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ABSTRACT
Multiferroic nanostructures have been attracting tremendous attention over the past decade, due to their
rich cross-coupling effects and prospective electronic applications. In particular, the emergence of some
exotic phenomena in size-confined multiferroic systems, including topological domain states such as
vortices, center domains, and skyrmion bubble domains, has opened a new avenue to a number of
intriguing physical properties and functionalities, and thus underpins a wide range of applications in future
nanoelectronic devices. It is also highly appreciated that nano-domain engineering provides a pathway to
control the magnetoelectric properties, which is promising for future energy-efficient spintronic devices. In
recent years, this field, still in its infancy, has witnessed a rapid development and a number of challenges too.
In this article, we shall review the recent advances in the emergent domain-related exotic phenomena in
multiferroic nanostructures. Specific attention is paid to the topological domain structures and related novel
physical behaviors as well as the electric-field-driven magnetic switching via domain engineering.This
review will end with a discussion of future challenges and potential directions.
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INTRODUCTION
Multiferroic materials that possess more than one
ferroic order have attracted massive interest in the
past two decades,mainly because they are ideal play-
grounds for exploring emergent cross-coupling phe-
nomena among spin, charge, orbit, and lattice in
correlated electron systems, as well as promising
candidates for prospective applications in advanced
industries, e.g. data memory/processing, sensors,
actuators, and energy-relevant devices [1–10]. For
instance, ferroelectric or magnetoelectric (ME) ran-
dom accessmemories (FeRAMs/MeRAMs) are rel-
atively simple devices each usually consisting of a
transistor and a ferroelectric/multiferroic capacitor
[11,12]. Once these memories scale up to a few
Gbit/in2 in density, the characteristic dimensions
of functional multiferroic nanocapacitors will shrink
down to∼102 nm or less. Due to the substantial size
and surface effects, the domain structures in these

multiferroic components can be greatly changed,
and classical domain patterns may be replaced by
some unique complex domain structures [13]. Since
it is known that the physical properties of ferroic
materials are intimately related to the domain struc-
tures, a targeted or pre-designed reduction in the
characteristic scale may efficiently tailor the domain
structure and thus related functionalities, noting that
previous investigations in this area have unveiled a
plethora of exotic physical phenomena over the past
decade.

One exciting outcomeof ferroelectric size shrink-
age is the potential for stabilizing various polar topo-
logical structures. It has been predicted that a bi-
stable flux-closure polar vortex (a swirl polarization
configuration) as small as 3.2 nm could exist in fer-
roelectric nanodots, promising for ultrahigh-density
memories with areal density over 60 Tbit/in2 [14].
This prediction has spurred tremendous interest but
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nonetheless an experimental observation of the vor-
tex has remained elusive for a long time.The first ob-
servation of polarization curling was reported by Jia
et al. [15]. Soon after, flux-closure domain textures
were observed in BiFeO3 (BFO) films, and some of
themwere induced by applied electric field [16–21].
Recently, atomically resolved scanning transmission
electron microscopy (STEM) has enabled obser-
vation of periodic arrays of polar closure domains
and vortices in PbTiO3/SrTiO3 (PTO/STO)
multilayers/superlattices [22,23] and multiferroic
tunnel junctions with ultrathin ferroelectric layers
[24]. More recently, the polar skyrmion bubble
(a topologically protected whirling texture), an
analogy to magnetic skyrmions, was also uncovered
in compressively strained PTO/STO superlattices
[25].

On the other hand, various domain textures in
well-confined nanoislands, such as closure quadrant
domains (square shape flux-closure), vortex struc-
tures, and center-type domains (with polarization
pointing out (or in) from (or to) a center region)
have been identified in BaTiO3 (BTO) or BFO
nanodots [26–31]. In particular, identification of
electrically controllable center-type domains and
the unique domainwall conduction features in small
nanoislands [27–29] holds promise for implemen-
tation in novel topological memory devices utilizing
current readout of topological states [28]. These
tantalizing findings suggest that the size reduction
in multiferroic materials may open a new avenue
to a whole family of emergent physical phenomena
that underpin a range of topological nanoelectronic
devices.

Dimension reduction is also an effective method
to amplify the ME effect in multiferroic nanostruc-
tures, in particular electric-field-driven magnetic
switching (EDMS) [32–34]. Previous reports
indicated that multiferroic nanocomposites such
as column-matrix (1–3 type coupling) or nanodots
(0–0 type coupling) may exhibit an enhanced ME
coefficient or even enable EDMS (albeit rather
uncontrollably) due to the release of substrate-
clamping [5,33,34]. More interestingly, the
controllability of EDMS can be greatly improved by
optimizing the domain structures and switching
dynamic modes [35–42]. To achieve high-
performance EDMS that could eventually lead to
practical applications such as MeRAMs, one should
be able to deterministically control the domain
structure and switching behaviors of both the
ferroelectric andmagnetic components. In addition,
adopting topologically protected magnetic domains
has specific advantages for EDMS [43], and is
becoming very interesting recently.

In this review article, we will briefly discuss
those exotic phenomena brought about by size-
confined dimension reduction of multiferroic
materials, specifically focusing on the topological
domain structures and related ME effects. For a
more general overview on ME coupling and device
applications, readers may refer to several excellent
review papers [8–10,12,44]. We shall start from a
brief introduction to the fabrication techniques of
multiferroic/ferroelectric nanostructures, and then
address the topological domains and associated
unique properties, followed by highlighting the
recent advances in EDMS. A discussion on open
questions and new directions to be explored will be
presented in the final section.

FABRICATION OF MULTIFERROIC
NANOSTRUCTURES
Motivated by the fascinating functionalities and ap-
plication potentials of multiferroic nanostructures,
extensive efforts in fabricating high-quality nanos-
tructures have been made [45–51]. Along this line,
a number of fabrication techniques for pattern-
ing nanostructures have been developed, and these
techniques can be roughly classified into top-down
and bottom-up approaches, as summarized in the
literature [46]. The top-down approaches, includ-
ing focus ion beammilling and electron beam direct
writing, enable good control of the shape and size
of nanostructures but show low throughput [47].
The bottom-up approaches, including self-assembly
and controlled growthmethods, are able to produce
large-area and high-density epitaxial nanostructures
but the shape control and order arrangement may
become issues [48].

In this sense, modified approaches have been
introduced to overcome these barriers, including
template-assisted patterning, which combine the
advantages of top-down and bottom-up tech-
niques and are able to produce well-ordered and
high-quality oxide nanostructures [26,49–51].
The standard procedure of a typical bottom-up
anodized alumina (AAO) template-assisted pulsed
laser deposition (PLD) method is shown in
Fig. 1 [32,33,51] which involves three steps: AAO
mask transfer, material deposition, and mask
removal (see Fig. 1a). This technique is able to
produce large-area and well-ordered multiferroic
nanodotswith diameters from∼35nm to∼300nm,
and has been utilized extensively in the fabrication
of multilayered nanodots, e.g. BaTiO3/CoFe2O4
(BTO/CFO) and BiFeO3/CoFe2O4/SrRuO3
(BFO/CFO/SRO) nanodot arrays [32,33].
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Figure 1. Schematic flowcharts of two representative template-assisted fabrication techniques for multiferroic nanostruc-
tures, and examples of some fabricated nanostructures. (a) The procedure of the anodized alumina (AAO) template-assisted
pulsed laser deposition bottom-up method: AAO template mask transfer, material deposition, and mask removal. Reproduced
with permission [33]. Copyright 2016, American Chemical Society. (b) Procedure of polystyrene (PS) nanosphere template-
assisted ion beam etching method: PS template layer transfer, Ar+ beam etching through PS layer, and template removal.
Panels (c–f) show scanning electron microscope (SEM) images of some multiferroic nanostructures fabricated via the mask-
assisted methods: epitaxial nanodots (c, d), anti-nanodots (e), nanorings (f). Reproduced with permission [26], Copyright 2017,
American Chemical Society; [50], Copyright 2017, Elsevier.

Nevertheless, material deposition into the small
holes of the templates requires relatively low depo-
sition ambient pressure and temperature, and thus
unwanted defects may appear easily. To avoid these
defects, template-assisted top-down methods by
Ar+ beam etching through a monolayer PS sphere
array or AAO template placed on high-quality
epitaxial thin film have been developed, as shown in
Fig. 1b [26]. By choosing proper template geometric
parameters and etching time, periodically ordered
nanodots with tunable sizes (diameters over 100 nm
to 900 nm) can be obtained, and the patterned
nanostructures preserve their epitaxy and ferroelec-
tric properties comparable to their parent films.
Using similar modified template-assisted etching,
one is able to develop high-density arrays of multi-
ferroic nanostructures, e.g. nano-disks, nano-rings,
and anti-nanodot arrays [49,50]. Other techniques
like the di-block-copolymer template-assisted
self-assembled method have been developed too,

which allows an array of ultra-small nanodots of
10 nm in diameter [48]. These techniques lay a
good foundation for further explorations into exotic
physic phenomena and prospective devices. Due to
length limitations, we are not going to include more
discussion here and readers may refer to an earlier
review for details [46].

TOPOLOGICAL POLAR DOMAINS IN
LOW-DIMENSION SYSTEMS
Ferroic domain structure is rather essential, not only
for its role as data storage media in memory devices
but also considering its intimate relation with a wide
range of functionalities such as piezoelectricity,
conductivity, magnetic exchange bias, as well as ME
coupling [52,53]. Since domain structures depend
critically on various interactions including exchange
coupling, strain energy, electrostatic energy, and
others, which, however, are highly competitive,
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dimension shrinkage into nanostructures be-
comes an effective tool to manipulate domain
structures and thus relevant properties [26–31,
54–59]. In particular, size-confined ferroic nanos-
tructures favor intriguingly exotic topological
domains. For example, vortex textures can be
thermodynamically stabilized in nanoscale systems
if the prominent depolarization effect is not well
screened or compensated by other sources [14].

