
tion/lattice discontinuity, domain walls themselves were found 
recently to exhibit emergent functionalities distinct from the 
bulk domains; including the observation of enhanced electronic 
conductivity in otherwise insulating ferroelectric and multifer-
roic oxides,[14] enhanced magnetization in ferroelectric–antifer-
romagnets,[15,16] enhanced dielectric response,[184–187] enhanced 
piezoelectricity,[188,189] large thermal resistance,[17] and photo-
voltaic effect at domain walls.[18] Despite their importance, the 
physics underlying domain-wall function has not yet been fully 
understood because of the difficulty in characterizing such con-
fined 2D walls. Recent advances in nanoscale characterization 
techniques, e.g., aberration-corrected (scanning) TEM,[59,190–194] 
combined with precise theoretical prediction,[195] have brought 
to light new details about the nature of domain walls.

FEDWs have long been assumed to be predominantly Ising-
type. Recently, non-Ising-like ferroelectric domain walls, such 
as Néel-type, Bloch-type, and mixed Ising–Néel-type, have been 
predicted and experimentally demonstrated in a variety of fer-
roelectric/multiferroic materials.[72,73,86,196,197] For instance, a 
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Table 1. Comparison of topological Hall resistivity, maximum temperature for the topological Hall effect, and corresponding spin structure in dif-
ferent materials systems.

Material system Maximum THE [µΩ cm] Maximum temperature [K] Spin structure References

SrIrO3/SrRuO3 0.2 120 Néel-type skyrmion [34]

BaTiO3/SrRuO3 0.35 80 Néel-type skyrmion [157]

SrTiO3/SrRuO3 0.08 132 Spin chirality fluctuation [177]

SrRuO3 0.3 80 Néel-type skyrmion [156]

SrRuO3/La0.7Sr0.3MnO3 0.28 150 Noncoplanar spin structure [182]

HxSrRuO3 0.03 100 Unclear [172]

EuO 12 50 Bloch-type skyrmion [167]

La0.7Sr0.3MnO3/SrIrO3 3.5 200 Probably magnetic skyrmions [169]

La0.7Sr0.3Mn0.95Ru0.05O3 0.63 200 Skyrmion bubbles [183]

Ca0.99Ce0.11MnO3 120 80 Magnetic bubbles [155]

Pt/Tm3Fe5O12 0.005 430 Néel-type skyrmion [166]
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Néel-like domain wall imaged by atom-resolved TEM has been 
revealed in a PbZr0.4Ti0.6O3 crystal (Figure 5a). As is shown, a 
continuous rotation of polarization (i.e., oxygen displacement 
relative to Zr/Ti) across the FEDW forms a structure similar 
to that of a Néel wall in ferromagnets. Mixed Ising–Néel-type 
domain walls have been revealed in PZT and BiFeO3 (BFO) 
epitaxial thin films by using scanning transmission electron 
microscopy (STEM) and second-harmonic generation micro-
scopy.[60,73,74] Unlike Ising-type walls, the mixed character will 
have a nonzero polarization component at the wall center, thus 
resulting in a electrostatic potential step at the domain wall, 

thereby inducing accumulation of free carriers and/or mobile 
charged defects into the wall plane, which may promote the 
enhancement of electronic conductivity.

One of the most interesting features of FEDWs is their 
conductivity. To date, conductivity at domain walls has been 
identified in a range of ferroelectric/multiferroic materials 
(including BFO,[88,198] LiNbO3,

[199] BaTiO3,
[200] ErMnO3,

[201] 
PZT,[202] etc.), while the exact mechanism of the domain-wall 
conductivity remains under debate. In 2009, Seidel et  al. first 
reported the observation of enhanced conductivity at 109° and 
180° domain walls in insulating multiferroic BFO epitaxial 
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Figure 5. Examples of functional ferroelectric domain walls. a) Non-Ising domain walls in PbZr0.4Ti0.6O3; green arrows denote the central plane of the 
domain wall. Reproduced with permission. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (https://
creativecommons.org/licenses/by/4.0).[72] Copyright 2016, The Authors, published by Springer Nature. b) Domain wall memory and multilevel states: 
i) schematic of the experimental geometry and working principle of prototype ferroelectric domain wall memory device; ii) Current–bias curves 
of the device for the OFF and ON states. b) Reproduced with permission.[206] Copyright 2017, The Authors, published by American Association 
for the Advancement of Science (AAAS). Reprinted/modified from ref. [206]. © The Authors, some rights reserved; exclusive licensee American 
Association for the Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC)  
http://creativecommons.org/licenses/by-nc/4.0/. c) Negative capacitance in (PbTiO3/SrTiO3) superlattices: i) schematic of the ferroelectric-dielectric 
(PbTiO3/SrTiO3) bilayer capacitor with (left) and without (right) multidomains; ii) temperature dependence of reciprocal dielectric constant of the 
PbTiO3 layers in PbTiO3/SrTiO3 superlattices; iii) results of Monte Carlo simulations of a first-principles-based model for the superlattice. The top is 
temperature dependence of the local dielectric response resolved along the stacking direction, and the bottom is local susceptibility map at 320 K.  
c) Reproduced with permission.[91] Copyright 2016, Springer Nature. d) Wide microwave tunability and ultralow loss in strained Ba0.8Sr0.2TiO3 ferroelec-
tric thin films enhanced by resonant domain walls: i) phase diagram of Ba0.8Sr0.2TiO3 thin film with respect to temperature T and stress us; ii) measured 
normalized capacitance which can reflect the capacitance tunability n at different frequencies for the sample (Ba0.8Sr0.2TiO3/SmScO3(110)), compared 
with those of epitaxial paraelectric Ba0.71Sr0.29TiO3 (BST) and Sr7Ti6O19 films; iii) experimental quality factor Q (left) and Qy obtained by molecular 
dynamics (MD) simulations (right) for the aa1/aa2 domain structure in the sample. d) Reproduced with permission.[215] Copyright 2018, Springer Nature.
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thin films.[14] The authors ascribed this phenomenon to the 
intrinsic structural change at the walls, which would give rise to 
an increased carrier density and/or a decrease in the bandgap 
within the walls. In 2011, conduction through naturally formed 
71° domain walls in BFO thin films was experimentally demon-
strated by Noheda et al.[203] The authors found that conduction 
was provided by n-type carriers and the mechanism for conduc-
tion was the same both in domains and at domain walls. This 
work further suggested that oxygen vacancies would accumu-
late at the walls and lower the Schottky barrier more in the walls 
than in the domains, resulting in larger current at the walls. 
Recently, based on atomic-scale chemical and structural anal-
ysis (electron energy loss spectroscopy (EELS) and high-angle 
annular dark-field (HAADF) imaging), Tadej et  al. provided 
direct evidence of an accumulation of charged defects, i.e., Fe4+ 
cations and bismuth vacancies, at 109° domain walls in BFO.[198] 
The authors pointed out that the presence of positively charged 
Fe4+ point defects within domain walls is mainly responsible 
for the conductivity, and the main transport mechanism is 
p-type hopping involving Fe4+ and Fe3+.[198] Further studies are 
required to settle the debate about the nature of domain-wall 
conductivity in ferroelectric/multiferroic materials.

