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Metal-ferroelectric supercrystals with periodically curved metallic layers
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Abstract

Simultaneous manipulation of multiple boundary conditions in nanoscale heterostructures offers a
versatile route to stabilising unusual structures and emergent phases. Here, we show that a stable
supercrystal phase comprising a three-dimensional ordering of nanoscale domains with tailored
periodicities can be engineered in PbTiO3/SrRuOs; ferroelectric-metal superlattices. A combination of
laboratory and synchrotron X-ray diffraction, piezoresponse force microscopy, scanning transmission
electron microscopy and phase-field simulations reveals a complex hierarchical domain structure
that forms in order to minimize the elastic and electrostatic energy. Large local deformations of the
ferroelectric lattice are accommodated by periodic lattice modulations of the metallic SrRuO;s layers
with curvatures up to 10’ m™. Our results show that multidomain ferroelectric systems can be
exploited as versatile templates to induce large curvatures in correlated materials, and present a
route for engineering correlated materials with modulated structural and electronic properties that
can be controlled using electric fields.

The rich spectrum of phenomena encountered in solid-state systems arises from the intimate
coupling of the crystalline lattice with charge, orbital and spin degrees of freedom. In transition
metal oxides this coupling has been extensively exploited to tune existing properties or introduce
wholly new functionality through epitaxial strain engineering.! Among materials that are especially
responsive to strain are multiaxial ferroelectrics, which naturally self-organise into ordered domain
structures over a wide range of length scales.” Domain walls in these materials can host distinct
properties of their own, acting as individual reconfigurable elements or bringing new macroscopic
functionality to ultra-thin films where extremely high domain wall densities can be generated.?
When further confined electrostatically in multilayer or superlattice geometries, strained ultrathin
ferroelectrics can exhibit unusual polarisation textures, including flux closure patterns, polar vortices
and arrays of chiral skyrmion bubbles that are typically forbidden in the bulk.*® The response of such
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systems to applied fields may lead to greatly enhanced susceptibilities and unusual behaviour as
exemplified by the negative capacitance effect.’

Competing domain structures with similar energies can give rise to the coexistence of different
polarisation textures and their facile interconversion upon electrical, mechanical or optical
stimulation. A striking example is the recent observation of a metastable, optically-induced
supercrystal phase observed in PbTiOs/SrTiOs superlattices illuminated with above-band-gap
radiation.® Here we show that a different supercrystal phase can be stabilized in oxide superlattices
consisting of alternating layers of ferroelectric PbTiO; and a correlated metal SrRuO; without the
need for optical excitation. A combined investigation of reciprocal space structure and direct-space
imaging using scanning probe and transmission electron microscopies reveals a complex, hierarchical
arrangement of flux closure domains and structurally modulated metallic layers with tuneable in-
plane periodicity. We also show that a similar domain structure can be stabilised in hierarchical
superlattices of PbTiO; and SrTiO; without conducting layers, demonstrating that this supercrystal
phase arises from the combined action of epitaxial strain and poor screening of the ferroelectric
polarisation. This interpretation is confirmed using phase-field simulations, which also reveal large
enhancements in the dielectric response of the PbTiO; layers, associated with nanoscale domain wall
motion. Finally, analysis of the structural modulations of the system shows that the ferroelectric
domain structure imposes local curvatures of the order of 10’ m™ on the metallic layers, and offers a
versatile template for inducing large curvatures in correlated metals.

X-ray diffraction signatures of the supercrystal phase

PTO,/SRO, superlattices (periodic repetitions of PbTiO3/SrRuO; bilayers) with x unit cells (u.c.) of
PbTiOs and y u.c. of SrRuOs per period were deposited on orthorhombic (110), DyScOs substrates as
described in Methods. The conductivity of the SrRuO; layers was determined using four-point-
resistance measurements, which revealed metallic behaviour in ambient and semiconducting
behaviour at low temperature (Fig S1).

The reciprocal space around the specular crystal truncation rod of a PTO;4/SROs superlattice is
shown in Fig. S2; here and henceforth, the reflections are indexed with respect to the pseudocubic
perovskite unit cell. The diffraction pattern for this PbTiOs/SrRuQs superlattice bears a close
resemblance to that previously reported for PbTiOs/SrTiO; superlattices grown on DyScOs;. The
weakly discernible in-plane satellites, corresponding to an in-plane periodicity of 9 nm, are
characteristic of regular arrays of vortex-like flux-closure domains >°. Upon increasing the PbTiOs
layer thickness, the modulation period increases. However, for PbTiOs; layers thicker than
approximately 15 u.c., the diffraction pattern changes dramatically. Synchrotron 3D reciprocal space
mapping (see Fig 1 and supplementary video) reveals a striking diffraction pattern corresponding to
a highly ordered 3D domain structure with an in-plane periodicity that is approximately twice that
expected for the vortex phase and an out-of-plane period that is double the chemical superlattice
period. For a PTO,7/SROs superlattice with an out-of-plane (chemical) period of 12.7 nm, the in-plane
domain period is approximately 26 nm. The well-defined domain satellites and finite size oscillations
along the out-of-plane reciprocal space direction (Q;) observed in Fig 1a indicate that the domain
structure is coherent across the entire superlattice thickness. The domain structure is also highly
coherent along Qx and Qy, with in-plane coherence lengths of the order of100 nm, while streaks of
intensity along (110),,. indicate confinement along this direction. The overall reciprocal space
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picture is qualitatively similar to the optical diffraction pattern observed in K;_Li,Ta;_gNbgO;
crystals with micron-scale compositional modulation,™® and closely resembles that of the optically-
induced metastable supercrystal phase recently reported in PbTiOs/SrTiO; superlattices®. Our
structure, however, is stable, as is demonstrated by cycling the temperature above and below the
Curie point (Fig S3). On heating, the domain structure disappears above the transition temperature
but reappears again on cooling, with no appreciable thermal hysteresis.

