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Vortex structure in relaxed BaTiOs/SrTiO3; superlattice
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In this work, using the phase-field model, we demonstrated vortex structure can be generated in a lead-free BaTiOz/SrTiO3 superlattice structure.
The labyrinth pattern (maze-like) domain structure was observed in a fully relaxed BaTiO4/SrTiO3 superlattice structure. Topological bubble-like
rosette structures were found at an out-of-plane field, and polar skyrmions were obtained after the electric field was removed. In a designed fully
relaxed nanowire of width ~8 nm, near-perfect periodical clockwise-counterclockwise ferroelectric vortex pairs were generated due to the
interfacial constraints. The simulated topological structures are potentially relevant to the application of high-density ferroelectrics memory devices.

© 2023 The Japan Society of Applied Physics

ver the last decade, an increasing number of

topological ferroelectric structures have been dis-

covered through theoretical predictions and experi-
mental observations.'~'* In particular, the vortex structure
discovered in PbTiO;(PT)/SrTiO3(ST) superlattices has gar-
nered significant attention because of its potential applica-
tions in ferroelectric memory devices and other various
dielectric/ferroelectric applications.'”® However, the Pb
contained in PbTiO; is not environmentally friendly. A
superlattice with PbTiO5; has been constructed, which relies
on the fact that PbTiO; exhibits extremely high spontaneous
polarization at room temperature and that the interfacial
coherence between the substrate/film and the superlattice
material can significantly affect the ferroelectric structure and
properties of the superlattice. This is concluded based on the
strain—temperature phase diagrams of PbTiO; and StTiO;
and the lattice parameters of ferroelectrics.”” Yadav et al.'®
grew a PbTiO; (lattice parameter a = 3.9547 A)/SrTiOs;
(a = 3.905 10\) superlattice on a DyScOj substrate (@ =
3.945 A*®), which caused the PbTiO; phase to be in a small
biaxial compressive constrained state and in the tetragonal
phase (constraint strain of ~0.22%), and the SrTiO; phase
under tensile constraint (~1.013%) but not reaching the
ferroelectric transition point. Under such elastic constraint
conditions, the PbTiO; layer separated by two paraelectric
phases remains in an approximately strain-free state, thereby
resulting in a vortex structure owing to electrostatic interac-
tions and size effects.

We believe that a structure similar to other superlattice
structures should be designed to avoid the use of the toxic
element Pb. Owing to the ultrahigh degrees of freedom of the
superlattice structure, an appropriate superlattice structure
can be designed by regulating the substrate, stacking struc-
ture, and temperature to achieve certain properties.
Theoretically, an infinite number of stacking structures exist
at ambient temperature, which allows our requirements to be
satisfied.

The aim of this study is to investigate the possibility of
achieving similar vortex structures in Pb-free superlattice

DyScOs3 substrate; subsequently, we examined the fully
relaxed superlattice structure BT/STg and observed vortices
at the cross-sectional plane. The generated maze- and
labyrinth-like structures can be transformed into bubble-like
structures under a certain electric field. Using the concept of
“race-trace” memory devices, which limit the ferroelectric
body to one-dimensional nanowires, clockwise (CW) and
counterclockwise (CCW) vortex pairs were clearly observed
in our simulation. Our simulation indicates a possible method
for creating and designing a similar vortex structure in
ferroelectric superlattices, which presents high potential for
application in ferroelectric memory devices.

To simulate a ferroelectric superlattice structure, we
selected a parameter s to distinguish between the BT and
ST phases. In the simulation, #(r) = 1 and n(r) = 0 indicate
that position r is occupied by ferroelectric BT and paraelectric
ST phases, respectively; and 7 was set to 0.5 at the interface.
The order parameter field describing the ferroelectric domain
state is the spontaneous polarization P; (i = 1, 2, and 3). For
the multilayered superlattice structure, periodic boundary
conditions were employed in the x—, y—, and z-directions.
The effect of the substrate on the epitaxially strained super-
lattice was introduced through the elastic energy.