Generally, conduction at FEDWs should be avoided as far 
as possible in order to prevent device failure caused by the 
enhanced leakage current.[204] Nevertheless, FEDW density 
or geometry can be electrically controlled and thus opens a 
new pathway for high-density nonvolatile memory and logic 
devices.[75,205] The first prototype memory device based on 
reconfigurable ferroelectric domain walls has been demon-
strated by Sharma et al. in 2017 (Figure 5b).[206] The binary ON–
OFF states of the device are defined by the existence or absence 
of conductive walls. As is shown, by bridging two coplanar Pt 
electrodes on the BFO films as the conductivity pathway under 
switching bias, the formation of FEDWs (the ON state) can 
result in a uniform electrical current, as compared to a quite 
small current in the FEDW-free state (the OFF state). There-
fore, memory function can be achieved by utilizing the domain 
walls conductivity,[207] and demonstrate that FEDWs play an 
important role in future memory and logic devices.

FEDWs also play a significant role in the anomalous photo-
voltaic (APV) effect.[18,208–211] The entire field of photoferroelec-
trics has been revitalized by the reported APV effect in BFO epi-
taxial thin films in 2009,[18] which corresponds to a very large 
open-circuit photovoltage (considerably larger than the bandgap 
of the material). The seminal work from Yang et  al. demon-
strated that above bandgap photovoltage varies linearly with 
the total number of domain walls and is obtained only when 
in-plane electrodes for electric transport measurements run 
parallel to the stripe domain walls in BFO thin films, while no 
photovoltage existed when electrodes run perpendicular to the 
71° walls.[18] Therefore, the bulk photovoltaic (BPV) effect, which 
exists in noncentrosymmetric materials, had been ruled out, and 
the authors attributed the observed APV effect to electrostatic 
potential steps at FEDWs leading to efficient separation of elec-
trons and holes.[208] However, subsequent experiments by Alexe 
et al. have shown no enhanced PV effect at FEDWs by using cus-
tomized PV measurement method and suggested that the BPV 
effect is solely responsible for the APV effect in BFO.[210] Addi-
tionally, the enhanced photoconductivity at DW has been proved 

due to its intrinsic conductivity.[209] Very recent work from Lin-
denberg et al. disentangles the contributions of different photo-
voltaic mechanisms in BFO films.[212] By detecting terahertz 
radiation emanated by light-induced currents, the authors found 
that domain-wall driven charge separation is the dominant 
mechanism in BFO films with periodic stripe domains, whereas 
the BPV effect dominates in the monodomain BFO films. They 
further revealed that FEDW-mediated peak photocurrent is two 
orders of magnitude higher than the BPV-driven bulk shift cur-
rent.[212] We can see the importance of FEDW plays in the photo-
voltaic effect, but their exact mechanism is still under debate.

Another significant field of FEDW related research is nega-
tive capacitance.[213] Negative capacitance is thermodynamically 
unstable and thus rare in nature.[214] In 2016, Zubko et al. dem-
onstrated stable negative capacitance over a wide range of tem-
perature in artificial PbTiO3/SrTiO3 superlattices (Figure 5c).[91] 
The depolarization field produced by the separation of fer-
roelectric bound charge from screening charge promotes the 
formation of 180° domains. Using a combination of phenome-
nological modeling and second-principles atomistic simulations, 
the authors suggest that 180° domain walls dominate the dielec-
tric response, their motion not only gives rise to negative per-
mittivity, but also enhance its temperature range. The observed 
negative capacitance not only provides significant insights into 
fundamental physics but can also potentially overcome the 
“Boltzmann tyranny” for energy-efficient transistors.[213]

Besides quasi-static electronic properties, recent work shows 
that FEDWs can be engineered to achieve tailored dynamic 
responses in the GHz frequency range (Figure  5d).[215] The 
FEDWs were considered to be detrimental to the performance 
of tunable dielectric microwave devices because of high dielec-
tric loss and hysteretic device response under an applied AC 
electric field.[216] To avoid these effects, ferroelectric materials 
are often operated above their Curie temperature, where tun-
ability is compromised. Recently, Gu et al., found that strained 
Ba0.8Sr0.2TiO3 thin films with a high density of domain walls 
exhibited wide microwave tunability (1–10  GHz) and ultralow 
loss. The device performance is better than that of state-of-art 
film devices by a few orders of magnitude and comparable to 
that of bulk single crystals. Resonant domain wall movement, 
i.e., oscillations in a sample with rich FEDWs were considered 
to be the main factors behind the observation of ultralow loss 
and the exceptionally high-quality factor.