The first clues about the nature of the supercrystal phase are obtained from examining the intensity
distribution of the periodic diffraction peaks. Fig 1a shows a butterfly-shaped intensity modulation
reminiscent of the tilted a/c twins with alternating in-plane and out-of-plane components, which are
typical of PbTiO; films on DyScO; substrates.™ Thus, the observed 3D domain structure appears to
originate from the need to minimise the elastic energy due to the lattice mismatch with the
substrate. Interestingly, the scaling of lateral domain size with PbTiOsz layer thickness appears to

follow neither Kittel’s square-root law ****
14,15

nor the linear relationship predicted by Pertsev and
Zembilgotov . Instead, we find that, for samples with PbTiOj3 layer thicknesses between 16 and 45
unit cells, the domain period adjusts to twice the chemical superlattice period (Fig 1d), suggesting
that the structure has a tendency for maintaining the alignment of ferroelastic domain boundaries

across the entire superlattice, as shown schematically in the inset of Fig 1d.

Further clues are revealed by mapping the off-specular reflections near the 103, Bragg peak of the
DyScOs substrate where an unusual splitting of the domain satellite peaks is observed (Figs. 1le, 1f
and S4). The superlattice Bragg peak on the crystal truncation rod exhibits a four-fold splitting,
typical of in-plane twinning (so-called a,/a, domains).’® The domain structure reflections, however,
show only two of the four peaks. For satellite peaks along Qy only the peaks at lower |Qx| are
present, indicating that regions of the sample with modulation along [100],. have their long axis (and
hence polarisation) along that direction. Conversely, only the two peaks at higher |Qx| are observed
for domain structure reflections along Qy, indicating that the in-plane polarisation components are
along [010], for regions with a modulation along [010],[,c.16

Piezoresponse force microscopy imaging of flux-closure domain structure

To directly image the domain structure, we perform PFM measurements on a PTO,,/SRO;
superlattice where the top layer is PbTiOs, rather than SrRuOs. Although the electrostatic boundary
conditions for this topmost PbTiO; layer are not the same as for those within the superlattice, we
expect the strong elastic interactions between the layers that lead to the out-of-plane coherence of
the domain structure to act equally on the topmost PbTiO; layer and force the same ferroelastic
domain pattern. The results are summarised in Fig. 2a-d.

The topography of the topmost PbTiOs layer (Fig. 2a) reveals a regular nanoscale domain structure.
Such topographic contrast is not expected for purely in-plane domains and indicates that both in-
plane and out-of-plane domains are present. Vertical PFM (VPFM) measurements reveal regions
with opposite out-of-plane polarisation arranged in a herringbone pattern with a periodicity of 22
nm along the (100),,. and (010), directions, in good agreement with XRD measurements on the
same sample. The oppositely polarised domains visible in the phase image are clearly delineated by
domain walls that appear as minima in the VPFM amplitude. The periodic stripes are confined within
wider stripes along the (110),. direction, consistent with the streaky diffraction features observed in
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Fig 1b and c. A similar structure is observed in the lateral PFM (LPFM) measurements, which for this
cantilever orientation probes only the [010],c component of polarisation. The in-plane polarised
regions appear to consist of oppositely polarised stripes with head-to-head and tail-to-tail
arrangements of the polarisation. To probe the perpendicular components along [100],, the sample
is rotated around the surface normal by 45° and 90° (Fig S5). The deduced polarisation structure is
sketched next to the LPFM phase image in Fig 2b. Superposition of the LPFM and VPFM phase
images reveals that domain boundaries observed in the two images are not coincident (Fig 2c).
Crucially, the domain walls separating the stripes observed in VPFM appear to be offset by
approximately half a domain width from those in LPFM, so that the amplitude minima in VPFM
correspond to the amplitude maxima in LPFM and vice versa, as shown in Fig. 2d. These PFM
signatures can be explained by a flux-closure type arrangement of ferroelectric domains sketched in
Fig. 2e, which also naturally accounts for most of the features in the X-ray diffraction data. PFM
switching experiments, summarised in Fig. S6, demonstrate that the flux-closure structure can be
manipulated by electric fields.

