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Ferroics, especially ferromagnets, can form complex topological spin structures such
asvortices'and skyrmions** when subjected to particular electrical and mechanical

boundary conditions. Simple vortex-like, electric-dipole-based topological
structures have been observed in dedicated ferroelectric systems, especially
ferroelectric-insulator superlattices such as PbTiO,/SrTiO;, which was later shown to
be amodel system owing to its high depolarizing field* 8. To date, the electric dipole
equivalent of ordered magnetic spin lattices driven by the Dzyaloshinskii-Moriya
interaction (DMi)*!° has not been experimentally observed. Here we examine a
domainstructureinasingle PbTiO, epitaxial layer sandwiched between SrRuO,
electrodes. We observe periodic clockwise and anticlockwise ferroelectric vortices
that are modulated by a second ordering along their toroidal core. The resulting
topology, supported by calculations, is alabyrinth-like pattern with two orthogonal
periodic modulations that form anincommensurate polar crystal that provides a
ferroelectric analogue to the recently discovered incommensurate spin crystals in
ferromagnetic materials" 2, These findings further blur the border between emergent
ferromagnetic and ferroelectric topologies, clearing the way for experimental
realization of further electric counterparts of magnetic DMi-driven phases.

Despite the fundamental difference in the origin and strengths of inter-
nal magnetic and electric fields, similar dipolar topologies are apparent
inbothferroelectrics and ferromagnets. The current understanding of
whatdrives these topologies is based onthe complexinterplay between
strain, electric and polarization gradient energies'. For example, polar
vortices have been discovered in thin ferroelectric films and extensively
studied in an environment that maximizes the depolarization field
generated by the surface charges in ferroelectric-insulator superlat-
tices™ 8. The use of insulating layers, however, hinders the integra-
tion of such heterostructures into devices that could make use of the
electronic characteristics of the complex topologies'®?. Ferroelectric
heterostructures with metallic contacts, which are much easier toincor-
porate into devices, have—so far—been shown only to stabilize more
common topologies, such as180° domains with localized polar vortices
at the domain walls® or flux-closure domains?,

Inmagnetism, non-collinear spininteractionssuch asthe Dzyaloshinskii-
Moriyainteraction (DMi) can trigger complex spin topologies that are
incommensurate relative to the crystal structure of the host mate-
rial. Such spin textures are described by several magnetic moment
windings coexisting along several directions. Examples include chi-
ral skyrmion lattices (double® or triple* Q) or the recently observed
incommensurate spin crystal phases (isotropic/anisotropic double Q)%.
Following the link between the topological dipole textures of ferro-
electrics and ferromagnets, can this analogy be extended to multiple-Q
incommensurate polarization textures? If it is possible, such a feat
could hinttowards the physical manifestation of an electric DMi, which
has recently been shown to be allowed by symmetry?. In this work,
we experimentally demonstrate ordered arrays of polar vortices in a

single thin ferroelectric film with metallicboundary conditions. Unlike
the vortex phases in PbTiO; (PTO)/SrTiO, (STO) superlattices, which
show translational symmetry along the vortex core*, we demonstrate a
previously undescribed topology with an extra periodic perturbation
along the vortex core that is an analogue of the double-Q magnetic
spin crystal phase®. Motivated by the magnetic counterpart, we sug-
gest either cycloidal or helical modulations as giving rise to this extra
periodic perturbation. Our simulations and experimental data point
towards a cycloidal winding.

Early theoretical results have shown that closure domains are very
effectiveinminimizing depolarization fieldsin ultrathin films of BaTiO,
(BTO) with SrRuO; (SRO) electrodes?”. We have extended these studies
within the density functional theory (DFT) framework and applied it to
thesimilar PTO/SRO system, inwhichin-planelattice strainisintroduced
through epitaxial matching to DyScO; (DSO). Bulk PTO has a much
larger unit-cell dipole (-90 uC cm) compared with BTO (-30 puC cm™),
suggesting that ahigher energy costis associated with any dipole rota-
tion. However, the polar map within the PTO layer, after relaxing the
cation-oxygen octahedra, shows a continuous rotation of the local
polarization that assemblesinto an ordered array of polar vortices, as
seeninFig.1a. Thus, thelarge electrostatic energy is minimized by local
rotations of surface dipoles, similar to ferromagnetic Kittel domains?,
The DFT model suggests that this energy-minimization pathway is
adopted even for metal-like boundary conditions such as those pro-
vided by SRO, which has a high charge density of around 2 x 10% elec-
trons cm™® and a screening length of only around 1-2 A (ref. ).
Whilst, in principle, SRO should provide better screening than STO,
our theoretical models show that it is still unable to screen the large
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Fig.1|Unit-cell-scale electric dipole topologies. a, Relaxed cation-oxygen
octahedradisplacements map of the (SrRuQ;), s/(PbTiO;); s system from DFT,
where 6.5and 5.5refer to the number of unit cells of the respective layer.

b, ADF-STEM image showing the distortions within the PbTiO; layer. ¢, Unit-cell

bound surface charges of the ferroelectric layer. Complex arrays of
polarization vortices might therefore also be expected to develop in
SRO/PTO/SRO structures.

Motivated by these promising DFT results, SRO/PTO/SRO trilayers
were grown on STO-buffered DSO substrates. Atomic force microscopy
(AFM) and transmission electron microscopy (TEM) studies confirm
the structural quality of the sample (Extended Data Fig.1). AsPTOis a
displacive ferroelectric, the polarization direction canbe determined
from the relative positions of the B-site cations and oxygen atoms®’.
Therefore the polarization can be mapped at a unit-cell level using
aberration-corrected scanning transmission electron microscopy
(STEM) (Fig. 1b). The experimentally determined polarization map
shows an ordered array of polar vortices (Fig. 1c) within the ferroelec-
tric layer. The main topological characteristics—that is, periodicity,
off-centre core, clockwise/anticlockwise pairsetc.—arein good agree-
ment with the DFT studies, despite the almost doubled thickness of
the PTOlayerinthe experimental sample. The observed vortex pattern
has anon-zero toroidalmomentG = (2N)'1Z,- r,x P,whichis parallel to
the vortex core. Here P;is the local dipole moment located at r;and N
is the number of dipoles™. The formation of polar vortices, as high-
lightedin Fig.1d, inwhich thelocal dipoles rotatein such away toreduce
boththe depolarizationandstray fields, avoids the suppression of the
ferroelectricity in the thin films®. Furthermore, the STEM data show
that the polarization topology is characterized by periodic pairs of
clockwise-anticlockwise vortices, with a periodicity of about twice
the thickness of the PTO film (-9-10 nm).

