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Ferroelectrics are characterized by domain structures as are other ferroics. At the nanoscale though, ferroelectrics may exhibit non-trivial or exotic polarization conﬁgurations under proper electrostatic and
elastic conditions. These polar states may possess emerging properties not present in the bulk compounds and are promising for technological applications. Here, the observation of rotational polarization
topologies at the nanoscale by means of aberration-corrected scanning transmission electron microscopy
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is reported in BaTiO3/SrTiO3 superlattices grown on cubic SrTiO3(001). The transition from a highly homogeneous polarization state to the formation of rotational nanodomains has been achieved by controlling the
superlattice period while maintaining compressive clamping of the superlattice to the cubic SrTiO3 substrate. The nanodomains revealed in BaTiO3 prove that its nominal tetragonal structure also allows rotational
polar textures.

Introduction

Nanoscale ferroelectrics are diﬀerent from bulk ferroelectrics
mainly because strain and electrostatics such as depolarizing
fields play a much more relevant role, but even in the absence
of depolarizing fields the long range Coulombian interaction
is modified and thickness dependences appear.1–3
Depolarizing fields, created by unscreened charges at the interfaces, put the system in a non-equilibrium state, and are one
of the main reasons of polarization instability.2,4 Thus, at the
nanoscale and under appropriate strain and electrostatic conditions, polar configurations beyond the classical ones may be
attained.5–8 In this regard, the balance of competing energies
(elastic, electric, polarization gradient, etc.) determines the
polarization ground state of the system,9 and the possibility of
fabricating oxide heterostructures with atomic precision has
pushed the research into the limits of ferroelectricity at the
nanoscale, revealing new phenomena.10–12 For instance, configurations possessing an emerging toroidal moment were
found to exist in ferroelectrics and were proposed as candidates for its use as an alternative way of storing information in
ferroelectrics.7,13 Recently, the experimental observation of
long range ordered vortices in PbTiO3/SrTiO3 superlattices
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(PTO/STO SPLs) was accomplished using Scanning Transmission
Electron Microscopy (STEM).14 These vortex topologies present
in PTO/STO SPLs are now proving to be a rich system in which
properties like chirality,15 flexoelectricity,16 or negative capacitance can also be found.17
While most experimental works have addressed PTO/STO
SPLs or other PTO and BiFeO3 (BFO) heterostructures,18–22
studies on exotic states in BaTiO3 (BTO), one of the most paradigmatic ferroelectrics, are scarce and those that have been
done are almost exclusively theoretical investigations.1 The few
recent experimental investigations on BTO have either targeted
more conventional domains,23,24 or lack high spatial resolution.25 The scarcity of these kinds of studies might be in part due
to the fact that a correct determination of the polar distortions
in BTO can be more challenging than in PTO, since ion shifts
in bulk materials are smaller in BTO (δTi = 9.04 pm, δOequatorial =
4.24 pm, δOapical = 9.85 pm) than in PTO (δTi = 16.02 pm,
δOequatorial = 47.3 pm, δOapical = 48.6 pm),26 which is related
to the diﬀerent ferroelectric modes present in both materials. 27 Nevertheless, new insights were achieved here in
BTO grown in the form of M × (BTO)n/(STO)n SPLs (where M is
the number of BTO/STO bilayers in the SPL, and n is the
number of unit cells in each BTO or STO layer). The considered
SPLs have n = (2, 4, 10) and M = (30, 15, 6), thus maintaining
the total amount of unit cells (n·M = 60). Details regarding the
samples’ growth and ordinary structural characterization can
be found in ref. 28. The SPLs were grown on a STO substrate
buﬀered with a 10 nm thick La0.67Sr0.33MnO3 (LSMO) electrode, which causes a set compressive stress that increases the
tetragonality of BTO in its out-of-plane direction, and expect-
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edly also fixes the spontaneous polarization in this direction.
Moreover, when such a ferroelectric is sandwiched between
paraelectric layers the discontinuity in the out-of-plane component of the polarization will create large depolarizing fields
at the interfaces. How the system responds to such extreme
electrostatic boundary conditions depends, a priori, on the
thickness of the paraelectric layer. For thin paraelectric layers,
the depolarizing field can be purged by adopting a uniform
polarization across the BTO and the paraelectric layers (either
+z or −z). For thicker paraelectric layers, the higher cost of
polarizing the paraelectric would induce the formation of a
domain structure inside the ferroelectric. For BTO, such
domains are anticipated to be alternatively aligned along the
+z and −z directions. This model is very similar to the one
described by Kittel or Landau-Lifshitz for domains in ferromagnetic systems,29,30 so they are usually referred to as Kittel
domains. Kittel’s law, that predicts decreasing domain sizes
for decreasing layer thicknesses, also holds true in ferroelectric
films,31 which could make domains below a certain thickness
energetically unfeasible. In the same vein, in a BTO/STO SPL
with thin paraelectric layers the BTO and STO layers are
expected to be electrostatically coupled, as was experimentally
demonstrated in BTO/STO SPLs on STO;32 whereas in a SPL
with thicker paraelectric layers the polarization is expected to
remain confined within BTO layers. Moreover, chronology may