Scanning transmission electron microscopy imaging

To investigate the ferroelectric domain patterns on the atomic scale and to image the stacking of the
domains in the individual layers along the growth direction, we perform atomically resolved
aberration corrected scanning transmission electron microscopy (STEM) measurements on different
cross sections of the superlattice. The large-scale high-angle annular dark-field (HAADF) image in Fig
3a shows the full superlattice structure with well-defined layers. The SrRuOs-PbTiOs interfaces are
found to be asymmetric, with a higher interface roughness for the interface where PbTiOs is grown
on top of SrRuO;, likely due to the different growth modes of SrRuOs; and PbTiO; under these

conditions.*”**

In addition to the chemical periodicity, regions of darker and lighter contrast are
visible with a spacing comparable to the width of the (110),. stripes along (100),. and (010},
observed in PFM. The brighter regions indicate increased electron scattering consistent with the
presence of multiple domain variants within the beam path, whereas the darker regions are being
imaged predominantly on the zone axis. Upon magnification (Fig 3b), these darker regions reveal
further contrast arising from substantial local strains that lead to a pattern indicative of flux-closure-
type domains.* Furthermore, local strain maps obtained from geometric phase analysis (GPA)® and
shown in Figs 3c and 3d, indicate that the PbTiOs layers consist of alternating regions with
predominantly in-plane or out-of-plane polarisation. This leads to a periodic modulation of the
lattice, with the PbTiOs layers bulging inwards and outwards, and the SrRuOs layers bending to

accommodate this distortion as shown in Fig 3e.”*

Combining the PFM data, cross-sectional STEM and the 3D X-ray diffraction data thus allows us to
determine the complete 3D polarisation arrangement in the supercrystal phase, which takes the
form of a complex hierarchical domain pattern sketched in Figs 3f and 3g.> We note that while our
diffraction data are very similar to those reported in Ref &, the domain pattern deduced from our
measurements is very different. In particular, our proposed structure consists of ‘horizontal’ and
‘vertical’ flux-closure domains with 180° walls in the plane of the film and perpendicular to it
respectively.”’ Nevertheless, despite differences in proposed structures, the observation of the
supercrystal phase in metal-ferroelectric superlattices and photoexcited ferroelectric-dielectric
(PbTiO3/SrTiO3) superlatticesg, but not in as-grown PbTiO3/SrTiO; superlattices8 poses a conundrum.
On the one hand, screening by free carriers appears to be important for stabilising these
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supercrystal phases. On the other hand, the appearance of flux-closure structures with no net
polarisation points towards a tendency to minimize the depolarising field that usually appears in the
absence of sufficient screening, and implies that it should also be possible to stabilise the
supercrystal phase in non-conducting heterostructures.

Supercrystal phase in hierarchical PbTiO;/SrTiO; superlattices

To investigate this possibility, we have deposited a hierarchical superlattice consisting of alternating
blocks of PbTiOs (21 u.c. thick) separated by fine-period 1-u.c. SrTiOs/1-u.c. PbTiOs superlattice
spacers (5 u.c. in total), as shown schematically in Fig 4a. The 26 u.c. total period gives rise to the
series of sharp superlattice reflections observed in Fig 4a. The short-period PbTiOs/SrTiO3
superlattice spacers are expected to behave effectively as a homogeneous ferroelectric with a
reduced polarisation and hence create a polarisation discontinuity at the interface with the thicker
PbTiO; layers. Compared to PbTiOs/SrRuO; superlattices of the corresponding composition,
reciprocal space maps for the hierarchical PbTiOs/SrTiO3 superlattice shown in Fig 4b (and S7) exhibit
a more pronounced contribution from lattice tilts. However, the in-plane and out-of-plane period
doubling, characteristic of the supercrystal phase, is also clearly visible. The appearance of the
supercrystal phase is further confirmed by lateral PFM imaging (Fig 4c,d), which reveals regions with
herringbone patterns that closely resemble those in PbTiO3/SrRuOj; superlattices in Fig 2.

The observation of a similar 3D domain structure in hierarchical PbTiO5/SrTiO; and PbTiO3/SrRuO;
superlattices indicates that the supercrystal phase forms in response to two simultaneous
constraints: the moderately tensile strain imposed by the substrate and the poor screening of the
PbTiOs polarisation. This is further validated using phase-field simulations.

Phase-field simulations

To simulate the domain structure, we define a large supercell corresponding to 240 x 240 x 240
perovskite unit cells, thereby modelling 8 periods of a superlattice with 25 u.c. of PbTiOs; and 5 u.c.
of a dielectric spacer per period (for details, see Methods). Starting with a random polarisation
distribution, the structure is relaxed over 100,000 iterations, and the resulting polarisation and strain
distributions, as well as a plot of the gradient energy density, which highlights the positions of the
domain walls, are shown in Fig. 5a-f. Throughout most of the simulated supercell, the polarisation
distribution clearly shows a 3D ordering of vertical and horizontal flux-closure domains, closely
resembling the supercrystal structure sketched in Fig 3f.