Any TEM analysis required to show domains on the nanometre level
necessarily has avery limited field of view. To explore the macroscopic
ordering of the polar domains more widely, we used X-ray diffraction
(XRD). The periodic structural distortions caused by the polar domains
will be apparent as satellite peaks in the vicinity of the layer Bragg peaks.
Because these domains are withinathin PTO layer, any satellites will be
extendedinthereciprocal space direction normalto the substrate. A3D
reciprocal space map (RSM) was recorded in the vicinity of the (002),,.
DSO reflections (Extended Data Fig. 2a), with Q,, Q,and Q, coincident
with the [HOO],,., [OKO],. and [0OL],,. directions (where pcindicates
pseudocubic indices). Satellites arising from periodic lattice distor-
tions canbe observed clearly in Fig. 2a-c. Streaks of satellite intensity,
centred around Q,= 3.1 A7 (layer Bragg peak) can be seenin the projec-
tionsinto the Q,-Q,and Q,-Q, planes (Fig. 2a, b), whichbecome clearer
when projected into the Q,-Q, plane (Fig. 2¢). Surprisingly, instead of
only one periodicity, we find a second periodicity coexisting within
the PTO layer, perpendicular to the first. Along Q,, the satellites are
separated by AQ, = 0.071(1) A}, corresponding to an in-plane perio-
dicity of 8.85(6) nm along the [100],,. direction. The periodicities in
the [010],. direction are less well defined, but have a separation of
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polarization map of the ADF-STEM image showing the local structure of the
polarization pattern.d, Enlarged region marked by the dashed boxinc,
showing the vortices formed by the polar structure. Thescalebarsin
bandcare2.5nm.

Fig.2|Macroscopicordering.a, Q,versus Q,RSM.b, Q,versus Q,RSMalong
the perpendiculardirectiontothatina.c, Q,versus Q,RSMshows the
in-plane satellite distribution correspondingto the in-plane domain
patterns.d, Cross-sectional DF-TEM close to [100],. with the g =020,
diffraction condition showingintensity modulations with a period of about
8.5nm. e, Cross-sectional DF-TEM close to [010], withg = 002,.. See Extended
DataFig. 3 for details of theimaging conditions. The scalebarsind and e are
10 nm.
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Fig.3|Plan-view TEMimaging. a, Plan-view DF-TEM imaging of (SrRu0O,),,/
(PbTi05),5/(SrRU0,),, trilayers, which shows the intricate domain pattern
formed by two coexisting periodicities along [100],.and [010],,.. The inset
shows the SAED pattern with the excited g, =110,,. vector. Close inspection of
thediffraction spots (boxed area) shows satellite decorations, similar to the
X-ray data Q, versus Q,RSM. b, Noise-filtered image showing intensity

AQ,=0.078(5) Aand, hence, real-space periodicities of about 8 nm.
Hints of further periodicities, also along the Q,and Q, directions, but
with length scales of about 20-30 nm, can be seen in the tails of the
central spotin the Q,-Q, plane (Extended Data Fig. 2c-h).

Dark-field TEM (DF-TEM) images of the same (010),. and (100),,. cross
sections were used to show the real-space arrangement of the PTO distor-
tions (Fig. 2d, e). Periodic structures can also be observedin these TEM
data along both [010],,. and [100], directions (Extended Data Fig. 3),
with periodicities of about 8.5 nmand 7-10 nm, respectively, which are
infull agreement withthe periodicities determined from the X-ray data.

Therefore, regardless of the size of the investigated volume, the
preparation of the sample or whether the analysis was performed in
real or reciprocal space, two periodic structures with similar repeat
lengths of about 8.5 nm are seen simultaneously in the [010],,. and
[100],. directions. Further analysis of these periodicities was performed
using plan-view TEM imaging. Dark-field diffraction contrast and elec-
trondiffraction patterns, taken from thin sections of the TEM specimen,
areshowninFig. 3a. The g, =110,,.imaging condition shows a labyrin-
thine domain structure®>* with two periodic components, running
along the [100],. and [010], directions. The width of the domains is
about9-10 nmand they extend for several tens of nanometres. These
widths are slightly larger than those seen in the cross-sectional TEM
and XRD, whichis most probably because of strain relaxation when the
substrate is thinned. Selected-area electron diffraction (SAED) pat-
terns (upper-left inset of Fig. 3a) also show incommensurate satellite
peaks along the [010],. and [100],,. directions. These data are directly
comparable with the macroscopic XRD datain the vicinity of the Bragg
(002),.. The SAED patterns are highly anisotropic, with satellite peaks
confinedto the principal axes [h00] and [0kO], with no scattering along
other in-plane directions, in agreement with the XRD. Furthermore,
images taken under two beam conditions g, =100,.and g, = 010, show
the two periodic structuresindependently (Extended DataFig. 4b, c).

Thelabyrinth structureimaged under the g, =110,,. excitation seems
to initially consist of uniform domains oriented along [100],. and
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modulations along theindividual domains. Theinset graph shows the
probability distribution of finding a certain modulating period of the
individual domains parallel to [100],,. (red) and [010],,. (green), respectively.
c,Magnified areashows thelocally ordered modulated domains. The scale bars
are100 nmfora, 30 nmforband10 nmforc.

