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The ability to synthesize high-quality, complex-oxide heterostructures has created
a veritable playground in which to explore emergent phenomena and exotic phases
which arise from the interplay of spin, charge, orbital, and lattice degrees of freedom.
Of particular interest is the creation of artificial heterostructures and superlattices
built from two or more materials. Through such approaches, it is possible to observe
new phases and phenomena that are not present in the parent materials alone. This is
especially true in ferroelectric materials where the appropriate choice of superlattice
constituents can lead to structures with complex phase diagrams and rich physics.
In this article, we review and explore future directions in such ferroic superlattices
wherein recent studies have revealed complex emergent polarization topologies, novel
states of matter, and intriguing properties that arise from our ability to manipulate
materials with epitaxial strain, interfacial coupling and interactions, size effects, and
more. We focus our attention on recent work in (PbTiO3),/(SrTiO3), superlattices
wherein exotic polar-vortex structures have been observed. We review the history of
these observations and highlights of recent studies and conclude with an overview
and prospectus of how the field may evolve in the coming years. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5046100

INTRODUCTION-INTERFACES ABOUND

Complex-oxide materials and their heterostructures have garnered enormous interest in the last
decade because of the potential for and realization of exotic phenomena, including emergent inter-
facial conduction, magnetic order, superconductivity, new ferroelectric order, etc. Made possible
by advances in material synthesis, such heterostructures and heterointerfaces provide for a rich
array of interesting physics and properties that hold promise for future technologies.!™ One of
the most prominent examples in this regard is the conductivity that emerges at the interfaces between
two large bandgap insulating oxides, LaAlO3 and SrTiO3.*> Regardless of the system, it has been
shown that the interfaces themselves and the subsequent coupling between adjacent layers are of
utmost importance and ultimately govern the properties of the heterostructures. Such heterointer-
faces in complex-oxide systems have been shown to exhibit novel functionalities, which can be
completely different from those of the respective bulk materials, and their behavior can be tuned by
varying the composition, temperature, pressure, strain, and much more.®"'” The same holds true in
ferroic (i.e., magnetic, ferroelectric, multiferroic) systems. For instance, the emergence of ferromag-
netism between two non-magnetic materials has been explained by the ability to atomically control
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materials in such a way that they drive heterointerfacial superexchange interactions that change the
local properties.!! Leveraging this ability to control materials, researchers have gone on to observe
antiferromagnetic coupling at ferromagnetic/ferromagnetic interfaces'? and exchange-bias coupling
in paramagnetic/ferromagnetic'? and ferromagnetic/antiferromagnetic interfaces.'* Such magnetic
interfaces nicely illustrate the richness of interfacial coupling phenomena, many of which are impor-
tant from a technological perspective (e.g., in magnetic sensors, read-write heads, ultrahigh density
memory devices, and spintronic applications).!> At the same time, studies of magnetoelectric cou-
pling effects in multiferroics and heterostructures of magnetic and ferroelectric/piezoelectric materials
provide novel approaches to realize emergent functions like electric-field control of magnetism.'¢-!8
For example, carrier-mediated magnetoelectric effects have been observed at metal/ferroelectric het-
erointerfaces (e.g., La; xSrxMnO3/PbZr  TixO3), where the magnetic state can be modulated by the
accumulation of charge carriers in the ferroelectric layer due to an applied field.'® Such systems are
promising for information technology devices,'® electrically controlled magnetic data storage,?’ and
magnetically operated electric devices.”! What are the open questions in this field? By far, the most
important of them would be to understand the fundamental limits of the coupling and charge transfer
at the interfaces. This would then be a pathway to enhance the magnitude of the coupling such that
measurable directional exchange coupling is possible.

The final type of interfacial effects in ferroic systems that we will touch upon is the emergent
new properties in heterostructures based on ferroelectric materials. The local atomic and mesoscopic
domain structures that arise in such ferroelectric heterostructures strongly affect the dielectric, piezo-
electric, and optical properties of ferroelectric thin films,?? and such structures can be controlled by
manipulation of the elastic and electrostatic energies of the system. For example, the polarization and,
in turn, the electrical properties of tricolor PbTiO3/StTiO3/PbZr( > Tip.gO3 superlattices are strongly
influenced by the depolarization field induced by the presence of the non-polar SrTiO3 layers.”® Com-
pared to PbTiO3/PbZr( > Tip.gO3 superlattices, the addition of just two unit cells of SrTiO3 at each
interface changes the domain structure from 90° ferroelastic domains to 180° stripe nanodomains.
This example illustrates the crucial role played by the electrostatic energy in stabilizing different polar-
ization states in such ferroelectric heterostructures. Likewise, unexpected polarization enhancement
was observed in SrTiO3/BaTiO3/CaTiO3 superlattices.24 Compared to BaTiOs3 alone, the presence of
dielectric SrTiO3 and CaTiO3 layers in the tricolor superlattices enhanced the polarization, an effect
ascribed to the interplay of compressive strain and depolarization fields. Additionally, studies of
BaTiO3/SrTiO3 superlattices utilized the large strain between the materials to increase the dielectric
constant by orders of magnitude compared to simple solid solutions.?> These studies demonstrated
how modern synthesis techniques can be applied to manipulate the elastic and electrostatic energies
of a ferroelectric system and, in turn, they pave the way for future studies in which these effects could
be used to stabilize unconventional ferroelectric structures.