In addition to the supercrystal phase, our experiments and simulations both reveal the coexistence
of another domain structure, which does not lead to the doubling of the out-of-plane superlattice
period. This domain structure gives rise to an additional set of satellites in X-ray diffraction
measurements (Fig S8) and corresponds to arrays of zigzagging flux-closure domains that have

421,22

previously been reported in other PbTiOs-based multilayers, and are visible in the STEM image

in Fig S9. The in-plane period corresponding to these satellites is consistent with that expected for

5923 14

regular arrays of flux-closure domains (including vortices) reported by other groups (Refs
Fig S10). Such flux-closure patterns are also present in our phase-field simulations (see lower inset in

Fig 5b and Fig S11), suggesting that this phase is close in energy to the supercrystal phase.
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The stable modulated structure with controllable periodicity and a high density of domain walls
observed in hierarchical PbTiO3/SrTiOs superlattices is likely to harbour unusual elastic and dielectric
properties that warrant further exploration. Our phase-field simulations, summarised in Figure S12,
show that application of an electric field leads to displacements of the 180° domain walls within the
vertical flux closure regions, such that c-domains oriented parallel to the field grow at the expense of
those aligned antiparallel to it. ** Additionally, regions with vertical flux closure grow at the expense
of those occupied by horizontal flux-closure. This poling behaviour is consistent with the partial
switching observed in the PFM experiments on PbTiO3/SrRuOj; superlattices in Fig. S6.

Cycling the field in our simulations leads to a slim hysteresis curve with negligible remnant
polarisation (see Fig. S12), indicating that the domain wall motion is highly reversible due to the
stability of the supercrystal phase. Interestingly, the highly inhomogeneous three-dimensional
character of the domain structure gives rise to enhanced dielectric permittivity in all three
directions. In the out-of-plane direction, the overall capacitance per unit area of the simulated
structure (0.027 Fm™2) is very similar to that expected from the dielectric layers alone (0.031 Fm™2,
with a dielectric constant of 56), indicating that the effective permittivity of the ferroelectric layers
(~1800) is strongly enhanced. In addition to the enhanced out-of-plane permittivity of the PbTiO;
layers, domain wall motion also leads to a similar enhancement of the in-plane response. As the
dielectric and ferroelectric layers contribute in parallel along this direction, this leads to a very
strong electric-field response for the supercrystal structure as a whole, with an overall in-plane
dielectric constant of ~1400.

The origin of the supercrystal phase

The observed three-dimensional domain structure consisting of in-plane and out-of-plane flux-
closure components points to a simple mechanism for the origin of the supercrystal phase, which is
summarised in Fig S13. It is known that PbTiOs films grown on a DyScOs; substrate accommodate the
lattice parameter mismatch by forming ferroelastic a/c domains with alternating in-plane and out-
of-plane polarisation and {101}, domain boundaries inclined at approximately 45° with respect to
the substrate pIane.11 Therefore, when a PbTiO3/SrRuO; superlattice is deposited on a DyScOs;
substrate, elasticity will favour this ferroelastic domain formation, with a and c-domains running
through the entire thickness of the multilayer. However, in superlattice geometry, the PbTiO; film is
periodically interrupted by conducting SrRuOs layers. Rather counterintuitively, these conductive
layers introduce a depolarising field, as even structurally perfect SrRuO;/PbTiOj; interfaces have a
finite screening length.?® Thus, the dielectric spacers in our hierarchical PbTiOs/SrTiO; superlattices
and the imperfect screening at the interfaces in PbTiO3/SrRuQ; superlattices both lead to costly
depolarising fields within the PbTiO; layers,™ forcing the PbTiO; layers to split into vertical and
horizontal flux closure domains to eliminate the macroscopic polarisation and reduce the
electrostatic energy.

There are, however, a number of competing domain structures based on the a/c motif that lead to
macroscopically non-polar polarisation textures. These include the regular arrays of zigzagging flux-
closure domains (as in Fig S9 and Refs *,*), their more symmetric vortex-like analogues,” and the
mixed ai/a,-vortex arrangement observed for other superlattice periodicities.” The supercrystal
phase will therefore only appear for certain superlattice compositions, which favour the

development of sufficiently strong elastic contrast between in-plane and out-of-plane distorted
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regions to mediate the elastic interlayer coupling. For the vertical and horizontal flux-closure
structures observed in this work, this requires the ferroelectric layer to be sufficiently thick. For
thinner PbTiOs layers with finer domain periods such structures become increasingly less favourable,
in part due to the increased energy cost associated with the many domain walls, and therefore other
polarisation configurations may appear.”* A different type of supercrystal phase, consisting of a
simpler a/c-type pattern in the x-z plane and a vortex-like modulation along y, was instead observed
in optically excited PbTiOs/SrTiO; superlattices with thicker (SrTiOs) spacer layers.® Here above-
bandgap optical excitation was required to reduce the depolarising field and hence increase the out-
of-plane distortions, which likely contribute to the necessary enhancement of the interlayer
coupling. These two markedly different types of supercrystal suggest that yet other types of
supercrystal ordering could be accessible by exploring superlattices with different combinations of
materials, layer thicknesses, and more complex stacking sequences.”!