Currently, these topological domain structures
are receiving a great deal of attention. According
to Mermin, a topological defect is defined as a re-
gion with low-dimensional singularity, in which or-
der parameter ceases to vary continuously [60].The
well-known ferroic domain wall can be classified as
a 2D topological defect [61–63], while more com-
plex domains, such as the flux-closure vortex, anti-
vortex, center domain, and skyrmion, can be classi-
fied as quasi-1D topological defects. There are also
other complex topological domains such as flux-
closure quadrants, which do not have 1D topolog-
ical cores, and thus cannot be classified as 1D de-
fects. These exotic topological domains not only
strongly determine the domain switching behaviors,
but also serve as ideal arena that enable creation, nu-
cleation, and displacement of a plethora of fantas-
tic and localized phenomena, offering opportunities
for ultrahigh-density configurable topological elec-
tronic devices [28,64–66].

Over the past decade, magnetic topological
defects such as the vortex and skyrmion have
been widely studied as essential building blocks
for the next generation of magnetic data storage
[67,68]. In contrast, investigations into complex
polar defects (electric-dipole related) are still in
their infancy. Although polar vortex structures were
predicted long time ago, their experimental obser-
vations remain elusive, due to the lack of effec-
tive probing techniques. Thanks to the invention
of powerful piezoresponse forcemicroscopy (PFM)
and advanced transmission electron microscopy
(TEM), experimental evidence for non-trivial polar
defects has been appearing, including recently ob-
served ferroelectric skyrmion bubble domains [25].
Those so far experimentally identified exotic topo-
logical polar domains are summarized in Table 1,
and most of them have been observed in size-
confined ferroelectric/multiferroic nanostructures,
e.g. ultrathin films [15,16],multilayers/superlattices
[22,23,25], nanoislands [26–28,55], and single-
crystal nanoplates [54,69,70]. In some cases, polar
topological texturesmay appear in thick filmsor bulk
systems as metastable states, e.g. a quadrupole vor-
tex created by applying an electric field in BFO thin
films [17–20], or multi-fold vortices in single crys-
tals of improper ferroelectrics (e.g. rare-earth man-

ganates) [71–73]. In this section, we focus on those
complex polar topological defects in size-confined
systems (ultrathin films/multilayers and confined
nanodots/nanoislands. Readers are directed to ear-
lier reviews on similar topics in films and bulk
crystals [13,71].

Polar topological structures confined in
ultrathin films/multilayers
Investigations on topological structures in ferroic
systems have been mainly driven by the increas-
ing demand for high-density data storage using
ultra-small objects to store ‘1’ and ‘0’ data bits. One
candidate is the flux-closure vortex in ferromag-
netic nanostructure, predicted by Landau and Lif-
shitz [74] as well as Kittel [75] 70 years ago and
investigated recently for the purpose of ultra high
densitymemorydevices [76].The formationofmag-
netic vortices is mainly driven by large demagne-
tization in nanomagnets, which tends to curl the
spin configuration forminimizing the totalmagneto-
static energy. While ferroelectrics and ferromag-
nets have many similarities, nevertheless ferroelec-
tric counterparts of magnetic vortex domain have
remained elusive for a long time. Unlike magneti-
zation, which can be rotated continuously to gen-
erate curling-like patterns, ferroelectric polarization
is usually strongly coupled with the crystal lattice,
and a high elastic energy cost is required to bend the
polarization.

For ferroelectrics, it was not until 2004 that
Naumov et al. [14] and Kornev et al. [77], by us-
ing first-principles simulations, predicted the emer-
gence of a flux-closure vortex with toroidic order
in nanoscale confined systems. Such toroidic-order
flux-closure vortices indicate the possibility of po-
larization bending in a structure confined down to
several nanometers (a length scale comparable with
the intrinsic domain wall width), wherein the de-
polarization field dominates so that a curling of po-
larization near the interface/surface or domain wall
eventually develops.

Experimental evidence for polarization curling
was not obtained until 2009 when Jia et al. [15]
observed such a local structure at the junction be-
tween domain walls and substrate in PZT films, us-
ing aberration-corrected high-angle annular dark-
field (HAADF) Z-contrast scanning transmission
electronmicroscopy (STEM) that allows an atomic-
scale visualization of local polarization. Nelson et al.
also unveiled a closure-like domain texture near
domain walls of BFO films.This texture only occurs
close to insulating interfaces, indicating the critical
role of depolarization energy [16]. It is also worth
mentioning that these textures are not the classical
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Table 1. A schematic summary of experimentally observed exotic topological polar domains. BFO: BiFeO3, PZT: Pb(Zr, Ti)O3,
STO: SrTiO3, PTO: PbTiO3, BTO: BaTiO3.

Topological
domain type Polarization configuration Material and size

Functionality and prospective
application

Vortex/
anti-vortex

BFO nanoislands:∼300 nm in
diameter [26]; PZT nanoisland:
∼60 nm in diameter [55];
BFO films:∼50–60 nm [17,19],
∼10 nm thick [21];
STO/PTO superlattice: 4–8 nm
thick PTO [23]

Enhanced conductivity in
vortex core [17];
High-density memory [19];
Negative capacitance,
energy-efficient transistors
[79]

Six-fold
vortex/
anti-vortex

RMnO3 single crystal (R=Y, Ho,
. . . , Lu, Sc): bulk [71]

Conductive domain walls
[13];
Magnetoelectric effects [73]

Flux-closure
quadrant

STO/PTOmultilayers:∼20–40
nm thick PTO [22];
BTO and PZT nanoplates: lateral
size∼1μm [54,69,70]

High-density non-volatile
memories [22]

Other closure
domain

PZT films:∼11 nm [15];
BFO films:∼20 nm [16]

Ultrahigh-density
non-volatile memories [15]

Center
domain

BFO nanoislands:∼60 nm [27],
∼300 nm [28],∼300 nm [31] in
diameter;
BFO thin films:∼800 nm thick
[20]

High-density non-volatile
memories [27]; Conductive
domain walls [28]

Skyrmion
bubble

STO/PTO superlattice: 6–8 nm
thick PTO [25]

Memories and other
electronic nano-devices [25]

four-fold quadrant domains with four 90◦ walls con-
verging onto a central core, but rather considered
as half-closure quadrants with walls converging at
angles of 90◦ and 135o. In a recent seminal work,
Tang et al. demonstrated a regular array of closure
quadrant domains in PTO/STO superlattice de-
posited on a GdScO3 substrate, wherein each PTO
layer (15–40 nm thick) is confined between two
insulating STO layers, ensuring the poor screening
condition of depolarization [22]. Along this line,
Yadav et al. explored the (PTO)n/(STO)n super-
lattice on DyScO3 (DSO) substrate with thinner
PTO layers (∼4 nm) and eventually achieved well-
established vortex lattices (see Fig. 2b) [23], elu-

cidating that size confinement is another ingredi-
ent for stabilizing the vortex domain structure. This
effect was further supported by an observation of
ultra-small polarization curling and closure domains
(∼2 nm in diameter) in several unit-cell thick non-
poled PTO ferroelectric tunneling junctions be-
tween Co and (La, Sr)MnO3 electrodes [24]. This
demonstrates that smaller size (e.g. <10 unit cells)
favors polarization curling even though the depolar-
ization effect can be partially charge-compensated
by the presence of electrodes.

To give a clear insight into the mechanism
stabilizing these topological states, a combination
of phase-field simulation, analytical discussion,
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Figure 2. Some representative topological domains identified in SrTiO3/PbTiO3 multilayers/superlattices. (a) A flux-closure quadrant lattice in a
multilayer consisting of SrTiO3 (10 nm)/PbTiO3 (36 nm)/SrTiO3 (3 nm)/PbTiO3 (28 nm)/GdScO3 substrate: schematic polarization configuration (up-
per panel), a cross-section low-magnification TEM image (middle panel), and atomically resolved high-angle annular dark field scanning transmis-
sion electron microscopy (HAADF-STEM) images of two closure quadrant domains (bottom panel). Reproduced with permission [22]. Copyright 2015,
The American Association for Advancement of Science. (b) Polar vortex lattice in SrTiO3/PbTiO3 superlattices on DyScO3 substrate: a schematic (up-
per panel), and a dark-field TEM image of a vortex lattice in (SrTiO3)10/(PbTiO3)10 (middle panel). Inset shows a magnified high-resolution scanning
transmission electron microscopy (HR-STEM) image overlapping a polar displacement vector map for a vortex pair. A calculated phase diagram for
(SrTiO3)n/(PbTiO3)n illustrating the length scales within which different topological states can be stabilized (bottom panel). Reproduced with permis-
sion [23], Copyright 2016, Springer Nature; [78], Copyright 2017, American Chemical Society. (c) Polar skyrmion bubbles in a [(SrTiO3)16/(PbTiO3)16]8
superlattice on SrTiO3 substrate: schematic diagram (upper panel), a cross-section dark-field TEM image (middle panel), and a planar-view dark-field
STEM image (bottom panel). Inset shows a skyrmion bubble configuration from calculations. Reproduced with permission [25]. Copyright 2019, Springer
Nature.

and experimental observations was conducted on
(PTO)n/(STO)n superlattice on DSO substrate
[16,78]. It was revealed that a subtle competition
between the electrostatic, elastic, and polarization
gradient-related energy terms is involved over differ-
ent length scales, resulting in thickness-dependent
domain states [22,23]. More interestingly, a sim-
plified quasi-2D analytical model based on the
Landau–Ginzburg phenomenological theory pre-
dicted a narrow length-scale window for stabilizing
the flux-closure vortex. The estimated upper critical
scale for polarization curling and flux-closure vortex
is one order of magnitude (actually ∼8 times)
larger than the intrinsic domain wall width of bulk
ferroelectrics. Since the domain wall for normal
ferroelectrics should be a few lattice units wide, the
critical scale for a flux-closure vortex should be on
the order of∼10 nm.The estimated lower threshold

of the critical length scale is on the same order of
magnitude (∼1.4 times) as the intrinsic domainwall
width. For PTO film, this lower limit (thickness) is
∼4.0 nm, below which the depolarization field is so
strong that no vortex state can be stable, and an in-
plane domain structure ensues.