Amongst ferroelectric heterostructures, however, there is one system that has proven to exhibit a
rich variety of physical phenomena—that is, heterostructures and superlattices of PbTiO3 and SrTiOs.
In the bulk, PbTiO3 has a tetragonal structure with a P4mm space group and lattice parameters
a =3904 A and ¢ = 4.178 A. PbTiO; is also a ferroelectric at room temperature with an axis
of spontaneous polarization along the ¢ axis ([001]) and undergoes a phase transition’® from a
tetragonal (ferroelectric) to a cubic (paraelectric) structure at ~490 °C. By contrast, StTiOj3 is a band
insulator at room temperature with a cubic structure with a Pm3m space group and a lattice parameter
a=3.905 A. Although SrTiO3 is not polar at room temperature, it does undergo an interesting evolution
at low temperatures in that it is an incipient ferroelectric which exhibits a quantum paraelectric
phase, which is characterized by increasing permittivity with cooling as the lowest frequency polar
optical phonon softens.?’ Leveraging advances in layer-by-layer growth, the similar in-plane lattice
parameters and chemical framework, as well as the interesting polar or nearly polar nature of PbTiO3
and SrTiO3, respectively, this system is a nearly ideal one for studying exotic effects in superlattices.
In turn, ordered nano-domains with enhanced electrical properties and local structural distortions
have been observed in short-period PbTiO3/SrTiO3 superlattices (i.e., superlattices with PbTiO3 and
SrTiOs layers <3 unit cells).”® 3! Of particular importance was the observation of the so-called
improper ferroelectricity, which arises due to antiferrodistortive/ferroelectric coupling and resulting
interfacial oxygen octahedra rotations in short-period (PbTiO3),/(SrTiO3),, (n <9, m < 5 unit cells)
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superlattices.* >3 Whereas a conventional ferroelectric transition is characterized by the emergence
of a net polarization, the phase transition of an improper ferroelectric has a different order parameter
(e.g., the onset of octahedral rotations), and the electric polarization is a secondary effect. Because
of this, improper ferroelectrics couple differently with electric fields and have a dielectric constant
that is largely temperature independent, which is desirable for many technological applications. The
existence of improper ferroelectricity in PbTiO3/SrTiO3 superlattices demonstrated a new method of
interface engineering that can be used to manipulate material properties. It has also been shown in
(PbTiO3)5/(SrTiO3), superlattices that PbTiO3 has a negative dielectric constant in the temperature
range of 420-700 K. Devices using this “negative capacitance” effect could surpass the theoretical
lower limit for power dissipation in conventional field-effect transistors.3® At relatively large length
scales (n and m > 20 unit cells), these superlattices form flux-closure polar domain patterns in order
to reduce the depolarization field, producing a domain structure more reminiscent of a magnetic
material than a ferroelectric.?”-3

At the same time, theoretical studies predicted that at intermediate length scales (n and m = 10-20
unit cells), such superlattices could potentially support the formation of exotic topological structures
including vortices and skyrmions as a result of the competition of different energies (i.e., elastic,
electrostatic, and gradient).>**> For example, in zero-dimensional PbZrgsTio 503 nanostructures,
ab initio simulations predicted a phase transition that leads to the formation of a spontaneous toroidal
moment in each (001); a structure that is characterized by a vortex-like configuration of electric
dipoles.*® This transition is driven by the finite size of the nanostructures and the strong depolarization
fields that occur at their surfaces. Importantly, if such structures could be controlled and utilized in
non-volatile ferroelectric memory devices, storage capacities could be orders of magnitude higher
than devices using bulk ferroelectrics. Furthermore, similar vortex structures possessing a toroidal
moment were predicted to form in PbTiO3/SrTiO3 superlattices.?! It was also predicted that geometric
frustration in compositionally graded ferroelectrics could create exotic orderings such as stripe phases
that give rise to interesting features such as a spiral state and topological defects.*’ In parallel, it was
also predicted*® that appropriate confinement of the material could drive the formation of electric
skyrmion-like topologies in BaTiO3 nanocomposites. All told, these studies demonstrate that careful
control of material heterostructures and the local competition of energies can provide a pathway
by which to manipulate the structural, polar, and physical nature of the mesoscale structures that
emerge.

