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1. Introduction

In epitaxial heterostructures involving 
ferroelectric oxides that exhibit a strong 
coupling between strain and electrical 
polarization, the combination of mechan-
ical and electrostatic boundary condi-
tions offers tremendous opportunities 
for designing novel artificially layered 
materials with greatly enhanced or wholly 
new functionalities. Strain engineering 
alone can be used to achieve dramatic 
enhancements of the transition tempera-
ture of ferroelectrics, control the type and 
arrangement of ferroelastic domains, and 
even stabilize ferroelectricity in nominally 
nonferroelectric materials.[1–3] Simulta-
neous control of the electrostatic boundary 
conditions can further lead to the creation 
of nanoscale domain patterns with a wide 
range of morphologies, complex ordering, 
nontrivial polar topologies, and enhanced 
susceptibilities.[4–13]

Despite its many successes, however, 
conventional strain engineering, where a 

The combination of strain and electrostatic engineering in epitaxial het-
erostructures of ferroelectric oxides offers many possibilities for inducing 
new phases, complex polar topologies, and enhanced electrical proper-
ties. However, the dominant effect of substrate clamping can also limit the 
electromechanical response and often leaves electrostatics to play a sec-
ondary role. Releasing the mechanical constraint imposed by the substrate 
can not only dramatically alter the balance between elastic and electrostatic 
forces, enabling them to compete on par with each other, but also activates 
new mechanical degrees of freedom, such as the macroscopic curvature of 
the heterostructure. In this work, an electrostatically driven transition from 
a predominantly out-of-plane polarized to an in-plane polarized state is 
observed when a PbTiO3/SrTiO3 superlattice with a SrRuO3 bottom electrode 
is released from its substrate. In turn, this polarization rotation modifies the 
lattice parameter mismatch between the superlattice and the thin SrRuO3 
layer, causing the heterostructure to curl up into microtubes. Through a 
combination of synchrotron-based scanning X-ray diffraction imaging, Raman 
scattering, piezoresponse force microscopy, and scanning transmission elec-
tron microscopy, the crystalline structure and domain patterns of the curved 
superlattices are investigated, revealing a strong anisotropy in the domain 
structure and a complex mechanism for strain accommodation.
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thin film or multilayer is strained through coherent epitaxy on 
a crystalline substrate, is also rather restrictive. The accessible 
strain states are determined by the lattice parameters of a lim-
ited number of available substrates. Once deposited, the rigid 
clamping to the substrate hinders any lateral lattice expansion or 
contraction of the film, thereby reducing its electromechanical 
response.[14] The substrate clamping also suppresses any elastic 
interactions between the individual components of a multilayer, 
preventing access to not only the continuous range of strain 
states that would otherwise be available through the elastic 
competition between the individual layers, but also to the much 
richer phase space opened up by 3D deformations of the het-
erostructure. Furthermore, the dominant effect of the substrate 
clamping means that electrostatic boundary conditions usually 
play only a secondary role in determining the overall polariza-
tion state, thus limiting the power of electrostatic engineering.

To lift the above restrictions and harness the full potential 
of strain and electrostatic engineering, the epitaxial multilayers 
must be released from their underlying substrates. One way to 
achieve this is to deposit an epitaxial sacrificial layer between the 
substrate and the multilayer of interest, and subsequently etch 
it away. While numerous sacrificial layer materials have been 
explored in the past, the recent demonstration that Sr3Al2O6 
is both water-soluble and highly compatible with the perov-
skite structure,[15] has launched a new wave of interest in free-
standing oxide films and heterostructures. Using this approach, 
large-area free-standing films as thin as a few perovskite mon-
olayers have been successfully produced, giving unprecedented 
access to studies of the electrical and mechanical properties of 
oxides in the ultrathin limit.[16–23] Free-standing ferroelectric 
films, for example, are found to exhibit giant elastic responses, 
usually mediated by the formation and rearrangement of fer-
roelectric domains.[18] However, while important insight into 
the role of domains has been gained from phase field calcula-
tions[18,20,24] direct observation of these domain structures and 
their rearrangements remains challenging.

In this work, we investigate free-standing superlattices of 
PbTiO3 and SrTiO3 with a SrRuO3 bottom electrode. We find 
that for sufficiently thin SrTiO3 layers, releasing the superlattice 

film from the substrate leads to a large contraction of its average 
out-of-plane lattice parameter and a concomitant reorientation 
of the polarization into the plane of the film. We attribute this 
polarization “flop” to the sudden change in the balance between 
the electrostatic and elastic interactions, as in the absence of 
substrate clamping, the ultrathin SrTiO3 layers within the 
superlattice are unable to provide sufficient compression to sta-
bilize an out-of-plane polarization against the action of its own 
depolarizing field. In turn, the appearance of an in-plane polari-
zation creates a large mismatch between the lattice constants of 
the superlattice and the bottom SrRuO3 electrode, causing the 
whole structure to curl up into microtubes with a well-defined 
radius of curvature. Using a combination of laboratory and 
synchrotron X-ray diffraction, piezoresponse force microscopy 
(PFM), Raman scattering and transmission electron microscopy, 
we investigate the domain structures in such curved superlat-
tices, revealing an unusual asymmetry in the populations of in-
plane domains, and the role of domains in accommodating the 
macroscopic curvature of the free-standing heterostructure.

