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ABSTRACT

Ferroelectric flux-closure domains have attracted great attention due to their potentials in high density
data storage. For their future applications, it is important to understand their evolution with different
factors, such as misfit strain. In this work, a flux-closure domain consisting of a vertical 180° domain wall
with two symmetric a domains in both ends (“I” type closure) was observed in nearly unstrained SrTiO3/
PbTiO3 multilayers by aberration corrected Transmission Electron Microscopy, which was speculated to
be mainly induced by the strong depolarization field near the interface. With the tensile strain
increasing, the small a domains in “I” type flux-closures grow gradually and eventually change to the
well-known “V” type flux-closures. On the basis of a combination of experimental results and phase field
simulations, the phase diagram of the stabilized domain arrays versus the strains in PbTiO3 films are
established. These results provide significant information on understanding the formation mechanism of
flux-closure domains and shed light on their controlled growth. In addition, it paves a way to reduce the
economic cost in their commercial applications because the SrTiO3 substrate is easy to synthesize and
much cheaper than scandate substrates.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The ability to synthesize heteroepitaxial complex oxides has
enabled unprecedented access to manipulate degrees of freedom,
while the lowering of symmetry provides a plethora of exotic
physical phenomena [1—4]. Various peculiar phenomena and polar
domain states have been predicted and observed in ferroelectric/
dielectric heterostructure [5—8]. Among them, flux-closure do-
mains and continuous topological states (so called vortex) in
SrTiO3/PbTiO3 (STO/PTO) multilayers have attracted great attention
due to their prospect in high density data storage [9—11]. Ferro-
electric flux-closures are intriguing domain patterns characterized
by closed head-to-tail continuous electric dipoles and they become
vortices when the continuous rotation takes place around a vortex
core, analogous to those in ferromagnetics [12—14]. With the
experimental discoveries of long-range ordered flux-closure
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domain structures [10] and vortex arrays [11], researchers focus
their interest on discovering flux-closures with new configuration,
evaluating their formation conditions and understanding their
evolution with external fields.

In 2015, Tang et al. reported the observation of periodic flux-
closure arrays in PTO layers of STO/PTO multilayers grown on
GdScO3 (GSO) substrates. In the meantime, they found the
dependence between the periodicity of flux-closure domains and
the PTO layer thickness in the thickness range of 15—35nm [10].
Subsequently, by further reducing the thickness of the PTO layer to
about 4 nm, Yadav et al. observed polar vortex arrays in STO/PTO
superlattices grown on DyScOs (DSO) substrates and their co-
operators confirmed the phase evolution with one layer thickness
by considering the counterbalance of electrostatic energy, elastic
energy and polarization gradient-related interactions using phase
field simulations [11,15]. Besides single layer thickness, the thick-
ness ratio of adjacent PTO layers was found effective in manipu-
lating the configurations of flux-closures [16]. This phenomenon is
attributed to out-of-plane strain discontinuity and the phase
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diagram of the domain structure versus the thickness ratio was
shown as a result of energy minimization. Besides the thickness,
the effect of electric boundary condition on the evolution of flux-
closures was also studied in our recent work, which is interpreted
mainly by the changing of depolarization field [17]. By applying a
range of characterization techniques and simulations, the vortex is
considered to be a low-temperature stable phase and its inter-
conversion with ferroelectric a;/a; phase under the external elec-
tric field was investigated in detail very recently [18].

According to these works above, the tensile constrains provided
by scandate substrates play an important role in the formation of
flux-closure domains. Indeed, it is widely acknowledged that misfit
strain shows remarkable ability to control domain patterns in
epitaxial ferroelectric films [19—21]. Previously, the studies by X-
ray scattering and atomic force microscopy showed that PTO thin
films grown on STO (001) substrates tended to form period 180°
stripe domains [22—24]. It is possible that the 180° domains may
develop to flux-closure domains when sandwiched by STO layers
because some pioneer works indicated that the strong depolari-
zation field near the interface with insulating STO could cause the
rotation of the local ferroelectric polarization [25—28]. In this work,
the (STO/PTO), multilayers were grown on STO(001), DSO(110),,
and GSO(110), substrates by pulsed laser deposition to investigate
the effect of in-plane strain on flux-closure domain structures. The
PTO film thickness is about 16 nm which is suitable for flux-closure
domain formation and is also relatively thin to maintain strong
depolarization field. The STO layer is used as an insulation inter-
layer and also to block the ambient screening charges at the surface
which may influence the domain structure [29]. In the nearly un-
strained multilayers on STO, we obtained flux-closure quadrant
arrays with new morphologies (named “I” type), which consists of a
180° domain wall perpendicular to the interfaces with small a
domains on two ends, demonstrating that the flux-closure domain
could arise from the strong depolarization field and exist stably in
nearly unstrained ferroelectric films. With the tensile strain
increasing, the small a domains in “I” type closure became stressful
and larger, while the domain configuration gradually changes to the
known flux-closure domain with one large and one small a do-
mains. Based on a combination of experimental result and phase
field simulations, we establish the phase diagram of the stabilized
domain arrays versus the strains in PbTiOs films, in which the bulk
and elastic energies play dominated roles. These results provide
significant information to understand the formation mechanism of
flux-closure domains.