be a decisive factor determining the polar state in a ferroelectric; when the ferroelectric is subject to varying boundary conditions it can get stuck in a polarization state that, as conditions evolve, no longer has the lowest energy. Indeed, it has
been shown that the depolarizing fields present during crystal
growth may drive the polarization into a multidomain state
that remains after screening charges have become available at
the end of the crystal growth process.3,32 The BTO/STO SPLs of
diﬀerent periods grown on STO used in this work showed a
continuous reduction in the achievable remnant polarization
for increasing periods,28 which was interpreted in accordance
with the model summarized above.
Here, Cs-corrected STEM was employed to go further on the
characterization of these SPLs at the unit cell scale. This investigation reveals the transition from a single oriented polarization configuration with expected out-of-plane polarization for
short period SPLs (n = 2, 4) to a state that contains rotational
nanotopologies for the longest period SPL (n = 10). This occurs
in spite of having in-plane compressed SPLs, which is expected
to fix the polar axis direction. Moreover, since the STO substrate is cubic, strained BTO/STO SPLs should present 4-fold
in-plane symmetry. Therefore, rotational topologies of polarization are not expected a priori in these SPLs. However, our
results show their formation under suitable SPL periodicity,
demonstrating that the feasibility of forming exotic polarization topologies goes beyond heterostructures based on PTO
or BFO and could be regarded as a more generalizable behaviour in ferroelectric oxides. Therefore, emerging functional
properties as those that have been revealed in PTO-based
heterostructures could be pursued in BTO and other ferroelectric oxides.
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2. Results and discussion
In the following, the STEM characterization of 4 × 4 ((BTO)4/
(STO)4) and 10 × 10 ((BTO)10/(STO)10) SPLs is presented.
Results regarding the 2 × 2 SPL can be found in Fig. S1.1 and
S1.2, ESI.† Both short-period SPLs (2 × 2 and 4 × 4) have
similar domain and structural features. Fig. 1(a) shows a High
Angle Annular Dark Field (HAADF) image of the 4 × 4 SPL,
where BTO and STO layers can be identified based on the
diﬀerent intensity of Ba and Sr atomic columns, as HAADF
imaging mode produces images with a contrast that scales
approximately with the square of the atomic number Z.33 In
order to identify the ferroelectric domains in the SPLs the
atomic displacements of the Ti columns (δTi) from the centre
of each unit cell were measured, which was determined using
the Ba and Sr cation positions. Further details can be found in
Fig. S2–S4, ESI.† The resulting dipole map (δTi map) is presented in Fig. 1(b) and reveals that both BTO and STO layers
show a continuous polarization with the vast majority of
dipoles (yellow arrows) oriented in the out-of-plane (oop) direction. The analysis also provided the lattice parameters of both
BTO and STO across the thickness of the SPL. Fig. 1(c) shows
the laterally averaged in-plane (ip) and oop lattice parameters,
referred to as a and c in the image, respectively. Remarkably,
the non-zero δTi in STO indicates that it becomes polarized as
well and that STO unit cells may present a small tetragonality
(defined as the c/a ratio), see Fig. 1(b) and (d). Tetragonality in
STO has been predicted with c/a = 1.008,34,35 which entails a
diﬀerence of only 3 pm with respect to the cubic cell, smaller
than the experimental error bars. The tetragonality shows a
modulation as a result of the variations only in the oop lattice
parameter, that alternates between a minimum c ∼ 3.9 Å in
STO and a maximum c ∼ 4.1 Å in BTO. The ip lattice parameter
a does not vary along the thickness and is equal to the STO
substrate value a = 3.905 Å (see also Fig. S5, ESI†), indicating
that no plastic relaxation takes place. Therefore, STO is almost
cubic (cSTO/aSTO ≃ 1) while BTO is tetragonal with a maximum
tetragonality of cBTO/aBTO ∼ 1.05 at the center of the BTO
layers. Additionally, Fig. 1(c) reveals a smooth tetragonality gradient that starts at the interface and extends into the BTO
layers, while in STO this gradient is restricted to unit cells
right at the interface. The smooth tetragonality gradient also
entails a unit-cell volume gradient inside BTO, since BTO unitcells near the interfaces have a smaller oop lattice parameter
than those in the centre of the BTO layers. This smoothness is
probably driven by an electrostrictive coupling and could
favour a smooth polarization variation through the dissimilar
layers, thus minimizing the energy associated with polarization gradients.36 It is worth noting that Electron Energy-Loss
Spectroscopy (EELS) atomic-resolution chemical maps ( presented in Fig. S6, ESI†) show that the BTO–STO interfaces
contain atomic steps of one unit-cell at maximum, thus eliminating the potential eﬀect of averaging atomic steps along the
imaging projection direction. Similar smooth strain gradients
have been observed in SPLs of PbZr0.2Ti0.8O3/SrRuO3 and PTO/
STO,37,38 but had not been reported before for BTO/STO SPLs.
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Fig. 1 (a) Slice of the HAADF of the 4 × 4 SPL viewed along the [100] STO zone-axis, with its intensity proﬁle along the oop direction superimposed.
(b) Dipoles map superimposed on the HAADF image. (c) Laterally averaged proﬁles of in-plane and out-of-plane lattice parameters. (d) Laterally averaged proﬁle of the modulus of δTi, deﬁned as the distance of the Ti atomic column from the centre of the unit cell. For the sake of clarity, in (c) and
(d) the BTO and STO slabs are indicated by coloured stripes. Error bars in (c) and (d) indicate the dispersion of values along each row (see section
S15, ESI†).

