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Ferroelectric a1/a2 domain structure has great potentials in high dielectric capacitors and tunable mi-
crowave devices. Understanding its structure is crucial to better control the domain configurations for
future applications. In this paper, PbTiO3 thin films with variant thicknesses are deposited on (110)-
oriented GdScO3 substrates by Pulsed Laser Deposition (PLD) and investigated by using conventional
transmission electron microscopy (TEM) and Cs-corrected Scanning TEM. Contrast analysis and electron
diffractions reveal that PbTiO3 films are domain oriented consisting of a1/a2 and a/c domain structure.
The a1/a2 domains are found to distribute periodically and its width increases with increasing film
thickness following square root rule. Cs-corrected STEM imaging demonstrates that the domain walls of
a1/a2 domain structure have the rotation characteristic of 90� ferroelastic domain wall. The interchange
of a1/a2 domains induces the formation of vertex domains composed of two 90� and one 180� domain
walls. Strains are mainly concentrated on the domain walls. The formation of this complex domain
configuration is discussed in terms of the effect of the misfit strain, film thickness and cooling rate. These
results provide novel information about a1/a2 domain structures and are expected to shed some light on
modulating a1/a2 ferroelectric domain patterns in the design of ferroelectric-based devices.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Ferroelectric films have attracted increasing interest for various
applications including nonvolatile ferroelectric random access
memory devices (FeRAM) due to their spontaneous ferroelectric
polarization [1,2]. It is especially important to understand the
domain formation rules to control domain structure since it has a
profound influence on ferroelectric and piezoelectric properties of
ferroelectric films.

In tetragonal ferroelectric film, according to the different c-axis
orientations, ferroelectric domains are generally classified into
three domain types: c-domain with the c-axis normal to the film/
substrate interface and two types of a-domains with the c-axis
along [100] or [010] direction (two in-plane directions) [3e6]. The
formation of domain structure is usually affected by film thickness,
substrate mismatch strain, depolarizing field and cooling rate etc.,
while the size of each domain changes with film thickness in order
lsevier Ltd. All rights reserved.
to balance the system energy such as electrostatic energy, elastic
strain energy and the domain wall formation energy [4,7e10].

In the past a few years, much attention has been regenerated to
the morphology of domain structure and some novel domain pat-
terns have been observed or simulated, such as ferroelectric flux-
closure quadrants, vortices and c/a1/a2 domain structure
[4,11e13]. There are also theoretical works about how the domain
structure and the width of domains change in ferroelectric films
with varying temperature, misfit strain and film thickness [14e16].
Thermodynamic analysis and phase-field simulations indicate that
the stable domain structure of PbTiO3 (PTO) film evolves from c to c/
a1/a2 and then to a1/a2 (or named a/a) in room temperature with
the misfit strain changing from compressive to tensile
[5,6,9,10,13,17e19]. This conclusion is also partly supported by
some experimental evidences, for example, PTO films consist of a/c
domain structure when grown on DyScO3 substrate (small tensile
stress) and become a/a domain structure on SmScO3 substrate
(large tensile stress) [7,20,21]. As to the effects from film thickness,
some experimental results imply that film thickness affects not
only domain size but also domain structure. It was reported that in
systems with small lattice misfit, complex domain structures
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consisting of c/a1 and a2/a3 stripes were found in thick (2.8 mm)
epitaxial (001)-oriented PTO films grown on Nb-doped SrTiO3
substrates by piezoresponse force microscopy and high-resolution
x-ray diffraction analysis [4,22]. It was proposed that these com-
plex domain patterns formed only in the thick film due to the
relaxation of residual strain, which made the film similar to bulk
status. In contrast to the numerous investigations on typical a/c
domains, a1/a2 domains are not well uncovered. Since a1/a2 domain
structure is preferred to be applied in high dielectric capacitors and
other related fields [20,23,24], it is important to study the evolution
of a1/a2 domains with changing film thickness especially when the
films are under large misfit strains. Besides, previous theoretical
calculations about a1/a2 domain structure indicate that there is a
quadratic dependence, Wfd1=2, of the domain width (W) with the
film thickness (d) [23,25,26].