2. Experimental and simulational methods

The (STO/PTO); multilayered films were deposited on STO(001),
DSO(110),, GSO(110), substrates by pulsed laser deposition, using a
248 nm KrF excimer laser. The PTO target was 3 mol% lead-enriched
sintered ceramics while STO target was stoichiometric. Before
deposition, the substrates were heated at 800 °C for 5 min and then
kept at 700°C. During the growth of PTO and STO, an oxygen
pressure of 75 mTorr, a laser energy of 350 mJ and a repetition rate
of 4 Hz were used. After growth, the film was stabilized at 700 °C for
5 min and then cooled down to room temperature at 5 °C/min in an
oxygen pressure of 2 x 10%Torr. The cross-sectional samples for
TEM and STEM observation were prepared by slicing, grinding,
dimpling and finally ion milling by using Gatan PIPS.

Diffraction contrast TEM images were recorded using a Tecnai
G? F30 transmission electron microscope (FEI). HAADF/ABF-STEM
images were recorded using a Titan G? 60-300 microscope with a
high-brightness field-emission gun and double aberration (Cs)
correctors from CEOS operating at 300 kV. Rotation mapping were
deduced by using custom plugins of GPA for Gatan Digital

Micrograph [30]. The atom column positions were determined by
fitting them as 2D Gaussian peaks using Matlab software [31]. The
displacement vector (d7j) was calculated as a vector between each
Ti** and the center of mass of its four nearest A-site neighbor Pb%+
and the noise for a specific unit cell was reduced by smoothing 9
unit cells around it.

The computation model consists of a PbTiO3 (PTO) film, sand-
wiched by two SrTiO3 (STO) layers, to simulate the insulated (open-
circuit) boundary condition in the experiments. The size of the
simulation box is 128 x 128 x 72, corresponding to the real space
size of 128 x 128 x 36 nm>, where the thickness of the PTO film is
16 nm and the thicknesses of the two STO layer are both 10 nm. For
the calculation of energy densities, only the PTO film is considered.
The system energy is composed of bulk, gradient, elastic and
electrostatic energies. The evolution of polarizations is simulated
by the time-dependent Ginzburg-Landau equation: dPydt = —L-0F/
0P;. The corresponding energy functional formulae and the method
to solve the equations have been described in many previous
literature [16,32]. The bulk energy density coefficients of PTO and
STO are adopted from previous literature [33,34]. We assume an
interface region of one grid thickness exists between PTO and STO
and the coefficients at these regions are the average value of PTO
and STO. For the purpose of simplicity, all other material parame-
ters of the whole system are taken as those of PTO, including the
elastic constants, the dielectric constants and the electrostrictive
coefficients [33].

3. Results and discussions

At room temperature, the bulk PTO is a tetragonal ferroelectric
with the lattice parameters of a=b=3.90A and c=4.15A. Ac-
cording to the fact that the misfit dislocations may easily form in
the PTO films under compressive strains in our previous experi-
ments, the (pseudo)cubic (001) oriented perovskite oxide STO, DSO,
and GSO single crystals with epitaxial strains ranging from 0.1% to
1.8% were chosen as substrates to insure the coherent growth
without defects. The in-plane lattice misfits between the PTO films
and substrates in the experimental and simulational conventions
are comparatively shown in Table 1: the cubic lattice constant at
Curie temperature (about 3.967 A for PTO) is commonly used to get
the misfit values in simulations instead of PTO's a-lattice parameter
in experiments [35—37]. For simplicity, the strains represent for
experimental values except for the phase field simulations.