The laterally averaged δTi modulus, presented in Fig. 1(d), also
shows modulations across the SPL. In fact, a comparison of
the profiles for the oop lattice parameter (equivalent to c/a
shape since a is constant) and δTi shows that they are correlated, as both the peaks and valleys coincide. On top of that,
looking at the depth-wise changes of the δTi modulus,
Fig. 1(d), one notices that BTO layers closer to the LSMO electrode present much larger δTi values (∼20 pm), and that δTi
gradually decreases with increasing distance from the LSMO
electrode, to around 10 pm. This eﬀect can be attributed to the
metallic character of LSMO, which would provide better
screening of polarization charges, with a finite screening
length though. In contrast, the less eﬀective screening provided by the bare surface (upper region of the image) and the
presence of the paraelectric STO layers induce a sharper
reduction of the polarization. Strikingly, the full dipole map in
Fig. 1(b) also shows the presence of strong local variations of
the imaged δTi modulus, with regions in which δTi is close to
zero, which can be due to a change in the polarization
modulus or to a change in the direction of polarization (which
would result in a smaller projection on the image’s plane).
These local changes may be originated by the presence of local

This journal is © The Royal Society of Chemistry 2019

inhomogeneities such as steps at the interface, intermixing
and crystal defects.
While the dipole maps of short period SPLs (n = 2, 4) show
that they are in a single oriented polarization configuration, a
more complex scenario is found in the 10 × 10 SPL. A full
cross-sectional view of the 10 × 10 SPL and its corresponding
δTi map are shown in Fig. 2(a) and (b), respectively. Three
diﬀerent regions with distinctive dipole configurations can be
distinguished in the δTi map. Those regions at the bottom and
at the top of the SPL show most of the dipoles pointing along
the oop direction, in particular pointing towards the LSMO at
the bottom and towards the vacuum at the top. Within the
central region, comprising three BTO layers, the dipole map
shows complex topologies of electrical polarization. However,
the averaged profiles of oop and ip lattice parameters
(Fig. 2(c)) show a modulation of the laterally averaged oop
lattice parameter c with strong local variations, just like in the
4 × 4 SPL, although the analysis reveals broader regions in
BTO with reduced tetragonality and polarization, extending
over 3–5 unit cells into the layers. Moreover, the maximum
diﬀerences between BTO and STO c parameters remain similar
along the thickness of the SPL. EELS analysis, like in shorter
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Fig. 2 (a) High ﬁeld of view HAADF image of the 10 × 10 SPL along the [100] STO zone-axis with superimposed schematics describing the polarization directions. The polar displacement map for the marked area in (a) is shown in (b), together with the HAADF image and its intensity proﬁle (right
panel). (c and d) Show the averaged proﬁles along the SPL thickness of oop and in-plane lattice parameters and of the modulus of δTi, respectively.
The BTO, STO and LSMO locations are indicated approximately by coloured stripes. Error bars in (c) and (d) indicate the dispersion of values along
each row (see section S15, ESI†).

period SPLs, also shows that roughness or interdiﬀusion is
confined to within ±1 unit cell of the BTO/STO interface and
cannot account for the volume gradient observed in the 10 ×
10 SPLs (see Fig. S6, ESI†).
A careful look at the δTi map, Fig. 2(b), reveals that STO
layers present regions with a non-zero oop polarization, in particular at the bottom of each STO layer, while the upper STO/
BTO interface shows a lower polarization. The average δTi
measured in STO is mostly restricted to the oop direction, and
it is rather small (5–9 pm) and only slightly above the noise
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level (3–4 pm) (see Fig. S7.1 and S7.2, ESI†). The averaged
profile of the modulus of δTi, Fig. 2(d), also shows a gradient
in the polarization across all STO layers, which might be
related to two factors. First, that the lower and the upper interface with the ferroelectric have diﬀerent polarization charges
(EELS elemental maps show a more abrupt lower interface,
Fig. S6 ESI†). Secondly, that both interfaces have a diﬀerent
unit cell volume (Fig. 2(c)). The latter can also be analysed
using the energy-loss near-edge structure (ELNES) of the Ti
L-edge across the BTO/STO interfaces.
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Fig. 3 (a) Ti L-edge spectra acquired in BTO and STO layers of the 10 × 10 SPL. Due to the oxygen octahedra crystal ﬁeld, the Ti L2 and L3 peaks are
split in energy and allow for obtaining the eg and t2 g 3d sub-bands. The crystal ﬁeld splitting Δ for the L2 and L3 are indicated. (b) The upper panel
shows the region of the 10 × 10 SPL from which a spectrum image was acquired. The lower panel shows the oop proﬁle of the crystal ﬁeld splitting
ΔL2 (in black) and ΔL3 (in green) as a function of position across the BTO and STO layers of the 10 × 10 SPL (upper panel). Changes in the crystal
ﬁeld splitting indicate changes in the Ti–O bonds.