In this study, domain patterns especially the details of ferroe-
lastic 90� a1/a2 domain structure in PTO films grown on (110)-ori-
ented GdScO3 (GSO) substrate are systematically studied. This
substrate is chosen because it provides PTO film a large tensile
strain at room temperature which can be relaxed by forming
different domains without misfit dislocations during cooling pro-
cess. In general, dislocation has a significant impact on domain
structure formation and evolution, so this work eliminates the ef-
fects of misfit dislocations and creates a condition to study the
correlation between domain structures and misfit strains only. The
absence of defects also allows domains to form in a very periodic
fashion [7,27]. Therefore, the thickness dependence of the periodic
a1/a2 domain structure can be summarized and is verified to be
fully compliant with the previous theoretical predictions.

2. Experiment

The PTO thin films were grown on (110)-oriented GSO sub-
strates by Pulsed Laser Deposition (PLD), using a 248 nm KrF
excimer laser. The PTO target was 3 mol% lead-enriched sintered
ceramics. Before deposition, the GSO substrate was heated at
800 �C for 5 min and then kept at 700 �C. The PTO target was pre-
ablated for 15 min to clean the surface. During the growth of the
PTO film, an oxygen pressure of 20 Pa, a laser energy density of
2 Jcm�2 and a repetition rate of 2 Hz were used. After deposition,
the filmwas stabilized at 700 �C for 5 min and then cooled down to
room temperature at 5 �Cmin-1 in an oxygen pressure of 3� 104 Pa.
Cross-sectional and plan-view samples were prepared by slicing,
grinding, dimpling and finally ion milling by using Gatan PIPS,
while plan-view samples were milled only from the substrate side.
The final ion milling voltage was less than 0.5 kV to reduce amor-
phous layer produced by ion beam damage. A JEOL 2100 trans-
mission electron microscope was used for electron diffraction and
diffraction contrast analysis. The HAADF-STEM image was acquired
using a Titan G2 60e300 microscope with a high-brightness field-
emission gun and double aberration (Cs) correctors from CEOS
operating at 300 kV, while the beam convergence angle was
25mrad and the collection angle ranged from 50mrad to 250mrad.
The Fast Fourier Transformed (FFT) patterns of the plan-view TEM
images were used for the statistics of the average width of a1/a2
domain structure. Strain fields were deduced by using custom
plugins of GPA for Gatan Digital Micrograph. The visualizations of
the strains and lattice rotationswere carried out using Gatan Digital
Micrograph software.

3. Results

For simplicity, orthorhombic (110)-GSO substrates are treated as
(001) orientation of pseudo cubic (pc) perovskite in the present
study. All the orientations marked below without subscripts
represent pseudo cubic perovskite and [001] orientation indicates
the out-of-plane direction which is the direction of film growth.
Fig. 1 shows the cross-sectional bright field TEM images of PTO
films with different thicknesses grown on GSO substrate. From
Fig. 1(a), it can be seen that the interface of film/substrate is flat as
denoted by a pair of arrows. The thickness of the film is around
22 nm. Some stripe-like areas showing bright and dark contrast are
observed in the film. They distribute nearly periodically in the film
with the width (W) of about 26 nm. It is seen that these contrasts
are approximately perpendicular to the interface. Increasing film
thickness from 22 nm to 43 nm, 54 nm and finally 86 nm, the
morphologies of the films are shown in Fig. 1(bed). It is noted that
with increasing the film thickness, the widths of stripe-like areas
increase accordingly. It is also observed that besides the areas
mentioned above in Fig. 1(a), some stripes appear in the films
forming about 45� angle with the interfaces, which are believed to
be typical a/c domains commonly in ferroelectric films [7,27,28].
These ordinary a/c domain structure has domain walls lying on
(011) or (01 1) plane from cross-sectional observations. Usually, the
stripes-like contrast normal to the interfaces may come from 180�

stripe domain, a1/a2 domains, threading dislocations or other
planar defects like stacking faults. Some calculation work indicated
that a-domain is easy to form under large tension strains and may
turn into a1/a2 domain structure [20]. Considering the polarization
direction of a-domain along [100] or [010] direction and the strong
correlation between polarization and lattice, the domain wall of a1/
a2 domain structure is determined to be along (110) or (11 0) plane.
When observed approximately along [100] direction, the pro-
jections of a1/a2 domainwalls should be normal to the interface and
present fuzzy areas instead of sharp lines because the projection
direction is not parallel to the domain wall. The stripe-like contrast
normal to the interfaces shown in Fig.1 might be from a1/a2 domain
structure, although the possibility of other defects mentioned
above could not be excluded only by the bright-field images.

