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The period of polar domain (d) in ferroics was commonly believed to scale with
corresponding film thicknesses (h), following the classical Kittel’s law of d

vh. Here, we have not only observed that this relationship fails in the case of
polar skyrmions, where the period shrinks nearly to a constant value, or even
experiences a slight increase, but also discovered that skyrmions have further
persisted in [(PbTiO3),/(SrTiO3),]10 ultrathin superlattices. Both experimental
and theoretical results indicate that the skyrmion periods (d) and PbTiOj3 layer
thicknesses in superlattice (h) obey the hyperbolic function of d = Ah +% other
than previous believed, simple square root law. Phase-field analysis indicates
that the relationship originates from the different energy competitions of the
superlattices with PbTiOj3 layer thicknesses. This work exemplified the critical
size problems faced by nanoscale ferroelectric device designing in the post-

Moore era.

The Kittel's law (d = +/h), derived from ferromagnetic materials, is also
suitable for ferroelectric materials*” (Supplementary Table 1), where d
is the period of polar domain, A is the film thickness. Specifically,
despite the fundamental differences of domain formation in ferro-
magnets and ferroelectrics, this square root expression corresponding
to the domain periods and film thicknesses was then proved to persist
in all these ferroics, according to the thermodynamic theoretical
analysis>*.

In spite of its simplicity, this square root law holds over a
remarkable range of sample sizes and shapes. It is then reasonable to
think when or whether this law breaks down? Theoretically, two dec-
ades ago, Speck et al. have predicted a potential breakdown of the
Kittel's law when approaching the ultrathin thicknesses of some fer-
roelectric and ferroelastic films. For example, in the studies of elastic
energy and domain formation in the strained ferroelectric and fer-
roelastic films, the periods of domain will obey the Kittel's law in
thicker films but will rises steeply when corresponding thicknesses
shrink to a critical value® 3, which is distinct from the description of the
Kittel's law. Moreover, this breakdown was theoretically believed to

bring the ultrathin electronic devices with ultrahigh density storages
possible’, but never confirmed in experiments.

While these works are illuminative, polar topologies, such as the
skyrmions and their distributions in ultrathin PbTiO; (PTO) layers,
were not revealed. Particularly, powered by aberration corrected
(scanning) transmission electron microscopy*® ((S)TEM), the dis-
covery and study of topological polar structures make them well sui-
table for further exploring the Kittel's law in the ultrathin limit?**,
Here, we directly observed this anomalous period-thickness relation-
ship in polar skyrmion systems that could not be described by the
simple Kittel’s law, where the periods of skyrmions shrink nearly to a
constant value, or even experiences a slight increasing in ferroelectric
PTO/STO (SrTiO3) superlattices with ultrathin PTO layer thicknesses.
Moreover, low coercive voltage and good ferroelectricity were
achieved in these ultrathin superlattices.

A series of (PTO,/STO,)0 (n=37, 28, 23, 19, 12, 9, 4, 2u.c.)
superlattices and (PTO,/STO,); (n=50, 23, 12, 2 u.c.) bilayers were
deposited on STO substrates using pulsed laser deposition (PLD).
Superlattice growth details are described in methods. It is of great
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importance to prove critical thickness of skyrmions for the designing
of skyrmion based ultrathin and high-density information storage*®~,
The polar skyrmion has a hedgehog-like component at the top and
bottom interface between STO and PTO, where the polarization
direction rotates smoothly from up to down and from the centre to the
edge of the skyrmion. Moreover, a Bloch-like in-plane component
forms at the central plane in PTO, where the polarization direction
forms a closed loop (Supplementary Fig. 1a-c). The sizes of skyrmions
may be modulated by PTO layer thicknesses (Supplementary Fig. 1b, c).

Results and discussion

Characterization of growth quality of PTO/STO superlattices
First we have employed STEM, X-ray diffraction (XRD) and atomic
force microscopy (AFM) to verify the growth quality. Typical low-
magnification STEM images and EDS mapping of the cross-sectional
superlattices along the [010] zone axis reveal the sharp interfaces and
good coherence (Supplementary Figs. 2, 3). The 8-26 symmetric scan
XRD patterns and surface topography also reveal that these super-
lattices exhibit good epitaxy with atomic scale flat surface (Supple-
mentary Fig. 4). These results suggest that we have obtained high-
quality PTO/STO superlattices, which is important for the further
revealing of the characters of possible polar skyrmions.