Domain wall density and geometry can be manipulated by 
external factors, such as electric field,[217] mechanical force,[218] 
surface chemistry,[219] film thickness,[220] temperature,[221] polar-
ized light,[222] etc., opening the door to novel reconfigurable 
nanoelectronic devices. For instance, low thermal conduct-
ance at domain walls, which inhibiting the transmission of 
phonons, can act as a dynamic heat modulators by changing 
the density of domain walls by varying epitaxial strain and film 
thickness.[17] Moreover, FEDWs in multiferroic thin films were 
found to exhibit intriguing magnetic properties. For instance, 
Farokhipoor et  al. described a route to synthesize novel 2D 
ferromagnetic phases induced by the large local stress at the 
domain walls of hexagonal manganite TbMnO3 epitaxial thin 
films.[223] This property can be further tuned by changing the 
fraction of domain walls in epitaxial thin films and providing a 
potential for spintronic and electronic devices. In ferroelectric 
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antiferromagnet BFO thin films, the FEDWs exhibit enhanced 
magnetic moment and magnetoresistance.[15,224] Moreover, it 
is found that the domain walls of BFO play a critical role in 
exchange coupling between BFO and ferromagnetic metals, 
wherein pinned uncompensated spins at domain walls give 
rise to exchange bias in BFO/ferromagnetic metal hetero-
structures.[225–227] The magnetic/electric coupling property at 
domain walls open an intriguing territory for electric field con-
trol of magnetism and vice versa. Recently, by combining spin 
dynamic simulations with several characterization techniques, 
including soft resonant elastic X-ray scattering (REXS), neu-
tron scattering, piezoresponse force microscopy and scanning 
nitrogen-vacancy magnetometry, Chauleau et  al. revealed the 
presence of both chiral electrical winding and periodic chiral 
antiferromagnetic texture along the domain walls of BFO 
epitaxial thin films.[228] The high-density ferroelectric stripe 
domain network is imprinted onto the antiferromagnetic order, 

forcing spin cycloids with different propagation vectors to 
stitch in a chiral knot. The peculiar multiferroic chiral texture 
tangled at domain walls will open an opportunity for realizing 
“antiferromagnetic skyrmions,” which is tremendously 
appealing for spintronics.

3.1.2. Charged Domain Walls in Ferroelectric Thin Films

Most observed FEDWs mentioned above meet the condition of 
electrostatic compatibility and are hence called neutral domain 
walls (NDWs). NDWs carry no net bound charge and only 
slightly enhanced conductivity (currents of a few pA) at such 
uncharged domain walls has been shown.[202,203,229] Besides 
NDWs, there are walls with nonzero bound charge due to 
head-to-head convergence or tail-to-tail divergence of sponta-
neous polarization called as charged domain walls (CDWs) 
(Figure 6a).[230] Bound charges at CDWs generate large electric 
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Figure 6. Conduction at charged domain walls in ferroelectric thin films. a) Schematic of neutral domain walls (NDWs) and charged domain walls 
(CDWs). b) Reliable and repeatable patterning of CDWs with metallic-like conductivity in (Bi0.9La0.1)FeO3 epitaxial thin films: i) left, vertical (large 
image) and lateral (small image) PFM phase micrographs of six regions successively poled up with opposite trailing field directions as indicated by 
the red arrows. Middle, the corresponding PFM amplitude images. The violet and yellow arrows denote the direction of the polarization in the six 
regions. The blue arrows point at the position of the head-to-head CDWs. Right, the current map collected at a tip-bottom electrode bias of 2.5 V on 
the CDWs array shows giant conduction at the head-to-head CDWs; ii) schematic of creating a head-to-head CDW with its corresponding polarization 
orientations; iii) cross-sectional profile of current maps at the 71°, 109° NDWs and head-to-head CDWs; ii) schematic versus temperature at VDC = 3 V 
on a head-to-head CDW and a 71° NDW. b) Reproduced with permission.[234] Copyright 2015, Springer Nature. c) Topologically confined CDWs of the 
self-assembled BiFeO3 nanoislands: i) schematic of the experimental geometry for investigating conduction at the domain walls of BFO nanoislands 
on La0.7Sr0.3MnO3 on LaAlO3; ii) on the left, the current maps at the domain walls under 1.5 V bias at the initial state and after polarization switching of 
the islands; on the right, schematic of polarization configuration of center-convergent and center-divergent domain structures in the BFO nanoislands, 
respectively. c) Reproduced with permission.[75] Copyright 2018, Springer Nature.
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fields, making the domain structure energetically costly and 
unstable. Therefore, CDWs rarely appear naturally in the fer-
roelectric insulators. However, recently, several research groups 
have shown the existence of CDWs in various ferroelectrics, 
such as, BiFeO3,

[67] BaTiO3,
[200] Pb(ZrxTi1−x)O3,

[231] improper 
ferroelectric ErMnO3,

[201] and hybrid improper ferroelectric  
(Ca,Sr)3Ti2O7.

[232–237] Their existence is due to a strong screening 
of the bound charge by enough mobile charged defects 
and/or free carriers.[233,236] Owning to such screening, the  
conductivity at CDWs could be several orders of magnitude 
higher than that of the bulk (up to 13 orders of magnitude 
enhancement).[200,234,237,238] One prominent example is 
the reliable and repeatable patterning of CDWs with metallic-
like conductivity (i.e., conductivity decreases with increasing 
temperature) in (Bi0.9La0.1)FeO3 epitaxial thin films by Crassous 
et  al. (Figure  6b).[234] The CDWs are created by the “trailing 
field” present in the triaxial control of a biased AFM tip. The 
head-to-head CDWs display very high conductivity (current up 
to ≈1.7 nA at a bias voltage of 2.5  V), more than three orders 
of magnitude higher than that of NDWs. The authors suggest 
that the CDWs were compensated by electrons injected from 
the AFM tip while the walls are being created. Another notable 
example is the creation and reversible electric-field control of 
self-assembled, charged domain walls in BFO nanoislands 
grown on LaAlO3 substrates (Figure 6c).[75] It is found that the 
tail-to-tail CDWs in the center-divergent states have conductivity 
three orders of magnitudes higher than those in the head-to-
head CDWs in the center-convergent states. More interestingly, 
unlike most previous studies, the cross-shaped CDWs are topo-
logically confined through careful control of electrostatic and 
geometric boundary conditions. The stable, highly conductive, 
electric-field-controllable, 2D CDWs hold great promise for 
the future development of high dense, low power, high-speed 
domain wall-based devices.