To accurately distinguish them, electron diffraction experiments
are performed on cross-sectional TEM samples which is a powerful
tool to determine the phase structures. Selected area electron
diffraction (SAED) patterns taken from different areas including
both the films and the substrates are shown in Fig. 2. Fig. 2(a) is an
SAED pattern taken from the area including the substrate, a/c do-
mains and a1/a2 domains in 54 nm thick PTO film on GSO substrate.
The diffraction pattern is complex especially with high-index spots.
Fig. 2(b) and (c) are the enlargement of out-of-plane (002) reflec-
tion (labeled as 1) and in-plane (020) reflection (labeled as 2) in
Fig. 2(a), respectively. The circular reflection peaks at the center of
Fig. 2(b) and (c) are indexed as 002s and 020s of the GSO substrate.
The subscript ‘s’ denotes substrate. As shown in Fig. 2(b), the
diffraction spot marked by 002a represents a-domain whose out-
of-plane lattice constant is about 0.39 nm, smaller than GSO and
close to the a-axis lattice constant of PTO bulk (a ¼ 0.389 nm,
c ¼ 0.414 nm) [29]. The two spots labeled as 002c represent two
kinds of c-domains differed by a small angle which may relate to
the a/c domain structures that have different domain walls along
(011) and (01 1) plane. Generally, there should be two 002a split
spots in Fig. 2(b) corresponding to two 002c spots. The absence of
one 002a spot is considered to be too weak to detect because this
kind of a-domain has a small volume fraction in the selected area.
In Fig. 2(c), spot marked with 020a comes from a-domain whose c-
axis along [010] direction just corresponding to 002a in Fig. 2(b).
Based on the observation of (02 2 ) reflection splitting into three
spots in Fig. 2(a), it is easy to deduct that the big ellipse spot in
Fig. 2(c) actually contains three spots. Two of them are indexed as
020c, the same as 002c in Fig. 2(b). The third one is supposed to
come from the stripe domains with line contrasts normal to
interface and it is indexed as 020a2 according to the calculation of



Fig. 1. Cross-sectional bright field TEM images of PTO films with different thicknesses grown on GSO (110)o substrate. (a) 22 nm; (b) 43 nm; (c) 54 nm; (d) 86 nm. The interface is
marked by a pair of white arrows. W represents the width of a1/a2 domain structure.

Fig. 2. Selected area electron diffraction (SAED) patterns of PTO films on GSO substrate. (a) SAED pattern taken from the area including the substrate, a1/a2 and a/c domains; (b) and
(c) are the enlargements of rectangles labeled as 1 and 2 in (a). (d) SAED pattern taken from the area including the substrate and a1/a2 domains only. (e) and (f) are the enlargement
of rectangles labeled as 3 and 4 in (d), respectively.
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Fig. 3. Plan-view TEM images recorded from (a) 22 nm (b) 43 nm (c) 54 nm (d) 86 nm PTO films on GSO substrate. The a1/a2 domain structure is marked by a pair of black arrows.
The inset shows the Fast Fourier Transform pattern of (d).
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a-axis lattice constants along [010] and [001] directions. This result
implies that these stripe domains may contain one kind of a-
domain whose c-axis along [100] direction. It is noteworthy that
(02 2 ) spot consists of four spots, in which the strong one is from
GSO. Besides two spots from a/c domains, the rest should be from a/
a domains. To verify this, SAED pattern was taken from the area
including the substrate and a1/a2 domains only, as shown in
Fig. 2(d). Fig. 2(e) and (f) are the enlargement of out-of-plane (002)
reflection (marked with 3) and (011) reflection (marked with 4) in
Fig. 2(d). The (011) reflection is chosen instead of (020) reflection
because the spot splitting can be clearly identified. In Fig. 2(f), the
strong spot is indexed as 011s of GSO, while the weak two spots are
indexed as 011a1 and 011a2, matching well with lattice constants of
a1 and a2 domains along [010] direction of 0.413 nm and 0.391 nm,
respectively. The (002) reflection in Fig. 2(e) does not show clear
splitting but displays a slight elongation along the out-of-plane
direction which indicates the lattice constant along [001] direc-
tion is smaller than that of GSO. Combining the diffraction analysis
above, besides typical a/c domains, the stripe domain structure are
determined to consist of two kinds of a-domains whose c-axis
along [010] and [100] direction, respectively. In addition, the a/c
and a1/a2 domains show different misorientation angles. The angle
is calculated to be 3.6� for a/c domains in PTO considering its bulk
lattice constants [27,28]. The angle measured from Fig. 2(a) is fitting
well with the value; while the angle of a1/a2 domains is calculated
to be 1.8� based on different interplanar spacings of a1 and a2 do-
mains. The value measured from split spots near (011) reflection in
Fig. 2(d) is about 1.5�, a slight smaller than expected. The angle of
a1/a2 domain structure will be discussed in details later.
As shown in Fig. 1, the a1/a2 domain structure is periodic as a1/