According to the Ginzburg—Landau theory, the total
energy of a superlattice is expressed as

E()t = j;/(fi)ulk +fi‘nter +félec +félas)dv
= fV [%’P,-Z + Oé,:,'PiszZ + OzijkPiszszz
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where fous finters feleer and fias represent the bulk free,
interfacial, electrostatic, and elastic energies, respectively; V
is the total volume; Einstein’s summation rule and Voigt’s
matrix notation are employed for the tensors; «;, o;, o, and
oy are the Landau expansion coefficients for bulk energy;

structures. In this study, we employed  ~;, is the gradient energy coefficient; €, and &, are the
BaTiO3(BT)/StTiO3(ST) structures because of their strong  background dielectric constant and vacuum permittivity,
ferroelectricity, tunable Curie temperatures, and pertinence to  respectively; and E; is the external electric field.
various applications.”’” We first investigated the ferro- Khachaturyan’s  elastic  theory®  and  high-order
electric domain structures of BT/ST superlattices grown on a  approximations’ '’ were used to calculate the elastic energy
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of the elastic inhomogeneous system. Cyy; and Qg denote
the elastic stiffness and electrostrictive coefficient tensors,
respectively, and ¢;; is the total strain.

The Landau coefficients, elastic coefficients, and electro-
strictive coefficients for the superlattice system can be
expressed in the following form:

ai(r) = n(r) x ai(BT) + (I — n(r)) x aua(ST). @)

Therefore, for the BT and ST phases, a; = o1(BT) and oy =
«1(ST), whereas for the interface region, oy = 0.5(a;(BT) +
«1(ST)). All the corresponding values of the coefficients used
in this study are available in our previous publications.”®>"

The spatial variation in ferroelectric polarization is gov-
erned by the time-dependent Ginzburg—-Landau equation as
follows:

OPi(r, t) - _L 0Fo

3
ot SPi(r, t)’ )

where L is the dynamic coefficient and 7 is time. In our
simulation, # was considered static for simplicity.

A schematic illustration of the superlattice structure is
shown in Fig. 1(a). As shown in the figure, a periodic
stacking structure of the superlattice (BaTiOs3),,/(StTiO3),
was epitaxially grown on a certain substrate layer-by-layer,
where m and n represent the unit cell thickness. The ferro-
electric properties of the superlattice were significantly
affected by its underlying substrate, which was attributed to
the biaxial in-plane strain controlled by the lattice mismatch
between the superlattice and substrate. When the superlattice
structure was completely commensurately grown on the
SrTiO5 substrate at room temperature [Fig. 1(b)], the ST
layer remained paraelectric in the unstrained state, whereas
the BT layer exhibited ferroelectricity and was affected by
compressive strain because the lattice parameter of BT
(~4.008 A) is larger than that of the substrate ST
(~3.905 A). For a ferroelectric thin-film structure, the
strain-relaxation process between the thin film and substrate

(BaTiO,),,
(STiO.),
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Fig. 1. (a) A schematic plot of BT,,/ST, superlattice structure. (b) Strain
condition in BT/ST layer when superlattice is fully commensurate grown on
SrTiOj; substrate. (c) Under fully relaxed conditions, the BT layer suffered
from compressive strain while the ST layer suffers a tensile strain.

055002-2

alters the biaxial in-plane strain. For example, when the BT/
ST superlattice was fully relaxed, the effect of the substrate
was negligible, and the superlattice relied on its structure to
balance the mismatch strain. In this case, the superlattice was
relaxed to the average values of the lattice parameters of the
ST and BT layers. As shown in Fig. 1(c), the ST layer was
constrained by a biaxial tensile stress, whereas the BT layer
was constrained by a biaxial compressive stress. Based on
our previous study,’” tetragonal c+/c— domains can be
observed in the BT layer, and the ST layer remains in an
orthorhombic phase and acquires in-plane polarization, which
has been similarly confirmed in experimental studies.***"

To obtain vortex structures in Pb-free BT/ST superlattices,
we first investigated the role of the stacking structure on the
ferroelectric domain patterns using an appropriate substrate.
The DyScO; substrate was used at the beginning of the study
as it features an in-plane lattice parameter of 3.945 A, which
is similar to the average value of the lattice parameters of BT
and ST, and is frequently used for the growth of PT/ST
superlattice heterostructures. We systematically examined
changes in the domain structure by regulating the thicknesses
of the BT and ST layers. In the phase-field model, we first
changed the thickness of the ST layer while fixing the
thickness of the BT layer fixed; subsequently, we changed
the thickness of the BT layer while fixing the thickness of the
ST layer. Figure 2 illustrates the systematic phase-field
prediction of the ferroelectric domain structure of BT,,/ST,
(m, n = 4, 6, 8, and 10), which was completely commensu-
rately grown on the DyScOj3 substrate. The simulation was
performed with grids measuring 32Ax x 32Ay X (m + n)Az,
where Ax = Ay = 1nm and Az ~ 0.4 nm. Similar stable
domain patterns were obtained by changing the initial
random values or using a lattice phase-field model.*”
Because the interface-intermixing effect was considered in
the simulation, we examined domain structures with one and
no intermixing layers. The simulation results showed that
interface intermixing did not significantly affect the polariza-
tion and domain structure.