3.1.3. Domain Walls and Other Topological Defects in Ferroelastics

Twin/domain walls in nonpolar ferroelastics have received 
considerable attention in the past few years, as they exhibit 
emergent functionalities, such as ferrielectricity,[239] ferroelec-
tricity,[240] ferromagnetism,[241] large piezoelectric response,[242] 
electronic conductivity,[243] and even superconductivity.[244] 
Typical examples are superconductivity in twin walls of insu-
lating WO3,

[244] and spontaneous polarization in twins walls 
in nonpolar ferroelastics, such as CaTiO3,

[239] SrTiO3,
[245] and 

LaAlO3.
[246] Besides the 2D topological defects, Salje and Scott 

have further predicted the existence of 1D topological defects 
named Bloch lines composed of ordered vortex arrays at chiral 
Bloch-type polar walls in SrTiO3.

[247] Similar topological defects 
named Ising lines have been predicted to exist within ferroelec-
tric Bloch walls in BaTiO3 by the group of Hlinka.[248] The first 
experimental observation of Bloch lines in ferroelectric systems 
was obtained by means of 3D-SHG measurements in periodi-
cally poled LiTaO3 in 2017.[73] These low-dimensional topological 
defects could exhibit exotic functionalities that do not exist in 
the bulk, which opens the door for using such functional inter-
faces as active elements in nanoelectronic applications, such as 
high-density memory devices.[247]

3.2. Flux-Closure/Vortex Domains in Ferroelectric Epitaxial 
Thin Films and Heterostructures

3.2.1. Flux-Closure Domains in Ferroelectric Thin Films 
and Heterostructures

Inspired by the topological spin textures in magnets, the search 
for topological polar structures in ferroelectrics is under intense 
investigation. One of the main differences between ferroelec-
trics and ferromagnets is the much larger spontaneous strains 
accompanied by the ferroic-phase transition for ferroelectrics, 
which are of the order of ≈10−2 (≈6.5% for PbTiO3, ≈1% for 
BaTiO3) and ≈10−5 for ferroelectrics and ferromagnets, respec-
tively. The precondition for topological polar structures in fer-
roelectrics requires continuous rotations of dipoles in each unit 
cell, which is generally not allowed by crystal symmetry and, 
thus importantly, will cause larger strains and higher energy 
cost than the forming of spin textures in ferromagnetics. For 
this reason, the ferroelectric community started searching the 
flux-closure/vortex domains in ferroelectrics with smaller spon-
taneous strains, such as BaTiO3, since the theoretical finding 
of polar vortices.[64] However, somewhat unexpectedly, the fer-
roelectric flux-closure domains were experimentally found in 
PbZr0.2Ti0.8O3, BiFeO3, and PbTiO3 related films/multilayers 
with large spontaneous strains, where external epitaxial strains 
and interface compensations contribute to breaking the local 
ferroelectric symmetries and forming dipole rotations.[59,60,63] 
It should be emphasized that advanced TEM techniques and 
related analysis methods are indispensable here for revealing 
these polar topologies.[193,249,250]

Specifically, in 2011, a single flux-closure structure, with real 
continuous polarization rotation, at a 180° domain wall/inter-
face triple point was first observed in epitaxial PbZr0.2Ti0.8O3 
thin-film grown on a SrRuO3 buffered SrTiO3(001) substrate 
using atomic-resolution aberration-corrected TEM.[59,251] On 
the basis of this technique, researchers were able to produce 
a vector map of the atomic-polar displacements (PPD) from a 
cross-sectional high-resolution transmission electron micros-
copy (HR-TEM) image which gives the electric dipole moment 
for each individual unit cell.[60,69] The Zr/Ti-ion displacement 
with respect to the adjacent O ion gives the polarization state 
of PbZr0.2Ti0.8O3. The resulting vector map of dipole moments 
on the PbZr0.2Ti0.8O3 film showed the flux-closure structure 
near the 180° domain wall/interface area (Figure  7a,b). As is 
shown, the Zr/Ti shift vector maps directly revealed evidence 
of continuous dipole rotations which form a flux-closure struc-
ture. At almost the same time, using aberration-corrected 
HAADF-STEM (which can image crystal materials with sub-
Angström resolution), vortex nanodomains were observed in 
the BiFeO3/TbScO3 heterostructures, where in each vortex, four 
domains which are allowed by the rhombohedral symmetry of 
BiFeO3 crystal were identified.[60] The HAADF-STEM imaging 
could directly record the polar structure of ferroelectrics, via 
imaging the positive-negative charge separation induced by 
ion displacement. In the above two cases, the importance of 
advanced TEM method for directly studying polar topologies 
have been witnessed.