Fig. 1 shows a (STO/PTO), multilayer film grown on the STO
substrate, in which the PTO layers are considered to be nearly un-
strained. Fig. 1(a) is a cross-sectional dark field TEM image of the
film, from which it can be seen that the interfaces of the film/
substrate and PTO/STO are flat as denoted by the white arrow and
white dash lines, respectively. Some stripe-like contrast fluctua-
tions can be identified in the PTO layer indicating the existence of
the domain pattern. It is obvious the domains in the upper PTO
layer have a higher density and a homogeneous period compared
with the lower layer. Since the lattice parameter of STO is very close
to the a-lattice parameter of tetragonal PTO, ¢ domains prefer to

Table 1
(Pseudo)cubic in-plane lattice parameters of the used substrates and in-plane lattice
misfit with PTO in the experimental and simulational conventions.

Misfit with PbTiO3

a(A) Experiment Simulation
SrTiO3 3.905 0.1% -1.6%
DySc03 3.950 1.3% -0.4%
GdScO3 3.969 1.8% 0.1%
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Fig. 1. “I” type flux-closure arrays in (STO/PTO), multilayer films grown on STO substrates. (a) A cross-sectional dark field TEM image of the films, the left insert is an enlargement of
white rectangle. The right insert is a sketch of the “I” type flux-closure arrays (the green, blue, pink, purple areas represent domains with different Ps orientations, as indicated by
white arrows, while the gray area represents STO). (b, c) A high-resolution HAADF-STEM image and corresponding in-plane lattice rotation (Ry) mapping via GPA of the film. (d—f)
Atomic-resolution HAADF-STEM image, Ti** ion displacement (d1;) from Pb?* lattice vectors mapping unit-cell by unit-cell and an ABF image of the areas labeled by the black
rectangle in (b) and (c). (g—i) 2D mappings of in-plane strain (&), out-of-plane strain (e,,) and in-plane lattice rotation (Ry) of (d), respectively. The white arrows in (c, d, f) indicate
the spontaneous polarization directions. The yellow, red and blue circles represent Pb, Ti and O atom columns, while the red, blue, white dash lines indicate 180°, 90° domain walls
and the interface, respectively. The scheme of arrows, circles and lines is used in the following figures. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)

form in the thin PTO film on STO. Due to the depolarization fields at
the PTO/STO interfaces, the film contains some 180° domain walls
between ¢ domains with different polarization directions, which
also have been reported before [22—24]. Therefore the contrast
fluctuations in Fig. 1(a) are suspected to be the 180° domains.
However, the zoom-in image shows a clearly bright and dark tri-
angles at two ends of the 180° domain walls near the up and down
interfaces, which indicates some domains with different polariza-
tion states exist here. On the basis of the vertex observed near the
interface with insulator in previous studies [28,38], the triangle
may represent a small a domain which can form a vertex with the
neighbouring ¢ domains. Meanwhile, it also implies a flux-closure
domain exists there. The right insert in Fig. 1(a) is a sketch of this
kind of flux-closure arrays, where the green, blue, pink, purple
areas represent domains with different Ps orientations, as indicated
by white arrows, while the gray area represents STO. In order to
confirm this deduction, a high-resolution HAADF-STEM image and
the corresponding in-plane rotation (Ry) mapping via geometric
phase analysis (GPA) are shown in Fig. 1(b and c). The PTO layers are

