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ABSTRACT

The (PbTi0;),/(SrTiO;),, (PTO/STO) superlattice system has been shown to exhibit interesting topological phases (e.g., vortices and
skyrmions) in addition to normal ferroelectric domain states. Existing studies are mostly focused on the dependence of topological polar
distributions and properties of PTO/STO superlattice on its periodicity. Here, we study the strain effect on the topological phase transitions
and ferroelectric domain structures employing phase-field simulations. We summarized in an isotropic strain (in-plane misfit strain along
the x direction is equal to that along the y direction) periodicity phase diagram displaying the stability regions of different polar topological
states, including normal ferroelectric twins, vortices, skyrmions, and mixtures of vortices and twins. We also analyzed the polarization config-
urations under anisotropic in-plane strains (in-plane misfit strain along the x direction is not equal to that along the y direction) and demon-
strated that the strain anisotropy can be used to tune the directions of vortex arrays along either the [100] ,c or [010] ,. directions or
labyrinth vortex arrays. This work offers guidance to manipulating polar structures in the PTO/STO superlattices via strain engineering.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0160901

Recent studies have demonstrated the existence of rich non-
trivial topological phases, including flux closures,' vortices,” polar sky-
rmions,” merons,” dipolar waves,” and anti-vortices in (PbTiO3),/
(SrTi03), (PTO/STO) superlattices and PbTiOs thin films.” ? The
dependence of polar structures on the superlattice periodicity for the
PTO/STO superlattices on DyScO3 (DSO) substrates was established
by Hong et al."’ They demonstrated that periodic arrays of vortex (the
topological phase with rotational polarizations around an axis) tubes
lying within the PTO planes form in superlattices with intermediate
periodicity (>10 unit cells) while a-twin structure (the ferroelectric
twin structure constructed with a; domain with polarization along the
x direction and a, domain with polarization along the y direction) is
stable at a small superlattice period (<10 unit cells). Furthermore, it
has also been found that epitaxial misfit strains imposed by various

substrates may lead to different mesoscale domain structures. For
example, polar vortices evolve into skyrmions for the same PTO/STO
superlattices when the substrate is changed from DSO to STO.” The
anisotropy of strains may also be important as it was found in
PTO.'""* Notably, strain here is specified as the effective lattice mis-
match between PTO and substrate. The expression of the strain is
shown in the supplementary material followed by previous studies."”
The main objective of this work is to study the strain effects on
domain structures and topological phases and establish a phase dia-
gram representing the stability of different polar phases under different
strains. In particular, we constructed a strain—periodicity phase dia-
gram and a misfit strain-misfit strain diagram for PTO/STO superlat-
tices, which can provide guidance to the design of superlattice-based
material systems and strain engineering of topological polar phases.
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We employ phase-field method to obtain the three-dimensional polar-
ization domain structures for the PTO/STO superlattice.**’ The evo-
lution of spontaneous polarization is governed by the time-dependent
Ginzburg-Landau (TDGL) equations,

OP;(7, 1) oF

o~ Lepgg (T2

where L is the kinetics coefficient and ¢ is the evolution time step. F is
the total free energy of the heterostructure system,

F = J(flunduu +fElustic +fElectric +medient)dV,

where f7 4nday 1S the Landau free energy density as a function of sponta-
neous polarization, fz,. is the elastic energy density as a function of
mechanical displacements and spontaneous polarization, fgjec is the
electrostatic energy density as a function of electric potential and spon-
taneous polarization, and fG,qgien is the spontaneous polarization gra-
dient energy. The elastic displacements are obtained by solving the
mechanical equilibrium equation for a given spontaneous polarization
and, thus, spontaneous strain under specified mechanical boundary
conditions. At the same time, the electric potential is determined by
solving the electrostatic Poisson equation for a given distribution of
spontaneous polarization under the specific electric boundary condi-
tions using a background dielectric constant for the heterostructure.
All related simulation parameters are fully listed in Table S1 in the
supplementary material.

