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            Abstract
The complex interplay of spin, charge, orbital and lattice degrees of freedom provides a plethora of exotic phases and physical phenomena1,2,3,4,5. In recent years, complex spin topologies have emerged as a consequence of the electronic band structure and the interplay between spin and spin–orbit coupling in materials6,7. Here we produce complex topologies of electrical polarization—namely, nanometre-scale vortex–antivortex (that is, clockwise–anticlockwise) arrays that are reminiscent of rotational spin topologies6—by making use of the competition between charge, orbital and lattice degrees of freedom in superlattices of alternating lead titanate and strontium titanate layers. Atomic-scale mapping of the polar atomic displacements by scanning transmission electron microscopy reveals the presence of long-range ordered vortex–antivortex arrays that exhibit nearly continuous polarization rotation. Phase-field modelling confirms that the vortex array is the low-energy state for a range of superlattice periods. Within this range, the large gradient energy from the vortex structure is counterbalanced by the corresponding large reduction in overall electrostatic energy (which would otherwise arise from polar discontinuities at the lead titanate/strontium titanate interfaces) and the elastic energy associated with epitaxial constraints and domain formation. These observations have implications for the creation of new states of matter (such as dipolar skyrmions, hedgehog states) and associated phenomena in ferroic materials, such as electrically controllable chirality.
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                    Figure 1: Structural characterization of (SrTiO3)n/(PbTiO3)n superlattices.[image: ]


Figure 2: Observation of vortex–antivortex structures.[image: ]


Figure 3: Long-range ordering of vortices.[image: ]


Figure 4: Three-dimensional phase-field simulation for a (SrTiO3)10/(PbTiO3)10 superlattice.[image: ]
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Extended data figures and tables

Extended Data Figure 1 RHEED-controlled growth of superlattices.
RHEED oscillations for five periods of a (SrTiO3)6/(PbTiO3)6 superlattice grown using a 20% excess Pb target are shown. The oscillations were present throughout the growth of the 100-nm-thick superlattice. a, RHEED oscillations for six unit cells of PbTiO3, followed by oscillations for six unit cells of SrTiO3, that is, one 6 × 6 superlattice period. b, RHEED intensity variation for growth of PbTiO3 from a stoichiometric PbTiO3 or 0% Pb excess target. Inset, RHEED diffraction pattern obtained at the end of growth, highlighting the rapid transition to 3D growth mode when a stoichiometric target is used (Methods).

                          Source data
                        


Extended Data Figure 2 Rutherford backscattering spectrometry (RBS) characterization.
An RBS spectrum of a 200-nm PbTiO3 film grown on a single-crystalline GdScO3(001)pc substrate is shown, along with the simulated spectrum (indicated by ‘Best fit’ in the figure) for the same structure, revealing an effective Pb:Ti ratio of 1.02:1, which is very close to ideal stoichiometry.

                          Source data
                        


Extended Data Figure 3 Fitting atomic positions in the HR-STEM images.
a, An HR-STEM HAADF image of a (SrTiO3)10/(PbTiO3)10 superlattice. Polar displacement vectors (PPD) are calculated by first finding atom positions by fits of 2D Gaussians to the image intensity. b, An example subregion from an HR-STEM image (unrotated). c, The corresponding Gaussian fit of b. d, An example of the B-site-centred five-atom clusters which are fitted simultaneously.


Extended Data Figure 4 Extracting polar displacement vectors (PPD) from HR-STEM data.
a, The Gaussian fit of a region of an HAADF STEM image. b, A magnified view of the boxed subregion in a, showing two overlapping unit cells, namely, the A-site-centred perovskite unit cell, and the B-site-centred perovskite unit cell. c, The mean position of each atom’s four nearest cation neighbours (MNP, mean neighbour position) is used to determine a relative sublattice offset. d, A polar displacement vector (yellow arrow for A-site and red arrow for B-site), taken as the difference between each atom (filled circle) and the MNP (‘×’), is given opposite sign for A- and B-sites to maintain a consistent direction.