2. Free-Standing Ferroelectric Superlattices

Superlattices consisting of 14 unit cells (uc) of PbTiO3 and n 
unit cells of SrTiO3 per period (denoted as (14|n) hereafter) and 
SrRuO3 bottom electrodes were deposited on (001)-SrTiO3 sub-
strates buffered with sacrificial Sr3Al2O6 layers, as described in 
the Experimental Section. Here, we focus on a (14|3) superlattice 
with 3-uc-thick SrTiO3 layers and 12 repetitions of the superlat-
tice period. For comparison, the results for a (14|6) superlattice 
with ten repetitions, where the SrTiO3 layers are twice as thick, 
are reported in Supporting Information.

Laboratory X-ray diffraction reciprocal space mapping of the 
as-grown film on the SrTiO3 substrate around the pseudocubic 
perovskite 103pc peak (Figure  1a) reveals that while the super-
lattice has grown epitaxially, its average in-plane lattice para-
meter (≈3.93 Å) is larger than that of the substrate (3.905 Å),  
indicating partial strain relaxation. The average out-of-plane lat-
tice parameter for the (14|3) superlattice is (3.993 ± 0.004)  Å, 
which is also smaller than expected for superlattices coherently 
strained to SrTiO3.[25] Despite the partial strain relaxation, the 
PbTiO3 layers in the superlattice remain under compressive 
strain relative to the cubic phase, and therefore favor a predomi-
nantly out-of-plane polarization.[26] The superlattice peaks are also 
accompanied by in-plane satellites characteristic of 180° domains 
that form to minimize the depolarizing field arising from the 
polarization discontinuity at the PbTiO3/SrTiO3 interfaces.[4,25] 
The corresponding domain periodicity is approximately 10  nm 
with preferential ordering along <100>pc, suggesting a stripe-
like or bubble-like domain morphology, as previously reported 
for superlattices on SrTiO3.[11,27] We note that due to the slightly 
larger in-plane lattice parameter the exact polarization profile 
(e.g., magnitude of the in-plane polarization components and 
the “vortex aspect ratio”) is likely to be intermediate between that 
observed in superlattices on SrTiO3 and DyScO3 substrates.[8,11,27] 
Atomic force microscopy (AFM) measurements of the sample 
topography (Figure S1, Supporting Information), reveal a surface 
root-mean-square roughness of less than one unit cell, indicating 
that the superlattices deposited on the substrate are flat.
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Each superlattice was then immersed in deionized water 
at room temperature to etch away the sacrificial layers, detach 
the heterostructure from the substrate and transfer it onto the 
desired support. The transfer process is summarized schemati-
cally in Figure S2, Supporting Information. A scanning electron 
microscopy (SEM) image of the released free-standing (14|3) 
superlattice on a poly(dimethylsiloxane) polymer support layer is 
shown in Figure 1b. The sample is found to break up into pieces 
of varying sizes with edges along the crystallographic <100> 
directions. The individual fragments bend or roll up into micro-
tubes with single or multiple windings, depending on their sizes. 
By contrast, flat millimeter-sized free-standing films are obtained 
for the (14|6) superlattice using the same method, as shown in 
Figure S3a, Supporting Information, indicating that the breaking 
up of the (14|3) superlattice is related to its tendency to curl up 
rather than due to damage during the transfer process.

3. Electrostatically Driven Polarization Flop  
and Strain-Induced Curvature
Figure 1c shows the θ–2θ scans around the 002pc reflection for 
the (14|3) superlattice before and after release. Upon release, the 

overall intensity of the diffraction signal is greatly reduced due 
to the bending of the rolled-up free-standing film fragments, 
which rotates most of the film volume out of the Bragg condi-
tion. The superlattice structure remains intact, as evidenced by 
the presence of a faint superlattice satellite labeled SL−1.

The most striking effect of releasing the film from the sub-
strate is the large shift of the diffraction peaks to higher 2θ 
values, indicating a large reduction in the average out-of-plane 
lattice parameter from (3.993 ± 0.004) Å for the strained film to 
≈3.93 Å for the released film. The reduced out-of-plane lattice 
parameter suggests that the longer c-axis and hence the polari-
zation of the ferroelectric layers has flopped from out-of-plane 
to in-plane. This is indeed expected from electrostatic consider-
ations, as an in-plane polarization eliminates any depolarizing 
field due to polarization discontinuities at the PbTiO3/SrTiO3 
interfaces (including any stray fields from multidomain states). 
The corresponding reduction in electrostatic energy, however, 
comes at the increased cost of the elastic energy required 
to stretch the SrTiO3 lattice in-plane to maintain structural 
coherence.