Later in 2015, strain engineering was further introduced 
to manipulate possible dipole topologies in ferroelectric 
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film/multilayer structures. Arrays of regular flux-closure 
domain within SrTiO3 confined PbTiO3 layers in SrTiO3/
PbTiO3 multilayers grown on GdScO3(110) substrates were 
directly imaged by advanced HAADF-STEM (Figure 7c–e).[63] In 
this case, the GdScO3 substrate exerts a tensile strain of ≈1.7% 
on the SrTiO3/PbTiO3 multilayers, which is important for 
rotating dipoles near the SrTiO3/PbTiO3 interface toward the 
in-plane direction and thus facilitates the forming of flux-clo-
sure arrays. In combination with the SrTiO3/PbTiO3 interface-
driven large depolarization field, arrays of regular flux-closure 
domains within the PbTiO3 layers formed. The closed dipole 
structures can be identified by extracting the Ti–Pb ferroelec-
tric displacements. It is seen that the Ti displacement map-
ping forms a flux-closure quadrant in the area of 1, 2, 3, and 4, 
which is similar to that of ferromagnetic materials.[25] In addi-
tion, large-scale flux-closure arrays were further confirmed.[252] 
These flux-closure domains in PbTiO3 layers show unique 
elastic strain behaviors where long range strain gradients up to 
106 m−1 were identified.[63] Moreover, the successful preparation 
of large scale flux-closure arrays in multilayers will facilitate the 
preservation of such giant strain gradients, which may trigger 
novel gradient functional device concepts.[253]

3.2.2. Vortex Domains in Ferrelectric Thin Films and 
Heterostructures

Motivated by the observation of ferromagnetic vortex struc-
ture, the early 2000s saw the emergence of suggestions of 
similar effects in ferroelectrics.[50–52] Ferroelectric vortex states 
without an out-of-plane core (Figure  1c) have been theoreti-
cally predicted in ferroelectric nanostructures,[51] but long range 
vortex ordering has not been experimentally observed until 
very recently.[69] Through the combination of advanced TEM, 

film deposition and strain engineering techniques, the for-
mation of ordered arrays of vortex pairs in PbTiO3 layers con-
fined by SrTiO3 layers, within (PbTiO3)n/(SrTiO3)n superlattices 
grown on DyScO3(110) substrate (Figure  8a,b) was identified 
in 2016.[69] Here the DyScO3 substrate exerts a tensile strain 
of ≈1.2% on the SrTiO3/PbTiO3 superlattices, where the thick-
nesses of each PbTiO3 are about 10 unit cells. Chirality was 
further confirmed for these vortex pairs by resonant soft X-ray 
diffraction, where a spiral-like polar structure was revealed 
with left- and right-handed signatures.[89] As seen in the left of 
Figure 8a, it shows a vector map of the atomic polar displace-
ment (PPD) on the cross-sectional HAADF-STEM image for a 
(PbTiO3)10/(SrTiO3)10 superlattice, which could reveal the polar-
ization distributions in each PbTiO3 layer.[60] The vector map of 
these polar displacements indicates the formation of long-range 
arrays of clockwise (CW) and counter clockwise (CCW) vortex 
pairs in each PbTiO3 layer of the superlattice. A single CW–
CCW vortex pairs is shown in the magnified image (right of 
Figure 8a), which shows the continuous rotation of local polari-
zation in each unit cell within the CW–CCW vortex pairs. The 
lateral periodicity of this pair is approximately ≈ 10  nm (from 
CW to the next CW or vice-versa). Figure  8b shows the 3D 
structure of CW–CCW array of vortex in (PbTiO3)10/(SrTiO3)10 
superlattice from phase-field simulations (on the right),[69] with 
experimental HAADF-STEM results where cross-sectional and 
planar-view DF-TEM images are projected on the same 3D axes 
(on the left). Red/blue color scales correspond to the curl of 
the polarization extracted from the phase-field model and the 
HAADF-STEM polar displacement map (PPD).

The phenomenon of negative capacitance is very rare in 
nature. Emergent negative capacitance has been directly 
observed by Salahuddin et  al. in (PbTiO3)n/(SrTiO3)n super-
lattices with polar-vortex structures.[92] The authors success-
fully mapped the distribution of electric field and polarization 
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Figure 7. Flux-closure domain in PbZr0.2Ti0.8O3 and flux-closure arrays in PbTiO3/SrTiO3 multilayer. a) Atomic resolution of cross-sectional image 
of PbZr0.2Ti0.8O3 layer on SrRuO3 buffered SrTiO3(001) substrate. b) Ti/Zr ion displacement vector mapping (yellow arrows) of the atomic image of  
(a). a,b) Reproduced with permission.[59] Copyright 2011, American Association for the Advancement of Science. c) A cross-sectional low-magnification 
STEM image of the PbTiO3/SrTiO3 multilayer. d) A cross-sectional HAADF-STEM image for four typical areas indicated in upper PbTiO3 layer in (c);  
e) the superposition of Ti displacement vector mapping with the corresponding atomic images in (d). c–e) Reproduced with permission.[63]  
Copyright 2015, American Association for the Advancement of Science.
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simultaneously using advanced TEM complemented by phase-
field and first-principles-based (second-principles) simulations. 
According to Landau–Devonshire–Ginzburg theory, stable 
states in a ferroelectric phase correspond to a double-degenerate 
free-energy landscape between total free energy G and electric 
displacement D. Only if the permittivity 0

2

2
ε ∝ ∂

∂
<G

D
, does nega-

tive capacitance appear. In Figure  8c, the polarization compo-
nent Pz (red hexagons) and electric field component Ez (blue 
circles) in a CW–CCW vortex pair similar to that in Figure 8a 
along the direction of a transverse line across their cores have 
been exhibited on the top. Furthermore, the corresponding 
energy density obtained from Pz and Ez along this transverse 
line is shown in the bottom. The area indicated by the arrows 
has negative curvature, which means the negative capaci-
tance exists in CW–CCW vortex pair arrays in ferroelectric 
superlattice.