a2/a1/a2 … arrangement. The width of (a1þa2) repeating unit
measured on different thick PTO films shows a positive correlation
with the film thickness. However, it is difficult to judge the re-
lationships of the volume fraction of a1/a2 domain structure with
the film thickness because of limited observation area in cross-
sectional sample. In order to further study the a1/a2 domain
structure and its distribution regularities, plan-view BF-TEM im-
ages of PTO films with each thickness were taken and displayed in
Fig. 3. Comparing Figs. 1 and 3, it is easy to find that a1/a2 domain
structure with domain walls along (110) and (11 0) distributes
regularly with sharp wall contrast; while the domain walls of a/c
domain structures along (101) and (011) planes are blurred which
are parallel to [100] and [010] direction, respectively, when
observed from plan-view observations. The proportion of a1/a2
domain structure is approximately equal to that of a/c domains and
barely changed with the increment of the film thickness though the
widths of a1/a2 domains increase. To maintain the consistency with
the results from cross-sectional images, we measured the width of
a1/a2 domain (W) along [100] or [010] direction instead of
perpendicular distance along [110] or [11 0] direction, as indicated
by the black arrows in Fig. 3. To realize the validity, we also
calculate the distances from spots in the Fast Fourier Transform
(FFT) patterns of the plan-view TEM images, one of which is shown
in the inset of Fig. 3(d). This inset shows spots corresponding to the
periodicity of a1/a2 domain. Note that the lengths obtained from FFT
patterns by measuring the spot distance are the perpendicular



Fig. 4. The observed domain width (W) of periodic a1/a2 domains as a function of film
thickness (d) for PTO thin films grown on GSO substrates. The curve fit is close to
kittel’s law (Wfd1=2).
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distance along [110] or [11 0] direction so the data aremultiplied by
square root of 2 to turn into the widths along [100] or [010] di-
rection for consistency. The data collected from all the samples with
different film thicknesses are summarized and shown in Fig. 4. The
scatter of points is extracted based on the data obtained from the
plan-view samples by the direct measurement in the images and
counting through FFT patterns. The data was then fitted in two
ways by using Origin software. One is y ¼ aþ bx for the linear fit.
The result is a ¼ 16.2 and b ¼ 0.36 with standard errors of 0.76 and
0.012, respectively. The other is y ¼ axb for the curve fit. The result
is a ¼ 4.9 and b ¼ 0.5 with standard errors of 0.35 and 0.017,
respectively. The curve fit shows relatively small standard errors
and thus is more appropriate. As in Fig. 4, the red line is the curve fit
to the experimental values displaying the relationship between the
Fig. 5. (a) A high-resolution HAADF-STEM image showing the intersection of a1/a2 doma
polarization (Ps) in each domain. (b) An atomically resolved HAADF-STEM image of the area l
Ti atom columns, respectively. The purple and green lines indicate the lattice misorientatio
rotation angle around the 90� domain wall. Yellow arrows denote reversed Ti atom displacem
indicate 180� domain walls in both (a) and (b). (For interpretation of the references to colo
width of a1/a2 domain (W) and film thickness (d), which shows a
good agreement with well established Kittel’s law in ferroics
marked by dashed line.