In this spirit, the recent discovery of polar-vortex structures in (PbTiO3),/(SrTiO3), (n = 10-20
unit cells)* superlattices is yet another example of an emergent phenomenon that can be stabi-
lized by leveraging the interfacial effects of superlattice structures. In the following sections, we
summarize past studies on nanoscale ferroelectrics and topologically protected structures (A brief
history of exotic ferroelectric order); we then explore recent work on polar vortices including
developing an understanding of the basic structure and energetics of formation (Polar vortices in
PbTiO3/SrTiOs superlattices), the observation of coexistence with ferroelectric domains (Toroidal
order and coexistence with ferroelectric order), observations of cross-coupling of electric and toroidal-
order parameters (Electric-field control of toroidal-vortex and ferroelectric order), and chirality
(Chirality in polar vortices). We end by briefly looking to the future for what might be possible
in these systems in the years to come (Looking to the future).

A BRIEF HISTORY OF EXOTIC FERROELECTRIC ORDER

Ferroelectricity and ferromagnetism are two phenomena that are of fundamental interest and
technological importance. Ferroelectric and ferromagnetic materials both evolve from their respec-
tive paraelectric and paramagnetic parent phases as their temperature is lowered below the Curie
temperature. In each case, the characteristic order parameter of the transition is the spontaneous for-
mation of a net electric or magnetic polarization (i.e., a collective ordering of electric or magnetic
dipoles). Although they were not described theoretically by Weiss until 1905, ferromagnets were
discovered centuries ago and fascinated scientists due to their ability to exert forces at a distance and
for their use in magnetic compasses. By contrast, the word “ferroelectric” did not even exist until
1912 when Debye,* by analogy to ferromagnetism, provided the first theoretical description of fer-
roelectricity and the first observation of spontaneous electrical polarization in ferroelectric Rochelle
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salt was in 1920.%7 Since that time, however, understanding and utilization of both materials have
progressed at a rapid pace, and today both ferroelectrics (e.g., in sonar, actuator/transducer, ultrasonic
devices) and ferromagnets (e.g., in data storage, magnetic cores, motors) are used widely.

Although these two ferroic orders are each defined by the spontaneous alignment of dipoles,
the mechanisms that drive these collective phenomena are quite different. In ferromagnets, there
must first be unpaired electrons such that the net spin is non-zero. If unpaired electrons are present,
their ordering is driven by the competition between exchange interaction and thermal energy. Dic-
tated by quantum mechanical symmetry restrictions, the exchange interaction in a ferromagnet is
minimized when electron spins align, creating a net macroscopic, observable magnetization. In
ferroelectrics, on the other hand, there must first be an offset of positive and negative ions (i.e.,
formation of an electric dipole) in order to have a polarization. In most ferroelectrics, this occurs
due to a symmetry-lowering distortion that minimizes the energy of filled atomic orbitals, known
as a second-order Jahn-Teller effect.*® Once the electric dipoles are present, their long-range order-
ing is stabilized by dipole-dipole interactions, leading to a net macroscopic and observable electric
polarization.

Ferroic materials also have a tendency to form domains—or local regions of uniform
polarization/magnetization—as a means to reduce the depolarization/demagnetization fields that
occur at surfaces. Although uniform domains wherein polarization/magnetization are locally aligned
in a parallel fashion are by far the most common arrangement, there is considerable interest in
the potential for more exotic, smoothly varying dipole topologies to form in both ferroelectrics
and ferromagnets. In magnetic systems, the existence of vortex-like states is well documented. As
far back as the 1940s, Kittel proposed that depending on the exchange interaction and crystallo-
graphic anisotropy energies, different magnetization patterns are possible in magnetic materials.*
Ring- or vortex-like structures are predicted when exchange interactions between adjacent mag-
netic moments dominate over anisotropy [Fig. 1(a)], and flux-closure structures will develop when
the anisotropy energy dominates [Figs. 1(b) and 1(c)]. Such domain arrangements are common in
magnetic materials, in particular, when they are reduced to small sizes. As such, experimental observa-
tions of flux-closure domains>*-? and vortices’*>% are well documented. More complex topological
patterns [Figs. 1(d)—1(f)] can develop depending on the relative strengths of the exchange, crystallo-
graphic anisotropy, and demagnetization energies in magnetic systems.>’->® The resulting complicated
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FIG. 1. Kittel proposed*® different types of magnetic domain arrangements including (a) ring/vortex-like patterns, which
apply for materials with low anisotropy, (b) flux-closure patterns for materials with high anisotropy (and cubic symmetry), and
(c) two domains, with the magnetization in opposite directions in each domain for high anisotropy in a uniaxial crystal. In turn,
Mermin also described a number of [(d), (e), and (f)] complex topological patterns that could be possible in ferroic systems.>’
Reprinted with permission from Kittel, Rev. Mod. Phys. 21, 541 (1949). Copyright 1949 American Physical Society. Reprinted
with permission from Mermin, Rev. Mod. Phys. 51, 591 (1979). Copyright 1979 American Physical Society.
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patterns involving spirals of continuously rotating magnetic dipoles have been observed, most notably
in magnetic skyrmions.>®-%