In addition, phase field simulations elucidated that the size 
confinement is one of the key parameters for stabilizing such 
topological structures. Phase-field simulations on (PbTiO3)n/
(SrTiO3)n superlattices (n is number of monolayers) on 
DyScO3(110) substrates (Figure  8d) indicate that,[254] in short 
period (n  <  10) superlattices, the ferroelectric phase is stable, 
where the emergence of common a1/a2 domain structures 
could be identified.[84] Relatively large period (n  >  25) super-
lattices will form a flux-closure pattern.[63,254] In intermediate 
period (10 ≤ n ≤ 25) superlattices, the model suggested that the 
formation of exotic topological structures like vortex pairs, by 
interplay of the elastic, electrostatic, and gradient energies.[69] 
On the basis of both the experimental results and the phase-
field simulations, the vortex structure results (primarily) from 
competition between three energies—elastic energy (PbTiO3 
layers in tensile strain on DyScO3 substrate), electrostatic 

Adv. Mater. 2021, 33, 2000857

Figure 8. Vortex pairs arrays in (PbTiO3)n/(SrTiO3)n superlattices. a) (left) A vector map of the atomic polar displacement on the cross-sectional 
HAADF-STEM image for a (PbTiO3)10/(SrTiO3)10 superlattices. (Right) A single magnified CW–CCW vortex pair. b) 3D structure of CW–CCW array of 
vortex in (PbTiO3)10/(SrTiO3)10 superlattice from phase field simulation (on the right), with experimental HR-STEM studies (on the left). a,b) Repro-
duced with permission.[69] Copyright 2016, Springer Nature. c) (Top) Polarization component Pz (red hexagons) and electric field component Ez (blue 
circles) in a CW–CCW vortex pair along the direction of a transverse line across their cores. (Bottom) Energy density obtained from Pz and Ez along this 
transverse line. Reproduced with permission.[92] Copyright 2019, Springer Nature. d) Phase diagram and total energy density for the (PbTiO3)n/(SrTiO3)n 
superlattices grown on DyScO3 substrate. Reproduced with permission.[254] Copyright 2017, American Chemical Society. e) Optical and thermal field 
manipulation between coexistence phase and superlattice phase. Reproduced with permission.[255] Copyright 2019, Springer Nature.
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energy from built-in field (large polar discontinuity at the 
interfaces from PbTiO3 to SrTiO3 layers), and gradient energy 
(the energy required to rotate or change the direction or mag-
nitude of the polarization). The emergent chirality identified in 
these ordered arrays of polar vortex phase indicates that com-
plex polar topologies similar to those of ferromagnetic materials 
can also be achieved,[89,90] which encourages further exploring 
of other types of polar topologies in ferroelectrics, such as polar 
bubbles and skyrmions.

In particular, new phase transitions related to this polar-
vortex phase, stimulated by electric field or laser,[255,256] were 
identified experimentally recently. In 2017, the experimental 
observation of emergent coexistence phase of vortex array and 
in-plane a1/a2 domain has been reported in PTO/STO superlat-
tices.[256] After the application of electric field to this coexistence 
phase system, the interconversion between high-temperature 
vortex phase and low-temperature stripe phase (a1/a2 domain) 
can be realized, meanwhile the corresponding piezoelectric and 
nonlinear optical responses changed dramatically.[256] In 2019, 
it is found that the phase transitions between the coexistence 
phase and a new so-called 3D superlattice phase in PTO/STO 
superlattice can occur reversibly by optical and thermal manip-
ulation (Figure  8e). The coexistence phase including in-plane 
a1/a2 domain and vortex pair arrays would be converted to a 
single 3D superlattice phase by optical pulses, while thermal 
annealing can reverse this process entirely.[255] These findings 
indicate abundant multifield coupling controllability and novel 
physical properties to be explored in ferroelectric polar vortex 
states. The glassy behavior and extremely “soft” nature of the 

polarization in the vortices could enable large field-tunable and 
collective response in PbTiO3/SrTiO3 heterostructures.

3.3. Nanobubble Domains in Ferroelectric Heterostructures

Topological defects like bubble domains are widely studied in 
magnetic systems.[257] Ferroelectric bubble domains (i.e., lat-
erally confined spheroids of sub-10  nm size with local dipoles 
self-aligned in a direction opposite to the macroscopic polariza-
tion of a surrounding ferroelectric matrix) can be considered 
a precursor to polar skyrmions, and thus are both fundamen-
tally and technologically exciting in condensed matter physics. 
In 2004, using first-principles calculations, Bellaiche et  al. 
first predicted the existence of nanobubble domains in epi-
taxial Pb(Zr0.5Ti0.5)O3 ultrathin films.[51,258] Until 2017, Zhang 
et  al. first experimentally demonstrated the nanoscale bubble 
domains in an ultrathin structured ferroelectric film [7 unit 
cell PbZr0.2Ti0.8O3/2 unit cell SrTiO3/7 unit cell PbZr0.2Ti0.8O3 
(PZT/STO/PZT)] by tuning its depolarization field via an STO 
spacer layer (Figure 9a).[78] The existence of the bubble domains 
is revealed by high-resolution piezoresponse force microscopy 
(PFM) (Figure 9b), and is corroborated by aberration-corrected 
atomic-resolution scanning transmission electron microscopy 
mapping of the polarization displacements (Figure 9c). The ver-
tical PFM amplitude image shows the two different size domain 
topologies. One type of domains is larger than ≈10 nm (marked 
by white dashed arrows) with distinct domain wall separated by 
up and down domain states, distinguished as cylindrical bubble 
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Figure 9. Nanobubble domain structures in PbZr0.2Ti0.8O3/SrTiO3/PbZr0.2Ti0.8O3 (PZT/STO/PZT) heterostructure. a) Schematic description of the 
PZT/STO/PZT heterostructure. b) Piezoelectric force microscopy: i) amplitude and ii) phase images of PZT/STO/PZT heterostructure with 2 u.c. STO 
spacer showing existence of bubble domains with fussy domain walls (white boxes) and cylindrical domains with clear domain walls (white dashed 
boxes). c) Cross-sectional STEM high angle annular dark-field (HAADF) images of the heterostructure (left) and corresponding polarization displace-
ment mapping of yellow region (right) shows a distinct topologies of bubble domain. d) Monte Carlo simulations of nanoscale domains inside the 
films. The blue box indicates the bubble domains and the calculated dipolar structure of this bubble domain (right). a–d) Reproduced with permis-
sion.[78] Copyright 2017, Wiley-VCH.
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domains. Another type of domains is ultrasmall (<10  nm) 
appears as a dark spot due to the PFM resolution limit, which 
distinguished as spheroid bubble domains. The corresponding 
PFM phase images clearly reveals that this nanobubble domain  
has different phase contrast than the surrounding regions and 
has phase contrast less than 180°. The cross-sectional atomic-
scale high-resolution scanning transmission electron micro-
scopy (HR-STEM) image confirms sharp and coherent interfaces  
of the heterostructure and identified the distinct bubble topology 
region. The polarization structure of ultrathin films was fur-
ther confirmed by Monte-Carlo simulations (Figure  9d).[78] 
Unlike regular cylindrical domains with uniform distribution 
of polarization, the bubble domains exhibit polarization rotation 
with mixed Néel–Bloch character. The size of the ferroelectric 
bubble domains (<10  nm) is much smaller than their ferro-
magnet counterparts, makes them exciting for applications in 
nanoelectronics and logic devices.[257] In addition, an enhance-
ment of piezoelectricity during the irreversible phase transi-
tion from labyrinthic domains to nanobubble domains was also 
demonstrated. Recently, the deterministic and reversible trans-
formation of bubble domains into cylindrical domains using a 
scanning probe microscopy (SPM) approach was demonstrated 
by the same group.[259] The bubble domain state can be created 
by an electrical pulse with a specific combination of amplitude 
and duration, meanwhile it can be erased by a mechanical force 
via the AFM tip. This pathway for switching between various 
topological defects holds promise for emergent devices. Alto-
gether, the observed nanobubbles highlight the richness of polar 
topologies possible in ultrathin ferroelectric heterostructures as 
a result of interplay between elastic and electrostatic energies.[82]