Thickness-dependent skyrmions evolution

Using diffraction contrast analysis, selected electron diffraction
(SAED) and XRD methods, we mainly focus on the critical thickness of
polar skyrmions, that is, the critical PTO layer thickness could hold the
formation of polar skyrmions and their statistical distribution features.
For revealing these statistical details, a range of dark field (DF) images,
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Fig. 1| Determination of the critical thickness for formation of polar sky-
rmions. a-p A series of cross-sectional DF images for (PTO,,/STO,),o (n=37, 28,23,
19,12, 9, 4,2 u.c.) superlattices and their corresponding logarithmic RSMs in the g,
g, scattering plane around the (103) substrates reflection. Note that the DF images
taken by g =002 or g =002 diffraction vector. A range of enlarged single electron
diffraction spots were inserted to the right of the DF images. The white dashed

SAED patterns, reciprocal space maps (RSMs) corresponding to the
serial (PTO,/STO,);0 superlattices were performed (Fig. 1a-p and
Supplementary Figs. 5, 6).

Figure lais a cross-sectional TEM DF image of the (PTO57/STOs5)10
superlattices. Intensity modulations suggest the possible formation of
polar skyrmions, which is similar to previous works”. The inset in
Fig. 1a is a single enlarged (202) SAED spot (full SAED pattern was
shown in Supplementary Fig. 6a). The long-range ordering along the
out-of-plane direction manifests the superlattice Bragg reflections, as
the super-reflections along the out-of-plane direction shown in the
enlargement SAED spot. Specially, satellite diffraction spots marked by
two white arrows indicate some in-plane ordering modulations, which
originate from polar skyrmions and is consistent with the DF image. To
confirm the formation of polar skyrmions in the whole (PTO57/STO37)10
superlattices, (103) RSM map of the entire (PTO5;/STO37);0 Super-
lattices was further performed (Fig. 1b). Here the satellite peaks were
clearly recorded for the whole film sample, which suggest the obtained
polar skyrmions undoubtedly. The in-plane modulation period could
be calculated via the distance between the satellite peak and the Bragg
peak

d:—r (1)

which yields an in-plane period of 13.8 nm for the (PTO37/STO3,)10
superlattices. In the same way, the DF images, single SAED spots and
RSMs were shown in Fig. 1c-p for the rest of (PTO,/STO,);0 (n =28, 23,
19,12, 9, 4,2 u.c.) superlattices (corresponding full SAED patterns were
shown in Supplementary Fig. 6b-g).

1=
=3

Lmool

STO/(PTOs/STO9)10

boxes in k, m, o are the partial enlarged view of the skyrmion images. For RSMs, the
Bragg peaks (superlattice peaks) along the g, direction correspond to an out-of-
plane periodicity of PTO/STO superlattices thickness, and satellite peaks along the
g direction correspond to an in-plane periodicity of polar skyrmions (13.8, 11.1,
10.0,9.5, 6.8, 6.7, 5.2, 6.8 nm).
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Fig. 2 | Fitting the relationship between the period and thickness of skyrmions.
a-c Fitted relationship between the periods (d) and the thicknesses (h) of polar
skyrmions from experiments and simulations with two different methods. One
experimental data point is from references®. The error bar in b comes from the
statistics of several initial models, as can be detailed in the method section. d The
total energy density curves for the STO/PTO/STO trilayers with different

5 10
Period, d (nm)

20 25

thicknesses in the skyrmion lattice models for the determination of the optimal
periods in c. The lowest total energy density for each thickness was chosen as the
reference. The solid curves and dashed drop lines are guides to the eye. For better
visibility, the curves of 2.0 nm and 1.6 nm were shifted downward by 1x10° and

2 x10°)/m?, respectively.

For the superlattices with thicker PTO layers (n=19-37), they tend
to obey the Kittel's law by that the in-plane modulation periods gradually
decrease with the PTO layer thicknesses. However, for the superlattices
with thinner PTO layers (n=2-12), clear deviation of the Kittel's law
could be glanced, as the in-plane modulation period for these samples
keep almost a constant, which can be primarily identified as the
unchanged d in the corresponding RSMs (Fig. 1j, |, n, p and Supple-
mentary Note 1). Here, importantly and unexpectedly, the satellite peaks
also appear in the RSM of the (PTO,/STO,);o superlattices, which sug-
gest the possible missing of critical thickness restriction for the forma-
tion of polar skyrmions in oxides, since here the PTO layer for
maintaining polar skyrmions is even thinner than the critical thickness
restriction for maintaining ferroelectricity in single layer PTO films® .