It should be mentioned that this critical length-
scale rule is basically determined by the competition
between the depolarization energy and domain wall
energy, and it provides a general estimation for the
characteristic scale of a vortex or vortex-like struc-
ture in spatially confined systems. It can also serve as
a simple intuitive design rule for searching for novel
topological structures in ferroic systems, andprovide
a guide for designing and tuning vortex and other
topological states.

Further explorations in similar ferroelectric
superlattices led to more discoveries, including
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complex swirling topological feature and polar
skyrmion bubbles that are akin to the intensively
studied magnetic skyrmions, as done by Das et al.,
in a similar (PTO)n/(STO)n (n ∼16) superlattice
with a relatively large compressive strain from the
STO substrate (see Fig. 2c) [25]. It was surprising
to see that the polar structures display well-defined
individual topological charge and chirality that can
be macroscopically maintained, conforming the
key feature of magnetic skyrmions. While polar
skyrmions lack the chiral Dzyaloshinskii–Moriya
interaction (DMI) that is necessary for stabilizing
skyrmions, the underlying mechanism remains
not well understood. The formation of such a
skyrmion-like polar domain is in association with a
specific type of bubble domain wall (loop wall) in
nanoscale-confined ferroelectrics, wherein the local
strong electric and stress fields not only reorient
the polarization within the wall to form a ring but
also rotate the polarization in adjacent domains
surrounding the looped wall. Consequently, a polar
bubble skyrmion pattern is generated.

It should be mentioned that the discoveries of
chiral vortices and skyrmions in confined ferroelec-
tric systems have activated research excitement in
novel topological states that are akin to their mag-
netic counterparts but exhibit smaller length scales.
These exotic states not only hold a promise formuch
denser and faster memory devices but also play an
important role in modulating the overall physical
behaviors of the ferroelectrics under investigation.
These states could be harnessed to enhance the func-
tionalities and performances of emergent structures
anddevices.Agoodexample is theobservationof en-
hanced negative capacitance behavior in association
with vortex lattice patterns, which may be helpful
for reducing the power consumption of transistors
[79]. Additional questions and challenges are also
posed, including how to individually switch, move,
create, and erase these defects; what determines the
switching energy, speed, and retention; and how to
use these small defects for memory applications.

Topological polar textures in
nanodots/nanoislands
In parallel studies, polar topological domain
structures in both vertically and laterally confined
nanodots/islands have also been intensively ex-
plored, motivated by the substantial demand for
high-density data devices. Such topological isolated
nanostructures are compatible with high-density
integration processing and also allow further electric
control of individual topological domain states.
In this subsection, we discuss the topological
domains, particularly the closure domain/vortex

and center domain observed in nanodots/islands
[26–31,54–58].

Vortex and closure quadrant domains
Earlier investigations of topological domain tex-
tures in low-dimensional nanodots were ignited by
Naumov et al. [14] using the first-principles cal-
culations and it was predicted that bi-stable polar
vortices as small as 3.2 nm in diameter can be sta-
bilized in highly depolarized ferroelectric nanodots.
Such domain textures also eliminate the problem
of crosstalk among neighboring nanodots, promis-
ing for ultrahigh-density memories with areal den-
sity of∼60Tbit/in2 (see Fig. 3a). Since then, a great
number of theoretical and experimental efforts have
beenmade in searching for stable vortices on various
nanodots or nanoislands [57,58].

Earlier investigations did find experimental ev-
idence of vortex or closure quadrant structures in
confined systems. For example, vortex-like domain
states were identified in high-density PZT nanodot
arrays preparedbyAAOtemplate-assistedPLD[55]
(see Fig. 3b). Unique closure quadrant or quadrant
anti-vortex-like structures consisting of domain bun-
dles were also observed by Schilling et al., McGilly
et al., and McQuaid et al. in BaTiO3 and Pb(Zr,
Ti)O3 single-crystal samples of micrometers in size
(see Fig. 3c) [54,69,70]. Recently, the coexistence
of quadrant vortex and anti-vortex domains in BFO
nanoislands was demonstrated by Tian et al., as
shown in Fig. 3(d) [26].

However, unlike the regular array of vortex/
closure quadrants in ultrathin films or superlattices,
one can observe only sporadic closure quadrants
rather than vortex states in very limited cases of nan-
odots, which does not conform well to theoretical
predictions [57,59]. This inconsistency is probably
attributed to the fact that the depolarization field is
not sufficiently large to overcome the energy cost
needed to accommodate the disclination strain from
vortex domain formation or polarization rotation. It
is also likely induced by the severe screening from
the surface charge or point defects that relieves the
depolarization strength in conjunction with the rel-
atively large size of the structures under investiga-
tion. So far, a tough challenge remains to achieve
a highly stable isolated vortex in ferroelectric nan-
odots/islands.

To achieve stable polar vortex or closure textures,
one should improve the microstructural quality and
dimension control of as-prepared nanostructures.
It is also useful to choose those ferroelectrics with
low-polarization–mechanical coupling (e.g. BFO
or PZT) so that the disclination strain energy
can be reduced [26,54]). Embedding ferroelectric
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Figure 3. Some representative vortex and closure quadrant domains in ferroelectric
and multiferroic nanoislands/nanoplates. (a) Polarization configurations for some topo-
logical domain structures: calculated polar vortex domain in ultra-small nanodots (re-
produced with permission [14]. Copyright 2004, Springer Nature.), and schematics of
closure quadrant, quadrant vortex, and quadrant anti-vortex domain states. (b) A vortex-
like domain state in a Pb(Zr, Ti)O3 nanoisland on SrTiO3 substrate (∼60 nm in diame-
ter) revealed by a combination of PFM observation and simulation. Reproduced with
permission [55]. Copyright 2009, American Chemical Society. (c) A complex closure
quadrant domain consisting of bundles of in-plane a1–a2 domain patterns in a free-
standing Pb(Zr, Ti)O3 nanoplate (∼400 nm in lateral size) observed by TEM. Repro-
duced with permission [70]. Copyright 2011, American Chemical Society. (d) A quad-
rant vortex and anti-vortex pair in a BiFeO3 nanoisland (∼300 nm in diameter) on
SrTiO3 substrate. Reproducedwith permission [26]. Copyright 2017, American Chemical
Society.

nanodots into an insulating matrix to reduce charge
screening could also be an effective strategy. An-
other strategy is to artificially create metastable vor-
tex/closure states by applying external fields, as
demonstrated by Balke et al. and Li et al. [17–19]
where vortex-like domains in BFO films were cre-
ated using the AFM probing tip.

Topological center domains
Recently another type of topological state, the
so-called center domain, where all the polarization
vectors point inward (or outward) to (from)
the center core, was surprisingly identified in
well-prepared multiferroic nanodots/nanoislands

[27,28,31]. Such kinds of highly charged topological
cores can be realized by properly controlling the
fabrication procedure of nanodots. More interest-
ingly, such polarization textures not only enable
individual address coding and electric control but
also exhibit intriguing domain wall conduction
that holds great potential for memory applica-
tions with non-destructive readout of topological
center-domain states [28].

In 2017, Li et al. reported that a high per-
centage of center domains can be spontaneously
formed in high-density arrays of small BFO nan-
odots [27]. As shown in Fig. 4a, a family of topo-
logical center domains such as center-convergent
domains, center-divergent domains, and double-
center domains were identified in BFO nanodots
with a typical lateral size of ∼60 nm. A vector PFM
analysis and polarization reconstruction scheme in
comparison with phase-field simulations confirmed
this special domain structure. More exciting is that
these topological domains are rather robust yet
can be reversibly switched between convergent and
divergent center-domain states, as triggered by an
electric field. This is a good merit for non-volatile
memory applications.

The observation of such types of unique topo-
logical domains raises open questions, such as the
mechanism for stabilizing such topological domains
and further strategies to modulate and harness
them for future applications. For the stability issue,
one possible reason is that these domain textures
can be stabilized by effective screening and inho-
mogeneous surface charge accumulation although
they are supposed to carry large electrostatic en-
ergy, as revealed by experimental data and phase-
field simulations [27]. Recently, quadrant center
domains, accompanied with thin buffered domain
structure, were observed in self-assembled square-
shaped epitaxial BFO nanoplates (∼300 nm in
thickness) embedded inCoFe2O4 (CFO)matrix by
Kim et al., and it was argued that the strain gradi-
ent in the nanoplates can be a reason for stabilizing
these topological states [29–30]. Ma et al. observed
reversible quadrant center domains in rhombohe-
dral BFOnanoislands embedded in tetragonal phase
matrix [28], and it was suggested that a combina-
tion effect from the tilted bottom edge, interfacial
constraints from the matrix, and effective screening
from charge carriers favors energetically the align-
ment of polarizations in parallel to the tilted bot-
tom edges. A more recent study by Han et al. at-
tributed the formation of quadrant center domains
in isolated BFO nanoislands to the surface charge
mechanism, whereby different surface charges and
charged surface shapes can lead to dissimilar center-
domain states [31]. It is also interesting to note
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Figure 4. Topological center-domain and domain wall conduction in BiFeO3 nanoislands. (a) Four types of center-domain
states in BiFeO3 nanodots on SrTiO3 substrate observed by vector PFM analysis: center-convergent (a1), center-divergent (a2),
double-center domain with convergent and divergent center states (a3, a4), and panel (a5) illustrates a reversal switching
between convergent and divergent center domains induced by an electric field. Reproduced with permission [27]. Copyright
2017, The American Association for Advancement of Science. (b) Switchable conductive domain wall states of quadrant
center domains in square-shape BiFeO3 nanoislands on LaAlO3 substrate, and a conceptual prototype of memory devices
based on the center domains: CAFM images of quadrant center domains in an array of nanoislands (b1), different conductive
domain wall states for respective convergent and divergent domains (b2), endurance performance of resistive switching
in domain wall conduction (b3), and a crossbar device architecture of conceptual memory prototype (b4). Reproduced with
permission [28]. Copyright 2018, Springer Nature.
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that the high-resolution transmission electron mi-
croscopy (HRTEM) observations in this work re-
vealed the existence of small Bi-deficient regions in
the BFOnanoislands, providing a hint that point de-
fects also contribute to the inhomogeneous accumu-
lation of surface charges that stabilizes these center
states.