brighter than the STO layers because the atomic number of Pb is
larger than that of Sr. It is noted that 180° domain walls in PTO
layers are revealed as red and blue lines in Fig. 1(c) with their
characteristics in lattice rotation. It was previously reported that
there is a specific relationship between the lattice rotation and the
spontaneous polarization (Ps) at 180° domain walls [39]. The Ps
directions besides 180° domain walls can be identified according to
the inhomogeneous rotations in Fig. 1(c), which are denoted by
white arrows. While, based on the principle that the uncharged
domain wall is more stable, the small white arrows represent the
possible Ps directions of the small a domains which is unobservable
in Fig. 1(c). To further verify the small a domain and flux-closure
domain, the atomic-resolution HAADF-STEM image and the cor-
responding dr; vectors (Ti** displacement from the center of the
Pb%* sublattice) mapping of the area labeled by the black rectangle
in Fig. 1(b and c) are shown in Fig. 1(d and e). In Fig. 1(d), the yellow
and red circles denote the positions of Pb and Ti atom columns,
respectively. By spotting the positions of Pb and Ti atom columns,
the Ps directions of each domain can be determined and denoted by
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white arrows since it is opposite to the dtj vector. The yellow arrows
in Fig. 1(e) denote the dj vectors of unit cells, where a vertex with a
small a domain can be observed clearly. The ABF image is shown in
Fig. 1(f) to confirm the Ps directions directly from the asymmetry of
positive and negative ion centers because the O atom columns
(denoted by blue circles) are visible here. The red, blue and white
dash lines indicate the 180°, 90° domain walls and interfaces,
respectively, in Fig. 1(d—c) as well as in the following images.
Combining the above results and discussions, the domain struc-
tures are identified as flux-closure arrays of two small a domains at
each end of the 180° domain walls near the interface. For simplicity,
this flux-closure domain is named “I” type closure.

To study the structural details, Fig. 1(g—i) show the in-plane
strain (eyx), out-of-plane strain (e,y) and in-plane lattice rotation
(Rx) mapping unit-cell by unit-cell of Fig. 1(d), respectively, which
were obtained through peak finding. Compared with the c domains,
the small a domain displays a slight increase of in-plane strain and
a slight decrease of out-of-plane strain, while the in-plane rotation
is barely to see in both Fig. 1(c) and (i). Considering the strong
depolarization field may induce Ps rotation and the vertex forma-
tion [25,26,28], we speculate the small a domains here as a result of
the strong depolarization field in PTO layers near the interface.
Therefore, this a domain under substrate constraints is unable to
maintain the lattice parameters of bulk and the rotation charac-
teristic of 90° domain walls, which is consistent with our experi-
mental results. As to the difference between domain patterns in
upper and lower PTO layers in Fig. 1(a), it may be in connection with
the different properties of STO substrates and the deposited STO,
which may affect the depolarization field and then the domain
configuration, since some previous works indicated the property of
STO can be altered by growth conditions, such as the laser energy
and the oxygen pressure [40,41].

A (STO/PTO); multilayer film grown on the DSO substrate
providing a middle tensile strain (1.3%) was shown in Fig. 2. From
the cross-sectional dark field TEM image of the film (Fig. 2(a)), it is
obvious that different domain structures exist in the upper and
lower PTO layers. The lower layer shows sideling stripe contrasts
which may be the typical a/c domain structures. The a/c domains
seem to have the same domain wall direction, which implies there
is a preferred polarization direction in ¢ domains. This phenome-
non may be connected to the asymmetric boundary condition in
the lower layer, as discussed in our previous work [17]. As to the
upper layer, there are two kinds of contrast distributions. One is
vertical strips in the middle area, which seems to be the same
structure in Fig. 1. The other is one-dimensional periodic sinusoidal
arrays which is similar to the alternate clockwise and counter-
clockwise flux-closure quadrants named “V” type closure in
multilayer PTO/STO films reported previously [10,16,17]. The insert
in Fig. 2(a) shows a sketch of the domain arrays in the upper PTO
layers. In order to confirm the domain patterns, a high-resolution
HAADF-STEM image and the corresponding in-plane rotation (Ry)
mapping via GPA of a characteristic region are shown in Fig. 2(b and
). According to the in-plane strain (not shown here) and rotation
maps, the domain structure in the lower PTO layer is small a do-
mains embedded in large c domains. The Ps directions in the upper
PTO layer can be uniquely identified due to the 180° domain walls
here with the method mentioned above. Therefore, the “I” type
flux-closures as well as “V” type ones can be clearly observed in the
upper layer, which verifies the speculations above. Since the “V”
type closure has been studied carefully previously, so we focus on
the structure details of the “I” type closure. Fig. 2(d—f) show an
atomic-resolution HAADF-STEM image, the corresponding dtj vec-
tor mapping and an ABF image of the area labeled by the black
rectangle in Fig. 2(b and c). The Ps distributions of the vertex are in
accord with the white arrows in Fig. 1(c). In contrast to the a

domain in Fig. 1(d—f), the a domain here seems a little larger with
more obvious rotation characteristic. To further compare the “I”
type closures on STO and DSO, the in-plane strain (ey), out-of-
plane strain (eyy) and in-plane lattice rotation (Ry) mappings unit-
cell by unit-cell of Fig. 2(d) are shown in Fig. 2(g—i), respectively.
Compared with Fig. 1(g—i) with the same scale, the a domain of “I”
type closure on DSO is more strained and the rotation near the 90°
domain wall is closer to the normal value. It is believed this change
is concerned with the tensile strain provided by DSO, which is
beneficial to a domain formation and then induces the “V” type
closure to form in the upper layer.