In the case involving an ultrathin layer (m, n <= 3), the
phase-field model indicated negligible polarization in the BT
layers owing to the interfacial and electrostatic interactions,
which is consistent with the result of a previous study.'” A
tetragonal c+/c— domain structure with polarization in the
+/—z-direction was observed in the BT phase owing to the
compressive strain at the substrate and BT/ST interface. The
polarization in the BT layer was insufficient for the BT,/ST,
structures, whereas that in the ST layer increased owing to
tensile biaxial strain. Additionally, in-plane polarization was
observed in the ST layer of the superlattice BT,/STyg
structure, which is consistent with the experimental measure-
ments. A labyrinth (maze-like) pattern*” emerged in the BT
layer, which reduced the electrostatic energy. As the layer
thickness of the paraelectric phase increased, the ferroelectric
domain size decreased, and the domain wall boarded.
Meanwhile, induced polarization was observed along the z-
direction in the ST layer of the BTg/ST4 and BT,¢/ST4
structures, which reduced the depolarization of the electric
field. As the thickness of the ST layer increased, the
polarization in the ST layer switched from the out-of-plane
direction to the in-plane direction. By contrast, when the ST
layer thickness exceeded 6, the domain structure of the BT

© 2023 The Japan Society of Applied Physics
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Fig. 2. Ferroelectric domain patterns for BT, /ST, (m, n = 4, 6, 8, 10) fully commensurate grown on DyScOj; substrate.

layer changed slightly as the thickness of the ST layer
increased.

Based on the simulation results illustrated in Fig. 2, the BT
layer remained in a compressively constrained state at all
times. Therefore, if vortex structures are created in this state,
then thinner BT layers are favored; otherwise, a flux-closure
structure may form in the BT layer. To amplify the interface
constraint behavior for creating a vortex structure, the ST
layer should be sufficiently thick such that the ST layer
evolves into a paraelectric state and can be effectively used to
separate the ferroelectric layers. We selected BT¢/STy as the
target structure and placed it in a relaxed state. The relaxed
superlattice structure was more stable and had an average
lattice constant equivalent to that of the DyScO; substrate.
We examined the ferroelectric domain patterns of the fully
relaxed superlattice structure of BTg/STg with an average
lattice parameter of 3.945 A, as shown in Fig. 3(a). A larger
simulation grid measuring 64Ax x 64Ay x 14Az was
employed, where Ax = Ay = 1nm, and Az ~ 0.4nm. In
the cross-sectional vector plots [Fig. 3(b)], we clearly
observed CW—-CCW vortex pairs and in-plane polarization
arising from the effect of the paraelectric/ferroelectric inter-
face. The cross-sectional plane was not perpendicular to the
+c/—c domain wall because a labyrinthine domain structure
was generated in the simulation.

Because the thickness ratio of BT/ST is a key parameter
for controlling the ferroelectric properties of the superlattice,
the domain patterns of the superlattice structures of BT ¢/STg
and BT3,/STg were examined via phase-field simulations, as
shown in Figs. 3(c) and 3(d), respectively. All the domain
patterns were labyrinth-like, and a continuous transition from
a vortex structure to a flux-closed structure appeared in the
cross-sectional plane vector plot. The transverse dimension of
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the labyrinth stripe domain increased with the thickness of
the BT layer. Based on the vortex critical aspect ratio
criterion of r ~ 0.3, as suggested by Hong et al.,'” the
upper limit for the BT,,/STg superlattice is m ~ 16, above
which the vortex structure can be regarded as a 180° domain
wall. To estimate the lower limit for the labyrinth domain, the
fully relaxed superlattice structure of BT,/STg with an
average lattice parameter of 3.937 A was simulated; conse-
quently, a paraelectric phase was observed in the superlattice
structure. Based on the discussion above, the lower and upper
bounds of the BT/ST thickness ratio for observing the vortex
structure and labyrinth domains were set to 0.75:1(BTs/STg)
and 2:1(BT,¢/STg), respectively.