Engineering periodically modulated correlated metals

One of the most striking features of the supercrystal phase is that it leads to large, periodic bending
of the lattice, which creates large strain gradients within the conducting spacer layers. The
corresponding curvature can be visualised in Fig. 6a, which shows a high-resolution HAADF image of
the PbTiOs/SrRuO; superlattice. The high-magnification images in Figs. 6b and 6c, and the schematic
in Fig 6d show that the concave and convex distortions of the PbTiO; layer lead to large, sinusoidal-
like displacements of the adjacent SrRuO;s layers. Spatial mapping of the curvature in the PbTiO3 and
SrRuOs planes (Fig. 6e) obtained from the second derivative of the atomic displacements using the
procedure described in Supplementary Materials (Fig. S14) shows that the curvature in the
conducting SrRuO; layers reaches values of up to 107 m~2. Such large curvatures lead to strain
gradients that are comparable to those found near localised defects such as dislocations, and are

%27 As both metallicity and magnetism in

expected to give rise to sizeable flexoelectric effects.
SrRuO; are known to be sensitive to strain, confinement effects and interface properties,™® the
periodic bending of the SrRuO; layers in PbTiOs/SrRuO; superlattices should also modulate their
electronic and magnetic properties, which warrant further exploration. More generally, strain
gradients necessarily break inversion symmetry, providing a route to engineering local polarity®® and
spin-orbit effects in metals. Metal-ferroelectric supercrystals with controllable periodicity and field-
tuneable curvature thus offer a fascinating playground for manipulating the electronic structure of

correlated electron materials and for exploring curvature-induced quantum phenomena.”**
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Methods

PbTiOs/SrRuO; superlattices were deposited on (110), ((001),) DyScO; substrates using off-axis
radiofrequency magnetron sputtering. The PbTiO; layers were deposited in a 0.18 Torr atmosphere
with an oxygen:argon ratio of 20:28; the corresponding parameters for SrRuOs are 0.1 Torr and 3:60.
During growth, the substrate was kept at a constant temperature of 550°C, as measured by a
thermocouple inside the heating block. Several series of PbTiOs/SrRuO; superlattices were
investigated, each with a fixed SrRuOs layer thickness and varying thicknesses of PbTiOs.

Structural characterization of the superlattices was conducted using a Rigaku Smartlab X-ray
diffractometer with a rotating anode. Synchrotron X-ray diffraction measurements were performed
at beamlines I1D01*! and BM02*? at the European Synchrotron Radiation Facility (ESRF). Reciprocal
space maps in Fig 1 and Fig S4 were obtained at beamline BM02 using a 48 um x 94 um, 8 keV beam
and a D5 ImXpad detector. Data presented in the supplementary video was measured at beamline
IDO1 using a Maxipix 2D detector. Atomic force microscopy (AFM) was used to characterize the
surface of the superlattices, using a Bruker Dimension Icon microscope and silicon AFM probes with
a Pt/Ir conductive coating and stiffness of 0.2N/m. For domain mapping, an AC voltage with
amplitude of 1V peak-to-peak near the contact resonance frequency was applied.

An electron transparent cross-section of the sample was prepared for STEM using a dual-beam
focused ion beam (FIB) integrated scanning electron microscope (Thermo-Fisher Scientific FEI Helios
660 and G4 CHX models). The specimen was mounted onto an Omniprobe® copper-based lift-out
grid. The sample was thinned to electron transparency in four steps: (i) from 2 um to 800 nm using a
30 keV, 0.23 nA Ga ion beam, (ii) 800 nm to 500 nm at 16 keV, 50 pA, (iii) 500 nm to 300 nm at 8 keV,
50 pA, and (iv) <100 nm at 5 keV, 46 pA, followed by a final polishing step at 2 keV and 9 pA. The
STEM analysis was performed using a Thermo-Fisher Scientific double tilt STEM holder in the
Thermo-Fisher Scientific FEI double aberration-corrected monochromated Titan Themis Z at the
University of Limerick. The microscope was operated at 300 kV. The imaging mode used was STEM
at 146 and 230 mm camera length with a 50 um C2 aperture. To highlight the lattice bending in Fig
3e, a fast Fourier transform (FFT) was performed on the STEM HAADF image; the out-of-plane
periodicities were isolated by retaining only reciprocal space around the 00L (L#0) spots and then
performing an inverse FFT. The resulting image was then cropped and compressed horizontally to
accentuate the lattice bending. GPA analysis was performed using the Strain++ open-source
software available at https://jippeters.github.io/Strainpp/. Atom position finding and 2D Gaussian

refinement were completed with the Atomap Python package.**

3435 \which solves the time-

Phase-field simulations were carried out using the program Ferrodo,
dependent Ginzburg-Landau equation for an energy potential defined by the generalized Ginzburg-
Landau-Devonshire model.*® Ferroelectric PbTiO; was described by a model compiled from literature
data (model | of Ref. % j.e. Landau parameters at 298 K: a; = -1.709x10% JmC?, aty; = -7.25x107 Jm°C
* ag, = 7.5x108 Im°C*, ayqq = 2.61x10°% JIM°C®, a1, = 6.1x10% Im°C®, agp3 = -3.66x10° Jm°C®, gradient
parameters: Gy; = 1x10%° Jm3C'2, Gy = -1x10%° Jm3C'2, Gy = 1x10%° Jm3C'2, elastic components: Cy; =
1.746x10™ Jm"3, Cp = 7.94x10"° Jm'3, Cys = 1.111x10™ Jm'3, electrostriction parameters: g1, =
1.1412x10" ImC?, g1, = 4.6x10% JMC?, qus = 7.5x10° IMC?, Qi1 = 0.089 M*C?, Q1, =-0.026 M'C?, Qus
=0.0675 m*C?, and we used &5 = 1 for the background permittivity in the expression for the dipole-