Along with the increase of the tensile strain, Fig. 3 shows a (STO/
PTO), multilayer film grown on a GSO substrate. Fig. 3(a) shows a
cross-sectional dark field TEM image of the film, from which it is
obvious that periodic “V” type closure arrays exist in the upper and
lower layers. The insert is a sketch of the “V” type closure arrays
with white arrows indicating the Ps direction. It is also in accor-
dance with the experimental results in previous works [10,17]. A
high-resolution HAADF-STEM image and the corresponding in-
plane rotation (Ry) mapping via GPA of the film are shown in
Fig. 3(b and c). The Ps directions are also denoted by white arrows.
Considering the domain configurations in PTO layers on STO, DSO
and GSO, the primary formation reasons of the big and small a
domains in “V” type closure domains seem different. The small one
is similar to these in “I” type closure whose major inducing factor is
speculated as the strong depolarization field. However, the big one
is mainly to balance the large tensile strain.

To explain the experimental results, phase field simulations
were performed to study the evolution of domain structures with
the epitaxial strain in the PTO film under the insulated boundary
condition. Firstly, we chose the three strain states corresponding to
the three substrates used in our experiments. The simulated
domain structures are shown in Fig. 4. In the STO case (Fig. 4(a and
b)), only “I” type closure domains were observed. From the polar-
ization vector diagrams in Fig. 4(b), it is estimated that the sizes of a
domains are about 2 nm in the z direction. In the DSO case (Fig. 4(c)
and (e)), both “I” and “V” type closure domains were observed. In
the GSO case (Fig. 4(d) and (f)), “V” type closure domains and a/a;
domains were found to coexist. Comparing Fig. 4 with Figs. 1-3, it
was found that the simulational and experimental results perfectly
matched with each other for the cases of STO and DSO. For the GSO
case, the coexistence of flux-closure and aj/a, domains was
observed in the plane-view samples, as shown in Fig. S1 in the
supporting information. The cross-section image shown in Fig. 3
might incidentally capture the section of flux-closure domains. To
sum up, all three simulation results were consistent with experi-
mental findings.

From Fig. 4(b, e), the orientations of 180° domain walls seem
random and display the labyrinthine domain structures. The reason
may be that the gradient coefficient tensor used in our phase field
simulations is isotropic. As a result, the 180° domain walls can be in
any orientation. It is also noted that the labyrinthine domain
structures have been predicted to form in ferroelectric nano-
particles due to the combined effect of the gradient coefficient and
the surface screening length [42,43].

To further understand the effect of strain on the flux-closure
domain structures, the domain fractions and energy densities of
the PTO film were analyzed, trying to construct the phase diagram.
The domain structures under different misfit strains are shown in
Fig. 5. It is found that at large compressive strains, ¢ domains with
opposite polarizations dominate. However, small a domains exist at
the intersections between the 180° domain walls and the in-
terfaces, even for the largest compressive strain considered. With
the decrease of compressive strain, the small a domains at the ends
of 180° domain walls gradually enlarge. From the compressive
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Fig. 2. “I"” and “V” types flux-closure arrays in (STO/PTO), multilayer films grown on DSO substrates. A cross-sectional dark field TEM image (a), a high-resolution HAADF-STEM
image (b) and corresponding in-plane lattice rotation (R) mapping via GPA (c) of the film. The insert in (a) is a sketch of the “I” and “V” type flux-closure arrays (the green, blue,
pink, purple areas represent domains with different Ps orientations, as indicated by white arrows, while the gray area represents STO). (d—f) Atomic-resolution HAADF-STEM image,
Ti** ion displacement (é;) from Pb?* sublattice mapping unit-cell by unit-cell and an ABF image of the areas labeled by the black rectangle in (b) and (c). (g—h) 2D mappings of in-
plane strain (exy), out-of-plane strain (ey,) and in-plane lattice rotation (Ry) of (d), respectively. (For interpretation of the references to colour in this figure legend, the reader is
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Fig. 3. “V” type flux-closure arrays in (STO/PTO), multilayer films grown on the GSO substrates. A cross-sectional dark field TEM image (a), a high-resolution HAADF-STEM image
(b) and corresponding in-plane lattice rotation (Ry) mapping via GPA (c) of the film. The right insert is a sketch of the “V” type flux-closure arrays (the green, blue, pink, purple areas
represent domains with different Ps orientations, as indicated by white arrows, while the gray area represents STO). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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strain to the tensile one, the domain structure evolves from “I” type
to “V” type flux-closure domains and finally a;/a, domains.