By contrast, the average out-of-plane lattice constant for 
the (14|6) superlattice remains largely unchanged when it is 
detached from the substrate, decreasing only slightly from 

Adv. Mater. 2022, 34, 2106826

Figure 1. a) Reciprocal space map for the strained superlattice around the 103 reflection of the SrTiO3 substrate, showing two superlattice reflections, 
each accompanied by a set of in-plane satellites due to domains with period ≈10 nm. b) Scanning electron microscopy image of the free-standing 
superlattices curled up into tubes of radius ≈4 μm. c) XRD θ–2θ scans for the strained and free-standing superlattice films. Schematics show: the rela-
tionship between the lattice parameters for the bulk materials (left); favored polarization configuration for the strained heterostructure (middle inset); 
and the mismatch between the in-plane lattice parameters of the free-standing superlattice and the bulk lattice parameter of the SrRuO3 electrode, 
which causes the heterostructure to bend (right).
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(3.983 ± 0.001) to (3.974 ± 0.001)  Å (Figure S3b, Supporting 
Information). Faint domain satellites are observed in the RSM 
(Figure S4b, Supporting Information), indicating that the peri-
odic domain structure is retained in the unclamped film. This 
suggests that the thicker SrTiO3 layers in the (14|6) sample tip 
the balance between the elastic and electrostatic energies in 
favor of a predominantly out-of-plane polarization, while in 
the (14|3) superlattice, the energy cost of the depolarizing field 
dominates over the elastic energy and forces the polarization 
into the plane of the film.

As a consequence of the polarization rotation, the in-plane 
lattice parameter elongates, and a large mismatch must develop 
between the in-plane lattice constants of the superlattice and 
the SrRuO3 bottom electrode. This causes the heterostructure 
to bend toward the SrRuO3 layer as both components try to 
recover their natural (bulk-like) lattice constants (Figure 1c).[28] 
We speculate that during the initial stage of the release process, 
when most of the film is still constrained by the substrate, the 
lattice can only elongate along the direction perpendicular to 
the released front, thereby setting the initial direction of the in-
plane polarization and hence the direction of the bending. As 
the etching continues, the released portion of the film rolls up 
to form a tube. All tubes have a radius of approximately 4 μm. 

The same radius of curvature is also observed for the smaller 
bent flakes that are not wide enough to form a complete tube, 
while wider sheets wind multiple times as a scroll. However, 
once the substrate constraint is fully released, the polarization 
in the PbTiO3 is unlikely to remain entirely along the curvature 
direction as this would involve a very large strain in the SrTiO3 
layers. As we shall see, domains of orthogonal polarization 
form, leading to an a1/a2 domain pattern.

4. Probing Domain Asymmetry with Raman 
Scattering and Piezoresponse Force Microscopy
To gain further evidence of the in-plane polarization, we have 
performed Raman scattering measurements on a set of tubes 
and curved flakes. The Raman spectra of a rolled up (14|3) super-
lattice collected in reflection geometry at normal incidence are 
shown in Figure 2 as a function of the angle φ between the light 
polarization and the long axis of the tube. The corresponding 
spectra for a (14|6) superlattice are shown in Figure S5, Sup-
porting Information. All the observed peaks appear at positions 
close to those of bulk PbTiO3, which has 3A1+4E+B1 Raman 
active modes.[29,30] In bulk PbTiO3, the B1 mode is  nominally 

Adv. Mater. 2022, 34, 2106826

Figure 2. a) Raman spectra obtained in VV configuration (with parallel alignment of the incident and scattered light polarizations) as a function of the 
angle φ between the light polarization and the tube axis, as defined in panel (b). c) Raman spectra for φ  =  0° and 90°. The B1 mode is silent when the 
light and ferroelectric polarizations are parallel. The asymmetry in the relative intensity of the B1 peak for φ  =  0° and φ  =  90° implies an asymmetry 
in the a1 and a2 domain populations.
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silent when the light polarization is parallel to the c axis. For 
the (14|6) superlattice, the B1 mode exhibits a fourfold sym-
metry with intensity maxima at φ  =  0°,  90°,  180°,  and 270°, 
while the intensity of the A1(TO) mode is independent of φ, 
suggesting that the polar axis of PbTiO3 points predominantly 
out-of-plane, in agreement with the XRD data. For the (14|3) 
superlattice, however, a twofold symmetry is observed instead, 
with the relative B1 mode intensity being significantly higher 
for φ  =  0° than for φ  =  90°. This is consistent with an in-plane 
polarization arrangement and further suggests that there is a 
large asymmetry in the relative sizes of a1 and a2 domains (i.e., 
domains with the polarization tangential to the curvature and 
along the axis of the tube respectively). Scattering by the B1 

mode in the geometry with parallel polarizers is higher when 
the polarizers are along the long edge of the tube, indicating 
that the signal originates from the a1 domains with the polari-
zation tangential to the tube curvature. Thus, the a1 domains 
must be significantly larger than the a2 domains and the polari-
zation orientation initially imposed by the release process 
remains dominant.