Although there is still no agreement on whether
the center domain is stabilized by strain- or charge-
related mechanisms, observation of these unex-
pected domain states suggests the participation of
additional physical ingredients like charges, point
defects, and strain gradient, besides the usual depo-
larization energy anddomainwall energy, in pattern-
ing the unusual topological domain structures. The
above highlighted findings further exemplify that the
dimension reduction in ferroelectric islands can pro-
vide an effective pathway to reach the individually
addressable and controllable center domains, allow-
ing further exploration of novel functionalities and
application potentials.This perspective has been fur-
ther evidenced recently by the remarkable features
of cross-shaped domain wall conduction patterns
associated with the quadrant center domains [28],
a milestone step towards topological memory de-
vices with non-destructive current readout of differ-
ent topological states.

EMERGENT PROPERTIES AND
PROSPECTIVE APPLICATIONS OF
TOPOLOGICAL DOMAINS
It is well established thatmany physical properties of
ferroic materials are closely related to their domain
structures. Therefore, these exotic domains in mul-
tiferroic nanostructures must offer new opportuni-
ties for exploring and tailoringnanoscale functionali-
ties. For instance, domainwalls, as a kindof 2D topo-
logical defect, actually provide ultra-narrow (e.g. a
few atomic layers thick) quasi-2D objects that pos-
sess multi-functionalities (magnetic, electric, opti-
cal properties).These defects can be created, erased,
and replaced by external fields, and thus can be con-
sidered as fundamental buildingblocks for futuredo-
main wall electronics [53,63].

Since the exciting discoveries of tantalizing do-
main wall conduction [80,81], a wide range of en-
ergy exotic properties in domain walls has been
uncovered, including giant metallic conductivity in
charged domainwalls [82],magnetoresistance [83],
photovoltaics [62], and resonant tunneling behav-
iors [84–87]. While so far most experimental and
theoretical studies have focused on domain walls
as 2D topological defects, modern integrated elec-
tronic devices require the creation andmanipulation
of quasi-1D objects that are more compatible with

the current semiconductor technologies but never-
theless remain largely unexplored so far. With the
emergence of various intriguing polar topological
defects, more interest has been aroused in explor-
ing exotic 1D topological defects and singularities.
In this section, we will address this issue and read-
ers may find more information on 2D domain walls
in the literature [13].

Due to the ultra-small nature of 1D singulari-
ties, there exists a sudden change in polarization and
strain state, resulting in a sizable variation of the lo-
cal band gap and charge accumulation. Therefore,
a distinct difference in the transportation and other
physics behaviors between these singularities and
the parent phase is expected.This difference was ex-
emplified in 2012 by the intriguing finding of Balke
et al., who first demonstrated the controllable cre-
ation of 1D topological defects in BFO films and re-
vealed a local enhancement in conductivity in small
vortex/anti-vortex cores [17].The existence of local
and ultra-small conductive channels was explained
by an external-bias-driven transition from the vortex
core to a metastable twist structure that is similar to
a segment of charged domain wall and thus of high
conductivity. It can also be understood by a dynamic
conductor generated from the coupled response of
polarization, electrons, and mobile vacancies under
external electric bias for reading. Such conductive
1D channels also allow further control by external
fields, suggesting a pathway for design and imple-
mentation of high-density integrated devices. Un-
fortunately, the observed conductive current in the
vortex core is rather small, on the order of 10−12 A,
probably inappropriate for constructing nanoscale
electronic devices.

A recent experiment on another type of topo-
logical domains, the so-called center-type domains
in self-assembled square-shape BFO nanoislands
[28], demonstrated a significant enhancement of
conductivity. As shown in Fig. 4b, a distinct cross-
shaped high conductive pattern inside each indi-
vidual island was observed by conductive atomic
force microscopy (CAFM), which is closely re-
lated to the highly conductive charged domain
wall in a center-type domain. It was also found
that the tail-to-tail charged domain walls in the
center-divergent states (probably p-type BFO) ex-
hibit much higher conductance than those in the
head-to-head charged domain walls in the center-
convergent states. This enables the non-destructive
readout of high-conductivity center-divergent and
low-conductivity center-convergent states.The con-
trolled switching of the two different conductive do-
main states becomes accessible and switch cycling
up to 100 cycles with a sizable on/off resistance ra-
tio over 103 was realized.
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Thedistinct difference in the conductive level be-
tween the upward and downward polarization states
is somewhat similar to the case of ferroelectric resis-
tive switching. Nevertheless, it is more likely related
to the switching between different types of charged
domain walls, e.g. the switching between the head-
to-head and tail-to-tail walls. As suggested earlier,
the existence of charged domain walls is associated
with a significant band bending and an accumula-
tion of electrons and holes, accounting for the dra-
matic change in conductivity [82]. In the present
cases, the tail-to-tail wall tends to increase the va-
lence band and attract holes in the p-type BFO, con-
tributing to the significantly enhanced conductivity.
In contrast, the head-to-head wall tends to attract
point defects (e.g. Bi vacancies) and thus no sizable
change in conductivity can be observed. One im-
portant advantage of this type of topological center
domain is the deterministic switch between the
head-to-head and tail-to-tail walls, a good merit for
memory devices inaccessible in normal head-to-tail
walls. Based on these findings, a prototype memory
devicewasproposedbyadopting a crossbar architec-
ture, where electrode lines cross an array of individ-
ual conductive domain walls confined in an array of
nanoislands.

While these observations provide the possibil-
ity of programming various conductive states by
controllable switching between these topologically
protected states, various programmable conductive
domain wall patterns in BFO cramped nanoplates
have been attempted by writing up different center-
domainpatterns [30].This attemptdoesopen routes
towards further design of configurable devices,
basedonprogrammablewall conduction states in in-
dividually addressablenanoislandsof center-domain
structure.This approach is compatiblewith the semi-
conductor technology for high-density integration
devices. What should be mentioned here is that
the high conduction states observed in these cen-
ter domains are mainly contributed by the conduc-
tive charged domain walls rather than the topologi-
cal defect cores. Thus, an open question remains in
terms of the mechanism for the conductive core of
the center-domain structure.

The discoveries of unusual conduction features
in these topologically non-trivial domain walls also
spur further explorations of other exotic physical
phenomenaoriginating from1Dtopological defects.
One example is the finding of tantalizing negative
capacitance behaviors when a change in charge dis-
tribution causes the opposite change in net volt-
age across the material. This finding is in association
with the vortex lattices in PTO/STO superlattice
structures [79]. The observed negative capacitance
ismainly fromdomainwalls that process high energy

and large polarizability, confirmed by a combination
of direct TEMobservation and local electric field re-
construction. These behaviors may be harnessed to
reduce the supply voltage requirement in a transis-
tor where the sub-threshold swing can be improved,
thusmaking computers and other electronic devices
more energy efficient. These phenomena also eluci-
date the critical roleof such collective topological de-
fects in defining the macroscopic properties of the
materials under investigation. Similarly, open ques-
tions remain in terms of the availability of negative
capacitance in materials with other types of defects
(e.g. skyrmions) and how to tune this property via
external fields or domain engineering.

It should be mentioned that investigations into
emergent properties and functionalities of 1D topo-
logical defects are still in the early stages, and further
explorations in this fertile fieldwill surelybring about
more discoveries and application opportunities.
One can expect unusual findings in terms of mag-
netism, magnetoresistance, photovoltaics, memris-
tive, and electro-optic effects of these defects. Surely,
these prospected novel functionalities may provide
excess fundamental building blocks for tunable high-
performance topological electronic devices, such as
memories, local magnetic field or strain sensors,
energy-efficient transistors, actuators, optoelectron-
ics, and piezoelectronic devices.There are also some
open questions, e.g. whether the complex 1D de-
fects display similar or dissimilar properties to the
2D domain walls, and what the theoretical frame-
work is that can accurately predict the microscopic
or macroscopic properties of these topological
defects.

ELECTRIC-FIELD-DRIVEN MAGNETIC
SWITCHING
Among those claimed functionalities of multifer-
roics, the ME effect is the core effect, enabling the
mutual control of magnetic and electric proper-
ties, in particular the intriguing electric-field-driven
magnetic switching (EDMS) that holds promise for
high-density, high-speed, and energy-efficient spin-
tronic devices [12,88–90]. For a typical MeRAM
unit, the estimated energy consumption to switch
the magnetization can be as low as ∼10−18 J per bit
(in a 10 nm × 10 nm lateral geometry), four orders
lower than that of the state-of-the-art spin torque ap-
proach (10−15 J per bit [44]). To fulfill the require-
ment for the next generation of devices, robust, re-
peatable, and pure electrically driven magnetization
switching at room temperature is urgently needed.
In addition, the devices must be scalable down to
the nanoscale. Certainly, the size and interfacial ef-
fects in multiferroic nanostructures could provide a
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new degree of freedom to manipulate domain struc-
ture [34,38–40] and ME coupling [5], and thus of-
fer alternative pathways to realizing EDMS func-
tionality. In this section, we only present a brief
overview of the ME properties in nanostructured
multiferroic heterostructures, particularly emphasiz-
ing the effect of domain geometry on EDMS behav-
iors, while more comprehensive overviews are avail-
able in the literatures [8–10].