In analogy to magnetic materials, the discussion of domain structures and topologies in fer-
roelectrics began in the early 2000s. Initial interest was prompted by the desire to understand the
behavior of low-dimensional ferroelectrics. Studies on thin (<50 nm thick) PbTiO3 films showed
the existence of nanoscale 180° stripe domains, resembling the uniform domains observed in bulk
PbTiO3.%! Furthermore, it was shown that ferroelectricity can exist in PbTiOj3 films as thin as just three
unit cells.%? These studies on ultrathin PbTiO3, however, left open the question of how manipulating
a single-layer system (e.g., by adding dielectric or conducting layers to affect electrostatic boundary
conditions) could change the ferroelectric properties. Theoretical studies of low-dimensional fer-
roelectric nanostructures—such as in BaTiO3,%® Pb(Zr5Tio5)03,> and PbTiO;%*—suggested the
potential to form new electric dipole arrangements characterized by the spontaneous formation of
a toroidal moment. The toroidal moment, which is nonzero for a curling configuration of electric
dipoles, was predicted to appear in low-dimensional structures where strong depolarizing fields pre-
vent the formation of uniform domains. Today, the search is still ongoing to find such complex dipole
structures in ferroelectrics and multiferroics.’®% As in ferromagnets, it was shown experimentally
that flux-closure domains can occur in ferroelectrics by exploiting the right combination of reduced
dimensionality, strain, and electrostatic energies.37 Such flux-closure domains in ferroelectrics were
first observed in PbZr( »TipgO03 layers.66 Despite this interest, it would take over a decade for experi-
mentalists to realize for the first time the direct observation of such smoothly rotating polar structures.
In the end, such structures were realized, not in nanostructured ferroelectrics in a paraelectric matrix,
but in (PbTi0O3),/(SrTiO3), superlattices where polar vortices were observed in 2016.** This obser-
vation pushed the community to question its assumptions about what is possible in these systems and
immediately begs the question as to whether more complex topological structures can be stabilized in
ferroelectrics? In turn, much discussion has been focused on whether or not the electrical equivalent
of a skyrmion exists,*>® but the experimental investigations into electric topological configurations
are just beginning.

POLAR VORTICES IN PbTiO3/SrTiO; SUPERLATTICES

Leveraging advances in advanced atomic-resolution electron microscopy, researchers were
able to produce a vector map of the atomic-polar displacements (Ppp)**%7 from a cross-
sectional high-resolution scanning transmission electron microscopy (HR-STEM) image for a
(PbTi03);0/(SrTiO3) ;9 superlattice [Fig. 2(a)]. Such real-space images of polar structure revealed
the formation of a long-range array of left- and right-handed vortex pairs in each PbTiO3 layer. Close
inspection of a single vortex pair [Fig. 2(b)] shows the continuous rotation of the polarization state
within the lattice. The lateral periodicity of these vortex pairs (i.e., from one right-handed to the next
right-handed vortex) was found to be ~10 nm and to scale with the thickness of the PbTiO3 lay-
ers in the superlattices. Low-resolution, cross-sectional dark-field transmission electron microscopy
(DF-TEM) imaging [Fig. 2(c)], in turn, revealed a pseudo-long-range periodic array of intensity mod-
ulations along both in- and out-of-plane directions of the superlattice, corresponding to the vortex
pairs with a spacing of ~10 nm. In such images, each bright/dark contrast modulation corresponds
to one vortex pair. Upon rotating the sample and looking down at the surface of the superlattice
structure, plan-view DF-TEM images [Fig. 2(d)] revealed long-range ordered arrays of stripe con-
trast with a lateral periodicity of ~10 nm, suggesting that the polar vortices extend through the film
over many hundreds of nanometers length scale. Again, this observation of arrays of polar vortices
represents the first experimental realization of such structures and the identification of a novel state of
matter.