The superlattice system chosen here is (PbTiO3),/(SrTiO3),, dis-
cretized with a mesh of 200 x 200 x 250 grids, in which each grid rep-
resents 0.4 nm in real space. There are n unit cells of PTO and STO
materials periodically repeated for five times. The pseudocubic lattice
parameters of PTO and STO are 3.9574 and 3.905 A, respectively.'*’
We employ periodic boundary conditions along the in-plane direc-
tions and a superposition method along the out-of-plane direction.
The electric potential is set as zero on the bottom and zero on the top
of the superlattice film, which simulates the full compensation of film
surface polarization charge by the top and bottom electrodes. A thin
film mechanical boundary condition is employed, which is stress free
at the film’s top surface and fixes the elastic displacement in the sub-
strate away from the substrate/film surface. More details for phase-
field simulations have been reported in previous studies.'”'”**

Examples of typical domain structures and topological phases
in PTO/STO superlattices from phase-field simulations are shown in
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Fig. 1. Figure 1(a) shows the typical ¢ domains (ferroelectric domains
with spontaneous polarization along both the +z and —z directions)
with 180° mixed Ising-Néel type domain wall under a sufficiently
large compressive strain (e = &y, = —2%). Details of domain walls
are shown in Fig. S1 in the supplementary material. For the case with
a compressive strain, &y, = &y, = —1.34%, the strain imposed by a STO
substrate, shown in Fig. 1(b), a polar skyrmion (a topological structure
consisting of ¢- domains with negative polarization along the —z
direction is surrounded by c+ domains with positive polarization along
the +z direction or vice versa) is obtained. A full three-dimensional pic-
ture of a polar bubble skyrmion is obtained in Fig. S2 in the supplemen-
tary material. The result is consistent with that observed by Das et al. via
scanning transmission electron microscopy (STEM) observations.”
Under an intermediate strain (g = &,y = —0.187%) and the lattice
misfit strain on a DSO substrate (in-plane lattice constants along x
and y directions for a DSO substrate are close and we simply con-
sider the in-plane strain imposed by a DSO substrate isotropic),”
vortices plotted in Fig. 1(c) are stable with a proper depolarization
field strength. Under a large tensile strain, e.g., & = Eyy = 1.56%,
a-twin states are stable [Fig. 1(d)]. One would be noticed that a suffi-
ciently large volume (on the order of several millions of non-
identical unit cells) for a superlattice system is needed to generate a
proper polar domain pattern, which may be computationally very
expensive. To reduce the computational cost, we do not perform
simulations with pretty small (<8 unit cells) or large periodicities
(>18 unit cells); thus, some polar structures induced by periodicities
smaller than eight unit cells (wavy structure) and larger than 18 unit
cells (flux closure) will not be discussed in this paper.

We performed a series of simulations with superlattice periodic-
ity ranging from n =28 to 18 unit cells under isotropic in-plane misfit
strains (—2% to 0.317%). Based on the simulation results, we con-
structed a rather comprehensive domain stability diagram (Fig. 2).
There are six polar structure regions, including two tetragonal states
with out-of-plane polarizations (c domains) or in-plane polarizations
along x and y directions (a,/a, twin domains), two topological phases
(skyrmion and vortex), and two regions consisting of a mixture of vor-
tex and skyrmion (vortex + skyrmion) and a mixture of vortex and
ai/a, twin domains (vortex+ a;/a,). As shown in Fig. 2, the yellow
region suggests that ¢ domains are stable under large compressive
strains. When the magnitude of the strain is reduced, or the superlat-
tice periodicity is increased, the polar skyrmion phase (blue region,
Fig. 2 is the most stable state. Upon further reducing the magnitude of