[010],.. A bandpass filter was used to enhance the features within the
domains themselves (Extended Data Figs. 5 and 6), which appear as
further perturbations within the labyrinth structure, regardless of the
orientation (Fig. 3b). There is a slight directional dependence of the
modaulating period, with periodicities of 9.2 nm and 8.2 nm along
the [010],. and [100],, directions, respectively (inset of Fig. 3b).
The juxtaposition of the labyrinth and the modulations within the
domains themselves generate alocal rectangular lattice of alternating
contrast but, owing to the complexity of the domain pattern, ordering is
only shortranged (Fig.3c). This rectangular lattice was also reproduced
within DF-TEM simulations using the Howie-Whelan equations®, where
we assume that the second modulation occurs perpendicular to the
vortex-propagation direction (Extended Data Fig. 7, Supplementary
Information).

So far, the results indicate that the ferroelectric domain pattern
needs to be characterized by two perpendicular modulations, each
described by a Q vector: one determining the periodicity of vortices
and the other breaking the uniformity of the domains, leading to a
double-Q-modulated state. Such incommensurate phases, triggered
by several Q vectors, are found in magnetic materials>**. For example,
chiral skyrmions®are described by triple-Q cycloidal modulations. The
interplay of only two orthogonal periodic modulations results in the
so-calledincommensurate spin crystals*2?, for which the periodicities
areinterwovensuch that they permeate all space within the magnetic
materialand noregion can be described by one periodicity alone. The
magnetic spin-crystal phases are stabilized by the non-collinear spin
interactions, such as the DMiZ.

An electric DM-like interaction, which could stabilize our observed
double-Q-modulated state, hasbeen put forward by Zhao et al.?®. Here
the DM energy involves trilinear couplings between oxygen octahedra
and atomic displacements. For bulk PTO, the atomic displacements
arelinked toits polar nature but there is no inherent tilting of the BO,
octahedra. Our DFT simulations, however, show that the PTO/SRO
interface causes the first layers of PTO to show pronounced in-phase



octahedratilts in the first two unit cells, on top of the Néel winding of
the dipoles, owing to the vortices themselves (Extended Data Fig. 8).
Although the direction of amagnetic DM vectoris dictated by the crys-
tal symmetry'®, the components of an electric DM vector depend on the
axes around which the oxygen cage is rotated”. Oxygen octahedral tilt
propagation fromthe SROinto the PTO could enable the oxygen octa-
hedrarotationsto coupleto the Néel character of the surface dipoles,
resultingin DM-like interactions as a source of the second modulation
we observe. This interface-induced effect would be analogous to the
DMi induced by interfacial symmetry breaking in ferromagnets®***",

Onthebasis of the TEM and XRD data presented above, we consider
that the ferroelectric polarization orders itself in a domain pattern
similar to the magnetic incommensurate spin crystal phases given
by two perpendicular periodicities, namely, the incommensurate
spin crystal1(SC1)*. Althoughitis very clear that the observed struc-
ture has two coexisting modulation vectors, acomplete model of the
variation of polarization and strainin three dimensions still remains
to be determined, because we can only observe periodicities using
diffraction and a projection of the structure using transmission
microscopy. The plan-view TEM dataindicate that the weaker modu-
lation produces periodic displacements that are parallel to the vortex
core, butit remains to be determined whether this occurs by cycloi-
dalmodulations, such as Q.= C_ sin (gx) €jyoo; + C. cOS (qx) €[goy; (With
x defined as the e, coordinate component of the position vector),
orsome other—more complicated—interactions. For example, using
our DFT simulations to build a 3D vortex array (Fig. 4a), we obtain
identical plan-view projections by adding a helical modulation, given
by Q;,= G sin (gx)eg 01 + C, €OS (Gx) €[goy (Fig. 4b) or cycloidal modu-
lation (Fig. 4c). Projections of the 3D polarization model into the
[001],.-[010],,. and [010],.-[100],. planes show that both modula-
tions preserve the vortex pattern in the cross-sectional [001] .-[010],,.
plane (Extended DataFig.9), but only the cycloidal model reproduces
the expected atomic displacements in both the [001] ,.-[010],,. and
the [010],.-[100], planes.

Further evidence supporting the cycloidal-like interaction can be
extracted from X-ray circular dichroism (CD) experiments. We used
non-resonantscatteringand investigated the 2D topologies withthe sam-
pleorientated suchthateither the [100], /[001], or the[010],. //[-110],
direction was in the scattering plane (see Extended Data Fig. 10a, b).
Measurement of the CD under rotation of the sample by 180° shows a
weak dichroicsignalwhenthe [100],. directionisinthescattering plane,
but—crucially—no dichroic signal on rotating the sample by 90° (see
Extended Data Fig. 10c, d). We therefore conclude that the interaction
potential giving rise to the second modulation does not containtermsinQ
proportional to ey, thereby suggesting that the interaction s cycloidal.

Insummary, we have shownthat ordered arrays of topological features
such as polar vortices also formin a ferroelectric environment, even
where the depolarization field is reduced by the choice of metallic SRO
electrodes. Moreover, the ferroelectric polarization generates a new
ordered phase described by a double-Q modulation that combines a
vortex state with a sinusoidal modulation. Although TEM and XRD can-
notdistinguish between the helical and cycloidal modulations, DFT and
dichroism pointtowards a cycloidal double-Qstructure. Such atopology
mimics, in detail, the incommensurate spin crystal phase SC1 recently
found in magnetic materials. The presence of such a double-Q struc-
ture would require an electric counterpart of the magnetic DMi, which
hasbeen suggested by Zhao et al.?. Such an electric DMi could provide
the phenomenological explanation of the emergence of magnetic-like
phasesin ferroelectric systems. Given the similarity to the magnetic spin
crystals, we chose here the simplest model to explain the data. However,
we cannotrule outalternative, more complex topologies that would yield
similar double-Q structures. Further advanced modelling and simula-
tionwould be necessary toidentify the exact polarization pattern such
complexinteractions would produce and which advanced experimental
methods will be needed to uniquely evidenceit.