In order to clearly reveal the details of a1/a2 domain structure,
high-resolution HAADF-STEM imaging was carried out. Fig. 5(a) is
an HAADF-STEM image showing the intersections of two a1/a2
domain structures with different orientations in plan-view ob-
servations. The blue dashed lines trace the a1/a2 domain walls,
while the red dashed lines trace the 180� domain walls. In
tetragonal PTO film, the spontaneous polarization (Ps) projection
is opposite to sub-lattice Ti displacement which can be used to
determine the polarizations of each unit cell [11,28]. To identify
the Ps direction of each domain area, atomic resolution HAADF-
STEM image is given in Fig. 5(b), demonstrating the cation dis-
placements in the area labeled with white rectangle in Fig. 5(a),
where the yellow and red circles denote the positions of Pb and Ti
atom columns, respectively. The intensity of atom columns is
approximately proportional to the square of atomic number in
HAADF-STEM image, so Pb atom columns is brighter than Ti which
can be distinguished easily. By spotting the positions of Pb and Ti
atom columns, reversed Ti atom displacement directions as well as
the Ps directions of each domain area are thus determined and
denoted by yellow arrows in Fig. 5(b). The Ps direction in Fig. 5(a)
can be deduced easily after examining each area in Fig. 5(a) with
the same procedure as performed on Fig. 5(b). It is noteworthy
that two 90� domain walls and one 180� domain wall actually
form a threefold vertex domain identified in Fig. 5(b). It is also
noted that the misorientation angle of a1/a2 domains can be
revealed as indicated by the purple and green line in Fig. 5(b). The
insert in Fig. 5(b) is a schematic showing the lattice rotation with
the angle of approximately 2.7� on two sides of the 90� a1/a2
domain wall. For better understanding of the strain distribution
around a1/a2 domains, the in-plane strain (εxx) map by GPA anal-
ysis with the reciprocal lattice vector (100) and (010) is shown in
Fig. 6(a). The line profiles performed from left to right along the
routes labeled 1 and 2 are shown in Fig. 6(b) and (c), respectively.
In Fig. 6(a), it is evident that the strain distribution is
ins from plan-view observation. Yellow arrows denote the directions of spontaneous
abeled with a rectangle in (a). The yellow and red circles denote the positions of Pb and
n on two sides of 90� a1/a2 domain wall. The inset is a schematic showing the lattice
ent directions. The blue dashed lines indicate 90� domain walls while red dashed lines
ur in this figure legend, the reader is referred to the web version of this article.)



Fig. 6. GPA analysis of Fig. 5(a). (aec) In-plane strain (εxx) map and corresponding line profiles of areas labeled 1 and 2 in (a). (def) Lattice rotation (u) map and corresponding line
profiles of areas labeled 1 and 2 in (d). Note the inhomogeneous distribution of the strains and lattice rotations at domain walls. Blue arrows in (b), (e) and (f) denote the abrupt
changes of lattice strain (rotation) at 90� a1/a2 domain walls. Green arrows in (b) and (c) denote the large strain at the peaks of the intersections of a1/a2 domains. Red arrow in (d)
and (e) denotes the rotation maximal point at 180� domain wall. To facilitate analysis, a1/a2 domains with one orientation in (def) are named as a10 and a20 , with the other
orientation, named as a100 and a200 , respectively. (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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inhomogeneous. If in-plane strain in a2 domain is set to be zero,
then it increases to 4% in a1 domain due to the different c-axis
orientations of a1 and a2 domains. In this way, 90� a1/a2 domain
walls can be obviously resolved by locating the dividing bound-
aries between the red and green areas which can be intuitively
seen. Combing with the line profiles, the strain shows local
maximum of about 7% around the vertices of the vertex domains,
as marked by green arrows in Fig. 6(b) and (c). In this image, blue
arrows denote the positions of domain walls across the scanning
routes. Similarly, lattice rotation (u) map (Fig. 6(d)) and line pro-
files (Fig. 6(eef)) show the same tendency of a1/a2 domain dis-
tribution. In Fig. 6(d), if the lattice rotation angle of a2 domains is
set to be 0�, then the angle will be 3� for a1 domains. As a result, it
is also easy to tell a1 domains from a2 domains by simply intro-
ducing lattice rotation mapping. More importantly, besides 90� a1/
a2 domain walls, 180� domain walls are visible in rotation angle
map, which are pointed out by red arrows in Fig. 6(d). We can also
find the abrupt change around 180� domain walls by specifying
the peak denoted by red arrow in Fig. 6(e), which is a point at
route 1 corresponding to 180� domain wall in Fig. 6(d). To facilitate
analysis, the a1/a2 domains with domain walls along [1 10] are
named as a10 and a2’; while the a1/a2 domains with domain walls
along [1 1 0] are a100 and a200 in Fig. 6(def), respectively. From
Fig. 6(d), it is easy to understand that a small rotation angle of
about 3� exists between a10 and a20 domains or a100 and a2’’ do-
mains because 90� domain walls lie there. In comparison with an
abrupt jump of rotation angle from 0� for a20 to around 3� for a200