In order to probe the domain structure directly, we turn to 
piezoresponse force microscopy. No clear vertical PFM signal is 
observed, except for the contrast due to the cantilever buckling 
effect.[31,32] This confirms that the polarization has rotated from 
out-of-plane to in-plane, which naturally eliminates the depolar-
ization field. Figure 3a shows 4.3 μm × 4.3 μm images of lateral 

Adv. Mater. 2022, 34, 2106826

Figure 3. a) Lateral PFM amplitude and phase images for two different orientations of the cantilever with respect to the sample. Measurements at 
0○ and 90○ probe polarization components parallel to [100] and [010] respectively. b) Lateral PFM phase overlaid on the surface topography for two 
adjacent flakes with a larger aspect ratio, demonstrating the alignment of the streaky features with the sample curvature direction. c) Superposition of 
PFM phase images in (a) obtained at 0○ and 90○ showing the distribution of the four possible superdomain variants shown schematically to the left 
and right of the image, where for simplicity, the sizes of the a1 and a2 domains were assumed to be the same. The dashed black box highlights a region 
where the net polarizations of adjacent superdomains meet head-to-tail at the superdomain boundaries, while the dashed yellow box shows a head-
to-head/tail-to-tail arrangement. d) Lateral PFM phase image obtained with the cantilever at ≈45○ to the [100] direction, showing the same features as 
the 0○ image in (a). This is consistent with an asymmetry in the size of the a1 and a2 domains, as discussed in the main text.
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PFM amplitude and phase. This sample is a square fragment 
from an approximately 4 μm × 22 μm cylindrically curved flake 
with the cylinder axis along one of the cubic directions that we 
henceforth define as [010]. In the amplitude image, there are 
two sets of lines: faint straight lines and dark irregular lines, 
corresponding to two types of domain walls in our system. 
The straight domain walls are crystallographically defined to 
be along <110> as expected for in-plane a1/a2 domains with 90° 
domain walls. The period of these a1/a2 domains is ≈33  nm. 
The a1/a2 domains are arranged in superdomains, each with a 
single orientation of the a1 and a2 domains and uniform con-
trast in the phase image that corresponds to the component 
of the net superdomain polarization perpendicular to the can-
tilever axis. The dark irregular lines in the amplitude images 
correspond to superdomain walls that separate individual 
superdomains.[33–35]

Since lateral PFM is only sensitive to the polarization com-
ponent perpendicular to the cantilever axis, the sample was 
rotated by 90° to examine the orthogonal polarization compo-
nents. An unexpected anisotropy of the superdomain pattern is 
observed. In the 0° images, where the component of polariza-
tion along [100] is probed, the superdomains appear as large, 
elongated stripes. Overlaying the phase image on the sample 
topography, as shown in Figure  3b for another flake, reveals 
that these stripes follow the direction of maximum curvature 
of the sample. By contrast, in the 90° images, which probe the 
[010] component of polarization, the superdomains appear as a 
patchwork of smaller, randomly shaped regions.

If the individual a1 and a2 domains within each superdo-
main were of equal size, measurements of the two orthog-
onal components would allow the full polarization pattern to 
be reconstructed, resulting in the arrangement sketched in 
Figure  3c. Moving from one superdomain to another along 
[100], we encounter primarily head-to-tail boundaries between 
the net polarizations of the different superdomains, as exem-
plified by the region in the dashed black box. Head-to-tail 
boundaries are also observed along [010]. However, along this 
direction, a remarkable number of head-to-head and tail-to-tail 
boundaries are also observed, for example, as in the dashed 
yellow box.

Surprisingly, when the sample is rotated by 45° (Figure 3d), 
the PFM phase image looks very similar to that at 0°, which is 
not expected for an a1/a2 domain structure with equal sizes of 
a1 and a2 domains. Instead, this observation can be understood 
by invoking the anisotropy in domain sizes that was previously 
deduced from the Raman measurements. Because individual 
domains are not resolved in the phase images, the phase signal 
in the 0° and 45° images corresponds to the [100] and [110] 
components of the net (or average) polarization of the super-
domain, respectively. At 0°, the signal is therefore entirely due 
to the a1 domains. At 45°, both a1 and a2 domains have polari-
zation components along the [110] direction. However, since a1 
domains are larger than a2 domains, they dominate the PFM 
phase signal, and the resulting image is effectively the same 
as at 0°. The net superdomain polarization is therefore tilted 
away from the <110> directions toward [100] or [100],[36] and the 
charged head-to-head and tail-to-tail arrangements should cor-
respondingly be energetically less costly along [010] than along 
[100]. Locally these arrangements are likely to be accommo-

dated by a needle-like structure, with the smaller a2 domains 
terminating into needles.[37]

The PFM and Raman measurements thus confirm that for 
the (14|3) superlattice the polarization lies in the plane of the 
rolled-up film, but that the a1 domains with polarization along 
[100] are larger than the a2 domains with polarization along 
[010]. However, due to its surface sensitivity, PFM only probes 
the outer-most layers of the superlattice. To probe the struc-
ture across the entire superlattice and to investigate the role 
played by the domain structure in accommodating the curva-
ture, synchrotron-based scanning X-ray diffraction microscopy 
(SXDM)[38] was performed on individual free-standing superlat-
tice tubes.