In this direction, Fig. 3(a) shows the Ti L-edge spectra
acquired in BTO and STO layers of the 10 × 10 SPL. Notice that
the crystal field splitting Δ for the L2 and L3 are slightly
diﬀerent between BTO and STO. The crystal field strength
increases when the distance of Ti–O bonds is reduced, and
therefore it is a useful parameter to track the strain state,
assuming that a bigger tetragonality means a bigger unit cell
volume and therefore a larger Ti–O distance.38–40 Fig. 3(b)
(upper panel) shows a spectrum image across STO and BTO
layers. The signal was averaged and the fine structure of the
spectra was analysed one atomic plane at the time. Finally, the
ΔL2 and ΔL3 were calculated, obtaining a smooth variation
across STO and BTO layers. This result agrees with the probed
smooth tetragonality changes across the interfaces. Notice that
the slope is greater in the lower STO/BTO interface, which is
where the STO presents a higher polarization (see Fig. 2(b))
and also where the BTO rapidly reaches the ΔL2 and ΔL3
values of the bulk. Therefore, dissimilar upper and lower interfaces become evident from both polarization and EELS analysis.
All the observed areas of the 10 × 10 SPL STEM specimen
show similar exotic dipole configurations in the SPL central
region. A dipole map obtained around the central SPL region
is presented in Fig. 4(a), where rotational nanotopologies are
visible in BTO (see also Fig. S8, ESI†). An angle colormap is
used to assign a diﬀerent colour to each dipole depending on
its direction, which highlights the diﬀerent polarization directions. The magnitude of δTi in the central area where the
rotational topologies are present is between 5 and 10 pm,
which is substantially smaller than δTi at the top and bottom
of the SPL, where it can reach more than 20 pm, similar to
what is found for short period SPLs. This might be due to the
fact that, in regions with rotational topologies, the measured
δTi is merely a projection. Indeed, the cross-sectional images
only have access to two polarization components that lay on
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the observation plane, which, at the same time, is the resulting
projection of several unit cells. Therefore, to attain the correct
dipole configuration depends on the domain’s dimension and
on the imaged STEM-specimen thickness (see S9, ESI†). As
visible in Fig. 4(a), diﬀerent kinds of rotational nanotopologies
are present in the dipole map, see a zoom in Fig. 4(b). The
closed rotations contain a topological defect, that is, a discontinuity in the order parameter (electrical dipoles in the present
case) at the core, and can interact with each other as particlelike objects. Other kinds of dipole configurations, such as
waves and mushroom-like configurations are also found (for a
more complete description of the diﬀerent configurations see
Fig. S10, ESI†). Fig. 4(c) shows an example of a dipole wave
ending in a mushroom-like configuration. Very similar closed
rotations, waves and mushroom configurations have been previously reported in PTO/STO SPLs.18 The observed topological
defects bear a topological charge (TC) of either +1 (full clockwise rotation of the dipoles upon a clockwise contour loop
around the core), or an opposite TC of −1 (full counter-clockwise rotation upon a clockwise contour loop), and are compatible with vortices for a TC of +1 and antivortices in the case of
TC −1. Remarkably, all the observed +1 topological defects are
found associated to a −1 topological defect, forming pairs with
null net TC, of which an example is shown in Fig. 4(b). The
null net TC restricts the coupling range of the pair to dipoles
located in its vicinity and allows homogeneous polarization far
enough from the TC pair, where the dipoles do not discern the
separated TC charges. This is, a null TC pair can exist in a
matrix of homogeneous polarization (i.e. surrounded by homogeneous downwards oop polarization). Furthermore, this
would make a null TC pair energetically favourable with
respect to an isolated topological defect. This bonding of
oppositely charged defects is described in the statistical xy
model for a 2D lattice of rotors, in which dissociation is pre-
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Fig. 4 (a) Dipole maps of an area of the 10 × 10 SPL. As a guide, a slice of the HAADF image from where the dipole map has been extracted is
shown at the left of the dipole map. As shown in the legend, the arrows in (a) are coloured according to an angle colour map with the aim of highlighting the diﬀerent polarization directions. (b and c) Show diﬀerent zoomed nanotopologies of selected areas marked in (a) (note that angle colormap is not used in (b) and (c)). A pair of topological defects of opposite charge can be appreciated in (b), while (c) shows a dipolar wave ending in a
mushroom-like dipole conﬁguration.

dicted to become energetically achievable above the KosterlitzThoules transition temperature,41 which accounts for the
phase transition of diﬀerent physical systems such as lattices
of magnetic spins, liquid crystals, superconductors or
superfluids.42,43
The transition from a single oriented polarization configuration to an alternating +z and −z domains configuration (both
in BTO and STO) was predicted for in-plain compressed BTO/
STO SPLs for increasing periods.44 Instead, our results show
that the transition to a polydomain configuration comes in the
form of rotational nanotopologies that do not follow the an-