3.4. Polar Skyrmions in Ferroelectric Superlattices

So far, skyrmion as a critical noncoplanar vortex topological 
structure has been widely studied in magnetic materials. This 
topological texture has been found to be essentially stable due 
to the chiral interactions in ferromagnetic films. On the other 
hand, the absence of such chiral interactions in ferroelectrics 
has led to the existence of polar skyrmions being questioned 
and rarely studied. Until very recently, progress has been 
made in the discovery of stable polar skyrmion structure in 
ferroelectric material both in theory and experiment. In 2015, 
using a first-principles-derived effective-Hamiltonian approach, 
Bellaiche et al. first predicted the existence of skyrmionic state 
in BaTiO3/SrTiO3 nanocomposites with a cylindrical BaTiO3 
(BTO) nanowire embedded in a SrTiO3 (STO) square matrix 
(Figure  10a–d).[82] Due to the distinct difference in magnitude 
of polarization in BTO and STO, under a certain critical electric 
field, the polarization Pz in BTO would be earlier reversed from 
upward to downward than that in STO. In Figure 10b, the skyr-
mion charge (Q = 1) as an integral of Pontriagin density (q) is 
decomposed into fractions (narrow peaks) with equal contribu-
tions at the domain wall junction. The upward (downward) peak 
represents positive (negative) contribution to the total topological 
charge. The polarization of stable skyrmion obtained from sim-
ulations at 15 K and a line of dipoles along x across the core of 
skyrmion is shown in Figure 10c. We can see a polar skyrmionic 
state is stabilized in the BTO/STO composites under a threshold 

electric field. The temperature dependence of the threshold elec-
tric field inducing the system from vortex state to skyrmionic 
state is depicted in Figure  10d. Therefore, the stable exist-
ence of skyrmion can be realized in ferroelectric materials by 
geometrically induced chiral interaction. In spite of no intrinsic 
chiral interactions in ferroelectric materials, ferroelectric skyr-
mions indeed can be constructed and stabilized by extrinsic chiral 
interactions, which can be induced by means of constrained 
geometry, dipole interaction with external strain/electric fields, 
etc. In 2018, Hong et  al. predicted the presence of polar skyr-
mion bubbles in PbTiO3/SrTiO3 superlattice driven by external 
electric field using phase-field simulations.[260] In 2019, using 
second-principles simulations, Gonçalves et  al. proposed an 
original approach to create the polar skyrmions by harnessing 
the Bloch-type 180°domain walls at low temperature in proto-
type ferroelectric PbTiO3.

[261] The authors further predicted that 
such polar skyrmions can be controlled by external stimuli, such 
as temperature, electric field and epitaxial strain. For instance, 
a topological transition between skyrmionic (N = 1) and normal 
nanodomain (N  = 0) states occurs at 235 K. These theoretical 
studies inspired and guided the experimental searching for 
polar skyrmions in ferroelectrics.

Further interplay of elastic, electrostatic, and gradient ener-
gies in similar systems have shown potentials to mediate an 
even more complex swirling topological feature—polar skyr-
mions (equivalent of magnetic skyrmions) has been observed 
in (PbTiO3)n/(SrTiO3)n heterostructures grown on SrTiO3(001) 
substrates with small lattice-mismatch strain.[83] Looking down 
at the surface of the (PbTiO3)16/(SrTiO3)16 superlattice structure, 
plan-view HAADF-STEM images (Figure  10e) revealed long-
range ordered arrays of circular features with size of ≈8–9 nm, 
suggesting that this polar order extend through the film over 
many tens of nanometers length scale. Low-resolution, cross-
sectional DF-TEM imaging (blue shaded PbTiO3 layer in 
Figure 10e), in turn, revealed a pseudo-long-range periodic array 
of intensity modulations along both in- and out-of-plane direc-
tions of the superlattice, corresponding to a cylindrical domain 
with antiparallel (up–down) polarization. The reversed titanium 
displacement is converging from the edge to the center, cor-
responding to a hedgehog-like (Néel-type) skyrmion structure 
(Figure  10f). Moreover, 4D STEM (4D-STEM) with an elec-
tron microscope pixel array detector (EMPAD) provides the 
information at the central PbTiO3 layers.[262] In 4D-STEM, the full 
momentum distribution, that is, the electron diffraction pattern, 
was collected at every scan position by the EMPAD. From the 
diffraction patterns collected on the EMPAD, reconstructed the  
low-angle annular dark-field (ADF) image (Figure  10g) and 
the probability current flow in x and y giving the vector compo-
nents of polar order (Figure 10h) of (PbTiO3)16/(SrTiO3)16 super-
lattice, which is largely weighted toward the Bloch-like skyrmion 
in the middle of the PbTiO3 layer. In Figure 10i, the combination 
of hedgehog and Bloch skyrmion has been further confirmed by 
second-principles ab initio calculations.[263] These calculations 
showed that the local electric dipoles continuously rotate both 
in- and out-of-plane at the PbTiO3/SrTiO3 boundary. Moreover, 
resonant soft-X-ray diffraction experiments show strong circular 
dichroism at the Ti-L3 edge, confirming emergent chiral nature 
of the structure, consistent with the presence of Bloch domain 
walls.[83] In summary, the observations of polar skyrmions, and 