dipole interaction). To simulate the effect of the nonferroelectric perovskite spacers, we have
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assumed a paraelectric dielectric material with an isotropic Landau potential (a; = 1x10° JmC?, @y =
1x10° Jm°C* ay; = 1x10%° Jm9C‘6) but otherwise the same gradient, elastic, electrostriction and
electrostatic terms as its ferroelectric counterpart. The simulations were performed on a simulation
box of 240 x 240 x 240 sites consisting of 8 superlattice periods along the z axis, each with 25 sites of
PbTiOs and 5 sites of the dielectric spacer. The spatial step was 0.4 nm. The domain structure in Fig.
5 was relaxed over 100000 iterations from a white-noise initial condition under periodic boundary
conditions and epitaxial clamping conditions on the average in-plane strain (ex = 0.001, e, = 0, e,=
0). Simulations under external electric field were performed on a simulation box of 240 X 1 X 240
sites, having the same superlattice periods. The relaxed domain structure under zero electric field
contained only the flux-closure patterns observed in the supercrystal phase (see Fig. S12b). To
calculate the linear dielectric susceptibility, the relaxed structure was probed under small electric

fields up to 500 V/m using the procedure described in detail in Ref *’.

Data availability

The STEM dataset and analysis used for calculating the curvature of the SrRuOs layers can be found
at temul-toolkit.readthedocs.io/en/latest/PTO_supercrystal_hadjimichael.html. Other datasets
supporting the findings of this study are available from the corresponding authors upon reasonable
request.
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Figure captions

Figure 1 | Reciprocal space view of the three-dimensional domain structure. a. Synchrotron X-ray
diffraction reciprocal space map in the Qx-Q; plane around the 002, (220,) substrate reflection for
a PTO,;/SROs superlattice showing the periodic satellite peaks arising from a highly ordered domain
lattice with long-range coherence along the [001],. direction. b-c. 2D cuts through reciprocal space in
the Q; = 3.042 A" and Q; = 3.017 A" planes (indicated by the solid red and dashed blue arrows in
panel a respectively) detailing the arrangement of in-plane and out-of-plane ordering, the long-
range coherence of the domains along <100>,. and the streaky diffuse scatter along <110>,.. The
vertical streaks of low intensity near Qx = 0 in b and c are due to the filters used to attenuate the
incident beam close to the substrate Bragg peak. d. The in-plane periodicity of the domain
superlattice is equal to twice the chemical out-of-plane superlattice period. e. In-plane reciprocal
space around the TO3pc substrate reflection revealing splitting of the superlattice peaks due to in-
plane twinning. f. Schematic highlighting the in-plane domain variants responsible for each reflection
ine.

Figure 2| Piezoresponse force microscopy (PFM) characterization of flux closure domains. a.
Topography scan, showing minima and maxima associated with an alternating in-plane and out-of-
plane domain structure. b. Vertical PFM (VPFM) and lateral PFM (LPFM) amplitude (in arbitrary
units) and phase, showing periodic arrays of up-down domains, and head-to-head and tail-to-tail in-
plane components. c. Overlay of LPFM and VPFM phase images. d. Phase profiles along the dashed
line in panel ¢, showing that the VPFM and LPFM phases are offset by approximately a quarter of the
domain period. The bottom schematic is a sketch of the domain structure compatible with the PFM
data.

Figure 3| Electron microscopy characterisation of the supercrystal phase. a. Cross-sectional STEM
HAADF image of the PTO,7/SROs superlattice, showing the full superlattice structure with well-
defined periodicity. b. Higher magnification image revealing a complex, periodic arrangement of
horizontal and vertical flux-closure domains. c. Out-of-plane strain (g,,) with respect to the substrate
(DyScOs;,¢ = 3.946 A) extracted using geometric phase analysis (GPA). d. In-plane strain (&)
extracted using GPA. e. Laterally compressed HAADF image, which has been Fourier filtered to retain
only the out-of-plane periodicity (as described in Methods). White curves superposed over atomic
planes near the PbTiO5/SrRuQ; interfaces are included as guides to the eye to highlight the large
bending of the lattice. PbTiOs layers are found to exhibit periodic expansion and contraction along
the out-of-plane direction with opposite deformation in neighbouring PbTiOs layers, while the
SrRuOs layers bend to accommodate this distortion. f. A 2D sketch of the domain pattern deduced
from the TEM measurements. (The absolute directions of the polarisation may be reversed in the
experimental image.) g. 3D sketch of the overall domain pattern deduced from XRD, PFM and TEM
studies.
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Figure 4] Supercrystal structure in PbTiO3/SrTiO; hierarchical superlattices a. Specular crystal
truncation rod around the 001, reflection of the DyScOj3 substrate demonstrating the structural
periodicity along the growth direction; the sketch shows 4 periods of the hierarchical superlattice
structure. b. Reciprocal space map in the Qx-Q plane around the 002, reflection of the DyScO;
substrate. The intensity distribution is dominated by lattice tilts of the a and ¢ domains and
modulated by the 3D domain structure with a period of 21 nm (approximate Qx and Q positions of
intensity maxima due to the supercrystal structure are indicated by vertical lines and horizontal
arrows respectively, with solid arrows also indicating the positions of structural superlattice peaks). c
and d. Lateral PFM amplitude and phase of images showing regions corresponding to highly ordered
flux-closure domains.