5. Scanning X-ray Diffraction Microscopy  
of Superlattice Microtubes
Figure  4a shows the optical microscopy image of the probed 
area containing a single tube. Figure  4b shows the corre-
sponding SXDM image obtained by using a focused X-ray 
beam, ≈80 nm  × 80 nm full width at half maximum, incident 
at ω  =  15.2° relative to the substrate and in the plane normal 
to the long axis of the tube, as sketched in Figure 4c. The 2D 
detector is positioned near the 002pc  reflection and the inten-
sity in each pixel on the detector is recorded as the sample is 
translated with respect to the beam along the x and y direc-
tions. In the SXDM image, the tube appears as four intensity 
maxima labeled A–D, which can be understood by considering 
the diffraction geometry illustrated in Figure  4c. When the 
beam hits the sample at positions A and D, the out-of-plane 
(radial) superlattice periodicity is being probed. The detector 
image corresponding to position A is shown in Figure 4d and 
the intensity projected onto the Qz axis in Figure 4e. Here, four 
superlattice peaks are visible, with the most intense peak cor-
responding to the 002pc Bragg peak due to the average out-of-
plane lattice parameter (averaged over the PbTiO3 and SrTiO3 
layers). On close inspection, a broad shoulder (labeled X in 
Figure  4e) is also visible for Qz values just below the 002pc 
peak, indicating that the sample also contains some regions 
with a larger out-of-plane lattice parameter. Note that in this 
geometry, the exact incidence angle is not important, as the 
curvature of the tube ensures that, just as in powder diffrac-
tion, the specular Bragg geometry will always be satisfied at 
some point on the tube for any given ω.[39] However, the inci-
dence angle determines the apparent width of the tube in the 
SXDM image of Figure 4b, where the distance between inten-
sity maxima A and D is given by d/tanω. The observed dis-
tance between A and D is ≈30 μm, consistent with the tube 
diameter d ≈ 8 μm.

When the beam is instead diffracted from positions B and 
C on the sample, the in-plane (tangential) lattice spacing is 
probed. The detector image and corresponding intensity pro-
file along Qz obtained at position C are shown in Figure  4f,g 
respectively. Two replicas of a pattern consisting of four peaks 
are visible. The two replicas arise from the multiple windings 
of the superlattice. In this case, two overlapping parts of the 
superlattice with a small relative tilt produce two separate pat-
terns displaced from each other.

Adv. Mater. 2022, 34, 2106826
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Within each pattern, the lower-most peak, sketched in red, 
corresponds to the lattice constant of the a1 domains along 
the polar axis, which is tangential to the tube surface. The two 
weaker peaks at higher Qz, sketched in blue, correspond to the 
short lattice constant of the a2 domains, for which the polariza-
tion is parallel to the tube axis. The two peaks correspond to the 
two different twin orientations of the a2 domains and are sepa-
rated by an angle of ≈2.3°. The absence of a similar splitting 
for the a1 domain peak is consistent with the a1 domains being 
the larger domains, with the lattice tilts absorbed largely by the 
minority a2 domains.[40]

The peak in the middle, labeled Y and visible as a shoulder 
in Figure 4g, is not expected for a purely a1/a2 domain struc-
ture. We attribute this peak, and the corresponding peak X in 
Figure 4e to the presence of regions with out-of-plane polar-
ization, which most likely form periodic vortex or flux clo-
sure domains akin to those observed in the original strained 
film and the (14|6) superlattice. The broad nature of peak X 
suggests that these regions are confined within a few layers 
of the superlattice, most likely near the bottom electrode 
where the compression of the lattice would favor c-domain 
formation.