To understand why such vortex structures formed, phase-field modeling was used to probe the
polarization structure according to the time-dependent Ginzburg-Landau equation (detailed methods
in Ref. 43). Ultimately, the phase-field models were able to replicate the 3D structure of the vortex
array (Fig. 3). The models revealed that neighboring vortices indeed have opposite signs for the curl
of the polarization (matching that observed from the experiments) and that the vortices form long,
tube-like features that extend along the in-plane direction of the film. More importantly, the phase-field
simulations shed light on the energies at play in the formation of these emergent features. Ultimately, it
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FIG. 2. (a) Cross-sectional HR-STEM image with mapping of the titanium-ion displacement vectors (Ppp, indicated by
yellow arrows) for an n = 10 superlattice, revealing a quasi-ordered array of left- and right-handed vortices in pairs in each
PbTiO3 layer. (b) A magnified image of a single vortex pair showing the smoothly varying polarization. (c) Cross-sectional
DF-TEM image of an n = 10 superlattice showing the long-range ordering of vortices; each light-dark contrast change is a
vortex pair. (d) Planar-view DF-TEM image of an n = 16 superlattice, which exhibits long-range in-plane ordering associated
with the vortex pairs. Reprinted with permission from Yadav et al., Nature 530, 198 (2016). Copyright 2016 Springer Nature.

was determined that the vortex structures arise from a competition between three energies: (1) elastic
energy—the PbTiO3 layers are under tensile strain when grown on the DyScO3 (110), substrates.
This epitaxial constraint favors the formation of c¢/a domain structures wherein there is a mixture
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FIG. 3. Three-dimensional representation showing both the cross section and plan-view HR-STEM data from the experiment
(left) compared with the optimized phase-field simulations (right) for an n = 10 superlattice. The front cross section of the
phase-field model shows the polarization vector P ordered into clockwise (blue) and anticlockwise (red) vortex states, which
extend along the [010],.. For comparison, on the left is shown a cross-sectional HR-STEM image overlaid with a polar
displacement vector map and a planar-view DF-TEM image projected onto the front and top planes of the axes, respectively.
Red/blue color scales correspond to the curl of the polarization extracted from the phase-field model and the HR-STEM
polar displacement map (Ppp). The scale bars on P, and P, are from —44.81 to 44.81 (uC cm~2) and from —54.24 to 54.24
(uC cm™2), respectively, whereas the vorticity is from —129.36 to 129.36 (uC cm~2 nm~!). Reprinted with permission from
Yadav e al., Nature 530, 198 (2016). Copyright 2016 Springer Nature.
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of out-of-plane polarized ¢ and in-plane polarized a domains. (2) Electrostatic energy—at the same
time, there is a polar discontinuity at the PbTiO3/SrTiOs interface, which is a driving force for the
formation of bound charges (or built-in fields) as the gradient of the polarization is not equal to zero.
(3) Gradient energy—this is a measure of the cost for polarization rotation in the material. Overall,
the presence of the polar PbTiO;3 layers, sandwiched between the dielectric SrTiO3 layers, leads to
an effective frustration or competition that drives the system to a new instability and the formation
of a novel polarization topology.

TOROIDAL ORDER AND COEXISTENCE WITH FERROELECTRIC ORDER

Building from the initial observation and understanding of the nature of the vortex structures,
subsequent studies on the evolution of the (PbTiO3),/(StTiO3), superlattices with period n revealed
a number of important observations. First, for short-period superlattices (n = 4-10 unit cells), struc-
tures consistent with traditional ferroelectric domain structures (so-called a;/a; domain patterns) with
fully in-plane oriented polarization were observed. This was evident from both piezoresponse force
microscopy and synchrotron-based 3D reciprocal space mapping (RSM) studies. For example, for an
n = 6 superlattice, such RSM studies about the pseudocubic 002-diffraction condition of the DyScO3
substrate [Fig. 4(a)] reveal regular peaks along the out-of-plane (Q,) direction, corresponding to
the out-of-plane periodicity of the superlattice. No peaks are observed in the in-plane (Qx or Qy)
directions, demonstrating the lack of domains with out-of-plane polarization components. Further
RSM studies about the pseudocubic 202-diffraction condition of the DyScOj3 substrate [Fig. 4(b)] are
sensitive to modulations of in-plane polarization, and strong satellite peaks are observed along the
in-plane directions due to the formation of periodic ferroelectric a;/a; domains of periodicity ~70 nm
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riodicity
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2 [001),.

¥ [010],

Q, (2n/A)
Q, (2n/A)