Size and interface effects
The ME effect in nanostructured multiferroics
differs from that in bulk and thin films, owing to the
effective release of the clamping effect from
substrates and film geometry, increased inter-
faces/surfaces, and the remarkable change of
domain structures [32–33]. It has been reported
that self-assembled column-composites (1–3 type
coupling) exhibit much higher ME eco-efficiency,
compared to that of multilayer (2–2 type coupling)
architecture [9], owing to the partial release of
substrate clamping and more interfaces between
the two phases. This enhanced ME effect enables
electric switching ofmagnetic domains with or with-
out the assistance of external magnetic fields. The
well-ordered arrangement of such self-assembled
columns can be further improved using the seed-
assisted method, as shown by Stratulat et al. [91].
Recently, Tian et al. synthesized a high-density array
of BFO/CFO heterostructured nanodots (0–0
type coupling) with lateral size ∼60 nm, and the
local ME coupling was probed using magnetic force
microscopy (MFM) and piezoresponse measure-
ment [33]. A significantly enhancedME coefficient,
enabling both magnetic control of piezoelectric
properties and electric switching of magnetic do-
mains, was obtained. However, magnetic switching
triggered by electric field is not controllable in the
reported 0–0 type systems, seriously inhibiting
further device applications.

Improving the controllability of EDMS by
tuning magnetic domains
It is well known that the magnetic domain struc-
ture of nanomagnets is greatly determined by the
geometric parameter due to the prominent shape
anisotropy at the nanoscale [92–94]. This property
provides a new degree of freedom tomanipulate and
improve the controllability of EDMS in nanostruc-
turedmultiferroic heterostructures. For instance, re-
peatable full 180◦ switching of a single nano-domain
via a procession switching scheme triggered by anul-
trafast electric pulse in Ni nanomagnets deposited
on Pb(Mg1/3Nb2/3)O3—PbTiO3 (PMN–PT) sub-

strates (0–2 type multiferroic heterostructures) has
been predicted [38–40]. A full 180◦ domain re-
versal can also be accomplished by two successive
and deterministic 90◦ switches in a multiferroic het-
erostructure consisting of a patterned flower-shaped
nanomagnet (Ni) with a four-fold magnetic axis on
PMN–PT substrate [38]. Other ‘peanut’ and ‘cat-
eye’ shaped nanomagnets on PMN–PT substrates
allow similar 180◦ magnetization rotations [39].

Nevertheless, these approaches either require an
accurate control of ultrafast time or complicated
lithographic processes, restricting them from exper-
imental practice. Recently, Biswas et al. developed
an effective two-step switching strategy and realized
the electrically driven deterministic 180◦ reversal of
magnetization in isolated elliptical Co nanomagnets
at room temperature [41]. As shown in Fig. 5a, elec-
tric field was applied via two pairs of electrodes on
a PMN–PT substrate, wherein the lines joining the
centers of the electrode pairs intersect themajor axis
of the ellipse nanomagnet at ∼ +30◦ or −30◦. Af-
ter applying two consequential electric pulses from
two different electrode pairs that produces two con-
sequent magnetoelastic anisotropy pulses parallel
to the electric fields, the single-domained nano-
ellipse undergoes two successive rotations for 120◦

and then relaxes to the opposite 180◦ direction,
completing the reversible switching. Unfortunately,
due to the inhomogeneities in ferroelectric domain
switching and interfacial pinning, only a small por-
tion of the magnetic nanomagnets can be reversibly
switched.

As PMN–PT-based multiferroic heterostruc-
tures usually requirehighdriving voltages (∼100V),
a drawback for nano-device applications, EDMS in
other systems was also attempted. Yao et al. [34]
demonstrated a reversible 120◦ magnetic state
rotation driven by an electric field in the Co/BFO
heterostructures, as shown in Fig. 5b. The het-
erostructure consists of a triangular Co nanomagnet
array on a tetragonal-BFO (T-BFO) film deposited
on LaAlO3 (LAO) substrate. A 120◦ magnetic
state rotation of the Co nanomagnet, triggered by
a set of voltage pulses, was realized, evidencing
the highly appreciated magnetization–electric field
(M–E) hysteresis. Moreover, the switching can be
triggered by an ultrafast (∼10 ns) electric pulse
with a good switch cycling performance. Such re-
versible switching is interpreted as a combination of
shape-anisotropy-assisted interface strain, exchange
coupling between the BFO film and Co nanomag-
nets, and the shape anisotropy of the triangular Co
nanomagnets, as supported by the micromagnetic
simulations. The strain-mediated coupling mainly
originates from the phase transition between the
tetragonal phase and the rhombohedral phase in the
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Figure 5. Two examples illustrating the improved switchability for electric-field-
driven magnetic switching via tuning magnetic domains. (a) Electric-field-driven
180◦ magnetization reversal process in elliptical Co nanomagnets on piezoelectric
Pb(Mg1/3Nb2/3)O3–PbTiO3 substrate: schematic device structure (left panel), and MFM
images illustrating a back-and-forth 180◦ magnetization reversal in one of the four Co
elliptical nanomagnets induced by two sets of consequential electric pulses, wherein
the arrows indicate the magnetic directions of the switchable nanomagnet (right
panel). Reproduced with permission [41]. Copyright 2017, American Chemical Society.
(b) Electric-field-driven reversible 120◦ magnetic state rotation in triangular-shape Co
nanomagnets on tetragonal-structured BiFeO3 film on LaAlO3 substrate: schematic of
the multiferroic heterostructure and experimental set-up, and MFM images illustrating
the evolution of domain states in a nanomagnet as a function of a set of sequential
electric pulses, which is analogous to a hysteresis loop with magnetization (M) versus
electric field (E) (see inset). Reproducedwith permission [34]. Copyright 2018, American
Chemical Society.

BFO film. This strain is transferred to the top Co
nanomagnet, switching the easy axis of magneto-
anisotropy. The exchange coupling between the
BFO film and Co nanomagnet is able to break
the time-reversal symmetry through a sequence of
procession switching, as suggested by Heron et al.
[95]. In addition, the shape anisotropy guarantees
switching only among the thermodynamic stable
states.

In short, it is suggested that domain engineer-
ing for multiferroic heterostructures by adjusting
the geometric parameters is an effective way to
control the switching and improve the switching
controllability. Nevertheless, so far, the switching
repeatability remains rather low. To improve the
controllability and repeatability, topologically pro-
tected magnetic domains such as vortices and
skyrmions may be adopted, as demonstrated by a
recent experiment where electric field creation and
annihilation of skyrmions were reported [43,96].

EDMS modulation via polar domain
engineering
Besides the size effect, interfacial coupling, andmag-
netic domain, the EDMS can be also modulated by
polar domain structure via thedynamic switching se-
quence. One may call this strategy the domain en-
gineering of EDMS. One may take again multifer-
roic BFO thin films as examples. It is known that
the antiferromagnetic (AFM) order and polariza-
tion are coupled intrinsically via theDzyaloshinskii–
Moriya (DM) effect, wherein the DM vector, which
has the same direction as the net magnetization mo-
ment (Mc) from the canted antiparallel Fe3+ spins,
the AFM vector (L), and the ferroelectric polariza-
tion (P) are strongly coupled andorthogonal to each
other [97]. Once a thin soft magnetic layer (e.g.
CoFe) is placed on the underlying BFO film, ex-
change coupling between the DM vector and mag-
netization of the magnetic layer allows electric con-
trol of the magnetic states of the magnetic layer by
controlling the DM vector [95].

Along this line, Chu et al. [35] reported pure
electric-field-driven magnetic switching in a
micrometer-sized CoFe magnet deposited on a
epitaxial BFO film on SrTiO3 substrates, whereby a
90◦ net magnetization switching of CoFe magnets
was triggered by a 71◦ ferroelastic switching (90◦

switching on in-plane projection) of net polarization
for a stripe-domained BFO thin film (see Fig. 6a).
Due to the internal and interfacial coupling, polar-
ization P is always perpendicular to the directions
of the L and DM vectors, and thus a 90◦ switching
of the in-plane projected net polarization leads to a
coherent 90◦ switching of net magnetization in the
CoFe magnet.

In contrast, a net 180◦ in-plane polarization
switching (net 109◦ ferroelastic switching) of a
stripe-domainedpattern for aBFOfilmdepositedon
DyScO3 (DSO) substrate enables the 180◦ switch-
ing of net magnetization in the CoFe magnet on the
top of BFO film [36]. The net 180◦ switching of in-
plane polarization is a result from the two variants
switching. One variant undergoes a 90◦ clockwise
rotation (71◦ ferroelastic switching) while the other
rotates 90◦ anticlockwise, thus producing an overall
net 180◦ switching of the in-plane polarization. Ac-
cordingly, different switching directions of the two
variants lead to different coherent 90◦ rotations of
sub-domains in the CoFe magnet and eventually an
overall 180◦ net magnetization switching.