(c) (d)

vortex a-twin

FIG. 1. Schematic of (a) c— domains with 180° domain walls (details of domain walls are shown in Fig. S1 in the supplementary material); (b) schematic of a ferroelectric sky-
rmion; (c) schematic of a polar vortex with rotational polarization; and (d) schematic of the twin structure with a; and a, domains.
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FIG. 2. The misfit strain effect on the PTO/STO superlattice system. (a) Misfit
strain—periodicity phase diagram of the PTO/STO superlattice system. The caption
inside the diagram indicates the stable domain structure for the colored region.
Blue stars indicate experimental results. STEM images of the (PTO);/(STO)¢s
superlattice on a (b) STO substrate and (c) SAGT substrate.

the compressive strain, vortex arrays form. Pure vortex arrays (purple
area) exist under in-plane strains greater than —1% due to the
increased in-plane polarization. Eventually, when the misfit strain
becomes tensile (>0.187%), the a-twin structure (green area) becomes
the most stable state. The strain—period phase diagram is likely influ-
enced by differences in background dielectric constant, in-plane size,
as well as initial polarization setup.

We analyzed the different forms of energy contributions to the
stability of ferroelectric polar states shown in Fig. S3 in the supplemen-
tary material to understand the role of strain. The formation of ¢
domains is dominated by the elastic energy reduction due to large
compressive strains in both PTO and STO layers. With reduction in
strain magnitude, the reduction in electric energy becomes increas-
ingly dominant leading to the increase in the in-plane polarization and
formation of skyrmions. When the strain is around —0.954%, the for-
mation of vortices with rotational polarization reduces the gradient
energy. Eventually, the formation of a-twin with in-plane polarization
under a tensile strain is owing to the reduction in depolarization
energy. In addition, at the boundaries between two stability regions,
there exist two mixed states, vortex + skyrmion and vortex+a,/a,.

For validation, the experimental observations are included in Fig.
2(a) using blue stars. Two STEM images shown in Figs. 2(b) and 2(c)
correspond to blue stars named Exp. 1 and 2 in Fig. 2(a), which repre-
sent topological structures (vortex and skyrmion) in the PTO/STO
superlattice on STO (epitaxial misfit strain ~ —1.34%) and
Sry.04Aly 12Gag 35Ta9 5003 (SAGT, epitaxial misfit strain ~ —0.954%)
substrate, respectively. Meanwhile, blue stars named Exp. 3-5 in the
diagram stand for experiments results from the previous literature.'***
The experimental observations largely confirm the simulation predic-
tions. Sample preparation and STEM analysis details are shown in the

supplementary material.

To analyze the transition from one polar structure to another, we
plot the normalized skyrmion volume fraction in (PTO);¢/(STO);6
superlattice vs anisotropic in-plane misfit strain diagram in Fig. 3.
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Under a significantly compressive misfit strain (~—1.78%), the calcu-
lated skyrmion volume fraction is around 51%. As the compressive
strain decreases, the amount and magnitude of in-plane polarization
increase, leading to the formation of a larger amount of skyrmions
(Fig. $4 in the supplementary material). The skyrmion fraction grows
to 57% at the misfit strain of —1.78%, which agrees well with previous
experimental observation ~52%.° Upon further decreasing the magni-
tude of the compressive strain to —1.34%, there is a topological phase
transition from skyrmions to vortices (Fig. S5 in the supplementary
material). Eventually, under a misfit strain ~ —0.954% (corresponding
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FIG. 4. Misfit strain (e,,)-misfit strain (e,,) phase diagram for (PTO)¢/(STO)ss
superlattices at room temperature from phase-field simulations.
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to the SAGT substrate), no skyrmions are obtained, which is consistent
with the STEM observation in Fig. 2(c). In-plane views of polar struc-
tural evolution with respect to the strain are provided in Fig. S5 in the
supplementary material. The discussions above show that the sky-
rmion volume fraction evolves considerably under different misfit
strains. Therefore, besides an external electric field,” skyrmion density
and vortex-skyrmion topological phase transition could also be effec-
tively tuned by strain.