21280 | Nanoscale, 2019, 11, 21275–21283

isotropy of the tetragonal unit cell, suggesting that dipole–
dipole interactions dominate over the anisotropy of the crystal
and that polarization behaves as a fluid.45 Alternatively, this
could point to the presence of BTO in structural phases other
than tetragonal, provided that expectedly BTO unit cell symmetry determines the dipole direction.24 Other BTO-based ceramics have shown that they can show continuous rotations
when there is presence of mixed unit cell symmetries.46
However, this is not favoured when clamped to the STO substrate with its in-plane 4-fold symmetry. It is remarkable that
while the single oriented configuration observed in short

This journal is © The Royal Society of Chemistry 2019
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period SPLs shows a correlation between the tetragonality and
the polarization, no correlation is evident in the areas where
rotational nanotopologies are observed (see Fig. S11 and S12,
ESI†), obtaining always an oop tetragonality in BTO even when
in-plane dipoles are measured. In tetragonal BTO the formation of topologies containing dipoles that considerably
deviate from the crystal-axis direction was unexpected from the
crystal anisotropy of a BTO/STO SPL clamped to a STO substrate,38 where a maximum dipole deviation of 45° at the BTO
surfaces, where electrostatic conditions make more favourable
rotations, was predicted.47 Therefore, the observed rotational
nanotopologies are, a priori, not expected to take place in BTO/
STO SPLs, which begs the question of the underlying mechanism that permits such a deviation. Predictions of rotational
topologies in BTO are restricted to confined stress-free nanostructures such as nanodots and nanowires,48 while +z and −z
domains are predicted for BTO/STO SPLs. Nevertheless, it
should be noted that simulations are performed considering
mostly perfect BTO crystals, which implies absence of defects,
and the existence of small oﬀ-stoichiometries cannot be discarded. The present SPLs were grown by pulsed laser deposition, which is a highly energetic technique that can cause
the formation of defects.49 Therefore, the existence of small
oﬀ-stoichiometries and defects is possible; which could assist
the rotation of polarization in BTO, as was found to happen in
BFO.50 However, within the sensitivity of the technique, EELS
measurements reveal expected electronic state for titanium
and oxygen (see section S6, ESI†). More interestingly, the formation of diﬀerent topological defects, as for instance bound
vortices-antivortices pairs was recently predicted to occur in
canonical BTO with diﬀerent unit cell symmetries (including
tetragonal and orthorhombic) at a finite temperature through
a new identified mechanism of topological protection.51 The
mechanism allows the stabilization of dipole configurations
with dipoles deviating from the crystal anisotropy direction by
relying on thermal entropy contributions, and although it was
specifically studied in the case of BTO, the result should be
generalizable to proper ferroelectrics. Thus, rotational topologies could be expected to be feasible in strained canonical
tetragonal BTO.

3. Experimental
Samples
The SPLs were grown by pulsed laser deposition with real-time
monitoring by reflection high-energy electron diﬀraction.28
The SPLs are M × (BTO)n/(STO)n (where M is the number of
BTO–STO bilayers in the SPL, and n is the number of unit cells
in each BTO or STO layer). The considered SPLs have n = (2, 4,
10) and M = (30, 15, 6), thus maintaining the total amount of
unit cells (n·M = 60). The SPLs were grown on a STO substrate,
which has a negative lattice misfit with BTO of −2.23% and
thus causes a compressive stress, imposing its in-plane lattice
parameter to the SPLs. This lattice mismatch may increase the
tetragonality of BTO unit cells and fix its axis along the out-of-
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plane direction, thus increasing and fixing the spontaneous
polarization in this direction. Moreover, it would ensure that
no relaxation of BTO to its bulk structure takes place. In
addition, the polar discontinuity between BTO (ferroelectric)
and STO ( paraelectric) puts the system in a high electrostatic
energy state that can alter the ferroelectric properties.
Characterization
The SPLs were characterized by Cs-corrected scanning transmission electron microscopy along the [100] crystallographic
axis of the BTO/STO stacks. The samples were prepared for
TEM observation by the conventional method of cuttinggluing-slicing-polishing (mechanical + ion milling). STEM
images were acquired with an aberration corrected Nion
UltraSTEM 200, operated at 200 kV and equipped with a 5th
order Nion aberration corrector and with a Gatan Enfinium
spectrometer. HAADF and Annular Bright Field (ABF) images
were acquired and analysed with self-developed software (see
S2 and S13, ESI†). A HAADF image of BTO with a superimposed BTO unit cell is shown in Fig. S2 (ESI†). The high field
of view HAADF images of the whole set of SPLs are presented
in Fig. S14 (ESI†). Electron Energy-Loss Spectroscopy (EELS)
was also used to further characterize the SPLs. Dipole maps,
that indicate the polarization direction, were extracted from
the titanium shift (δTi) measured in the images. For each unit
cell, δTi was defined as the diﬀerence between the found titanium position and the intersection of the diagonals of barium
atomic columns, as schematized in Fig. S2(b).† Also, in-plane
and oop lattice parameters (“a” and “c”, respectively) were calculated from the relative position of barium columns. The
STEM specimens’ thicknesses was measured with EELS, and it
was kept in the 0.2–0.3 inelastic mean free paths (25–30 nm)
range. In addition, with the illumination conditions used in
our work (semi-angle of 30 mrad at 200 kV) the expected depth
of field is 55 Å.