Figure 5| Phase-field simulations. a. Simulated 3D spatial distribution of polarisation. The pattern
appeared naturally from random white noise in a periodic supercell consisting of 8 superlattice
periods each with 25 u.c. of PbTiO3 and 5 u.c. of a dielectric spacer when phase-field relaxation was
conducted using the Landau-Ginzburg model described in the text and Methods. Nanodomains are
coloured according to the largest Cartesian component of the local polarisation. b. Enlarged areas
marked on the —x and —y sides of the simulated supercell in panel a reveal the typical vertical and
horizontal flux closure patterns (top panel) and zigzag pattern (bottom panel), similar to those
observed experimentally. c. Distribution of polarisation gradient energy within the simulation
supercell highlights positions of domain walls and strongly resembles the texture observed by STEM
(Fig. 3b). d.-f. Strain tensor components eyy, ey, and e,, indicate a strong correlation of the strain

texture across the adjacent superlattice layers.

Figure 6] Mapping the curvature of periodically modulated SrRuO; layers. a. High-resolution
HAADF image showing the coupling of structural distortions through the SrRuO; layers. b and c.
Magnification of two regions near SrRuOs-PbTiOs interfaces showing the vertical displacements
imposed by PbTiO; on the SrRuOs; lattice. d. Schematic of the structural distortions in the
PbTiO3/SrRuOjs superlattice. e. Local curvature in each atomic plane. Green points mark the positions
of Ti and Ru atoms, with overlaid colour map showing the magnitude and sign of the curvature
imposed on the periodically modulated structure.
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Resistivity measurements

Low-temperature resistivity measurements were performed in a Janis CCS-150 closed-cycle helium
cryostat between 8 K and 300 K. A 1 pA current was supplied using a Keithley 2636B SourceMeter
while a Keithley 2000 Multimeter was used to measure the voltage in four-point geometry with the
four corners of the sample contacted using silver paste. Resistivity values were calculated using the
van der Pauw formula with the resistance values for the two orthogonal configurations obtained
during separate cooling and heating runs. The reproducibility of the measurements was confirmed by
repeating them multiple times. The resistivity-temperature curves obtained on heating and cooling
for a PTO1/SROs superlattice are shown in Fig. S1.
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Figure S1| Resistivity-temperature curves for a PTO19/SROs superlattice measured on heating and
cooling. The inset is a plot of the resistivity close to room temperature, showing that it exhibits
metallic behaviour (resistivity increasing with temperature).
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Figure S2| Reciprocal space mapping of a PTO14/SROs superlattice. a. Reciprocal space map around
the 220, (002,) reflection of the DyScOs substrate, showing superlattice peaks and diffuse satellite
streaks indicated by red arrows. b. Intensity profile across the superlattice (SL) Bragg peak and
domain satellites. c. Reciprocal space map around an off-specular 420, (103,) reflection of the
DyScOs substrate.
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twinning is observed. e. Schematics highlighting the domain variants responsible for each reflection

incandd.
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Figure S5|Vertical and lateral PFM amplitude (normalised) and phase images of the 3D domain

structure measured for different cantilever orientations with respect to the sample.
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Figure S6| PFM switching studies. VPFM amplitude (normalised) and phase images for (a) the
pristine (unpoled) state, and after poling the sample using positive and negative bias applied to the
sample in two different ways: (b) by ramping up the voltage from 0 V to +3 V and then from 0 V to
—3V, and (c) by writing a 500 nm X 500 nm square with —2 V, followed by a 250 nm X 250 nm
square with +2 V inside it. In both cases, application of a DC bias while scanning the tip produces
regions with uniform VPFM phase. At the same time, VPFM amplitude images retain signatures of
domain walls, indicating that while the out-of-plane polarisation is dominated by one variant, the
underlying periodic domain structure has not fully switched. We have found that the poled states
slowly revert back to the original unpoled structure, with different timescales for different
polarisation directions; regions poled with positive bias applied to the sample return to the original
structure faster than ones poled with negative bias, presumably due to the different boundary
conditions at the surface and bottom interface of the top PbTiOs layer.
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Figure S7| Reciprocal space maps around the 001, and 002, reflections of the DyScOs substrate
obtained using a laboratory diffractometer for the hierarchical superlattice described in Fig 4 of the
main text. Due to the divergence of the beam perpendicular to the scattering plane, intensity from
the supercrystal reflections outside of the scattering plane is projected onto it, leading to the
appearance of additional spurious ‘superlattice’ peaks on the CTR when the scattering plane is
parallel to <100>,. (panels a and for ¢ = 0°). These can be avoided by rotating the sample by 45°
around its azimuth so that the scattering plane is parallel to <110>,, as shown in panels b and d