The period-thickness relationship of skyrmions

By further detailing the statistical distribution of the in-plane mod-
ulation periods and PTO layer thicknesses, and combination of
phase-field simulations, we revealed the relationship between the
periods of polar skyrmions and the PTO layer thicknesses. The peri-
ods of polar skyrmions calculated via the SAED and RSM results were
shown in Fig. 2a. The period of polar skyrmions are about 13.8, 11.1,
10.0,9.5,6.8, 6.7,5.2 and 6.8 nm for the (PTO,/STO,,);0 (n =37, 28, 23,
19,12, 9, 4, 2 u.c.) superlattice series (Fig. 1a—-p). Here it is clear that at
the ultrathin PTO layer side, the period of polar skyrmions disobey
the Kittel’s law, where the periods shrink nearly to a nearly constant
value, or even experience a slight increasing (The Kittel’s law predicts
a sharp drop of this period evolution, as the black dotted line indi-
cate). Specifically, when approaching ~ 4 nm ultrathin PTO layer
thickness, the periods of polar skyrmions will not further decrease
with decreasing PTO thicknesses, where a constant value of about

5~6nm could be maintained. In particular, even a slight increasing
may be observed. These experimental data could be fitted by utiliz-
ing the Origin software (Fig. 2a, red solid line). The fitting function is

d=0.68h+ % +3.24

2

The first term describes the linear section (roughly 4 >2 nm) and
the second term dominates in the region of A <2nm, which is con-
sistent with the feature of the experimental distribution.

We have performed two series of phase-field simulations to study
the relationship between the skyrmion period and the PTO layer
thickness and the results are presented in Fig. 2b, c. In Fig. 2b, the
period was calculated by counting the number of skyrmions and in
Fig. 2¢c, the period was determined by the local minimum of the total
energy density, as shown in Fig. 2d. The complete calculation details
can be found in the Method section. The two period-thickness curves
in Fig. 2b, c show a decrease and then an increase of the period with the
decrease of the PTO layer thickness, which is consistent with the
experimental observation. The fitting results are
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Fig. 3 | Characterization of the limit polar skyrmion. a Planar-view DF under-
focus STEM imaging of (PTO,/STO,),o superlattices, showing the widespread
occurrence of rounded polar skyrmions. The individual skyrmion is marked by
white dotted circle. The 3D skyrmion maps are located under the under-focus
STEM images. b Atomically resolved cross-sectional HAADF-STEM images of
(PTO,/STO,),0 superlattices. The yellow and red circles denote the Pb and Ti atom
columns, respectively, and the red arrow denotes the direction of Ti-displacement
(6mi) vectors. ¢ The reversed 6r; vector maps (spontaneous polarization, Ps),

i% @-srTio, - POTIO, ¢ PbyrsTiO,

revealing the thickness-dependent skyrmion. d The shift ¥ along the out-of-plane
direction. e-g The first-principles calculation result of a PTO,/STO, superlattice
containing a skyrmion. e The three-dimensional presentation of the polarization
vectors. f The top view of the polarization vectors of the PTO layer showing the
vortex-antivortex pattern. g The cross-sectional view of the polarization vectors of
the front layer in e. The polarization vectors with positive P, components are
colored by their in-plane directions and those with negative P, components are in
the gray (or white) color. The spacing between vectors is one unit cell.