4.

Conclusions

It has been experimentally shown that the paradigmatic ferroelectric, BTO, also exhibits exotic polarization configurations
with continuous polarization rotation. The formation of the
nanotopologies is achieved through the selection of a suitable
SPL period, that controls the electrostatic and mechanical
boundary conditions. Remarkably, nanotopologies occur in
spite of the BTO high anisotropy. Our results suggest that
rotational topologies are the lowest energy configuration in
nanosized ferroelectric BTO under certain electrostatic conditions, and may be more feasible than previously thought.
These experimental results should encourage further research
on exotic polarization topologies in BTO/STO SPLs and other
BTO nanostructures.
Finally, some of the emerging properties and potential
applications that could be associated to the observed
rotational nanotopologies are considered. In a similar manner
to vortices in PTO/STO SPLs,16 some small regions around the
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topological defects or other topologies could present a stabilized negative capacitance state, since the polar distortion in
these locations might become very small, driving the dipoles
into the unstable region of negative capacitance that is present
in all classical ferroelectrics around the centre of their doubledegenerated energy landscape.52 Not only properties such as
chirality could arise,14 but also other properties could be altered
in the regions with rotational nanotopologies. Furthermore, it
has been shown that a variety of rotational nanotopologies are
stable in BTO at room temperature, and thus there is room to
address the question of the feasibility of the control over the
diﬀerent degrees of freedom of the diﬀerent topologies, which
could then point towards similar (or new) technological applications as those of magnetic skyrmions.53–55

Conﬂicts of interest
There are no conflicts to declare.

Acknowledgements
Financial support from the Spanish Ministry of Economy,
Competitiveness and Universities, through the “Severo Ochoa”
Programme for Centres of Excellence in R&D (SEV-2015-0496)
and the MAT2017-85232-R (AEI/FEDER, EU) project, and from
Generalitat de Catalunya (2017 SGR 1377) is acknowledged.
The scanning transmission electron microscopy was conducted at Oak Ridge National Laboratory. MFC was supported
by the U. S. D. O. E., Oﬃce of Science, BES, Materials Sciences
and Engineering Division. SE acknowledges the Spanish
Ministry of Economy, Competitiveness and Universities for his
PhD contract (SEV-2015-0496-16-3) and its cofunding by the
ESF. J. G. also acknowledges the Ramon y Cajal program
(RYC-2012-11709). SE work has been done as a part of their
Ph. D. program in Materials Science at Universitat Autònoma
de Barcelona. We thank M. Stengel for useful discussions.
We acknowledge support of the publication fee by the CSIC
Open Access Publication Support Initiative through its Unit of
Information Resources for Research (URICI).

Notes and references
1 H. Fu and L. Bellaiche, Phys. Rev. Lett., 2003, 91, 257601.
2 J. Paul, T. Nishimatsu, Y. Kawazoe and U. V. Waghmare,
Phys. Rev. Lett., 2007, 99, 077601.
3 N. Strkalj, G. De Luca, M. Campanini, S. Pal, J. Schaab,
C. Gattinoni, N. A. Spaldin, M. D. Rossell, M. Fiebig and
M. Trassin, Phys. Rev. Lett., 2019, 123, 147601.
4 C. Lichtensteiger, S. Fernandez-Pena, C. Weymann,
P. Zubko and J. M. Triscone, Nano Lett., 2014, 14, 4205–
4211.
5 Y. L. Tang, Y. L. Zhu, X. L. Ma, A. Y. Borisevich,
A. N. Morozovska, E. A. Eliseev, W. Y. Wang, Y. J. Wang,
Y. B. Xu, Z. D. Zhang and S. J. Pennycook, Science, 2015,
348, 547–551.