T

Ordering of vortex states
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FIG. 4. Reciprocal space mapping (RSM) studies for an n = 6 superlattice about the (a) 002,.-diffraction peak of the DyScO3
substrate revealing no satellite peaks present along the in-plane (Qy) direction, indicating that the vortex phase is not present,
and (b) 202, -diffraction peak of the DyScO3 substrate revealing satellite peaks that run along the in-plane [110],, indicative
of the presence of a;/a; domains. RSM studies for an n = 18 superlattice about the (c) 002,-diffraction peak of the DyScO3
substrate revealing satellite peaks along the in-plane (Qy) direction, corresponding to the ordering of the vortex pairs, and
(d) 022, -diffraction peak of the DyScOg3 substrate revealing satellite peaks along the in-plane [110]pc, indicating that a;/a;
domains are also present. (e) Piezoresponse force microscopy image showing macroscopic ordering of the two phases in an
n = 16 superlattice. Alternating brown and black/white checkboard stripes correspond to alternating regions of low and high
piezoresponse (i.e., regions of vortex and a;/a, domains, respectively). (f) Phase-field modeling also predicts the mixed-phase
(vortex and aj/ay) structure. The curl of the polarization in the vortices is represented by the red/blue coloring. Reprinted with
permission from Damodaran ez al., Nat. Mater. 16, 1003 (2017). Copyright 2017 Springer Nature.
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with domain walls along the pseudocubic [110]. On transitioning to intermediate period superlattices
(n = 12-18), however, more complex RSM studies are observed showing the presence of both the
ferroelectric aj/a; phase and peaks for a new phase. For example, for an n = 18 superlattice, RSM
studies about the pseudocubic 002-diffraction condition of the DyScOj3 substrate [Fig. 4(c)] reveal
the presence of satellite peaks along the in-plane (Qy) direction. This is indicative of a periodic mod-
ulation of the out-of-plane component of polarization along the in-plane direction and corresponds
to features with a periodicity of ~12.5 nm—the same as that expected for the vortex pairs in this
superlattice. At the same time, however, and similar to the n = 6 superlattice, off-axis RSM studies
about the pseudocubic 220-diffraction condition of the DyScOs3 substrate [Fig. 4(d)] reveal satel-
lite peaks along the in-plane directions indicative of ferroelectric a;/a; domains with a periodicity
of ~12 nm.

This coexistence of a classic ferroelectric and the new, emergent vortex phase can be nicely visu-
alized using piezoresponse force microscopy [Fig. 4(e)].®® The resulting self-assembled, hierarchical
structure reveals stripe-like order in which alternating stripes exhibit high (checkered white and black)
and low or zero (brown) piezoresponse with a periodicity of ~300 nm along the in-plane pseudocu-
bic [100]. The high-response regions are the ferroelectric a;/a; phase, and the low-response regions
are the vortex structures. Ultimately, these data indicate that at room temperature, the coexisting
vortex and ferroelectric phases spontaneously assemble in a mesoscale, fiber-textured, hierarchical
superstructure. Such a structure was also replicated in large-scale phase-field models. For example,
the evolution of a single PbTiO3 layer within the superlattice near the phase boundary between the
ferroelectric and vortex phases can be extracted for close inspection [Fig. 4(f)]. Such an approach
allows one to track the evolution of the polarization across the boundary between the ferroelectric
and vortex phases. Surprisingly, it was found that the polarization component along the length of the
vortex tube does not go to zero. This was confirmed by piezoresponse force microscopy studies which
showed the presence of in-plane polarization in the vortex phase. This means that the vortices are not
just tubes of wrapped polarization (like a rolled-up piece of paper) but are more like a spiral with an
axial component of polarization. It has been predicted for some time that polarization waves, vortices,
etc., could be characterized by an emergent order parameter, a so-called electric toroidal moment
G =55 [rx P@r)d*r. %70 Such toroidal moments can give rise to a range of novel phenomena,
including pyrotoroidic, piezotoroidic, and other effects. Extraction of G from these vortex struc-
tures revealed that there is a non-zero electric toroidal moment that ultimately saturates to values of
0.2¢ A~! and arises from the screw-like character of polarization in the vortex phase and suggests
that the superlattice structures are characterized by a multiorder-parameter state consisting of axial
ferroelectric polarization that coexists with G. Such 3D polarization texture, in turn, presents intrigu-
ing possibilities for another emergent function, including chirality, which will be discussed in the
section titled Chirality in polar vortices.

ELECTRIC-FIELD CONTROL OF TOROIDAL-VORTEX AND FERROELECTRIC ORDER

The presence of the axial component of polarization had other important implications—namely
that with this axial polarization component, dc electric field manipulation of the vortex phase could
be possible. To probe this concept, researchers explored the evolution of the mixed-phase ferroelec-
tric/vortex structures under applied dc electric fields using piezoresponse force microscopy.®® For
example, the as-grown mixed-phase structure for an n = 16 superlattice again reveals the sponta-
neously assembled mesoscale, fiber-textured, hierarchical superstructure for ferroelectric and vortex
regions [Fig. 5(a)]. Upon application of a positive dc bias to a specific area of the sample [orange box,
Fig. 5(a)], however, the mixed-phase structure is transformed into a pure vortex phase with uniformly
low piezoresponse [Fig. 5(b)]. This transition was also confirmed via nanoscale X-ray diffraction
experiments. The resulting pure vortex phase can, in turn, be switched back to have a mixture of
ferroelectric and vortex phases with application of a negative dc bias [Fig. 5(c)]. Close inspection,
however, reveals that directly under the tip where the bias was applied, the sample remains within
the low piezoelectric response vortex phase, indicating that the vortex phase persists [blue arrows,
Fig. 5(c)], but in adjacent regions where the applied bias from the scanning probe tip has a sig-
nificant in-plane field component, high piezoelectric response ferroelectric structures with in-plane
polarization are produced. Additionally, it should be noted that reversing the applied field (i.e., a
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FIG. 5. (a) Piezoresponse force microscopy (lateral amplitude) images for an n = 16 superlattice showing mixed-phase
structure in the as-grown condition. (b) Upon application of a positive voltage in the orange box of (a), the material transforms
to a uniformly low-piezoresponse vortex phase. (¢) Subsequent application of a negative bias to the blue lines of (b) results in
the creation of ferroelectric phases and the recovery of a mixed-phase structure. Reprinted with permission from Damodaran
et al., Nat. Mater. 16, 1003 (2017). Copyright 2017 Springer Nature.