It is noted that the two examples highlighted
above used different underlying substrates. One is
STO and the other is DSO, and the deposited BFO
films thus exhibit quite different polar domain struc-
tures. Consequently, different strain and clamping



REVIEW Tian et al. 697

Figure 6. Two examples evidencing the modulation of electric-field-driven magnetic switching by tuning the polarization
switching in CoFe/BFO heterostructures. (a) A 90◦ net magnetic switching in CoFe magnet triggered by a 90◦ net in-plane
polarization switching (71◦ ferroelastic switching) of BiFeO3 induced by in-plane electric fields: a schematic device structure
(left panel), and the switching of both ferroelectric stripe domain pattern (PFM images) and net magnetic domains (X-ray mag-
netic circular dichroism photoemission electron microscopy (XMCD-PEEM) images) triggered by electric fields (right panel).
Reproduced with permission [35]. Copyright 2008, Springer Nature. (b) Deterministic 180◦ magnetic switching triggered by
180◦ polarization switching using an out-of-plane electric field: schematic of the heterostructure (left), and XMCD-PEEM im-
ages for the 180◦ switching of net magnetic domain before and after applying a voltage, along with the multi-cycle hysteresis
loops of the magnetoresistance of a spin valve induced by an electric field (upper right panel); schematics illustrating the
mechanism of a 180◦ procession (two-step) polarization switching that induces coherent switching of the DM vector and net
magnetic moment Mc in BiFeO3 film (bottom of the right panel). Reproduced with permission [95]. Copyright 2014, Springer
Nature.

states with the BFO films were generated. More
interesting is that a deterministic and pure 180◦

net magnetization reversal can be trigged by the
180◦ polarization procession switching via a per-
pendicular electric field (see Fig. 6b) [95]. This is
a breakthrough towards EDMS-based and energy-
efficient MeRAMdevices [98,99]. This is rather un-
expected because a pure 180◦ polarization switch-
ing is believed not to change the direction of the
antiferromagnetic axis and the DM vector. Mag-
netic switching should not be possible. This un-
usual consequence can be understood by the fact
that the 180◦ polarization switching actually con-
sists of two consequent ferroelastic switching steps,
and accordingly two-step procession switching leads
to two-step coherent switching of the DM vector

and eventually the pure 180◦ net magnetization
switching.This consequencewas revealed by the fast
PFM observations and first-principles calculations
and an electrical switch of magnetoresistance in a
spin-valve device becomes possible, amilestone step
towards nanoscale, low-energy-consumption, non-
volatile magnetoelectronics.

Finally, we present a brief discussion of an emer-
gent effect observed in 0–0 type heterostructured
nanoislands in which domain engineering may also
be utilized to tune the EDMS behavior. It is noted
that distinctly different polarization switching be-
haviors will be expected once a ferroelectric film
is patterned into small nanoislands, due to the re-
lease of clamping effects from the substrate and
surrounding domains. For instance, it was found
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that a perpendicular electric field drives the BFO
thin film to undergo a ferroelastic 109◦ polarization
switching, followed by a relaxation to the 180◦ di-
rection. This observation does not work for small
BFO nanoislands where only a single ferroelastic
switching occurs [100,101]. Therefore, much faster
switching speed of EDMS and enhanced thermal
stability of the switched magnetic states can be
obtained in CoFe/BFO nanoislands, as compared
with those in CoFe nanomagnets/BFO film (0–2
type) [101]. This is a nice case to illustrate the sub-
stantial impact of specific domain structure in nano-
ferroics. In fact, extraordinary in-plane piezostrain
as large as ∼1.0% was predicted in PZT nanois-
lands via the 90◦ polarization rotation, favorable for
improving the EDMS performance in multiferroic
nanostructures [102].

SUMMARY AND PROSPECTS
Multiferroic nanostructures possess a wealth of ex-
otic domain structures, in particular rich topological
states (summarized in Table 1), and thus provide an
ideal playground for a plethora of physic properties
and functionalities thatmight underpin a wide range
of future electronic devices. It is intriguing that do-
main engineering provides an effective way to tailor
the ME effect. This field has emerged as a topic of
broad interest while it is still in its infancy. One is
thus allowed topresent somequestions andprospec-
tive new directions to be explored.

Mechanism for on-demand topological
defects necessary for device realization
is not established
The design and controlled manipulation of polar
topological domains is a critical issue for exploring
novel physics and device applications. This requires
a comprehensive and accurate understanding of the
formationmechanism of various domain states. Pre-
vious theoretic frameworks, as proposedbyNaumov
et al. [14], Kornev et al. [77], and Chen et al. [57],
can explain the formation of vortex and skyrmion
textures in PTO/STO superlattices [23,25,78], and
alsoprovide a clear understandingof the length-scale
and boundary conditions for different topological
states. While these theories do not work well for in-
terpreting why the center domains are more stable
than the vortex/closure domains in somenanostruc-
tures by considering the involvement of carriers and
charged defects [27–29], and substantial efforts are
needed to comprehend the complicated competi-
tion between various interactions and energy terms
accounting for the intermixing of point defects, car-
riers, strain, and external fields.

Tuning polar topological domains
The switching of topological domains is an intrigu-
ing aspect deserving close attention and it inti-
mately links the materials’ functionalities with the
performance of reconfigurable nanoscale devices.
Controllable switching and programming of center-
type domains have been demonstrated, accompa-
nied with significant change of conduction [28].
Optical illumination-induced switching of topolog-
ical states was also observed [103], offering pos-
sibilities of new device paradigms, e.g. voltage-free
optical writing memory devices. It is now strongly
believed that the whole packet of physical prop-
erties of multiferroics relies critically on the dy-
namic or static behaviors of polarization and do-
main structure. For instance, the local conduction of
the vortex core is related to the dynamic twist state
[17], and vortex-related negative capacitance is re-
lated to the dynamic displacement of local dipoles
[79]. An exploration of these dynamic and static be-
haviors subjected to various stimuli may open an
entirely new avenue to a wealth of emergent prop-
erties and functionalities. Surely, open questions
remain along this line. Is there any coupling be-
tween magnetic topological states and polar states?
What are the responses of these states in re-
sponse to multi-fold stimuli other than an electric
field?

Switching magnetic topological domains
Electric-field-driven magnetic switching holds
promise for energy-efficient MeRAM and other
spintronic devices, and key challenge is to realize
high performance EDMS at nanoscale. The topo-
logically protected exotic domains may provide a
new pathway to achieve this goal, as exemplified by
electric field creation and annihilation of magnetic
skyrmion states [96]. Besides, magnetic skyrmion
also allows injection by light [104], further extend-
ing its application possibility. It is intriguing that
the nucleation and annihilation of skyrmion do
not involve the breaking of time-reversal symme-
try that is required in convention magnetization
reversal. In this sense, electric field triggering is
much easier than the magnetic field operation.
These topological states also have potential to
scale down to few nanometers. Successful tuning
of these states may push forward the realization
of denser, faster, and energy-efficient MeRAMs
and other spintronic devices. To achieve this goal,
new methods for a non-volatile and deterministic
switch of the magnetic states as well as a convenient
readout of different topological states are urgently
needed.
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Figure 7. A sketched experimental system based on scanning probe microscopy that enables the probing and tailoring of multi-functionalities and
properties under multi-fields/stimuli, and a highlight of possible functionalities/properties in multiferroic nanostructures that could be characterized by
this system.

Advanced characterization techniques
The push to accurately understand domain struc-
tures and relevant functionalities exerts challenges
on characterization techniques. The recent ad-
vances in advanced HRTEM and scanning probe
microscopy (SPM) have enabled the observation
of polar domains at atomic or nanometer scales
[27,28], while magnetic domains can be imaged
by Lorenz force TEM (LTEM) [96], photoemis-
sion electronmicroscopy (PEEM)[95]ormagneto-
optical Kerr (MOKE) microscopy. Recently, 3D

mapping of vortices in ferroelectric nanoparticles
was obtained using the X-ray-based Bragg co-
herent diffractive imaging technique [105]. How-
ever, each individual technique has its own lim-
itations and it is tough to probe in situ the do-
main structure and its dynamics against various
stimuli. It is also particularly challenging for prob-
ing nanoscopic and multi-functional cross-coupling
behaviors.

Nevertheless, it is worth spending some time
on the multi-functional SPM technique as a
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versatile and powerful nanoscale probe of multi-
functionalities. Nowadays, multi-field stimuli, like
electric field,magnetic field, light illumination, strain
field, and thermal field, are able to be integrated
with the advanced SPM technique. Figure 7 shows
a schematic of the SPM characterization platform
that not only enables the in situ monitoring of
domain structure and its dynamics, but also probing
its related functional response at the nanoscale,
including domain wall conductivity, memrestive,
photovoltaics, and ME response etc. Furthermore,
it is expected that tip-enhanced (or near-field)
optical probing in Raman, electro-optic, andMOKE
modes can also be incorporated in the SPM system.
Certainly, spatial and temporal resolution should be
given the top priority for all these advanced probing
functionalities.

Prospective device applications
Although there are still limited examples demon-
strating the potential applications of these topolog-
ical states, the intriguing properties that have been
revealed are sufficient for us to posit some possi-
ble devices. High-densitymemory (or logic) devices
could be one application terminal for the topological
domains (vortex, skyrmion), offering high density,
fast switching, and energy-efficient read/writing.
Along this line, deterministic control of the topo-
logical domains and enhanced switching perfor-
mances (creation, annihilation, speed, retention,
endurance) is needed. In addition, accurate and
efficient readout of different states can be a criti-
cal issue, whereby non-destructive readout is highly
appreciated [28]. Other choices may include the
capacitance sensing, near-field optical sensing, and
ME probing. The data write/read, triggered by light
illumination, mechanical strain, or magnetic field,
may lead to other types of memory, such as optical
write/current read, or full optical memory.

Another issue is the integration of material
structures with current semiconductor technolo-
gies, and the isolated nanoislands may show some
advantages over the crossbar architectures. Polar
skyrmions could be applied in track recordmemory,
while capabilities to inject and drive the skyrmions
are needed. Other prospective applications, like
transistors based on negative capacitors, strain/
magnetic/optical sensors, and microwave devices
based on domain resonance, can also be expected.

Last but not least, it should be pointed out that
most of the results reviewed in this article were ob-
tained based on TEM and SPM observations, and
this leaves a gap between the microscopic findings
and practical device applications. Bridging this gap
requires further efforts.