21282 | Nanoscale, 2019, 11, 21275–21283

Nanoscale

6 C. M. Dudhe, S. J. Khambadkar and N. V. Dhoke, Scr.
Mater., 2017, 131, 89–92.
7 I. I. Naumov, L. Bellaiche and H. Fu, Nature, 2004, 432,
737–740.
8 S. Prosandeev and L. Bellaiche, Phys. Rev. B: Condens.
Matter Mater. Phys., 2007, 75, 094102.
9 L. Q. Chen, J. Am. Ceram. Soc., 2008, 91, 1835–1844.
10 N. Choudhury, L. Walizer, S. Lisenkov and L. Bellaiche,
Nature, 2011, 470, 513–517.
11 N. Lemée, I. C. Infante, C. Hubault, A. Boulle, N. Blanc,
N. Boudet, V. Demange and M. G. Karkut, ACS Appl. Mater.
Interfaces, 2015, 7, 19906–19913.
12 E. Bousquet, M. Dawber, N. Stucki, C. Lichtensteiger,
P. Hermet, S. Gariglio, J. M. Triscone and P. Ghosez,
Nature, 2008, 452, 732–736.
13 C. T. Nelson, B. Winchester, Y. Zhang, S. J. Kim, A. Melville,
C. Adamo, C. M. Folkman, S. H. Baek, C. B. Eom,
D. G. Schlom, L. Q. Chen and X. Pan, Nano Lett., 2011, 11,
828–834.
14 A. K. Yadav, C. T. Nelson, S. L. Hsu, Z. Hong,
J. D. Clarkson, C. M. Schlepütz, A. R. Damodaran,
P. Shafer, E. Arenholz, L. R. Dedon, D. Chen,
A. Vishwanath, A. M. Minor, L. Q. Chen, J. F. Scott,
L. W. Martin and R. Ramesh, Nature, 2016, 534,
138.
15 P. Shafer, P. García-Fernández, P. Aguado-Puente,
A. R. Damodaran, A. K. Yadav, C. T. Nelson, S.-L. Hsu,
J. C. Wojdeł, J. Íñiguez, L. W. Martin, E. Arenholz,
J. Junquera and R. Ramesh, Proc. Natl. Acad. Sci. U. S. A.,
2018, 115, 915–920.
16 Q. Li, C. T. Nelson, S. L. Hsu, A. R. Damodaran, L. L. Li,
A. K. Yadav, M. McCarter, L. W. Martin, R. Ramesh and
S. V. Kalinin, Nat. Commun., 2017, 8, 1468.
17 A. K. Yadav, K. X. Nguyen, Z. Hong, P. García-Fernández,
P. Aguado-Puente, C. T. Nelson, S. Das, B. Prasad, D. Kwon,
S. Cheema, A. I. Khan, C. Hu, J. Íñiguez, J. Junquera,
L.-Q. Chen, D. A. Muller, R. Ramesh and S. Salahuddin,
Nature, 2019, 565, 468–471.
18 L. Lu, Y. Nahas, M. Liu, H. Du, Z. Jiang, S. Ren, D. Wang,
L. Jin, S. Prokhorenko, C. L. Jia and L. Bellaiche, Phys. Rev.
Lett., 2018, 120, 177601.
19 Z. Hong, A. R. Damodaran, F. Xue, S. L. Hsu, J. Britson,
A. K. Yadav, C. T. Nelson, J. J. Wang, J. F. Scott,
L. W. Martin, R. Ramesh and L. Q. Chen, Nano Lett., 2017,
17, 2246–2252.
20 G. Y. Kim, K. Chu, K. D. Sung, H. S. Lee, S. D. Kim,
K. Song, T. Choi, J. Lee, J. P. Buban, S. Y. Yoon, K. H. Kim,
C. H. Yang and S. Y. Choi, APL Mater., 2017, 5,
066104.
21 S. Das, Y. L. Tang, Z. Hong, M. A. P. Gonçalves,
M. R. McCarter, C. Klewe, K. X. Nguyen, F. Gómez-Ortiz,
P. Shafer, E. Arenholz, V. A. Stoica, S.-L. Hsu, B. Wang,
C. Ophus, J. F. Liu, C. T. Nelson, S. Saremi, B. Prasad,
A. B. Mei, D. G. Schlom, J. Íñiguez, P. García-Fernández,
D. A. Muller, L. Q. Chen, J. Junquera, L. W. Martin and
R. Ramesh, Nature, 2019, 568, 368–372.

This journal is © The Royal Society of Chemistry 2019

View Article Online

Open Access Article. Published on 24 October 2019. Downloaded on 2/10/2020 11:59:21 AM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Nanoscale