negative followed by a positive bias) produces similar effects. This reversible electric-field control
of ferroelectric and electric toroidal order provides for a number of novel opportunities for applica-
tions. For example, regions of pure vortex order exhibit order-of-magnitude lower piezoresponse and
non-linear optical effects; indicating that one can electrically manipulate and dramatically change
materials properties.®® The ability to write vortex regions and control the toroidal order with an
applied electric field suggests a coupling between the toroidal and ferroelectric order parameters that
can be exploited to control other materials properties—namely, the chirality. Electric control of the
chirality and other coupled properties would open a new frontier in condensed matter physics and
building multi-functional devices.

CHIRALITY IN POLAR VORTICES

Based on the observation of an axial component of polarization in the toroidal polar vortices, the
intriguing possibility of chirality was explored. Chirality is a geometrical property by which an object
is not superimposable onto its mirror image, thereby imparting a handedness. In condensed-matter
physics, the prediction of topologically protected magnetic skyrmions and related spin textures in
chiral magnets draws parallels to the polar vortex structures observed herein and begs the question
that if the magnetic dipoles were replaced by their electrical counterparts, then could we realize
electrically controllable chiral devices? In turn, using resonant soft X-ray diffraction (RSXD) exper-
iments [Fig. 6(a)], researchers indeed proved the chiral nature of these materials.”' In the RSXD
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FIG. 6. (a) Schematic illustrating the experimental setup for the RSXD studies. The data on the top right are actual images
of the specular beam and various higher-order satellite peaks that can be observed. (b) The top panel shows a line-cut of
the scattered intensity versus lateral momentum transfer using right- (red) and left-circularly (blue) polarized X-rays for an
n = 16 superlattice. The lower panel shows the difference in intensity between the two helicities and that there is a significant
dichroism at the vortex peaks, indicative of the chiral nature of the polar vortex phase. Reprinted with permission from Shafer
et al., Proc. Nat. Acad. Sci. U. S. A. 115, 915 (2018). Copyright 2018 National Academy of Sciences.
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setup, the superlattices were aligned so that the incoming X-rays were incident parallel to the axes
of the vortices. A specular spot was observed, corresponding to diffraction from the out-of-plane
ordering of the superlattice structure. Similar to the RSM studies [Fig. 4(c)], lateral satellites appear
due to the regular spacing of the vortex structures. By tuning the energy of the X-rays through the
titanium L3, edge (where electronic transitions from the 2p to 3d orbitals occur), energy spectra
were collected for the satellite peaks. In particular, the X-ray circular dichroism at these peaks was
probed. At the titanium L3 > resonances, effects from the electronic structure (specifically, the d orbital
configuration) are strongly enhanced. If the spiraling polar distortions that create the vortex phase
are chiral, this will manifest as a non-zero circular dichroism since chiral objects interact differently
with left- and right-circularly polarized light. The intensity of diffraction for right- (red) and left-
circularly (blue) polarized light as a function of Qy is shown [Fig. 6(b)], along with the X-ray circular
dichroism [XCD; bottom, Fig. 6(b)], which is the difference between the scattered intensity for right-
and left-circularly polarized light. The presence of dichroism is indicative of a chiral structure, as
is the anti-symmetric nature of the dichroism signal as the g vector is reversed from positive to
negative.