Adv. Mater. 2021, 33, 2000857



© 2020 Wiley-VCH GmbH2000857 (18 of 24)

www.advmat.dewww.advancedsciencenews.com

all above mentioned polar topologies indicate that complex 
polar structures resembling those of magnets could be achieved 
by fine adjusting of elastic, electrostatic and gradient energies.

4. Summary and Outlook

The last decade has witnessed significant developments in the 
study and understanding of topological structures in ferroic thin 
films and heterostructures. The topological spin/polar textures 
are stable at the nanoscale and have exotic properties different 
from the bulk. Along with gaining fundamental knowledge 
about the new topologies, understanding, and controlling these 
new structures can lead to new technological applications, 
such as high-density, low-power, fast-speed memory, and logic 
devices. The research on topological structures in ferroic thin 
films and heterostructures, however, is still in its infancy and 
thus there remain many open questions, such as

1) Topological patterns like magnetic skyrmions have garnered 
enormous potential applications in the design of magnetic 
racetrack memories.[141,264,265] On the other hand, the recent 
discovery of polar vortices and bubbles/skyrmions in ferro-
electric is of profound fundamental importance and poses 
new lines of research. In future works, we should study the 
dynamic evolution of the polar topologies under external 
stimuli, such as electric field, mechanical force, optical light, 
etc. If the polar topologies can move with electric field, one 
can use to create novel nonvolatile electric “racetrack memo-
ry” devices. Moreover, the stabilization of such nonuniform 
polar textures could provide highly enhanced and tunable 
susceptibilities, steady state negative capacitance, and other 
unexpected properties, such as conductivity or magnetism, 
which will be a pathway for engineering novel functionalities 
previously inaccessible in these materials.

2) The nature and mechanisms of the possible magnetic 
skyrmions and THE in magnetic oxide thin films and 
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Figure 10. Theoretical prediction and experimental observation of polar skyrmions in ferroelectric materials. a–d) Stable skyrmionic state in BaTiO3/
SrTiO3 nanocomposites. a) Schematics of nanocomposites with a cylindrical BaTiO3 (BTO) nanowire embedded in a SrTiO3 (STO) square matrix. b) Top-
ological charge density of the polar skyrmion. c) (Top) Polarization of stable skyrmion obtained from simulations at 15 K. (Bottom) A line of local dipoles 
along x across the core of skyrmion. d) Temperature dependence of the threshold electric field leading to skyrmionic state. a–d) Reproduced under the 
terms of the CC-BY Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0).[82] Copyright 2015, Springer 
Nature. e–i) Experimental observation of polar skyrmions in PbTiO3/SrTiO3 superlattice. e) A sketch covered with a planar-view dark-field TEM image 
in the top and two cross-sectional-view dark-field TEM images in the lateral of the superlattice. f) Hedgehog-like polarization distribution implies the 
presence of an Néel-type skyrmion. The top is a reversed Ti-displacement vector map, corresponding to the bottom with an atomically resolved planar-
view HAADF-STEM image of an individual skyrmion bubble. g) The low-angle annular dark-field (ADF) image from the 4D-STEM image of a [(PbTiO3)16/
(SrTiO3)16]8 superlattice. h) Possible current flow of polarization map from the 4D-STEM above. i) Global (bottom) and local (top) distribution of polar 
skyrmion lattice in PbTiO3/SrTiO3 superlattice from second-principles simulations. e–i) Reproduced with permission.[83] Copyright 2019, Springer Nature.

https://creativecommons.org/licenses/by/4.0
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heterostructures needs to be determined by more reliable 
characterization tools with adequate resolution, such as 
LTEM, and requires more input from theoretical studies on 
the electronic structure of the oxide system.

3) Are there other polar topologies, such as merons, hop-
fions,[266] etc., as well as the topological phase transition 
possible in ferroelectric thin films and heterostructures? 
The realization of such questions will require considerable 
advanced synthesis, characterization, and computational ap-
proaches to explore this complex, diverse landscape.

4) Another important area is the investigations on the con-
trolled chirality of polar skyrmions/vortices in ferroelectric 
thin films and heterostructures.[267] A significant challenge 
in the coming years will be how to write and read the chirality 
of the spin/polarization topologies on the nanoscale by using 
an electric-field manner that can be easily integrated into the 
modern devices.

5) The generation of topological textures could be extended to 
other material systems and symmetries (such as asymmet-
ric or tricolor superlattices).[268] For example, there has been 
very limited work on the coexistence of polar and spin to-
pologies and their coupling effects in multiferroic thin films 
and heterostructures, such as multiferroic Cu2OSeO3

[38] thin 
films and BiFeO3-based superlattices. One can expect that the 
manipulation of the topological polar textures could greatly 
influence the magnetic order parameter and vice versa in 
multiferroics. We believe that this could be an area of strong 
focus in the future.
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