Fig.4|Double modulation. a, Pseudo 3D representation showing plan and
frontviews through regular polar vortices. b, Vortex arrays with asecond
helical modulation along the vortex core. ¢, Vortex arrays withasecond
cycloidal modulation along the vortex core. The colour bar maps the
projection of the dipole along [001]: white regions contain dipoles oriented
parallelto[010], whereas red and blue regions describe dipoles oriented
parallel (red) and antiparallel (blue) to [001].

Our findings provide a potential pathway for technological exploita-
tionand afertile framework for further fundamental studies explor-
ing physical phenomena. Such studies would pave the way for the
exploration of complex ferroelectric topologies triggered by the
electric DMi, similar to topological spin textures found in ferromag-
nets. Along with the discovery of polar vortices and skyrmions, our
findings further blur the border between emergent ferromagnetic
and ferroelectric dipole topologies. Understanding of the funda-
mental similarities between the manifestation of spin textures across
multiferroics is still lacking; however, our findings provide further
evidence for the potential of the ferroelectric systems to mimic their
magnetic counterparts. Complex topological structures are not native
to magnetism, presenting themselves throughout the sciences®*.
The understanding gained from investigations of the fundamental
mechanisms within multiferroics extends far beyond applications
in condensed-matter physics.
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Methods

DFT simulations

The calculations were performed using the Quantum ESPRESSO
suite** plane-wave code with the generalized gradient approximation.
The exchange-correlation functional is in the Perdew-Burke-Ernzerhof
parameterization*?, adapted for solids, PBEsol. We used Vanderbilt
ultrasoft pseudopotentials with elements having their valence states
composed of: Pb 5d10 652 6p2,Sr 452 4p6 4d15s15p0, Ti3s23p6 4s23d2,
Ru 4d7 551 5p0 and O 2s2 2p4. The integration of the Brillouin zone is
performed over an automatically generated Monkhorst-Pack** k-mesh
with a Gaussian smearing of 0.01 eV. The kinetic energy cut-offis 70 Ry
and 450 Ry for the charge density.

Allsystems have 6.5 unit cells of SRO and 5.5 unit cells of PTO (along
the zaxis). To allow the polarization to form domains, we built a super-
cell with one unit cell along the y axis, NV, =1, and ten unit cells along
thexaxis, N,=10.Herethe zaxisis out of plane and the xand y axes are
orthogonalin-plane directions. The in-plane lattice constantis set equal
toDSO, which, in the pseudocubic setting, is 3.953 A. Atomic relaxations
of bulk PTO and SRO were carried out under the strainimposed by the
substrate, with the resulting unit cells used to construct the supercell.
Using the PBEsol functional, the relaxed unstrained bulk PTO unit cell
yields lattice constants equaltoa =3.873(1) and c = 4.218(A), resulting
inac/aratio of 1.089 (that is, within 1.7% error of the experimental
value*®). The SRO thickness was chosen such that the PTO layer was
decoupled fromits periodic images*.

Spin-orbit coupling is very weak for PTO and was not considered.
Hubbard corrections were not used. The supercell forces converged
to less than 80 meV A per atom (600 atoms).

Materials

We used lead titanate (PTO), strontium titanate (STO), strontium
ruthenate (SRO) and dysprosium scandate (DSO). DSO is aband insu-
lator*” with an orthorhombic unit cell belonging to the Pbnm space
group with lattice parameters equal to a=5.4494 A, b=5.7263 A and
c=7.9132 A.STOis abandinsulator** with a cubic unit cell with alattice
constant a = 3.905 A and space group Pm3m.SRO is a metal* at room
temperature with a crystal symmetry that belongs to the orthorhom-
bic Bravaislattice described by the Pbonm space group and lattice param-
etersa=>5.5684 A, b=7.8425Aand c=5.532 A. PTO is a ferroelectric
with a Curie temperature of 490 °C and has a tetragonal unit cell*®
described by the P4mm space group with a =3.904 Aand c=4.178 A.

Film growth by pulsed laser deposition

DSO (110),-oriented substrates with amiscut angle of <0.05° were pre-
pared by thermal annealing at1,030 °Cfor 2 hin an oxygen-rich atmos-
phere. Epitaxial SRO/PTO/SRO film structures were deposited onto
the STO-buffered DSO (110), substrates using reflective, high-energy,
electron-diffraction-assisted pulsed laser deposition, which enabled
precise control of the layer thickness. The thickness, growth tempera-
ture and laser fluence for STO/SRO/PTO/SRO are 10/11/13/11 unit cells,
600/670/600/600 °C and around 1/0.8/1/0.8 ) cm, respectively. The
laser repetition rate was 3 Hz for all layers, at 0.1 mbar oxygen pressure.
The cooling rate was 20 °C min™ in 200 mbar of O,. The PTO target is
anin-house compressed and sintered pellet with 10% lead excess to
compensate for the high lead volatility during growth at 600 °C.

X-ray studies

Diffraction studies were carried out at the 116 beamline of the Diamond
Light Source using energy 8.04 keV and aspot size of 200 um x 60 pm
(h xv). The sample was mounted on the six-circle kappa goniom-
eter with a Pilatus 100K Area Detector and orientated using the
substrate. For simplicity, we refer to the planes and directions in the
pseudo-cubic setting, which have the following epitaxial relation-
ships: [110], =[001],; [001], = [100],; [-110], = [010],... Dichroism

experiments were performed at 7.7 keV on beamline 4-ID-D at the
Advanced Photon Source, Argonne National Laboratory, with the
circular polarized light generated using a diamond phase retarder.
Lab-based XRD studies were also performed using a PANalytical X'Pert
Pro MRD diffractometer with Cu K, radiationand an1D PIXcel detector.