domains, the rotation angle changes gradually from a10 to a100

domains, probably showing some relevance with the absence of
180� domain wall. It is noted that 180� domain walls can be
identified between a20 and a200 domains, while no 180� domain
walls exist between a10 and a100 domains. It was previously re-
ported that there is a specific relationship between lattice rotation
and Ps at 180� domain walls [30]. Based on Fig. 6(d), the sponta-
neous polarization (Ps) directions on two sides of the 180� domain
wall can be identified for a large area and the result agrees well
with the denotations in Fig. 5(a).
4. Discussion

The relationship between periodic domain width and film
thickness had been theoretically studied before. According to Kit-
tel’s law, stripe-domain width in thin film ferromagnetics is pre-
dominantly determined by the bulk domain energy Ed, the domain-
wall energy Ew, and the film thickness d [14]. This law was further
extended for all ferroics and developed to the universal square root
dependence of Wfd1=2 [14,15], where W is the width of the peri-
odic domain structure and d is film thickness. Later, the theory was
extended to ferroelectric and ferroelastic epitaxial tetragonal films
with a/c and a/a domain structures under different strain states
[16]. In contrast to numerous experimental studies on the evolution
of a/c domain width versus film thickness [7,8,27], experimental
observation on a1/a2 domain structure is rare, although in-plane
ferroelectric nanodomains in strained thin films were discussed
by means of atomic force and piezoresponse force microscopies
[26]. In the present study, the dependence ofWwith d for the a1/a2
domain is systemically investigated. Kittel’s law is marked by black
dashed line in Fig. 4 while our experiment data are very consistent
with it. Therefore our experimental results about the connection
between width of a1/a2 domain and film thickness agree well with
the theoretical prediction and strongly support these theories.

In addition, previous theoretical work proposed that the shear
strain between a1 and a2 domains is similar to the strainwhichmay
be released by the formation of interfacial defects like continuously
distributed screw dislocations, Somigliana dislocation quadrupoles
or disinclination quadrupoles [16,25]. From TEM images in Figs. 1
and 3, dislocations are not observed at the interfaces. It is pro-
posed that the shear strain may be accommodated by the lattice
rotation between a1 and a2 domains as observed in Figs. 2(d) and
6(d). The lattice rotations in diffraction (Fig. 2(d)) and in high-
resolution HAADF-STEM (Fig. 6(d)) are believed to reflect the
characteristics of ferroelastic domain wall in tetragonal ferroelec-
trics. It is pointed out earlier that the angle measured from split
spots near (011) reflection in Fig. 2(d) is about 1.5�. Similar result
has been observed before and is attributed to the in-plane tilting of
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the a1/a2 domain highly restricted by the binding force of the
substrate [20]. In our work, the small angle is considered to be
caused by the different interplanar spacing of a1 and a2 domains
along [010] direction. It is given by Ref. [31].

q ¼ 45� � arctanða=cÞ (1)

Calculated with the lattice constant of bulk PTO, the angle
should be 1.8� (in agreement with the experimental value of 1.5�).
For the lattice rotation about 3.6� on two sides of 90� a1/a2 domain
wall (similar to a/c domain wall), it can be seen in the plan-view
observations as shown in Figs. 5(b) and 6(d). But the angle
measured here is about 2.7� which is smaller than 3.6� for a fully
relaxed PTO because the substrate constraint may reduce the tet-
ragonality of the film. Nevertheless, the lattice rotation angle of
about 3� between a10 and a100 domains or a20 and a200 domains is
unanticipated. It is especially perplexing about the rotation misfit
between a10 and a100 domains because the Ps directions of a10 and
a100 domains are both parallel to the [01 0] direction and no domain
walls exist there. We speculate it is the consequence of substrate
clamping effect due to the coherent growth of the PTO film on the
substrate in our experiment. According to the characteristic of 90�

domain wall, a rotation angle of about 3� exists between a10 and a20

domains as expected. Assuming there is no lattice rotation misfit
between a10 and a100 domains, the a20 and a200 domains on two sides
of 180� domainwall will bear a rotation angle as high as about 6�. It
will induce a huge shear strain between the film and substrate, in
which case the film cannot be stabilized. The area where two 90�

a1/a2 domain wall and one 180� domain wall form a three-way
intersection, as shown in Fig. 5(b), is called a vertex domain
which shows a little difference with vortex studied before
[12,32e36]. Unlike the similar structures induced by insulation
boundary conditions in other ferroelectrics [11,32], the formation of
the threefold vertex domains here with the specific domain
configuration and lattice rotation may mainly result from the
substrate constraint. As denoted by green arrows in Fig. 5(bec),
there is a large strain concentration at the core of the vertex
domain. It can also been inferred from Fig. 5(b) inwhich the atomic
columns appear blurred at the intersection of the threefold domain
walls because the lattice displaces badly and the atoms are not
regularly arranged due to the large strain concentration at the core.

In ferroelectric films, the formation of domain configuration is a
consequence of minimizing the total energy including electrostatic
energy, elastic strain energy and domain wall formation energy
which is affected by film thickness, substrate mismatch strain,
depolarizing field. To better comprehend the formation of the
domain pattern in this experiment, the lattice mismatch between
the film and substrate at room temperature can be calculated by the
following Equation (hypothesizing PTO film is c-domain) [24]:

f ¼ aðGSOÞ � aðPTOÞ
ðaðGSOÞ þ aðPTOÞÞ=2� 100%z1:8% (2)

Since no misfit dislocations can be found at the interfaces, the
large tensile stress supplied by substrate may prefer to be accom-
modated by the formation of multiple domain structure in PTO
films.

According to the phase diagrams for (001)-oriented PTO calcu-
lated using phase-field simulations, the in-plane strain at room
temperature is calculated to be about 0.33% for the present study
(the lattice parameter of PTO is adopted for the cubic phase of free-
standing films in calculations) which lies in the a/c region and quite
close to the a1/a2 region [17]. In addition, the volume fraction of c
domain in our experiment is also not the same as that in the sim-
ulations. This slight difference may be explained by two reasons.
One is that the kinetics of domain formation may play a significant
role. For example, Ludwig Feigl et al. reported that the cooling rate
during annealing has a strong influence on the domain pattern [8].
It implies that the systemmay not reach its mechanical equilibrium
completely under the cooling rate used here and thus may promote
the formation of a1/a2 domains. The other is that some hypotheses
in simulations do not fully conform to our experiment situation, for
instance, the contributions of surface and interface to the free en-
ergy should not be ignored and the top surface of film may not be
stress free in our experiment. Different thermal expansion co-
efficients of the film and substrate are also a significant factor
which is not taken into consideration. Our result may provide data
for the modification of the theoretical calculation to obtain more
accurate description of the actual phenomenon. As shown in Fig. 3,
the area of each a1/a2 or a/c domain structure enlarges with
increasing film thickness while the fraction of a1/a2 domain re-
mains constant of about 50%. It may imply that the type of domain
structures is controlled by misfit strain while the width and dis-
tribution are affected by film thickness in our experiment, which is
in accordance with theoretical predictions [37].

5. Conclusion

In this study, complex domain configuration consisting of a/c
and a1/a2 domain structures, especially the details of a1/a2 domains,
were investigated by TEM analysis on PTO films with various
thicknesses grown on (110)o-oriented GSO substrate. Our data
provide direct evidence that the a1/a2 domain periods are propor-
tional to the square root of the film thicknesses, which is in good
agreement with theoretical predictions. The misfit strain of this
system is mainly relaxed by formation of multiple domain patterns.
The domainwalls have the rotation characteristic of 90� ferroelastic
domain wall. The rotation angle between a1 and a2 domains de-
creases a little rendered by substrate restrictions. Threefold vertex
domains composed of two 90� and one 180� domain walls have
been observed near the intersection of a1/a2 domain structures
with different domain wall orientations. Strain mapping indicates
that the strains concentrate on domain walls. It is proposed that
suitable substrates and deposition parameters such as cooling rate
can be used to modulate the domain patterns in ferroelectric films.
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