To clearly reveal the transition of these domain structures, the
fractions of the three domain structures are calculated, as shown in
Fig. 6(a). The experimental and simulational misfit strains are
comparatively shown at the top and bottom of Fig. 6. It is found that
if the misfit strain is smaller than —0.5% (or 1.2% in the experi-
mental convention), “I” type flux-closure domains dominate. For
the strain state larger than 0.2% (or 1.9% in the experimental
convention), aj/a; domains dominate. In the intermediate range, “I”
and “V” type flux-closure domains and a{/a; domains coexist. The
evolution of the total energy density with respect to strain is shown
in Fig. 6(b). It is found that the total energy density shows a spi-
nodal behavior, similar to previous studies [18,44,45]. The total
energy density at each strain state is decomposed into those of the
three types of domains, as also shown in Fig. 6(b). It is found that
the total energy densities of the two types of flux-closure domains
are very close to each other in the strain range between —0.5% and
0.0%, and around the strain state of —0.2%, all the three domains
possess nearly the same total energy densities. That explains the
coexistence of the three type domain structures. It is well known
that the formation of domain structures in ferroelectric films is the

Strain (Experiment) (%)
0.0 0.5 1.0 1.5 2.0 25 3.0

=), T A

1.0+
FC-I

ala,
0.8+

|
FCJI/

0.6 1

Fraction

0.4 1

0.2

0.0

—
O
-

es|

g

B 4

-0.2 J

FC-V.

o
w
1
1

FC-1

-0.4- d

Energy Density
(108 J/m?3)

ala,

-0.5 T T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0

Strain (Simulation) (%)

Fig. 6. Phase diagram of a 16 nm PTO film at different strain states under the open-
circuit boundary condition obtained by phase field simulations. (a) The fractions of
“I" and “V” type flux-closures and a;/a; domains. (b) The energy density of the PTO
film. The black circles are the total energy density; the blue, red and dark yellow ones
are the total energy densities of “I” and “V” type flux-closures and a;/a; domains. To
distinguish the total and partial energy densities, the curve of the total energy density
is shifted upward by 0.1 x 108]/m>. The strain values in the experimental and simu-
lational conventions are comparatively shown at the top and bottom of the figure. To
clearly reveal the transition region, only part of the strain range is shown. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

competition between a series of energies, including the bulk,
gradient, elastic and electrostatic energies. The evolutions of
different energy densities with strain are shown in Fig. S2. It is
found that the electrostatic energy is large in the flux-closure re-
gion and almost zero in the aj/a, region, which testify the above
supposition that the depolarization field plays an important role in
the formation of a domains in flux-closure domains. It is also found
that only the bulk and elastic energy densities show the spinodal
behavior, which indicates that these two energies dominate at the
transition from flux-closure to a;/a; domains.

4. Conclusion

In summary, we analyzed the evolution of flux-closure domain
configurations in SrTiO3/PbTiO3 multilayers with strains by aber-
ration corrected Transmission Electron Microscopy and phase field
simulations. A flux-closure domain named “I” type consisting of a
vertical 180° domain wall with two small and symmetric a domains
was observed in nearly unstrained multilayers, which was specu-
lated to be mainly induced by the strong depolarization field near
the interfaces. The results of experiments and phase field simula-
tions both show the small a domains in “I” type closure begin to
grow and gradually change to the known “V” type closure with one
large and one small a domains as the tensile strain increases. We
also established the phase diagram of the stabilized domain arrays
versus the strains for the PbTiO3 film. These results provide sig-
nificant information to understand the formation mechanism of
flux-closure and also help reduce the economic cost in its com-
mercial applications because the SrTiO3 substrate is easier to syn-
thesize and cheaper than scandate substrates.
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