(¢ = 45°).
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Figure S8| Reciprocal space map around the 220, (002,.) reflection of the DyScOs substrate for a
PTO.3/SRO; superlattice (obtained using a laboratory diffractometer), showing superlattice peaks
and domain satellite peaks which correspond to two different types of domain structures: horizontal
arrows and vertical lines indicate the Q, and Qy positions of the supercrystal satellite peaks (in green)

and the vortex satellite peaks (in red).
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Figure S9| TEM images of flux-closure phase. a. Large scale TEM image showing the flux-closure (left)
and supercrystal (right) phases side by side. b. TEM image of the flux-closure phase with a schematic
of the polarisation arrangement shown in c. GPA analysis of the out-of-plane (d) and in-plane (e)
strain with respect to the DyScOs; substrate.
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Figure S10| Domain period for the various samples measured in this study as a function of PbTiO3
layer thickness. Blue diamonds and red triangles are the periods for PbTiOs/SrRuOs; superlattices on
DyScOs substrates with SrRuOs; thickness equal to 5 and 7 unit cells respectively. Solid and empty
markers correspond to the periods of the conventional flux-closure phase and the supercrystal
phase respectively. Light blue inverted triangles show the domain periods of flux-closure domains in
PbTiOs; thin films on DyScOs, also measured in this study. Empty circles indicate the domain periods
of vortices in PbTiOs/SrTiOs superlattices on DyScOs substrates, extracted from References 3. The
plot shows a nearly perfect matching of the vortex periods in PbTiOs/SrTiOs superlattices with the
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Figure S11| Detailed view on the competing domain patterns obtained in phase-field simulations
described in Fig. 5 of the main text. The areas are the same 100x65 sites (40x26 nm?) as those
indicated by the rectangles in Fig. 5a and Fig. 5b. Left panels show vertical and horizontal flux closure
patterns (as in the top of Fig. 5b), right panels show the competing zigzag pattern (bottom of Fig.
5b). a. and b. Magnitude of polarisation, c. and d. density of gradient energy, e.-j. components of
inhomogeneous strain.
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Figure S12| Phase-field simulations of the supercrystal response to an out-of-plane electric field. a.
Polarisation-electric field (P-E) hysteresis loop from a relaxed structure with flux-closure patterns. b-
g. Domain structure and polarisation under electric field strengths indicated by empty circles in the
loop. Domain patterns show that the field-induced polarisation results from domain wall
displacements within each domain period. Domains with out-of-plane polarisation aligned parallel to
the field grow at the expense of those aligned antiparallel to the field and the in-plane flux-closure

components.
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Figure S13| Schematic explaining the origin of the supercrystal phase. a. Schematic of an a/c domain
configuration in a PbTiOs thin film deposited on a DyScOs substrate. The a and c domains are
separated by (101),c domain walls. b. The same a/c domain configuration superimposed on a
PbTiOs/SrRuOs superlattice, assuming perfect screening (monodomain PbTiOs). c. Supercrystal
structure formed due to imperfect screening of the PbTiOs polarisation at the metal-ferroelectric
interfaces, where the depolarising field forces non-polar flux-closure polarisation configurations. d.
STEM HAADF image of the PbTiO3/SrRuQs superlattice in the main text, with domain walls sketched
in blue.



Calculation of the curvature in the SrRuO;s layers

The positions of Ti and Ru atoms in the PbTiO; and SrRuOs layers respectively were extracted using
the Atomap package *. The position of each atomic plane was fitted with the following sinusoidal
function:

_ <27‘r(x+b)>
Z = ZySin — 7 +c

where z, b, L and c are adjustable parameters. The local curvature Kk = Z”/(l + 2’2)3/2 ~ z'" was
calculated analytically for each plane by taking the second derivative z"" = 02z/dx? of the above
equation with the parameters obtained from the fit to the data, as shown in Fig. S15 and Table S1.
The contribution from the first derivative z’ = dz/dx was found to be negligible (maximum z'? ~
0.002).

10 15 20 25

x (nm) x (nm)

Figure S14| Curvature estimation. a. HAADF image with atomic positions of B cation centres located
using Atomap software indicated as blue dots. b and c. Sinusoidal fits (solid lines) for the atomic
positions (circles) in each row from which the curvature is obtained.

max.
2o error b error L error cerror | curvature (m
Plane | zo(nhm) | (nm) b (nm) (nm) L (nm) (nm) ¢ (nm) (nm) 1)

1 0.189 0.002 1 1 26.6 0.3 0.699 0.002 1.05E+07
2 0.184 0.002 1.3 0.9 27.0 04 1.053 0.002 9.96E+06
3 0.185 0.002 1.0 04 26.2 0.3 1.409 0.002 1.06E+07
4 0.184 0.002 1.1 04 26.2 0.3 1.787 0.002 1.05E+07
5 0.175 0.002 1.3 0.6 27.0 0.5 2.142 0.003 9.45E+06
6 0.168 0.003 1.4 0.9 27.3 0.7 2.501 0.004 8.90E+06

Table S1| Parameters obtained from fitting the atomic displacements to a sinusoidal function.




Supplementary video | Synchrotron X-ray diffraction 3D reciprocal space map around the 002,
reflection of the DyScO3 substrate for a PTO31/SRO; PbTiO3/SrRuOs superlattice.
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