To further understand the period-thickness relationship, the
energy components for several thicknesses were analyzed. Supple-
mentary Fig. 7a gives the evolution of different energy components
with the period for the 12 nm film. It is found that the energy compo-
nents are all monotonous around the optimized period: The bulk and
electrostatic energy densities increase with the period, while the gra-
dient and elastic ones decrease. It is the competition of the sum of bulk
and electrostatic energy densities and the sum of gradient and elastic
energy densities that determines the optimal period. It should also be
noted that the bulk energy density of the 12 nm film would experience
a minimum with the decrease of period (d =13 nm). As the decrease of
the film thickness, the position of the bulk energy minimum gradually
shifts to the optimal period, as shown in Supplementary Fig. 7b, c. The
gradient energy density curve shows a maximum when the thickness is
3.2 nm, as shown in Supplementary Fig. 7c. The position of this max-
imum also shifts to the optimal period when the film thickness further
decreases to 1.6 nm, as shown in Supplementary Fig. 7d. Comparing
the four panels in Supplementary Fig. 7, it is found that when A >4 nm,
the energy components are all monotonous near the optimal period.
When h <4 nm, the bulk and gradient energy densities show a mini-
mum and a maximum close to the optimal period, respectively. Since
the monotonicity of different energy components are the prerequisite
for the deduction of the Kittel’s law, it is indicated that the bottom limit
of the Kittel’s law is =4 nm in this system. Thus, here we have sum-
marized all thickness ranges for PTO layers where we believed that the
period-thickness relationship in ultrathin films does not accord with
Kittel’s law.

It is well known that the depolarization field plays an important
role in ultrathin ferroelectric layers”*°. Here, the electric field and
polarization profiles along the film normal across the center of the
skyrmion were plotted for several layer thicknesses, as shown in Sup-
plementary Fig. 8. It is found that the polarization profiles are generally
the same for different film thicknesses and the electric field profiles are
obviously different for thicker and thinner films. When the film thick-
ness is 20 nm, the electric field in the PTO layer, or the depolarization

field, mainly concentrates near the PTO/STO interfaces and gradually
decreases away from the interfaces. In the middle of the PTO layer, the
depolarization field is nearly zero, as shown in Supplementary Fig. 8a.
When the film thickness decreases, the depolarization field in the
middle of the PTO layer gradually increases, as shown in Supplemen-
tary Fig. 8b-d. In other words, the effect of depolarization field
becomes more important for thinner films. Other detailed discussion
of the relationship can be found in the Supplementary Note 2.

Observation of skyrmions in limit thickness superlattices

We further studied these polar skyrmions in thicker (PTO,/STO,)10
(n=23, 12 u.c.) superlattices as an example, via real space TEM ima-
ging. Planar-view under-focus high-angle annular dark-field (HAADF)
STEM images and atomic-scale polarization mappings using a dis-
placement vector-mapping algorithm on cross-sectional HAADF-STEM
images were performed to confirm the emergence of polar skyrmions
in these PTO/STO superlattices (Supplementary Figs. 9-11, experi-
mental details can be found in methods). The planar-view STEM ima-
ges of the (PTO,/STO,,);0 (n =23, 12 u.c.) superlattices (Supplementary
Figs. 9a, 10a) display the widespread polar skyrmions and elongated
polar skyrmions features along the [100] and [010] directions, which is
similar to previously reported®.

In addition, the polar skyrmions in the PTO/STO superlattices with
thinner PTO layers was studied. The planar-view STEM image of the
(PTO,4/STO,);0 superlattices also display the occurrence of polar sky-
rmions and elongated polar skyrmions features along the [100] and
[010] directions (Fig. 3a, Supplementary Fig. 11f), which is similar to the
PTO/STO superlattices with thicker PTO layers. The 3-dimensional (3D)
schematics of the polar skyrmion configurations were shown in Fig. 3a
and Supplementary Figs. 9a, 10a. Supplementary Figs. 9b, 10b are
corresponding atomically resolved cross-sectional HAADF-STEM ima-
ges. The Pb?* columns in these HAADF-STEM images appear as the
brightest dots because the intensity of atom columns is approximately
proportional to 22, where Z is the atomic number®. The polarization
direction is opposite to the direction of §r; (Supplementary Figs. 12,
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Fig. 4 | The topological number and possible formation mechanism of ferro-
electric skyrmions. The distributions of polarization a and topological density
b at the PTO/STO interface for the STO/PTO/STO model with the PTO layer
thickness of 4 nm obtained from phase-field simulations. ¢ Dependence of the
topological number (Ng) on thickness. d RSM around (103) Bragg spot of the STO

500 600
Wavelength (nm)

fL\'L XU g\g ,L\\'L \%\\9 q:b\‘ib 1%\1 1\51 unn cell)
substrate for the (PTO,/LSMO5),o superlattices. e UV absorption measurements on
the (PTO,/STO,)10 (n =12, 4 u.c.) superlattices. A bare STO and single PTO film are
also measured here for comparison. f Coercive voltage distribution map corre-
sponding to different superlattice thicknesses.