FUNDING
This work was supported by the National Key Research
Projects of China (2016YFA0201002 and 2016YFA0300101),
the State Key Program for Basic Researches of China
(2015CB921202), the National Natural Science Foundation
of China (11674108), the Project for Guangdong Province
Universities and Colleges Pearl River Scholar Funded Scheme
(2014), the Natural Science Foundation of Guangdong Province
(2016A030308019) and the Engineering and Physical Sciences
Research Council (EPSRC). MA acknowledges the funding
through EPSRC (UK) (EP/P031544/1 and EP/P025803/1).

REFERENCES
1. Spaldin NA and Ramesh R. Advances in magnetoelectric mul-
tiferroics. Nat Mater 2019; 18: 203–12.

2. Spaldin NA, Cheong SW and Ramesh R. Multiferroics: past,
present, and future. Phys Today 2010; 63: 38–43.

3. Nan CW, Bichurin MI and Dong SX et al.Multiferroic magneto-
electric composites: historical perspective, status, and future
directions. J Appl Phys 2008; 103: 031101.

4. Dong S, Liu J-M and Cheong SW et al. Multiferroic materials
and magnetoelectric physics: symmetry, entanglement, excita-
tion, and topology. Adv Phys 2015; 64: 519–626.

5. Hu JM, Chen LQ and Nan CW. Multiferroic heterostructures
integrating ferroelectric and magnetic materials. Adv Mater
2016; 28: 15–39.

6. Ja TT, Cheng ZX and Zhao HY. Domain switching in single-
phase multiferroics. Appl Phys Rev 2018; 5: 021102.

7. Ma J, Hu JM and Nan CW. Recent progress in multiferroic
magnetoelectric composites: from bulk to thin films.AdvMater
2011; 23: 1062–87.

8. Hu JM, Nan TX and Sun NX et al.Multiferroic magnetoelectric
nanostructures for novel device applications. MRS Bull 2015;
40: 728–35.

9. Vaz CAF, Hoffman J and Ahn CH et al. Magnetoelectric cou-
pling effects in multiferroic complex oxide composite struc-
tures. Adv Mater 2010; 22: 2900–18.

10. Yang YJ, Li JF and Viehland D. Magnetoelectrics for mag-
netic sensor applications: status, challenges and perspectives.
Mater Today 2014; 17: 269–75.

11. Scott JF. Applications of modern ferroelectrics. Science 2007;
315: 954–9.

12. Hu JM, Zheng Li and Cheng LQ et al. High-density magnetore-
sistive random access memory operating at ultralow voltage
at room temperature. Nat Commun 2011; 2: 553.

13. Seidel J, Vasudevan RK and Nagarajan V. Topological struc-
tures in multiferroics-domain walls, skyrmions and vortices.
Adv Electron Mater 2016; 2: 1500292.

14. Naumov II, Bellaiche L and Fu HX. Unusual phase transitions in
ferroelectric nanodisks and nanorods. Nature 2004; 432: 737–
40.

15. Jia CL, Urban KW and AlexeM et al. Direct observation of con-
tinuous electric dipole rotation in flux-closure domains in fer-
roelectric Pb(Zr,Ti)O3. Science 2011; 331: 1420–3.



REVIEW Tian et al. 701

16. Nelson CT, Winchester B and Zhang Y et al. Spontaneous vortex nanodomain
arrays at ferroelectric heterointerfaces. Nano Lett 2011; 11: 828–34.

17. Balke N, Winchester B and Ren W et al. Enhanced electric conductivity at
ferroelectric vortex cores in BiFeO3. Nat Phys 2012; 8: 81–8.

18. Balke N, Choudhury S and Jesse S et al. Deterministic control of ferroelastic
switching in multiferroic materials. Nat Nanotechnol 2009; 4: 868–75.

19. Li Y, Jin YM and Lu XM et al. Rewritable ferroelectric vortex pairs in BiFeO3.
npj Quant Mater 2017; 2: 43.

20. Vasudevan RK, Chen Y-C and Tai H-H et al. Exploring topological defects in
epitaxial BiFeO3 thin films. ACS Nano 2011; 5: 879–87.

21. GengWR, Guo XWand Zhu YL et al. Rhombohedral-orthorhombic ferroelectric
morphotropic phase boundary associated with a polar vortex in BiFeO3 films.
ACS Nano 2018; 12: 11098–105.

22. Tang YL, Zhu YL and Ma XL et al. Observation of a periodic array of flux-
closure quadrants in strained ferroelectric PbTiO3 films. Science 2015; 348:
547–51.

23. Yadav AK, Nelson CT and Hsu SL et al. Observation of polar vortices in oxide
superlattices. Nature 2016; 530: 198–201.

24. Peter J, Apachitei G and Beanland R et al. Polarization curling and flux closures
in multiferroic tunnel junctions. Nat Commun 2016; 7: 13484.

25. Das S, Tang YL and Hong Z et al. Observation of room-temperature polar
skyrmions. Nature 2019; 568: 368–72.

26. Tian G, Chen DY and Fan H et al.Observation of exotic domain structures in fer-
roelectric nanodot arrays fabricated via a universal nanopatterning approach.
ACS Appl Mater Interfaces 2017; 9: 37219–26.

27. Li ZW, Wang YJ and Tian G et al. High-density array of ferroelectric nan-
odots with robust and reversibly switchable topological domain states. Sci
Adv 2017; 3: e1700919.

28. Ma J, Ma J and Zhang QH et al. Controllable conductive readout in self-
assembled, topologically confined ferroelectric domain walls. Nat Nanotech-
nol 2018; 13: 947–52.

29. Kim KE, Jeong S and Chu K et al. Configurable topological textures in strain
graded ferroelectric nanoplates. Nat Commun 2018; 9: 403.

30. Kim KE, Kim YJ and Zhang Y et al. Ferroelastically protected polarization
switching pathways to control electrical conductivity in strain-graded ferro-
electric nanoplates. Phys Rev Mater 2018; 2: 084412.

31. Han M-J, Wang Y-J and Tang Y-L et al. Shape and surface charge modulation
of topological domains in oxide multiferroics. J Phys Chem C 2019; 123: 2557–
64.

32. Lu XL, Kim Y and Goetze S et al.Magnetoelectric coupling in ordered arrays of
multilayered heteroepitaxial BaTiO3/CoFe2O4 nanodots. Nano Lett 2011; 11:
3202–6.

33. Tian G, Zhang FY and Yao JX et al.Magnetoelectric coupling in well-ordered
epitaxial BiFeO3/CoFe2O4/SrRuO3 heterostructured nanodot array. ACS Nano
2016; 10: 1025–32.

34. Yao JX, Song X and Gao XS et al. Electrically driven reversible magnetic
rotation in nanoscale multiferroic heterostructures. ACS Nano 2018; 12:
6767–76.

35. Chu YH, Martin LW and Holcomb MB et al. Erratum: electric-field control of
local ferromagnetism using a magnetoelectric multiferroic. Nat Mater 2008;
7: 678.

36. Heron JT, Trassin M and Ashraf K et al. Electric-field-induced magnetization
reversal in a ferromagnet-multiferroic heterostructure. Phys Rev Lett 2011;
207: 217202.

37. Trassin M, Clarkson JD and Bowden SR et al. Interfacial coupling in multifer-
roic/ferromagnet heterostructures. Phys Rev B 2013; 87: 134426.

38. Wang JJ, Hu JMandMa J et al. Full 180◦ magnetization reversal with electric
fields. Sci Rep 2015; 4: 7507.

39. Cui J, Keller SM and Liang CY et al. Nanoscale magnetic ratchets based on
shape anisotropy. Nanotechnology 2017; 28: 08LT01.

40. Salehi-Fashami M and D’Souza N. Exploring performance, coherence, and
clocking of magnetization in multiferroic four-state nanomagnets. J Magn
Magn Mater 2017; 438: 76–84.

41. Biswas AK, Ahmad H and Atulasimha J et al. Experimental demonstration of
complete 180◦ reversal of magnetization in isolated Co nanomagnets on a
PMN-PT substrate with voltage generated strain. Nano Lett 2017; 17: 3478–
84.

42. Peng RC, Wang JJ and Hu JM et al. Electric-field-driven magnetization re-
versal in square-shaped nanomagnet-basedmultiferroic heterostructure.Appl
Phys Lett 2015; 106: 142901.

43. Ma C, Zhang X and Xia J et al. Electric field-induced creation and directional
motion of domain walls and skyrmion bubbles. Nano Lett 2019; 19: 353–
61.

44. Ramesh R, Manipatruni S and Young I. Electric-field control of magnetism.
MRS Bull 2019; 44: 288–94.

45. Morelli A, Johann F and Schammelt N et al. Mask assisted fabrication of
nanoislands of BiFeO3 by ion beam milling. J Appl Phys 2013; 113: 154101.

46. Han H, Kim Y and Alexe M et al. Nanostructured ferroelectrics: fabrication
and structure-property relations. Adv Mater 2011; 23: 4599–613.

47. Burns SR, Gregg JM and Nagarajan V. Nanostructuring ferroelectrics
via focused ion beam methodologies. Adv Funct Mater 2016; 26: 8367–
81.

48. Kim Y, Han H and Kim Y et al. Ultrahigh density array of epitaxial ferroelectric
nanoislands on conducting substrates. Nano Lett 2010; 10: 2141–6.

49. Tian G, Zhao LN and Lu ZX et al. Fabrication of high-density BiFeO3 nanodot
and anti-nanodot arrays by anodic alumina template-assisted ion beam etch-
ing. Nanotechnology 2016; 27: 485302.

50. Luo QY, Chen DY and Yang WD et al. Fabrication of epitaxial ferroelectric
BiFeO3 nanoring structures by a two-step nano-patterning method. Ceram Int
2017; 43: 16136–40.