6. Scanning Transmission Electron Microscopy  
of Domain-Structure Cross-section

To investigate the depth distribution of domains within the 
rolled-up superlattices, we employ scanning transmission elec-
tron microscopy (STEM) to image the cross section of a com-
plete tube. As shown in the (secondary) SEM and STEM images 
of Figure 5a,b, respectively, this superlattice has rolled up into a 
tube with almost two complete windings. Higher-magnification 
annular dark-field (ADF) STEM images of a region with two 
windings are shown in Figure  5c,d. The atomic-number-sen-
sitive contrast mechanism in ADF STEM imaging makes the 
alternating PbTiO3/SrTiO3 layers easily recognizable as peri-
odic dark and bright contrast bands. Upon closer inspection, 
it can be observed that the first one or two superlattice repeti-
tions are not very well defined and form a rough interface with 
the bottom SrRuO3 layer (Figure 5d and Figure S6, Supporting 
Information). Core-loss electron energy loss spectroscopy 
(EELS) measurements indicate significant cation intermixing 
(Figure S7, Supporting Information) across these layers. The 
degradation in the quality of this interface might occur during 
the release process itself or be the result of the breaking of 
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Figure 4. a) Optical image and b) SXDM image of a single rolled up tube. c) Schematic of the SXDM measurements for four different positions of the 
beam on the sample, achieved by translating the sample along x and y relative to the beam. Diffraction from positions A–D on the sample yields the 
corresponding intensity maxima in the SXDM image in (b). d) Intensity distribution on the detector when the beam is at positions A on the sample. 
The image is obtained by summing individual detector images at different positions A on the tube along the y-direction. Note that the detector plane 
does not correspond to a plane of constant Qx. e) Intensity profile along Qz, which here corresponds to the radial direction, obtained from (d) and 
showing several superlattice peaks and an additional feature marked X. f) Intensity distribution on the detector when the beam is at position C on the 
sample, obtained in the same way as the image in (d), showing two replicas of the diffraction pattern as sketched on the right. The a1/a2 domain pat-
tern giving rise to the peaks labeled a2t and a1t is also sketched. g) Intensity profile along Qz, which in this case corresponds to the tangential direction, 
obtained from (f); peaks corresponding to features labelled Y and a1t in (e) are visible, while the features labelled a2t are too weak to be visible here. 
h) Schematic showing the relevant lattice constants of the a1 (red) and a2 (blue) domains probed in (f).
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vacuum and the resulting deterioration of the Sr3Al2O6/SrRuO3 
bilayer between its growth using PLD and the subsequent 
growth of the PbTiO3/SrTiO3 superlattice using sputtering, as 
described in Experimental Section of the paper. We note that 
while the considerable cation intermixing and interface rough-
ness is likely to have a strong effect on the electronic properties 
of the SrRuO3 layer, we do not expect any qualitative changes 
in the mechanical behavior of the heterostructure, as the mis-
match between the lattice parameters of the superlattice and 
the intermixed electrode layer will still result in the observed 
curvature. The remaining layers of the superlattice have a very 
well-defined superlattice periodicity and EELS measurements 
confirm sharp interfaces between the layers in the upper sec-
tions of the superlattice (Figure S7, Supporting Information).

In addition to the periodic dark and bright contrast due to 
the SrTiO3 and PbTiO3 layers respectively, there is also a weaker 
contrast, manifested as irregular dark and bright bands running 
across the thickness of the superlattice (Figure 5c). A magnified 
ADF image of one such region is shown in Figure 5d, while the 
corresponding maps of the in-plane (exx) and out-of-plane (ezz) 
strain obtained from the image using geometric phase analysis 
(GPA)[41] are shown in Figure 5e,f.

We first focus on the top 8–9 periods of the superlattice 
furthest from the SrRuO3 electrode. Figure  5e shows that for 
these layers there is no noticeable difference between the in-
plane strain in the PbTiO3 and SrTiO3 layers, consistent with a 
coherently strained heterostructure. However, as we move away 
from the top surface, there is a clear decrease in the size of the 
regions corresponding to larger exx and an increase in those 
with smaller exx. This implies a corresponding change in the 
size of the a1 and a2 domains respectively and therefore a tilting 
of the domain walls away from the crystallographically favored 

{110} planes, as sketched in Figure  5g. Such tilting naturally 
accommodates curvature, as the width of the a1 (a2) domains 
decreases (increases) away from the top surface. However, 
because of the nominally {110} orientation of the domain walls, 
it should also cause a corresponding anticlastic curvature along 
the perpendicular axis, and thus cannot on its own be respon-
sible for the observed cylindrical deformation. Thus, on closer 
inspection, we also find that within the regions with larger exx, 
the average magnitude of the in-plane strain appears to gradu-
ally decrease from top to bottom (see also Figure S8, Supporting 
Information), implying an additional elastic deformation of the 
lattice. In contrast to the exx map, a clear difference between the 
out-of-plane lattice parameters of the PbTiO3 and SrTiO3 layers 
is visible in the ezz map in Figure 5f, while the presence of any 
gradients of ezz across the superlattice thickness is not obvious.

It should be noted that two factors complicate the quan-
titative analysis of the in-plane strain and the identification 
of individual a1 and a2 domains in these STEM images. First, 
the {110}-orientation of the domain walls between the a1 and 
a2 domains means that any domain wall will appear broadened 
due to its projection onto the (010) imaging plane. Second, the 
clapping angle between the a1 and a2 domains results in relative 
tilts of the zone axes for the a1 and a2 domains, causing a blur-
ring of the atomic columns for the domain which is not being 
imaged on zone. Additionally, one must always bear in mind 
the possibility of changes to the domain structure induced by 
the changes in dimensions following TEM sample prepara-
tion.[42,43] In particular, the small thickness of the lamella may 
lead to the development of depolarizing fields that destabilize 
the a2 domains (i.e., domains with polarization normal to the 
cross sections imaged in Figure 5). Nevertheless, qualitatively, 
the STEM data suggest that within the top 8–9 layers, the  
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Figure 5. a) SEM image of a complete tube. b) ADF STEM image of sample in (a) after FIB cross-sectioning. c,d) ADF STEM images of a section of the 
tube in (b) with two windings, and a magnified region within one of the windings, respectively. e,f) GPA maps of the strain distribution corresponding to 
the image in (d) and showing regions with flux-closure-type domains with out-of-plane polarization components in the layers near the bottom electrode. 
g,h) Sketches illustrating the possible domain structures in regions marked by the red and black dashed boxes in (e). We note that the fine details of 
the flux closure regions near the interfaces or the sign of the polarization within the different domains are not resolved experimentally.
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polarization is in the plane of the layers, as already inferred 
from the XRD, Raman and PFM data, and that the bending 
of the sample is primarily accommodated by a combination of 
elastic strain and a depth-dependent redistribution of the sizes 
of the a1 and a2 domains.