13). Polarization maps (Supplementary Figs. 9¢c, 10c) based on the
HAADF-STEM images (Supplementary Figs. 9b, 10b) indicate clear
domain structures with anti-parallel polarization and polarization
rotations in these PTO/STO superlattices, which is the feature of the
polar skyrmions as also reported previously*’~*°. Furthermore, for the
(PTO,/STO,),0 superlattices, polarization map (Fig. 3c) based on the
HAADF-STEM images (Fig. 3b) also indicates the signal of the polar
skyrmions, which corresponds to the red dotted box in Supplementary
Fig. 14. Figure 3d indicates that the ion displacement of closed ring
along the out-of-plane direction is about 0 ~20 pm.

Supplementary Fig. 15a-d are the DF image of (PTOs0/STOs0);
bilayer and planar-view HAADF-STEM images of (PTO,/STO,); (n=23,
12 u.c.) bilayers. Supplementary Fig. 16 are the cross-sectional and
planar-view HAADF-STEM images of (PTO,/STO,), bilayer. The polar-
ization distributions of the white dotted areas, clearly show the sky-
rmion polar characteristic (Supplementary Figs. 15, 16). The planar-
view polar map further proves that they are the skyrmions rather than
other topologies (Supplementary Figs. 15, 16 and Supplementary
Notes 3, 4).

Based on all the above results, the skyrmions could be confirmed
in these PTO/STO superlattices including the ones with ultrathin PTO
layers. Here the PTO layer for maintaining polar skyrmions (-2 u.c.) is
even thinner than the critical thickness restriction for maintaining
ferroelectricity (-3 u.c.) in single layer PTO films**, thus we also
deduced that the critical thickness of the polar skyrmion could be
missing. Meanwhile, we also proposed a possible size shrinking
mechanism based on 3D skyrmion evolution with decreasing super-
lattice thickness (Supplementary Fig. 14). To show that the skyrmions
could exist in the ultrathin superlattices, an atomic model of PTO,/
STO, (The model size is 10 x 10 x 4 u.c.) was constructed and relaxed
by using first-principles calculations. Figure 3e-g give the 3D polar-
ization structure and the plan-view and cross-section slices of the
optimized model and the feature of skyrmion can be clearly revealed.
Compared with the skyrmion in a larger model of PTO,o/STO, whose

size is 20 x 20 x 14 u.c. predicted by second-principles calculations®,
the Bloch characteristic in the PTO layer is enhanced while the Néel
characteristic at the PTO/STO interfaces is not very obvious.

The evolution process with thickness of polar skyrmions could
be glanced in Supplementary Fig. 14. By comparing the skyrmion
evolution processes with thickness, temperature and electric
field***?, we found that they have similar evolutionary character-
istics. In addition, we also performed in-situ TEM experiment to
observe the dynamic evolution of polar skyrmions. Supplementary
Fig. 17 shows a series of DF images of the (PTO,/STO1,)10 Super-
lattices from 423 K to 623 K. The phase transition temperature from
the polar skyrmion to the paraelectric state, or the Curie tempera-
ture, could be regarded as about 623 K. When the temperature rises
from 473 K to 573 K, the polar skyrmions disappear layer by layer as
marked by the yellow dashed box, which implies that skyrmions
have collective and cooperative behavior in the same PTO layer. We
also studied the evolution of skyrmions in other thickness super-
lattices with temperature by experiments and phase-field simula-
tions (Supplementary Figs. 18, 19). As shown in Supplementary
Fig. 19, the averaged polarization magnitude decreases with the
increase of temperature for all PTO layers considered and thinner
films possess smaller Curie temperatures. The calculated Curie
temperature of the 4 nm PTO layer is about 437 °C (710 K), close to
the experimental result of the 4.8 nm PTO layer, 623 K.