51. Lee W, Han H and Lotnyk A et al. Individually addressable epitaxial ferroelec-
tric nanocapacitor arrays with near Tb inch−2 density.Nat Nanotechnol 2008;
3: 402–7.

52. Li L, Xie L and Pan XQ. Real-time studies of ferroelectric domain switching: a
review. Rep Prog Phys 2019; doi: 10.1088/1361-6633/ab28de (On-line).

53. Catalan G, Seidel J and Ramesh R et al. Domain wall nanoelectronics. Rev
Mod Phys 2012; 84: 119–56.

54. Schilling A, Byrne D and Catalan G et al. Domains in ferroelectric nanodots.
Nano Lett 2009; 9: 3359–64.

55. Rodriguez BJ, Gao XS and Liu LF et al. Vortex polarization states in nanoscale
ferroelectric arrays. Nano Lett 2009; 9: 1127–31.

56. Gruverman A, Wu D and Fan H-J et al. Vortex ferroelectric domains. J Phys:
Condens Matter 2008; 20: 342201.

57. Chen DP, Zhang Y and Zhang XM et al. Domain structures in circular ferro-
electric nano-islands with charged defects: a Monte Carlo simulation. J Appl
Phys 2017; 122: 044103.

58. Nahas Y, Prokhorenko S and Louis L et al. Discovery of stable skyrmionic state
in ferroelectric nanocomposites. Nat Commun 2015; 6: 8542.

59. Naumov I and Fu H. Vortex-to-polarization phase transformation path in fer-
roelectric Pb(ZrTi)O3 nanoparticles. Phys Rev Lett 2007; 98: 077603.

60. Mermin ND. The topological theory of defects in ordered media. Rev Mod
Phys 1979; 51: 591–648.



702 Natl Sci Rev, 2019, Vol. 6, No. 4 REVIEW

61. Seidel J, Fu D and Yang S-Y et al. Efficient photovoltaic current generation at
ferroelectric domain walls. Phys Rev Lett 2011; 107: 126805.

62. Lee JH, Fina I and Marti X et al. Spintronic functionality of BiFeO3 domain
walls. Adv Mater 2014; 26: 7078–82.

63. Bednyakov PS, Sturman BI and Sluka T et al. Physics and applications of
charged domain walls. npj Comput Mater 2018; 4: 65.

64. Zhang Y and Chen WJ. Characteristics and controllability of vortices in
ferromagnetics, ferroelectrics, and multiferroics. Rep Prog Phys 2017; 80:
086501.

65. Ramesh R and Schlom D. Creating emergent phenomena in oxide superlat-
tices. Nat Rev Mater 2019; 4: 257–68.

66. S Shafer P, Garcı́a-Fernández P and Aguado-Puente P et al. Emergent chirality
in the electric polarization texture of titanate superlattices. Proc Natl Acad
Sci USA 2018; 115: 915–20.

67. Pigeau B, Loubens G and Klein O et al. A frequency-controlled magnetic vortex
memory. Appl Phys Lett 2010; 96: 132506.

68. Nagaosa N and Tokura Y. Topological properties and dynamics of magnetic
skyrmions. Nat Nanotechnol 2013; 8: 899–911.

69. McQuaid RGP, McGilly LJ and Sharma P et al.Mesoscale flux-closure domain
formation in single-crystal BaTiO3. Nat Commun 2011; 2: 404.

70. McGilly LJ and Gregg JM. Polarization closure in PbZr(0.42)Ti(0.58)O3 nanodots.
Nano Lett 2011; 11: 4490–5.

71. Lin S-Z,Wang XY and Kamiya Y et al. Topological defects as relics of emergent
continuous symmetry and Higgs condensation of disorder in ferroelectrics.
Nat Phys 2014; 10: 970–7.

72. Pang HZ, Zhang FY and Zeng M et al. Preparation of epitaxial hexagonal
YMnO3 thin films and observation of ferroelectric vortex domains. npj Quant
Mater 2016; 1: 16015.

73. Du K, Gao B andWang YZ et al. Vortex ferroelectric domains, large-loop weak
ferromagnetic domains, and their decoupling in hexagonal (Lu, Sc)FeO3. npj
Quant Mater 2018; 3: 33.

74. Landau L and Lifshitz E. On the theory of the dispersion of magnetic perme-
ability in ferromagnetic bodies. Phys Z Sowjetunion 1935; 8: 153–69.

75. Kittel C. Theory of the dispersion of magnetic permeability in ferromagnetic
materials at microwave frequencies. Phys Rev 1946; 70: 281–90.

76. Yamada K, Kasai S and Nakatani Y et al. Electrical switching of the vortex
core in a magnetic disk. Nat Mater 2007; 6: 270–3.

77. Kornew I, Fu HX and Bellaiche L. Ultrathin films of ferroelectric solid solutions
under a residual depolarizing field. Phys Rev Lett 2004; 93: 196104.

78. Hong ZJ, Damodaran AR and Xue F et al. Stability of polar vortex lattice in
ferroelectric superlattices. Nano Lett 2017; 17: 2246–52.

79. Yadav AK, Nguyen KX and Hong Z et al. Spatially resolved steady-state neg-
ative capacitance. Nature 2019; 565: 468–71.

80. Seidel J, Maksymovych P and Batra Y et al. Domain domain wall conductivity
in La-doped BiFeO3. Phys Rev Lett 2010; 105: 197603.

81. Seidel J, Martin LW and He Q et al. Conduction at domain walls in oxide
multiferroics. Nat Mater 2009; 8: 229–34.

82. Crassous A, Sluka T and Tagantsev A et al. Polarization charge as a recon-
figurable quasi-dopant in ferroelectric thin films. Nat Nanotechnol 2015; 10:
614–8.

83. He Q, Yeh C-H and Yang JC et al.Magnetotransport at domainwalls in BiFeO3.
Phys Rev Lett 2012; 108: 067203.

84. Sanchez-Santolino G, Tornos J and Hernandez-Martin D et al. Resonant elec-
tron tunnelling assisted by charged domain walls in multiferroic tunnel junc-
tions. Nat Nanotechnol 2017; 12: 655–62.

85. Tian G, Yang WD and Song X et al.Manipulation of conductive domain walls
in confined ferroelectric nanoislands. Adv Funct Mater 2019; 29: 1807276.

86. Sharma P, Sando D and Zhang Q et al. Conformational domain wall switch.
Adv Funct Mater 2019; 29: 1807523.

87. Jiang AQ and Zhang Y. Next-generation ferroelectric domain-wall memories:
principle and architecture. NPG Asia Mater 2019; 11: 2–5.

88. Kent AD andWorledge DC. A new spin on magnetic memories.Nat Nanotech-
nol 2015; 10: 187–91.

89. Brataas A, Kent AD and Ohno H. Current-induced torques in magnetic mate-
rials. Nat Mater 2012; 11: 372–81.

90. Khan A, Niknov DE and Manipatruni S et al. Voltage induced magnetostric-
tive switching of nanomagnets: strain assisted strain transfer torque random
access memory. Appl Phys Lett 2014; 104: 262407.

91. Stratulat SM, Lu XL and Morelli A et al. Nucleation-induced self-assembly of
multiferroic BiFeO3-CoFe2O4 nanocomposites. Nano Lett 2013; 13: 3884–9.

92. Cowburn RP. Property variation with shape in magnetic nanoelements. J Phys
D: Appl Phys 2000; 33: R1–16.

93. Cambel V and Karapetrov G. Control of vortex chirality and polarity in magnetic
nanodots with broken rotational symmetry. Phys Rev B 2011; 84: 014424.

94. Moutafis C, Kominesa S and Vaz CAF et al.Magnetic bubbles in FePt nanodots
with perpendicular anisotropy. Phys Rev B 2011; 76: 104426.

95. Heron JT, Bosse JL and He Q et al. Deterministic switching of ferromagnetism
at room temperature using an electric field. Nature 2014; 516: 370–3.

96. Huang P, Cantoni M and Kruchkov A et al. In situ electric field skyrmion cre-
ation in magnetoelectric Cu2OSeO3. Nano Lett 2018; 18: 5167–71.

97. Popkov A F, Kulagin N E and Soloviov SV et al. Cycloid manipulation by electric
field in BiFeO3 films: coupling between polarization, octahedral rotation, and
antiferromagnetic order. Phys Rev B 2015; 92: 140414.

98. Zhou Z, Trassin M and Gao Y et al. Probing electric field control of magnetism
using ferromagnetic resonance. Nat Commun 2015; 6: 6082.

99. Wang JJ, Hu JM and Yang TN et al. Effect of strain on voltage-controlled
magnetism in BiFeO3-based heterostructures. Sci Rep 2015; 4: 4553.

100. Beak SH, Jang HWand Folkman CM et al. Ferroelastic switching for nanoscale
non-volatile magnetoelectric devices. Nat Mater 2010; 9: 309–14.

101. Wang JJ, Hu JM and Peng RC et al. Magnetization reversal by out-of-plane
voltage in BiFeO3-basedmultiferroic heterostructures. Sci Rep 2015; 5: 10459.

102. Hu JM, Yang T and Wang J et al. Purely electric-field-driven perpendicular
magnetization reversal. Nano Lett 2015; 15: 616–22.

103. Rubio-Marcos F, Del Campo A and Marchet P et al. Ferroelectric domain wall
motion induced by polarized light. Nat Commun 2015; 6: 6594.

104. Ogawa N, Seki S and Tokura Y. Ultrafast optical excitation of magnetic
skyrmions. Sci Rep 2015; 5: 9552.

105. Karpov D, Liu Z and Rolo T et al. Three-dimensional imaging of vortex structure
in a ferroelectric nanoparticle driven by an electric field. Nat Commun 2017;
8: 280.