22 W. Geng, X. Guo, Y. Zhu, Y. Tang, Y. Feng, M. Zou,
Y. Wang, M. Han, J. Ma, B. Wu, W. Hu and X. Ma, ACS
Nano, 2018, 12, 11098–11105.
23 G. Sanchez-Santolino, J. Tornos, D. Hernandez-Martin,
J. I. Beltran, C. Munuera, M. Cabero, A. Perez-Muñoz,
J. Ricote, F. Mompean, M. Garcia-Hernandez, Z. Sefrioui,
C. Leon, S. J. Pennycook, M. C. Muñoz, M. Varela and
J. Santamaria, Nat. Nanotechnol., 2017, 12, 655–662.
24 S. Kobayashi, K. Inoue, T. Kato, Y. Ikuhara and
T. Yamamoto, J. Appl. Phys., 2018, 123, 064102.
25 D. Karpov, Z. Liu, T. D. S. Rolo, R. Harder,
P. V. Balachandran, D. Xue, T. Lookman and E. Fohtung,
Nat. Commun., 2017, 8, 280.
26 A. M. Glazer and S. A. Mabud, Acta Crystallogr., Sect. B:
Struct. Crystallogr. Cryst. Chem., 2002, 34, 1065–1070.
27 X. N. Zhu, X. Chen, H. Tian and X. M. Chen, RSC Adv.,
2017, 7, 22587–22591.
28 E. Khestanova, N. Dix, I. Fina, M. Scigaj, J. M. Rebled,
C. Magén, S. Estradé, F. Peiró, G. Herranz, J. Fontcuberta
and F. Sánchez, Adv. Funct. Mater., 2016, 26, 6446–6453.
29 C. Kittel, Phys. Rev., 1946, 70, 965–971.
30 V. I. Marchenko, JETP, 1978, 47, 50938–50939.
31 G. Catalan, I. Lukyanchuk, A. Schilling, J. M. Gregg and
J. F. Scott, J. Mater. Sci., 2009, 44, 5307–5311.
32 B. Bein, H. C. Hsing, S. J. Callori, J. Sinsheimer,
P. V. Chinta, R. L. Headrick and M. Dawber, Nat. Commun.,
2015, 6, 10136.
33 P. D. Nellist and S. J. Pennycook, Ultramicroscopy, 1999, 78,
111–124.
34 J. B. Neaton and K. M. Rabe, Appl. Phys. Lett., 2003, 82,
1586–1588.
35 W. Tian, J. C. Jiang, X. Q. Pan, J. H. Haeni, Y. L. Li,
L. Q. Chen, D. G. Schlom, J. B. Neaton, K. M. Rabe and
Q. X. Jia, Appl. Phys. Lett., 2006, 89, 23–25.
36 P. Wu, X. Ma, Y. Li, V. Gopalan and L. Q. Chen, Appl. Phys.
Lett., 2012, 100, 092905.
37 C. L. Jia, V. Nagarajan, J. Q. He, L. Houben, T. Zhao,
R. Ramesh, K. Urban and R. Waser, Nat. Mater., 2007, 6,
64–69.
38 P. Zubko, N. Jecklin, A. Torres-Pardo, P. Aguado-Puente,
A. Gloter, C. Lichtensteiger, J. Junquera, O. Stéphan and
J. M. Triscone, Nano Lett., 2012, 12, 2846–2851.

This journal is © The Royal Society of Chemistry 2019

Paper

39 A. S. Sefat, G. Amow, M.-Y. Wu, G. A. Botton and
J. E. Greedan, J. Solid State Chem., 2005, 178, 1008–
1016.
40 J. Zhang, A. Visinoiu, F. Heyroth, F. Syrowatka, M. Alexe,
D. Hesse and H. S. Leipner, Phys. Rev. B: Condens. Matter
Mater. Phys., 2005, 71, 064108.
41 J. M. Kosterlitz and D. J. Thouless, J. Phys. C: Solid State
Phys., 1973, 6, 1181–1203.
42 R. Desbuquois, L. Chomaz, T. Yefsah, J. Léonard,
J. Beugnon, C. Weitenberg and J. Dalibard, Nat. Phys.,
2012, 8, 645–648.
43 J. Y. Choi, S. W. Seo and Y. Il Shin, Phys. Rev. Lett., 2013,
110, 22–26.
44 S. Lisenkov and L. Bellaiche, Phys. Rev. B: Condens. Matter
Mater. Phys., 2007, 76, 020102.
45 S. Das, A. Ghosh, M. R. McCarter, S. L. Hsu, Y. L. Tang,
A. R. Damodaran, R. Ramesh and L. W. Martin, APL Mater.,
2018, 6, 100901.
46 C. Zhao, H. Wu, F. Li, Y. Cai, Y. Zhang, D. Song, J. Wu,
X. Lyu, J. Yin, D. Xiao, J. Zhu and S. J. Pennycook, J. Am.
Chem. Soc., 2018, 140, 15252–15260.
47 B. K. Lai, I. Ponomareva, I. A. Kornev, L. Bellaiche and
G. J. Salamo, Phys. Rev. B: Condens. Matter Mater. Phys.,
2007, 75, 085412.
48 W. J. Chen, Y. Zheng, B. Wang, D. C. Ma and F. R. Ling,
Phys. Chem. Chem. Phys., 2013, 15, 7277–7285.
49 J. Lyu, S. Estandía, J. Gazquez, M. F. Chisholm, I. Fina,
N. Dix, J. Fontcuberta and F. Sánchez, ACS Appl. Mater.
Interfaces, 2018, 10, 25529–25535.
50 L. Li, X. Cheng, J. R. Jokisaari, P. Gao, J. Britson, C. Adamo,
C. Heikes, D. G. Schlom, L. Q. Chen and X. Pan, Phys. Rev.
Lett., 2018, 120, 137602.
51 S. Prokhorenko, Y. Nahas and L. Bellaiche, Phys. Rev. Lett.,
2017, 118, 147601.
52 R. Negrea, M. Hoﬀmann, M. Herzig, P. Lucian,
F. P. G. Fengler, T. Mittmann, T. Mikolajick, B. Max,
U. Schroeder and S. Slesazeck, Nature, 2019, 565, 464–467.
53 J. Kim, M. You, K. Kim, K. Chu and C. Yang, NPJ Quantum
Mater., 2019, 4, 29.
54 A. Fert, V. Cros and J. Sampaio, Nat. Nanotechnol., 2013, 8,
152–156.
55 X. Zhang, M. Ezawa and Y. Zhou, Sci. Rep., 2015, 5, 9400.

Nanoscale, 2019, 11, 21275–21283 | 21283