Calculation of topological numbers and functional properties

We proved that skyrmions can exist in ultrathin superlattices and
explored the evolution behavior of skyrmions with thickness. The
topological number was calculated based on the simulation results.
Figure 4a, b give the polarization distribution at the PTO/STO interface
and the corresponding topological density distribution. It is found that
the polarization vectors form a convergent pattern and the topological
density mainly concentrates at the periphery of each skyrmion. The
skyrmions are characterized mathematically by the topological
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where u represents the normalized dipole moment, the surface inte-
gral is taken over the (001) plane. By integrating the topological den-
sity, it is found that the topological charges of these skyrmions are all
-1. The topological charge of a skyrmion is related with the polariza-
tion direction of the skyrmion center: If the polar vector points to the
+z direction, the topological charge is +1, and if it points to the -z
direction, the topological charge is -1. As the thickness decreases, the
topological number corresponding to the surface integral is always -1,
as confirmed by the simulation results (Fig. 4c). Moreover, we further
explored the effect of electric boundary conditions on polar skyrmions
and its relevant functional properties. The skyrmion satellite peak
disappears after the STO layer is replaced by LSMO (Lag 7Sro3MnO5)
electrode, which indicates that the formation of skyrmion is sig-
nificantly affected by the electric boundary condition (Fig. 4d, Sup-
plementary Figs. 20, 21 and Supplementary Table 2). The formation of
polar vortices maybe originates from Dzyaloshinskii-Moriya-like (DMI)
interaction’*®!, which is not significantly affected by electric boundary
conditions, such as Lag;SrosMnO; and SrRuO; (Supplementary
Table 2). By comparison, polar skyrmions are significantly affected by
electric boundary conditions. The absence of polar skyrmions in the
PTO/LSMO superlattices may be associated with charge screening at
the interface which may alter the depolarization fields signifying the
importance of electrostatic boundary conditions. On the contrary, the
ferroelectric layers sandwiched by insulators may result in a large
depolarization field at the film interface, which will become even
dominant in ultrathin layers and affect classic Kittel's law®.

Next, we have performed UV absorption measurements on the
(PTO,/STO,)10 (n=12, 4 u.c.) superlattices grown on STO substrate to
verify how the skyrmions changes optical property (Fig. 4e). We can
find that the single crystal STO and single PTO film display steep
absorption edge (around 400 nm). Compared with pure STO and PTO,
the drop interval of the absorption edge for the superlattices decrea-
ses, as indicated by the arrow. The superlattices containing skyrmions
show more intensive absorption over the whole visible range of
wavelengths investigated. This may be derived from the complex
hedgehog-like and Block-like polarization component in sky-
rmions PTO.

The ferroelectric responses of these ferroelectric/paraelectric
superlattices were further studied by piezoresponse force microscopy
(PFM) methods (Fig. 4f and Supplementary Fig. 22). The local switching
behaviors of the (PTO,,/STO,,)10 superlattices under applied voltage are
given in Supplementary Fig. 22 (n=37, 28, 23,19,12, 9, 4, 2 u.c.). The
local piezoresponse amplitude loops along out-of-plane direction
exhibit the classic butterfly shape. The local square phase hysteresis
signals indicate clear switching behavior which further illustrates
corresponding ferroelectricity nature. The asymmetric characteristic
of the PFM loops may be attributed to the different work functions
between the PFM conducting tip and STO substrate. Furthermore, we
found that the coercive voltage of the superlattices reflected here tend
to gradually decrease as the PTO layer thicknesses decrease (Fig. 4f,
the coercive voltage calculation can be found in methods). The coer-
cive voltage is about 1.2 V for (PTO,/STO,);0 superlattices. In addition,
Supplementary Fig. 22i is the out-of-plane PFM phase map (IMR area)
of the (PTO,9/STO16)10 superlattices after applying + 15 V. Here the IMR
area was initially scanned at a bias of + 15V, then remaining area was
scanned at a bias of — 15V. Supplementary Fig. 22j, k are the out-of-
plane PFM phase and amplitude (3x3um? maps of the (PTOp/
STOp)10 superlattices, which was scanned after applying + 10 V. The
180° phase contrast reversal in these PFM maps also depicts the
switchable characteristics. Above all, these experiments indicate that

the superlattices exhibit good ferroelectricity and polarization reversal
properties.

This work has demonstrated that the critical thickness for the
formation of polar skyrmions may be missing. Polar skyrmions can be
maintained in ultrathin superlattices and bilayers with PTO layer as
thin as two unit cells, which will be important for the future study of
skyrmion-based ferroelectric physics and related electronic elements.
The skyrmion periods (d) and superlattice thicknesses (f) disobeys the
Kittel’s law, especially for the samples with ultrathin PTO layers. Our
results indicate that the critical thickness for polar topologies may be
even thinner than the maintaining of ferroelectricity in ultrathin fer-
roelectric films up to even nearly vanishing, which will be important for
designing novel electronic devices in the post-Moore era, such as
ultrahigh density memories.