Sample preparation for electron microscopy studies

STEM and cross-sectional DF-TEM samples were prepared using the
TESCAN FIB-SEM system. The sample was flat polished, starting with
anion energy of 30 keV, before decreasing to 2 keV for the final pol-
ish. Plan-view DF-TEM samples were flat polished on an Allied High
Tech MultiPrep to 30 um, followed by further thinning in a Gatan
Precision lon Polishing System with starting energy 6 keV, which
decreasedto100 eV for final cleaning. STEM images wererecorded ina
double-CEOS-corrected Schottky emission JEOL ARM20OF microscope
operating at200 kV. Annular dark-field (ADF) signals were collected in
therange 45-180 mrad, with a probe forming a convergence semi-angle
of 21 mrad. For accurate position/displacement measurements, each
imageis reconstructed from several orthogonal fast scans, which were
aligned for rigid and non-rigid distortions using the SmartAlign rou-
tines®. Atomic positions were then found using nonlinear least squares
fitting of 2D Gaussian functions including contributions from nearest
neighbours. Diffraction contrastimages were recorded with two-beam
conditions on aJEOL 2100 transmission electron microscope with a
LaB, filament operating at 200 kV.

Diffraction contrast simulations

Contrastindark-field TEMimages is primarily produced by the internal
strain field of the vortex structures. Some insight into these strain
fields can be obtained by choosing different g vectors, as the only
components that contribute to contrast are parallel to g. A simple
two-beam Howie-Whelan simulation reproduces the essential fea-
tures of theimage (Extended DataFig. 7). A vortex, with displacements
perpendiculartoits line direction u, appears as aline of contrast per-
pendiculartogand becomes invisible when gis parallel tou. The coex-
istence of two modulations is therefore confirmed by the dark-field
g=100,.and g = 010, images, which show continuity of structures
inboth directions.

Film structure characterization

The surface of the films resulting from pulsed laser deposition were
studied using AFM, which showed atomically flat layers, as seen in
Extended DataFig.1a. The vicinal structure,imposed by the substrate
miscut angle (-0.003°), is retained through all the component layers.
The vertical step between adjacent terraces is about 4 A (1 unit cell)
and the roughness of each terrace is below 1 A.

A low-maghnification, cross-sectional STEM image of the sample is
shownin Extended Data Fig.1b. The STEM data show the well-defined
and smooth layers, with layer thicknesses as expected from the nomi-
nal structure.

Reciprocal space mapping

Thesample was aligned onallinstruments with the Q,, Q,and Q, direc-
tions coincident with the [h00],, [0kO],.and [00l],,. crystallographic
directions. Scattering from volumes of reciprocal space were recorded
in the vicinity of the 002,. and 103, reciprocal lattice points and are
presented in Extended DataFig.2a, b, respectively, with the103, data
recordedonalaboratory source and the 002,  dataonI16 at Diamond
Light Source.

Crystal truncation rods (CTRs) around the substrate peaks contain
the collective reflections fromall the layers. Around both the symmetric
(002),. and the asymmetric (103),,. reflections, the CTRs are found at
the same in-plane Q as the substrate peak, showing that all layers are
fully strained to the substrate, with identical in-plane lattice constants
for all the layers.
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To extract the real-space periodicities from the location of satellite
peaks, the 3D scattering volume was first collapsed into 2D maps by
integrating along the third reciprocal direction to produce Q,-Q,, Q,-Q,
and Q,~Q, RSMs (Extended Data Fig. 2a). Then, we plot the intensity
distribution along the relevant directions as shown in Extended Data
Fig.2c-h.

We start by considering the collapsed Q,-Q, full RSM (Extended
Data Fig. 2c), which contains the surface CTRs at Q, = 0 and streaks
of intensity centred on Q, = +0.07 A arising from the periodic struc-
ture. Extracted 1D Q, scans determined at Q, = O and the first-order
satellite peak (Q,=0.07 A™) are shown in Extended Data Fig. 2d.
The surface CTRs are dominated by the substrate reflection
at Q,=3.119 A but the layer peaks can be seen as shoulders at
Q,=3.108(2) A'and Q,=3.224(2) A\ The extracted CTRs recorded
at the satellite reflection scan show two peaks: the first—and most
intense peak—is centred at 3.108(2) A, with the second centred at the
first-order interference fringe. The zero-order peak shows that the
periodic structures are contained in a layer that has an out-of-plane
lattice constant of about 4.05(2) A. The width of the peakis broad and
about 0.120(5) A" and is a direct measure of the layer thickness from
which the satellite originates. In this case, this corresponds to a layer
thatis 5.25(15) nmthick. Both the average out-of-plane lattice constant
and the layer thickness indicate that the host layer to the diffraction
satellitesis the ferroelectric PTO layer.

More detailed analysis of the periodic functions along the [100],,
direction can be obtained by considering extracted scans in Q,.
Toimprove the signal-to-noise ratio, the Q,line scans shownin Extended
DataFig. 2e were calculated by integrating a region of Q,, as shown by
the highlighted box in Extended Data Fig. 2¢c. The resulting 1D plot of
the diffraction intensity along the Q, direction shows the first-order
andsecond-order satellite peaks and their widths, as seen in Extended
DataFig. 2e. The extent of the long-range order can be obtained from
the width of the satellite peaks. Along the Q, ([100],,.) direction, we
estimate the domains to have a coherentlength of approximately 45 nm.
However, as the second-order satellites have a width roughly twice
that of the first-order satellites, there must also be some dispersion
in the periodicity leading to further peak broadening. There are also
indications of further periodicitiesin the tails of the central Bragg peak
around 0.02 A™, corresponding to a periodicity of 30 nm.