Extended Data Figure 5 Polar displacement vector map and phase-field simulation of a (SrTiO3)10/(PbTiO3)10 superlattice.
a, The polar displacement vector map (black arrows) corresponding to the (SrTiO3)10/(PbTiO3)10 superlattice in Fig. 2a is shown overlaid on the colourized (∇ × PPD)[010]. b, A magnified view of the highlighted polar vortex shows the smooth rotation increasing towards a vortex core. The extremes of the colour scale of the curl vector are −16.75 pm nm−1 and 16.75 pm nm−1, with blue and red colours indicating negative and positive values of curl (units for polar displacement are in pm). c, A cross-section of the phase-field simulation for the (SrTiO3)10/(PbTiO3)10 superlattice showing the polarization vectors (red arrows) with interlayer alignment. This sample exhibits preference for alignment of matched rotations (indicated by blue arrows), but a phase shift of anti-alignment is also found (indicated by ‘Anti-rotation boundary’ in the figure). Such defects are found occasionally. d, A subregion of the simulation, highlighting a vortex–antivortex pair with the curl of the polarization overlaid.


Extended Data Figure 6 Vortex–antivortex arrays along both pseudocubic in-plane directions.
a, Cross-sectional DF-TEM of a (SrTiO3)10/(PbTiO3)10 superlattice taken along the [010]pc zone axis (inset shows the SAED pattern and the g-vector for image formation). b, Cross-sectional DF-TEM of the same (SrTiO3)10/(PbTiO3)10 superlattice sample taken along the orthogonal [100]pc zone axis (inset as a). In both cases, clear vortex–antivortex structures are observed.


Extended Data Figure 7 Differentiation of vortex structure from a flux-closure domain structure using phase-field simulations and HR-STEM polar displacement mapping.
a, HR-STEM polar displacement vector map of a single vortex in a (SrTiO3)10/(PbTiO3)10 superlattice. b, Phase-field-calculated polarization vector map of a single vortex in a (SrTiO3)10/(PbTiO3)10 superlattice. c, Total energy density variation within a single vortex in a (SrTiO3)10/(PbTiO3)10 superlattice calculated from phase-field simulations. d, HR-STEM polar displacement vector map of a 20-nm PbTiO3 layer in a heterostructure having the same layer stacking as in ref. 19. e, Phase-field-calculated polarization vector map of a flux-closure domain in a 20-nm PbTiO3 heterostructure (red, blue, green and pink arrows in d and e indicate the direction of net polarization within their respective domains). f, Total energy density variation within a flux-closure domain calculated using phase-field simulations.

                          Source data
                        


Extended Data Figure 8 Phase evolution of vortex structure.
The phase-field-calculated total energy for various phases competing with a vortex phase is depicted. See Methods for details.

                          Source data
                        


Extended Data Figure 9 HR-STEM displacement vector map of a (SrTiO3)10/(PbTiO3)10 superlattice.
a, Polar displacement vector map of a (SrTiO3)10/(PbTiO3)10 superlattice obtained from the same HR-STEM data set as Fig. 2a, showing the polar displacement vectors at all atom positions. b, A magnified image of a single vortex. c, Polar displacement vector map of the same region as b, but plotting only Pb (A-site) centred displacements (like Fig. 2a). d, Polar displacement vector map of a single vortex showing the raw displacement vectors.
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In material systems with several interacting degrees of freedom (such as spin, charge and lattice distortions), the complex interplay between these factors can give rise to exotic phases. A vivid example of such behaviour has been identified by Ramamoorthy Ramesh and colleagues in superlattices consisting of alternating layers of PbTiO3 and SrTiO3. They observe the formation of an unusual form of ferroelectric ordering in the PbTiO3 layers, in which the electric dipoles arrange themselves into regular vortex–antivortex array structures, suggesting potential routes for further tuning and enhancing the properties of these versatile oxide materials.
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