We examined the effect of anisotropic strains on the relative sta-
bility of different polar states. In particular, we constructed a misfit
strain-misfit strain phase diagram for the anisotropic strains in the
range of 0.19% < &y and &y, < 0.94% for the PTO/STO superlattice
system at room temperature with a specific superlattice period n =16
unit cells. As shown in Fig. 4, ten different polarization states are
observed, including ¢, a,, a,, a,/a,, vortex, skyrmion, vortex + sky-
rmion, mixed a; and vortex (vortex+ a;), the mixed a, and vortex
(vortex+ a,), and vortex+ a;/a,. For those states mainly consisting of
out-of-plane polarization such as ¢, skyrmion, vortex + skyrmion, and
vortex regions, strains with this range of anisotropy only have a small
impact on the polar phase stabilities. Due to respective tensile and
compressive nature of the strains along the two in-plane directions,
the average in-plane strain is small. Therefore, the anisotropic strain
mainly affects the direction and magnitude of in-plane polarization
and has negligible impact on out-of-plane polarization. As a result,
strains with this range of anisotropy have little influence on the topo-
logical nature of skyrmions, which are ¢+ domains with polarization
along the +z direction surrounded by ¢- domains with polarization
along the —z direction. The topological charge is calculated by
[[LP - (9P x 9,P)dxdy, where P is the normalized polarization
vector.”” 2’ *° The value equaling to 1 represents the skyrmion topology
as shown in Fig. S6 in the supplementary material. Under significantly
large compressive strains (>—2% along one in-plane direction
together with <—1.6% along with the other), ¢ domains are stable.
The polar skyrmion state is the stable state under smaller compressive
strains (—1.6% < &y, and &y, < —0.7%), while the vortex region is in
the middle of the diagram plotted by salmon color. By contrast, the
anisotropy of strains is the main factor of in determining either a;, a,

Labyrinth vortex array

ARTICLE pubs.aip.org/aip/apl

Vortex array
along the x direction

<p>[c/m2] FIG. 5. (a) Misfit strain (&,,)-misfit strain
(eyy) vortex phase stability diagram: The
purple dots represent vortex arrays along
the x direction, orange hexagons repre-
sent labyrinth vortex arrays, and peach
stars represent vortex arrays along the y
direction. Examples of (b) vortex array
along the x direction, (c) vortex array
along the y direction, and (d) labyrinth vor-
tex array.

or a;/a, twin structure as well as stabilities of vortex+a;, vortex+a,
and vortex+a,/a, structures as the stable state (the top right region of
the diagram). As expected, a tensile strain along the x or y direction
favors the a; domains or a, domains.'”

We observe three types of vortex arrays as a result of strain
anisotropy giving rise to different in-plane polarization directions,
including vortex arrays along the x (polar vortices with polarization
rotated around the x axis) and y (polar vortices with polarization
rotated around the y axis) directions as well as labyrinth arrays formed
from mixtures of vortex arrays along both the x and y directions. As
shown in Fig. 5, the vortex array is stable along the x or y direction
under the more compressive strain along the x or y direction.
Labyrinth vortex arrays tend to be stabilized by isotropic or close-to
isotropic misfit strains. The cross section plots for all three types of
arrays are shown in Fig. S7 in the supplementary material.

In summary, we established the strain-periodicity and the
strain—strain phase diagrams of three-dimensional polar structures for
PTO/STO superlattices employing the phase-field method. The phase
diagram includes conventional ferroelectric domain structures and
topological phases. The representative non-trivial topological phases
(vortex, skyrmion) are tunable via the misfit strain. There are three
types of vortex arrays, including vortex array along the x direction,
along the y direction, and a different kind of labyrinth-vortex arrays.
The work provides the guidance to employ strain to tune the polar
structures of PTO/STO superlattices.

See the supplementary material for experimental and simulation
details.
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