Exploring the periodicities along the [010],,. direction follows a
similar process, but—this time—initially integrating the intensity in
Q, to produce a Q,-Q,RSM (Extended Data Fig. 2f) before extract-
ing a cut in Q, by integrating Q,, shown in Extended Data Fig. 2g.
This cutinreciprocal space shows broad satellite peaks with aspacing
of about AQ,=0.078(5) A™and periodicities of approximately 8 nm.
Second-order satellites are absent, indicating that—along this direc-
tion—they areless well ordered thanin Q,. Nevertheless, the full width
at half maximum of the satellite peaks is 0.03 A, showing a coher-
entlength of about 20 nmin the Q, direction. As in the Q, scan, hints
of further periodicities can be seen in the tails of the central peak at
reciprocal space values of 0.022(5) A™, corresponding to features with
periodicities in the 22-28-nm range.

Thediffraction from the periodicarray is more easily seenina Q,-Q,
RSM, in which the data collapse has been achieved by integrating
the intensity along Q, (Extended Data Fig. 2h). In all projections, we
observe periodicities of about 8-8.5 nmalongthe principal [h00] and
[0kO] axes, with a spatial extension of about 45 nm and about 25 nm,
respectively, along with further short-ranged periodic features of about
22-28 nm coexisting in the sample.

DF-TEM analysis

Whereas XRD studies show features originating from periodic pertur-
bations localized within the PTO layer, this technique cannot provide
clear real-space information about the local atomic displacements
and, hence, the polarization distribution. To obtain more information

aboutthelocal structure, we use DF-TEM to visualize and analyse these
lattice perturbations. In Extended Data Fig. 3a, b, we show dark-field
images ofa (100),. cross-sectionspecimenunder g =020,.andg= 002,
excitation conditions. Under the g = 020, excitation, the dark-field
contrast shows a sinusoidal pattern along [010],,., which is produced
by amodulation of the in-plane component of the internal strain field
(and, hence, polarization). Furthermore, under the g = 002,,. condi-
tion, we see that the dark-field contrast shows features of alternating
bright/dark regions, corresponding toa modulation of the out-of-plane
componentoftheinternal strain fields. These characteristics are con-
sistent with those found in PTO/STO superlattices, which show pairs
of clockwise-anticlockwise vortices™. Along the perpendicular [100],,.
direction (Extended Data Fig. 3c), the diffraction contrast (g = 002)
shows short-ranged periodic features, with periodicities that match
the XRD data.

To study how the two cross-sectional periodicities are interwoven,
plan-view dark-field studies were performed on samples with most of
thesubstrate milled away to allow the sample tobe electrontransparent.
Extended Data Figure 4a shows a low-magnification image of the
periodic structures under g, = 110,,.. A labyrinth pattern is observed
that comprises interwoven domains that run along the principal axes
[100],. (Q,) and [010],. (Q,), with periodicities of about 9-10 nm.
Theslight discrepancy between X-ray and TEM periodicities probably
arises from strain relaxation because of having milled away most of
the substrate. Nevertheless, from the X-ray analysis, we determined
that the periodic structures (periodicities of about 9-10 nm) along Q,
and Q, have a coherent length of about 45 nm and 22-28 nm, respec-
tively. The plan-view DF-TEM shows the real-space domain pattern,
and these values are shown to relate to the average length of the indi-
vidual domains running along the [010],. and [100],,. directions (inset
of Extended Data Fig. 4a).

Conveniently, the g, vector canbe decomposed into orthogonal com-
ponents, g, =100,.and g, = 010, which highlight the two modulations
independently (Extended DataFig. 4b, ¢). Plan-view dark-field images
taken under g, and g; excitation vectors show periodic structures of
about10 nm perpendicular to the excitation vector. The periodic char-
acterisreflected by satellite decorations around diffraction peaks, as
seenintheinset of Extended DataFig. 4b, c.

To improve the signal-to-noise ratio, a bandpass filter was used on
the 2D Fourier transform. This way, we impose a frequency cut-off for
the random high-frequency signal that is related to the noise in the
system. Ultimately, we allow for frequencies of 0.015 < |Q| < 0.16 nm™,
which correspond toreal-space periodicities of 67 > |[R| > 6.3 nm. This
enables periodicities within this interval to manifestin the real-space
image. The 2D Fourier transforms show that all Fourier satellites are
well withinthe bandpassfilter. Asseeninthe succession ofimages from
Extended Data Fig. 5a-c, the bandpass filter cleans the data showing
intensity modulation along the individual domains.

Line profiles along the brighter contrast pattern (Extended Data
Fig. 6a) and darker contrast structures (Extended Data Fig. 6b) show
periodic intensity modulations in both unfiltered and filtered data.
Suchintensity modulations are present regardless of the local structure
and have the same periodicity in both the filtered and the unfiltered
data. This shows the effectiveness of the bandpass filter used to clean
the signal and provides further evidence that the filtering process does
notinduce furtherartefacts but only removes the high-frequency noise.

Two-beam diffraction contrast simulations

Togive someindication of the probable contrast of anarray of vortices
in DF-TEM, we performed diffraction contrast simulations within the
two-beam Howie-Whelan formalism. Although this does not reproduce
contrast in images taken with alarge deviation from the Bragg condi-
tion—thatis, weak-beam dark-field images—it gives anindication of the
strength of the contrast and its sensitivity to different choices of diffrac-
tion vector. We simulate a2D array of perfect vortices with displacement



R,givenby R = Ad"exp(-ad"), where dis the distance from the vortex core,
with parameters n=1.15and a = 0.6 chosen to match those observedin
our cross-section atomic-resolution ADF-STEM images.

Asshownin Extended DataFig. 7, the simulated contrast of a vortex
array is areasonable match with experimental images in that a vortex
appears as a single line of contrast that lies perpendicular to the dif-
fraction vector. Experimentally, we observe vortex arrays visible in
bothg=100,.and g =010, directions, but those running along [100],,.
give weaker contrast than those running along [010],,.. We therefore
choose the magnitude of the displacementas A = 0.03 for vortices along
[010],.andA=0.003 for vortices along [100],,.. This givesamodulated
contrastinaFourier-filtered g =110,.image thatis areasonable match
with experiment. The simulations were performed using an in-house
script that can be found on GitHub (https://github.com/WarwickMi-
croscopy/Howie-Whelan_Polarisation-vortex). For further details about
the simulations, see the Supplementary Information.