Methods

Sample preparation details

The (PTO,/STO,)10 (n=37,28,23,19,12,9,4,2 u.c.) and (PTO,/LSMO>);o
superlattices were deposited on STO (100) substrates by PLD, using the
Coherent ComPex PRO 201 F KrF excimer laser (1 =248 nm). The (PTO,/
STO,,); (n=50, 23,12, 2 u.c.) bilayers were also deposited on STO (100)
substrates. In addition, the (PTO,/STO,4);0 superlattices was also
deposited on Fe0.05% - doping STO (100) substrates. The sintered
ceramic PTO target with 3 mol% Pb-enriched was used for PTO layer
deposition. Single crystal STO target was used for STO layer deposition.
The sintered ceramic LSMO target was used for LSMO layer deposition.
Before deposition, the STO substrate was pre-heated to 750 °C to clean
the surface of substrate and then cooled down to 700 °C for super-
lattices growth. The PTO, STO and LSMO targets were pre-sputtered for
2000 laser shots. During deposition, the target-substrate distance was
32 mm, the oxygen pressure was 10 Pa, laser energy was 370 mJ, and
repetition rate was 4 Hz. After deposition, these samples were annealed
at 700 °C for 5 min and then cooled down to 200 °C with a cooling rate
at 5°C-min™ in an oxygen pressure of 3 x10*Pa.

High-resolution RSM

A Panalytical X'Pert Pro X-ray Diffractometer with a copper source was
used for superlattices. The X-ray wavelength from the copper source
was 1.54059 A. RSMs were performed using a high-resolution XRD (A
Bruker D8 advance high-resolution X-ray Diffractometer). Symmetric
XRD scan with appropriate angle range was adopted to reveal the high
crystalline of the superlattices and the nature of the interfaces. The
(103) diffraction spot contains both in-plane and out-of-plane infor-
mation. The polar skyrmions are the reproducible for (103) RSM of the
(PTO,/STO,);0 (n=4, 2 u.c.) superlattices grown on STO substrate.

TEM and STEM

Cross-sectional samples for TEM and STEM observation were pre-
pared by slicing, gluing, mechanical grinding, dimpling, and finally
ion milling. The samples were dimpled down to <15pum. Then a
Gatan Precision lon Polishing System (PIPS) 691 or 695 was used for
ion milling. At the beginning of ion milling, the incident angles of 8°
and milling voltage of 6 kV were used. Then, the angles and voltage
were gradually reduced to 4° and 3 kV. Finally, ion milling voltage
was set at 0.8 kV (691) or 0.1kV (695) to reduce amorphous layer
produced by ion beam damage. Unlike the cross-sectional samples,
the plane-view sample was milled only from the substrate side to
protect the film from damage. Here, as also indicated by our phase-
field calculations, the effect of electric boundary conditions on the
formation of skyrmions is much greater than that of strains. Thus
the TEM sample preparation will not change the formation of the
skyrmions in the superlattices grown on STO. The specimens were
cleaned before they were allowed to be inserted into the TEM. The
DF images were acquired by Tecnai G> F30 TEM. SAED patterns were
recorded using JEOL 2010 high-resolution TEM. HAADF-STEM
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images were acquired using a Titan G* 300 kV microscope with a
high-brightness field-emission gun and double aberration correc-
tors from CEOS. The beam convergence angle is 25 mrad, and col-
lection angle is 50-250 mrad. Each of the HAADF-STEM images was
acquired by adding up 20 original images, recorded from the same
area of the superlattices. Image acquisition and processing were
performed using the Velox software (FEI). Acquiring images in this
way can reduce the influence of sample drift and scanning noises.

Peak finding

For accurately distinguishing between A-site atoms and B-site atoms
according to the intensity of the atomic column in the HAADF-STEM
image, the brightness and contrast of images have been adjusted as a
whole. The positions of atom columns in HAADF-STEM images were
determined accurately on the basis of the 2D Gaussian fitting, which
was carried out using the Matlab software®. The lattice spacing and
Ti** shift (67;) were deduced.