For the layers near the bottom electrode, however, the com-
pressive strain becomes sufficiently large to favor domains 
with out-of-plane polarization. This results in regular a/c-
like domains or nanoscale flux-closure domains[7,9] that form 
to minimize the energy of depolarizing fields induced by 
any discontinuities in the out-of-plane polarization across 
the PbTiO3/SrTiO3 interfaces. These domains (sketched in 
Figure 5h and also visible in the GPA strain maps in Figure S9,  
Supporting Information) have a periodicity of ≈10 nm, similar 
to that of the domains in the original strained superlattice (see 
Figure  1a). It is likely that the additional diffraction peaks X 
and Y observed in Figure  4 arise from these regions, as well 
as possible overlapping signals from the intermixed bottom 
SrRuO3 layer.

7. Domain-Structure Evolution under  
Mechanical Deformation
Given the multiple mechanisms involved in accommodating 
the curvature, one might ask: what happens if we increase 
the curvature of the sample? Figure 6b,c shows the strain dis-
tribution for a superlattice that was further bent by pressing 
on the tube with a physical SEM/FIB probe as described in 
Experimental Section. The radius of curvature for this section is 
approximately 2 μm, as can be seen in the overview ADF-STEM 
image of the structure in Figure 6d.

In the top part of the superlattice, regions of larger exx and 
smaller ezz components, indicative of in-plane polarized a1 
domains, coexist with ordered flux-closure domains that are 
clearly visible in the ezz map. The a1 and flux-closure regions 
are separated by {101}-type superdomain boundaries, as illus-
trated in the sketch in Figure 6e. These superdomain bounda-
ries are reminiscent of the tetragonal a/c twin boundaries in 
bulk PbTiO3 and naturally accommodate the macroscopic cur-
vature of the superlattice through lattice tilts that can be seen in 
the GPA rotation map in Figure 6f.

Moving downward toward the interface with the bottom elec-
trode, the average out-of-plane strain ezz progressively increases, 
while the in-plane strain exx decreases, indicating a possible 
change in the relative fractions of the out-of-plane versus in-
plane polarized domains within the flux-closure structures, as 
shown schematically in Figure  6e. In the bottom-most layers, 
flux-closure regions may coexist with 180° stripe or bubble 
domains, or even monodomain regions, although the need to 
minimize the depolarization field is likely to favor the former. 
Comparison with the data in Figure  5 and Figure S9, Sup-
porting Information therefore suggests that increased bending 
of the superlattice is accommodated by movement and/or rear-
rangement of the boundaries between the in-plane polarized 
and flux-closure regions.

The coexistence of in-plane polarized regions and regions 
with flux-closure domains, as well as the ease of movement 
of the boundaries between them upon changes in curvature, 
suggest that for the (14|3) superlattice both states are similar 
in energy. This is further supported by the observation that in 
larger flakes, which contain regions that cannot roll up into 
tubes due to other mechanical constraints (e.g., see Figure S10,  
Supporting Information) both in-plane and out-of-plane 
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Figure 6. a) ADF STEM image and b,c) corresponding GPA strain maps obtained on a deformed tube in a region of higher curvature. d) Lower-magni-
fication STEM image of the deformed tube with the white box indicating the location of the region imaged in (a). e) Schematic illustrating the possible 
domain arrangements within the dashed box in (b) and (c). Note, the exact local polarization patterns are not resolved experimentally. f) GPA rotation 
map obtained from the image in (a) illustrating the lattice tilts across the superdomains boundaries separating the a1-domain and flux closure regions.
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domains coexist, leading to a wrinkled surface morphology. 
Thus, in the (14|3) superlattice, electrostatics and elasticity are 
in close competition and the balance between them can be 
easily tipped in either direction not only by tailoring of the indi-
vidual layer thicknesses in the superlattice, but also through a 
variety of external perturbations such as mechanical deforma-
tion, temperature or electric fields, paving the way for a com-
bined strain and electrostatic engineering approach to realizing 
highly responsive materials.

8. Experimental Section
Superlattice Growth: The SrRuO3 bottom electrode and the Sr3Al2O6 

sacrificial layers were grown on (001)-oriented SrTiO3 substrates by 
pulsed-laser deposition using the deposition parameters given in  
ref. [44]. Typical in situ and ex situ characterization results for the SrRuO3/ 
Sr3Al2O6 bilayer are shown in Figure S11, Supporting Information. 
The PbTiO3/SrTiO3 superlattices were then deposited using off-axis 
radiofrequency (rf) magnetron sputtering. PbTiO3 was sputtered from a 
2 inch-diameter target with 10% excess Pb (Pb1.1TiO3) to compensate for 
Pb volatility. A nominally stoichiometric 2-inch target was used for the 
deposition of SrTiO3. Both PbTiO3 and SrTiO3 layers were deposited with 
the substrate held at a temperature of 540 °C in a 180 mTorr atmosphere 
with an oxygen:argon ratio of 5:7, with the rf power set at 60 W.