PTO/SRO interface (DFT)—oxygen cage tilt analysis

The property that no region of space within the ferroelectric can be
described by one periodicity alone can be inferred from the X-ray
RSM and the TEM plan-view dark-field contrast data. Whereas this
characteristic has not been observed in ferroelectrics, it is uniquely
found in DM-stabilized magnetic domain topologies. The similarity
between these topologies raises the question whether these structures
are mediated by an interaction that is similar in form to the magnetic
DM coupling. In a recent publication, Zhao et al.?® have put forward
the possibility of specific couplings that canresultin non-zero DM-like
energies. Such couplings have the form of trilinear products between
oxygenoctahedratilts and nearest-neighbour displacements. In PTO,
the displacement direction of the B-site relative to its oxygen cage
indicates the direction of the polarization®® and allows the two to be
fundamentally linked.

Polar vortices are not unique to PTO/SRO trilayers and they can be
readily observed in STO/PTO/STO structures® as aresult of the interplay
between strain, gradient and electric energies. Unlike STO, SROis a
material that shows oxygen octahedra rotation*. Earlier works have
shown that tilted structures can induce tilts in non-tilted structures
through the interface proximity>,

Such behaviour is reproduced in our DFT supercell, as seen in
Extended Data Fig. 8. At the interface with SRO, the PTO shows pro-
nounced in-phase octahedra tilts localized to the first two unit cells,
ontop ofthe Neel winding of the dipoles because of the vortices them-
selves. Although the supercell does not allow for tilts along all three
directions, one could argue that the interface of PTO willundergo even
more complex structural distortions, with oxygen tilts along all three
axes*, whichare shown to couple to the polar distortions*® This mecha-
nismistriggered by theinterface,inamanner similar to the interfacial
DMi in magnets®?,

Model-experiment comparison

In the cross-sectional STEM, the recorded image necessarily shows
the projection of all the atoms within the volume that interact with the
electronbeam. Considering thatall the layers (STO, SRO and PTO) have
apseudo-cubic crystal symmetry, the sample is aligned in such a way
that the main crystallographic axes [100],. and [010],. are parallel to
the electron beam. As aresult, the displacement maps show an aver-
age of the spatial distortion throughout the sampling volume (that is,
the thickness of the sample that the columns of atoms—parallel to the
beam—are subjected to).

Onthe basis of the XRD and the TEM data, we have built 3D polari-
zation models that consider a double-Q modulation of the polariza-
tion vector field. One Q vector is associated with the vortex ordering
and the second describes the modulation along the vortices, which
is either cycloidal, Q.= C_sin (gx) ej;p9; + C. cOs (x) €0y, OF helical,
Q= Cy,sin(gx)eo;0) + Cp, cOs (gx) €jgoy,Where xis the e,y coordinate

component of the position vector. To check the validity of our
models, we compare the projected polarization pattern along both
[100],. and [010],, directions with the experimental STEM polariza-
tion maps. The projectionis achieved by averaging the polar vectors
along the viewing direction. On the basis of the XRD data, we know
that there are two coexisting orthogonal periodicities, with different
strengths. With respect to this, one modulationis set to strength one
and the helical-like/cycloidal-like modulation has C;,and C,set to 0.7.
Thevalueof gissettooneanditisused only to have adimensionless
gx product.

Extended Data Figure 9a, b show the atomic displacements when
viewed along the [100],. and [010],. directions. Experimental data
(toprow) are compared with projections of 3D theoretical calculations
from possible topologies onto the same axis. The helical and cycloidal
modulated vortex models show that the vortex structure is retained
along the [010],,. direction. Along the [100],. direction, however, the
experimental data show that the displacements throughout the thick-
ness of the PTO is mostly confined into either up or down domains.
Nevertheless, some areas within the layer show that the displacements—
and hence polarization—rotate continuously between these domains.
Thisbehaviouris reproduced only by the cycloidal modulated vortices
and is not found for the helical-like modulation, as it does not allow
for in-plane rotation of the polarization vector. An alternative model
where the second modulationis given by asecond array of ideal vortices
perpendicular to the first would produce atomic displacements with
vortices along both the [100],,. and the [010],,. directions, and is not
observed experimentally.

Theseresults provide evidence that the periodic intensity oscillations
along the domains shown in Extended Data Figs. 4-6 will probably
emerge froman ordered array of polar vortices modulated by asecond
Qvector characterized by a cycloidal displacement pattern.

X-ray dichroism experiment

Information about possible helicities within the 2D array can be
extracted from a non-resonant study of the samples using circularly
polarized photons. The sample was orientated such that the [100],,.//
[001], direction is in the scattering plane and along the beam direc-
tion at the azimuthal angle 0°. Experiments were performed at four
azimuthal angles, 0°,90°,180° and 270°. At each azimuth, rocking
curves within the scattering plane were used to measure the satellite
reflections along the H and K directions. Our experimental results
are shown in Extended Data Fig. 10a, b. At each point in the scan, the
intensity was recorded separately for eachbeam helicity and for fixed
monitor count. The resulting ‘sum’signal is obtained by averaging the
measured intensities for the two helicities and the CD determined
fromthe difference signal, normalized to the sumssignal. The sum data
in Extended Data Fig. 10a, b are fully consistent with the XRD studies
reported previously, with the satellite reflections stronger when the
[100],. //[001], directionisin the scattering plane.

The measured CD signal contains amix of components that can be sep-
arated by recording the CD intensity at two azimuthal angles separated
by 180° and looking at either the difference or the sum of the recorded
CDintensities. This generates a second pair of dichroic signals: either
(CDg % CD;g0)/2 01 (CDyq £ CD5y0)/2, depending on which crystallographic
directionis being analysed. The (CD, — CD;5)/2 or (CD4, — CD,;)/2 data
yield information on any time-reversal symmetry-breaking terms. Inthe
third panel of Extended Data Fig. 10, we show this extra dichroic signal,
demonstrating asymmetry-breaking signal along the [100], direction
and highlight that it has the same sign and magnitude when measured
ateither the +1 or the —1satellite position.