Phase-field simulation

The polarization distribution in the PTO/STO superlattices was studied
by phase-field simulations. The evolution of polarizations is governed
by the time-dependent Ginzburg-Landau equation:

P, | 6F
@ "L (6)

where L is the dynamic coefficient and F is the system’s free energy
which is composed of bulk, gradient, elastic and electrostatic ones:

F= / v[f butk(PD) +f graa(Pij) + f etas(Pp€x) +Fetec PLEDIAV — (7)

The base area of the simulation box is 40 x 40 nm In the
thickness direction, one PTO layer sandwiched by two STO layers
were stacked, to mimic the PTO/STO superlattices. The PTO and STO
layers are in the same thicknesses. The thickness of a single PTO or
STO layer varies from 1.6 nm to 14 nm. Since the zero strain states of
PTO and STO correspond to the lattice parameters of 3.957 A and
3.905 A, respectively, different misfit strains (-1.3% and 0.0%) were
applied to the PTO and STO layers, respectively. A 4 nm substrate
layer was also considered in the solution of the mechanical equili-
brium equation. The top surface is in a traction-free state, while the
bottom surface of the substrate layer is fixed to the substrate strain.
The short-circuit electric boundary condition is applied to the top
and bottom surfaces of the model. Other technical details and the
material parameters of PTO and STO can be found in previous
literatures”-**%>, Two methods were adopted to study the period-
thickness relationship. In the first one, the in-plane size of the
simulation box is fixed to be 40 nm and several initial models with
different random noises were used to produce the randomly dis-
tributed skyrmions. The approximate period for each model was
calculated by

d=\/S/N ®)

where S is the base area of the simulation box (40 x 40 nm?) and N is
the number of skyrmions. The final period is the average period of
these models. In the second method, the skyrmion lattice models
with varying periods (or the in-plane sizes) were considered and the
optimized periods were determined by the local minima of the total
energy densities. For each STO/PTO/STO trilayer, there exists a
minimum in the energy density-period curve. We have used a series
of polynomials to fit these curves to obtain the optimal periods and
found the cubic polynomial can fit all these curves well.

First-principles calculations

The atomic relaxations were performed by Vienna ab-initio simulation
package (VASP)*°. The PBE-sol exchange-correlation functional® was
used with the method of projector augmented-wave®®. The energy
cutoff was chosen as 500 eV. O’s 2s2p, Ti's 3s3p3d4s, Sr’s 4s4p5s and
Pb’s 5d6s6p electrons are treated as the valence electrons. Only the
Gamma point was considered in the K-space. The ionic relaxation was
considered as convergent when the force on each ion is <10 meV/A.
The size of this model is 10 x 10 x 4 unit cells (2000 atoms). The initial
model contains a square reversed domain with the lateral length of
6 u.c.. At the domain walls, the Bloch-type polarization components
were assigned in a vortex pattern. After the atomic relaxation, the size
of the reversed domain shrank to a round shape, as shown in Fig. 3f.
The polarization vector of each unit cell was calculated according to
the Born effective charge tensors of all atoms®’, which were obtained
by a static calculation of a1 x 1 x 4 supercell of PTO,/STO, where all the
atoms were in their cubic positions.

In-situ study

In-situ experiment was carried out using a Tecnai G* F30 TEM. The real-
time DF TEM images were recorded using a double-tilt holder with
heating function.

Piezoelectric force microscopy (PFM)

Before the PFM test, the conductive silver glue was applied to the iron
sheet, the substrate side of the sample was glued to the iron sheet, and
the sample was heated to 60 °C and baked for 20 min. Surface mor-
phology, the domain writing, hysteresis loops and out-of-plane ampli-
tude/phase images were collected using the lithography PFM and the
Dual AC Resonance Tracking (DART) mode at room-temperature
(Cypher, Asylum Research). A DART model can relieve the topographic
characteristics interference. Conductive Ti/Ir-coated silicon cantilevers
(Asylum Research, ASYELEC-O1-R2) were used for PFM measurements’.
The typical tip radius is about 7 nm and the force constant is ~2Nm™.
The coercive voltage is calculated from the equation:

_ WL+ IU |

v 2
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where U, and U. represent the voltage corresponding to the lowest
point in the amplitude loops, respectively.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available within the
article and the Supplementary Information. The presented data were
available from the corresponding author upon request.

Code availability
The computer code that supports the findings of this study is available
from the corresponding authors upon reasonable request.
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