Laboratory and Synchrotron XRD: The laboratory X-ray diffraction 
measurements were performed using a 9 kW  Rigaku Smartlab high-
resolution X-ray diffractometer with a 2-bounce Ge(220) monochromator 
and CuKα1 (wavelength λ  = 1.5406 Å) radiation. The quoted domain 
periodicity values were obtained by fitting the domain satellites with a 
Gaussian. Where possible, uncertainties on the lattice parameters were 
determined from measurements of multiple reflections. The scanning 
X-ray diffraction microscopy experiment was performed at the NanoMAX 
beamline of the MAX IV synchrotron.[45,46] An incident X-ray energy of  
λ = 12.05 keV was selected using a Si(111) double crystal monochromator 
with resolution Δλ/λ  = 10−4. A set of Kirkpatrick–Baez mirrors was 
employed to focus the incident ≈1010photons s−1 into a spot of  
80 × 80 nm2 full-width at half-maximum, as measured via a ptychography 
scan of a known reference object.[47] The 2θ offset was calibrated using 
a silicon standard sample. The sample was raster scanned relative to 
the focused beam in 450 nm steps using a commercial piezo scanner. 
A 2D Merlin Si detector[48] was placed 40 cm downstream of the sample 
stage and at an angular position corresponding to the 002pc superlattice 
reflection. At each scanned sample position, the detector was exposed 
for 2  ms, thus allowing a spatially-resolved map of nanodiffraction 
patterns to be obtained.

AFM and PFM: A Bruker Dimension Icon microscope was used to 
characterize the surface of the superlattices, and silicon AFM probes 
with Pt/Ir conductive coating and stiffness of 0.2 N m−1 were used. For 
domain mapping, an AC voltage with amplitude of 1 V peak-to-peak near 
the contact resonance frequency was applied.

Raman: Raman scattering measurements were carried out using a 
Renishaw Raman microscope (System 1000) with 514 nm argon laser 
in the back-scattering geometry. The sample was mounted on a rotary 
microscope stage allowing for manual alignment of the sample with 
respect to the incident light polarization direction and subsequent 
automatized rotation in steps of the angle φ using the same set up as, 
for example, in ref. [49].

Electron Microscopy: The complete superlattice microtube was 
initially imaged using a Thermo Fisher Scientific Helios G4 CX at 5 kV 
in secondary electron mode. An electron transparent cross-section of 
the sample was then prepared for STEM using a dual-beam focused 
ion beam integrated scanning electron microscope (Thermo-Fisher 
Scientific FEI G4 CX). Electron-beam deposited C and then Pt was first 
deposited at the sides of the full tubes to ensure there was no change in 
the curvature of the tube. It was found that if the C/Pt was deposited on 
the top of the tube initially the curvature of the tube changed, that is, the 

tube was slightly squashed. To increase the curvature of the film further, 
the rolled up film was squashed by pressing with the SEM/FIB easy lift 
physical probe, and subsequently welded into this form by depositing  
C/Pt. After filling with carbon and platinum, the tubes were then cut free 
from the bulk sample and finally mounted onto a copper Omniprobe 
lift-out grid as shown in Figure 6d. The samples were thinned to electron 
transparency in four steps: 1) from 2 μm to 800 nm using a 30 keV,  
0.23 nA Ga ion beam; 2) 800 to 500 nm at 16 keV, 50 pA; 3) 500 to 
300 nm at 8 keV, 50 pA; and 4) <100 nm  at 5 keV, 46 pA, followed by a 
final polishing step at 2 keV and 9 pA. The STEM imaging was carried out 
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 convergence angle was 24 mrad and the collection angle 
for ADF images was 52–200 mrad using the HAADF detector. All STEM 
images were processed using Thermo Fisher Scientific drift corrected 
frame integration Velox software to correct for drift/scan distortion.

Additional STEM imaging and EELS measurements were performed 
in a Nion UltraSTEM100MC monochromated dedicated STEM 
instrument, operated at 60  kV. The beam convergence angle used was 
33 mrad with a high-angle annular dark-field detector’s collection semi-
angular range of 90–200 mrad. For the core-loss EELS measurements 
the instrument’s monochromator slit was closed to obtain a zero-loss 
peak full-width at half-maximum of 150 meV, while the spectrometer 
aperture (collection) semi angle was 64 mrad. Spatially resolved electron 
energy loss spectroscopy measurements were performed by rastering 
the electron probe serially across a defined region and collecting an EEL 
spectrum at each point. Chemical maps were created by integrating, 
the spectrum intensity at each point of the acquired spectrum images 
over a 40 eV window above the Ti L2,3 EELS edge onset after background 
subtraction using a power-law model. GPA analysis was conducted 
using the Strain++ open-source software available at https://jjppeters.
github.io/Strainpp/. The image in Figure 1b was obtained using a JEOL 
JSM IT-100 scanning electron microscope operated at 3  kV with a tilt 
angle of 45°.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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