LOOKING TO THE FUTURE

The recent discovery of emergent phenomena in PbTiO3/SrTiOs3 superlattices—namely, the novel
chiral polar vortices and their associated complex phase coexistence and response under applied
fields—suggests the presence of a complex, multi-dimensional system capable of exotic function.
The first, and potentially most important, question is how far can the analogy with magnetic spin
topologies be taken? Can continued evolution of the growth and control of the PbTiO3/SrTiO3 system
(or related systems) enable researchers to generate true electronic skyrmions which can be rigorously
and mathematically defined akin to their magnetic brethren? Do such vortex structures have to coexist
with ferroelectric order or can we realize pathways to creating fully vortex structures? Are there
other emergent polarization topologies possible in these structures? Such questions and their ultimate
realization will require considerable advances in both experimental synthesis and characterization, and
computational and modeling approaches to explore this complex, diverse landscape. Along these lines,
there are likely numerous routes which can be pursued in an attempt to realize other novel topologies
and phenomena. Focusing first on additional ferroelectric phenomena, the study of PbTiO3/StTiO3
superlattices is far from complete, and studies wherein either the substrate (i.e., the strain state)
or the dielectric buffer layer is replaced with other materials seem warranted. Such approaches are
motivated by the fact that epitaxial constraints can have a marked and predictable impact on the
evolution of polarization from more out-of-plane to in-plane tendency, thus providing an additional
knob to manipulate the nature of the emergent structures. By varying the dielectric buffer layer, one
can control aspects like the elastic stiffness/compliance and dielectric constant, which will again work
to tip the balance of the energy scales in a manner that could drive further exotic structures to form.
From there, the exploration of asymmetric superlattices (wherein the thickness of the nearest SrTiO;3
and/or PbTiO;3 layers is varied in a periodic manner) or even “tricolor” superlattices (of the form
A/B/C/A/B/C) could provide a route to break the out-of-plane symmetry of the structures and drive
a new function. There are even potential concepts beyond ferroelectrics, where similar competition
of energies in magnetic or multiferroic systems could be of interest. For example, superlattices based
on similar diamagnetic/ferromagnetic and dielectric-diamagnetic/multiferroic building blocks could
give rise a pathway to the development of emergent spin or multi-order polarization/spin structures.
In the end, observation of such features and discovery of new features would effectively fulfill years
of predictions and rewrite some of our fundamental assumptions about what is possible in these
materials.

At the same time, we have only just begun to scratch the surface of our understanding of
these emergent features. The few initial studies have already demonstrated interesting and impor-
tant points—specifically, electric-field control and interconversion between classical ferroelectric
and emergent vortex structures, the realization of electric-toroidal order, and emergent chirality in
a ferroelectric-based system. What are the prospects for using the electric-field control to generate
new applications (e.g., tuning states in memory or logic and manipulating electro-optic effects)? The
emergence of electric toroidal order implies the potential to probe new effects such as pyrotoroidic and
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piezotoroidic effects, which have long been proposed but not fully realized. Likewise, the prospect
for controllable chirality with an electric field is an intriguing dream. Can we design an approach that
allows for manipulation of the polar structures in a deterministic manner that changes, for example,
handedness of the features with a homogeneous dc electric field? The ability to switch chirality with
homogenous magnetic fields’? or ac electric currents’ has been demonstrated for magnetic struc-
tures, and switching by electric fields is possible with, for example, the addition of voltage-induced
strain.”* In polar vortex structures, their chiral nature’! and toroidal coupling to electric fields®® have
already been established, and attempts to utilize this coupling to achieve electric-field control seem
to merit deeper consideration.

There is also considerable potential for novel dynamics in these complex polarization structures.
To date, there has been no study of the dynamics and evolution of these emergent features in either
equilibrium or non-equilibrium (i.e., driven) conditions. In classical ferroelectrics, years of research
have provided an understanding of switching processes (including aspects of nucleation and growth
of domains) as well as the ultra-fast dynamics within the unit cell. Numerous studies today probe how
ferroelectrics respond under electric field or light excitation and glean insights into how polarization
evolves and novel states that can be accessed. The complex, mesoscale structure of the emergent
vortex and related states are sure to exhibit effects fundamentally different from those of the individual
parent materials. The long-range structures suggest the potential for soft, low-frequency, and non-
traditional temperature and field dependence. The effect of such emergent polarization structures on
photo-excited charges could be dramatically different from those in a homogenous polarization state.
As such, studies of fluctuations, both in equilibrium and non-equilibrium conditions, and structural
and polar dynamics under excitation are ripe for exploration. Effects like the bulk photovoltaic effect
and how this will be altered in these inhomogeneous polarization profiles could lead to exotic charge
dynamics and effects, all of which remain to be probed.

Finally, it cannot be overlooked that these observations of emergent features can potentially
lead to new manifestations of applications. Besides gaining important fundamental knowledge about
these new polar structures, researching and understanding vortices can lead to new technological
applications, such as non-volatile memory devices or an electric analog to a “racetrack memory.””>76
The intriguing potential for coupled effects between light and polarization could also lead to new
modalities of data storage and retrieval based on light. Moving forward, these prospects may inspire
new mechanisms through which the deterministic writing and reading of nanoscale chiral structures
can be achieved. What is clear is that we are only at the beginning of our work to understand, control,
and ultimately utilize these exciting emergent structures in polar materials.
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