The fully relaxed BT/ST structure exhibited a maze-like
domain structure analogous to the maze domains in the
magnetic thin films of uniaxial ferrite materials. For such
magnetic materials, the maze-like domains transform into
magnetic bubble domains when the magnetic field perpendi-
cular to the film surface is increased. By applying an electric
field of 2.9 x 10’ Vm ™' in the +z—/—z-direction perpendi-
cular to the BT¢/STg superlattice thin film plane, a similar
bubble-like structure was generated in the simulation, as
shown in Fig. 4(a). The bubble structure in ultrathin BT films
has been predicted using first-principles technology.*"
Figure 4(b) shows a top view of the vector distribution in
the red box in Fig. 4(a). The rosette structure in the domain
structure and the “hedgehog” configuration in the vector plots
are clearly shown in the figure.” The planar dimensions of
these bubble configurations were 3-7 nm, thus forming a
hexagonal bubble lattice. The simulation results showing a
phase stability sequence of labyrinth—bubbles—monodo-
main were consistent with the experimental results. Recent
studies pertaining to similar ferroelectric bubble structures

© 2023 The Japan Society of Applied Physics
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Fig. 3.
structure of fully relaxed superlattice BT;¢/STg and BT3,/STs.
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Fig. 4. (a) Bubble-like domains in BT¢/STg superlattice structure at a field of 2.9 x 10’ V. m ™' along the z-direction. (b) The top view of vector plots shows
rosette-like patterns and hexagonal matrix arrays. (c) The simulated bubble-like domain structure of BTo¢/ST;, superlattice at an external field of 8.69 x
10 Vm . (d) The skyrmion structure is demonstrated when the applied field is removed.

suggest that topological bubbles formed in ferroelectric
superlattice structures can result in certain processes in
bubble-based ferroelectric devices.*%%!1%12:19 However, the
predicted ferroelectric bubble domains (~5nm) were sig-
nificantly smaller than the ferromagnetic bubbles (>50 nm in
diameter);* therefore, a much faster operation speed can be
achieved for memory or logic device applications.
Meanwhile, as the thickness of the BT and ST layers

055002-4

increased, similar bubble-like structures were achieved at a
larger electric field of 8.69 x 10’ V. m ™" in the fully relaxed
BTo/ST), superlattice structure, as shown in Fig. 4(c). After
removing the electric field, the residual bubble structures
expanded and became stable polar skyrmions, as shown in
Fig. 4(d).

IBM researchers have developed a new storage concept for
devices by exploiting domain wall shift. Racetrack memory

© 2023 The Japan Society of Applied Physics
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Fig. 5.
vortex pairs in the BT layer.

devices,46) which are one-dimensional magnetic nanowire
devices, has caused to consider the possibility of creating
analogous ferroelectric devices by placing ferroelectric struc-
tures in a one-dimensional limit. Figure 5 shows the lattice
phase-field simulation*” results of the BTg/STg superlattice
nanowire based on a 20 x 64 x 14 mesh grid and a
transverse size of approximately 8 nm. The nanowire was
arranged periodically in the z-direction during the simulation.
CW/CCW vortex pairs were observed in the nanowire
structure owing to electrostatic interactions, as shown in
Fig. 5(a). A detailed cross-sectional plot of the vortex
domains and the distribution of the polarization vectors are
shown in Figs. 5(b) and 5(c). Near-perfect vortex pairs were
generated in the Pb-free BT/ST nanowire structures under
fully relaxed constraint conditions. Additionally, a rectan-
gular instead of a square vortex structure was observed
because of the in-plane straining of the film. This structure
offers the possibility of enhancing high-density bit-memory
applications.

In this study, we simulated the ferroelectric domains of
BT, /ST, superlattice structures grown on DyScO; substrates
at room temperature. Under ambient conditions, labyrinth
domain structures and CW/CCW vortex polarization pairs
were obtained in the BT layer of the fully relaxed superlattice
structure BT¢/STg. A three-dimensional nanobubble structure
emerged under an out-of-plane electric field. Polar skyrmion
structures were observed in the fully relaxed BTo/ST,
superlattice structure after the removal of an electric field
measuring 8.69 x 10’ V m~'. The phase-field simulation
results indicated the possibility of forming similar vortex
structures in multilayered BT/ST nanowires. In the future, we
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(a) Simulated BT¢/STg nanowires along x/y directions. (b) A cross-sectional plot of the domain structure. (c) Vector plots show periodical CW/CCW

plan to conduct experiments that involve changing the
thickness and geometric structure of the BT/ST superlattice
heterostructure.
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