InExtended DataFig.10c, d, we present the processed results of the
CDdata. Asthe datafrom the two satellites arein excellent agreement,
we can consolidate the data and reduce the uncertainties. We first
focus on the dichroic signals ((CD, — CD,40)/2 and (CDoo — CD,;0)/2).
When the sample is orientated with [100] . in the scattering plane,
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we see a (weak) dichroic signal, which disappears on rotation of the
sample by 90° when the [010],. direction is in the scattering plane.
Thelack of adichroicsignalinthe [010],. direction is either the result
of no symmetry-breaking terms or two terms of equal but opposite
sign that cancel completely.

By contrast, the (CD, + CD;50)/2 and (CDy, + CD,,,)/2 signals are
remarkably consistent for the two sample orientations. As the meas-
ured linear polarization content was very small, we rule out the sig-
nal as arising from linear dichroism or a simple polarization factor.
One possible explanationis that this signal originates from natural CD
from the underlying birefringence of the material, which is invariant
under sample reversal.

The data show that there must exist a strain modulation along the
[100],. direction that breaks time-reversal symmetry as the sampleis
rotated by 180°. Of the two proposed mechanisms for the second
modulation, it is only the cycloidal modulation of the form
Q.=C_sin(gx) epp; + C. cOs (gx) €gg; that has the correct propa-
gation vector and symmetry required. The observed CD dataare con-
sistent with the (CD, — CD,5,)/2 dichroic signal originating from a small
scattering volume and support the overarching hypothesis that the
second modulation might be driven by an electric DMi thatis localized
attheinterfaces.

Data availability

The data that support the findings of this study are available at the
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002,.Bragg peak. The side panels show the 2D projected intensity of the space map Q,versus Q,.g, Theintegrated (boxed area) line profile shows weak
recordedscatter.b, RSMaround the asymmetricreflection (103),,.. first-order satellite peaks corresponding to a periodicity of about 8.05 nm.
¢, Reciprocal space map Q, versus Q,.d, Comparison plot of the extracted Q, h, Plan-view projectionintoaQ, versus Q,RSMmap with extracted line scans

scanatQ,=0and Q,=0.07 A e, Integrated (boxed area) line profile showing showing thein-plane distribution of the satellite peaks.



Extended DataFig. 3| Cross-sectional DF-TEM. a, Image of a (100),,. cross section taken under the g = 020, excitation condition. b, Image of the same (100),,. cross
section taken under theg =002, excitation. ¢,Image of a (010),,.cross section (that is, cutat 90° fromaand b) taken using g =002,,.. The scale bars are 20 nm.
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Extended DataFig. 4 |Plan-view DF-TEM. a, Low-magnification plan view of g,=100,..¢, Plan-view diffraction contrast taken under g, = 010,,. excitation.
the complex domain pattern take under the g, =110, condition. The figure Thescalebarsare100 nmforaand 30 nmforbandc.
inset shows the enlarged boxed area. b, Plan-view dark-field image taken under



Extended DataFig.5|Noisefilter. a, 2D Fourier transform of the plan-view image taken under g, = 110 excitation. b, Bandpass filter that removes the noise and
retains the signal for|Q| < 0.16 nm™. ¢, Bandpass filter that also removes the central spot and the signal for |Q| < 0.015 nm™. The scale baris 30 nm.
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Extended DataFig. 6 | Filtered/unfiltered plan-view DF-TEM. a, The labyrinth pattern, a periodic modulationin the contrastalongthe individual
bandpassfilterimproves the signal-to-noise ratio without introducing domains. b, The second modulation permeates the labyrinth pattern.

artefacts. Both thefiltered and unfiltered images show, apart from the



Experimental Simulated

[

Extended DataFig. 7| Diffraction contrastsimulations. Left, experimental
plan-view DF-TEM images of the vortex array. Note that the g =110, .image s at
higher magnification and Braggfiltered. Right, two-beam Howie-Whelan
diffraction contrast simulations of the contrast arising from the strain fields of
a2Darray of vortices as described in the main text (deviation parameter
§=0.01nm).Thescalebarsare30 nmforg=010,30 nmforg=100and10 nm
forg=110.
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Extended DataFig. 8| Tilt map. Left, oxygentilt behaviour alongarow of unit cells. Right, tilt map throughout the PTO layer.
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Extended DataFig. 9| Cross-sectional polar maps. a, Polarization maps
along the ordered [010],. direction. The projection of a cycloidal and helical
modulated vortexarray into the [001],.-[010],. plane shows that the domain
topologyisretained.b, The projection of the modulated vortex array into the
[001],.-[100],. plane shows that the cycloidal modulation allows the polar
vector torotatein plane, similar to the experimental polar map, whereas the
helical modulation does not.
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Extended DataFig.10|X-ray CD data. a, [100],.//[001],in the scattering
plane. b, [010],.//[-110],in the scattering plane. The first row presents the sum
ofthedichroicsignal, (I' +17)/2, inwhich I* refers to the measured intensity for
opposite helicities of the incoming light and the second row shows the CD
signal, (I'=1")/(I" +1"), and its behaviour on180° rotation of the sample.

The third panel shows the dichroicsignal, (CD,, - CD,,)/2, associated witha

-0.10 -0.05 -0.10 -0.05

K (A1)

rotation of the sample by 180°, demonstrating aweak signal at the + satellitesin
a,whichisabsentinb.Incandd, we show the dichroismunder samplerotation
when[100],.//[001],is in the scattering plane (c) and when the [010],,.//[-110],
directionisinthescattering plane (d). The upper panels of cand d plot the data
from the two satellites ontoacommon axis, with the lower panels showing their
average.
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