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Domain behavior of (111)- oriented perovskite ferroelectric films is significantly different from (001)-/
(101)- oriented ones, resulting in enhancing property responses such as a superior susceptibility and a
reduced coercive field. However, the domain structures and evolutions with the thickness of (111)-ori-
ented ferroelectric films, which are crucial to further understand the distinctive properties, are still
obscure. In this study, the ferroelectric domains of (111)- oriented PbTiO3 films are investigated by
transmission electronic microscopy (TEM) and piezoresponse force microscopy (PFM). We identify the
domain evolution with the film thicknesses under anisotropic strains imposed by the orthorhombic
GdScO3 (101)O substrates. Contrast analysis and electron diffraction patterns reveal that only four
ferroelectric variants evolve in PTO films: d2

þ, d2- , d3þ and d3
- , with the polarization directions along [010],

[010], [001] and [001], respectively. Two kinds of domainwalls are formed: “inclined” (011) domainwalls
for d2

- /d3
þ (d2þ/d3

- ) domains, “normal” (011) domain walls for d2- /d3
þ (d2

þ/d3- ) domains. The width of peri-
odically distributed d2

þ/d3
þ (d2

- /d3
- ) domains increases with film thickness following the square root rule.

Aberration-corrected scanning transmission electronic microscopy demonstrates the lattice character-
istics of domains in (111)- oriented PbTiO3 films are consistent with tetragonal ferroelectric domains.
PFM studies reveal that both the out-of-plane and in-plane polarization components of d2- /d3þ (d2þ/d3

- )
domains are non-identical, whereas the d2

þ/d3
þ (d2

- /d3
- ) domains possess uniform out-of-plane polariza-

tion component and non-uniform in-plane polarization component. This study discloses the domain
structure in (111)- oriented tetragonal ferroelectric films under anisotropic strains and the association
with the ferroelectric properties.

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

Ferroelectric materials have broad-application prospect in
micro-electric devices, such as logic [1], nonvolatile memories [2],
actuators [3], sensors [4] and ultrathin ferroelectric capacitors [5]
for their switchable spontaneous polarizations and electrome-
chanical coupling effects. A deep understanding and controlling of
domain structure in ferroelectric films is crucial to promote the
application of such materials. Recent progresses in (001)- oriented
lsevier Ltd. All rights reserved.
ferroelectric films have predicted and observed many kinds of
possible domain structures, such as a/c domains, a1/a2 domains
[6e9], flux-closure [10,11], vortex [12,13] and bubble domains [14].
Further studies have disclosed the domain architectures are usually
influenced by epitaxial strain [15e17], film thickness [8,9], elec-
trostatic boundary conditions [18e20] and other parameters [21].
In comparison with (001)- oriented ferroelectric films, the domain
structure and behavior of (111)- oriented films are dramatically
different, resulting in an increased domain density [22], an
enhanced susceptibility [23] and a reduced coercive field [24]. A
higher storage density, sensitivity, and power efficiency
ferroelectric-based device can be fabricated based on such prop-
erties. However, unlike intensive studies on (001)- oriented
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ferroelectric films, the studies on (111)- oriented films are mainly
focusing on macroscopic properties [22,24e26], especially lacking
of structural characteristics of domains and domain walls at atomic
scale.

A preliminary study on the domain structures suggested three
domain variants d1, d2, and d3 (without regard to ferroelectric po-
larization) for (111)- oriented ferroelectric tetragonal (FT) films [27],
where these domains were defined by their polar axis c (d1 with c
along [100], d2 with c along [010] and d3 with c along [001] di-
rection). Each polar axis is related to two possible ferroelectric
polarizations, thus there are six possible ferroelectric domains for
(111)- oriented FT films: d1

þ, d1
- , d2

þ, d2
- , d3

þ, d3
- . A later theoretical

simulation demonstrated that the domain volume fraction keeps a
constant as the misfit strain changes from compressive to tensile,
unlike the dramatical change of domain volume fraction with the
epitaxial misfit strain in (001)-/(101)- oriented films [23], but no
experimental evidence comes out to support this prediction. In
addition, PFM studies of (001)-, (101)- and (111)- oriented
PbZr0.2Ti0.8O3 films revealed that the density of domain walls of
(111)- oriented films is much higher than the other two orienta-
tions, and the polarization reversal is completed by multi-step 90�

switching, unlike 180� switching for (001)-/(101)- oriented films,
which is confirmed by further molecular dynamics simulations
[22]. The above results are based on that the (111)- oriented FT films
keep tetragonal as bulk. However, both theoretical and experi-
mental works manifest that the crystal structure can be tuned by
either epitaxial strains or film thickness. For example, both
phenomenological Ginzburg-Landau-Devonshire thermodynamic
model and density functional theory have revealed that the struc-
ture of (111)- oriented FT films evolves from monoclinic phase to
rhombohedral phasewhen the epitaxial strain changes from tensile
to compressive [25,28,29]. Recent experimental studies have also
revealed that the (111)- oriented PbZr0.2Ti0.8O3 films exhibit a
transition from tetragonal tomonoclinic symmetrywith decreasing
film thickness [24]. It is important to point out that the results
mentioned above are all based on isotropic strains applied to
ferroelectric films. However, the crystallographic properties of
(111)- oriented perovskite structure imply that the ferroelectric
domain structures can also be tuned if we introduce different strain
states along three orthorhombic <110>/<112> directions. Thus, to
discover the domain evolution in (111)- oriented FT films grown
under anisotropic strain states would provide an effective strategy
to craft ferroelectric domains, which is critical for designing future
ferroelectric-based devices.

Here, we reveal that the domain variants of (111)- oriented
PbTiO3 (PTO) films are sensitive to both film thickness and aniso-
tropic strains applied by the substrates. We use transmission
electronic microscopy (TEM), piezoresponse force microscopy
(PFM) and piezoresponse force spectroscopy (PFS) to study the
domain structures of PTO films with different thicknesses epitaxi-
ally grown on GdScO3 (GSO) (101)O substrates by pulsed laser
deposition(PLD). TEM studies reveal that there are four ferroelectric
variants evolving in the PTO films: d2þ, d2- , d3

þ and d3
- , and two kinds

of domain walls are formed: one is inclined domain walls lying on
(011) along [011]PC ([010]O) for d2

þ/d3
þ (d2- /d3

- ) domains, the other is
normal domainwalls lying on (011) along [211]PC ([101]O) for d2

- /d3
þ

(d2þ/d3
- ) domains, which is perpendicular to the former. The evo-

lution is mainly controlled by the anisotropic strain and surface
screening charges. The relationship between domain width and
film thickness shows a good agreement with the well-established
KMF's law (Wfd1/2). High resolution scanning transmission elec-
tronic microscopy (HR-STEM) study manifests that the lattice
characteristics showa good agreement with tetragonal ferroelectric
domains. PFM phase studies reveal that both the out-of-plane
(OOP) and in-plane (IP) polarization components of d2

- /d3
þ (d2þ/d3

- )
domains are non-identical; in contrast, the d2
þ/d3þ (d2- /d3

- ) domains
possess uniform OOP polarization components and non-uniform IP
polarization components. Further PMS studies confirm the exis-
tence of d2þ/d3

þ and d2
- /d3- domains. These results are expected to

provide help to further explore other (111) - oriented films with
superior properties.
2. Experimental

Epitaxial thin films of PTO were grown on GSO (101)O substrates
by pulsed laser deposition (PLD), using a Coherent ComPexPRO 201
KrF (l¼ 248 nm) excimer laser. A sintered PbTiO3 ceramic target
(3mol% Pb-enriched) was applied. The target-substrate distance
was 32mm. For the growth of PbTiO3, the temperature was kept at
700 �C, with the laser energy 2J cm�2, a laser repetition rate of 4 Hz,
and under an oxygen pressure 10Pa. Before deposition, all sub-
strates were pre-heated to 800 �C to clean the substrate surface and
then cooled down to the growth temperature (20 �C$min�1). After
deposition, the samples were annealed at the growth temperature
in an oxygen pressure of 3*104Pa, and then cooled down to room
temperature at a cooling rate of 5 �C$min�1.

Cross-sectional and plane-view samples were prepared by
slicing, grinding, dimpling, and finally ion milling by using PIPS,
while plane-view samplesweremilled only from the substrate side.
The final ion milling voltage was less than 1 kV to reduce amor-
phous layer produced by ion beam damage, and the final milling
angle is 5�. A JEOL 2100 transmission electron microscope was used
for electron diffraction and diffraction contrast analysis. The
HAADF-STEM image was acquired using Titan G2 60e300 micro-
scope with a high-brightness field-emission gun and double aber-
ration (Cs) correctors from CEOS operating at 300 kV, while the
beam convergence angle was 25mrad and the collection angle
ranged from 50mrad to 250mrad. Strain analysis were based on
GPA, which was carried out using Gatan Digital Micrograph soft-
ware. The nonlinear drift distortion in scanning probe images were
corrected by using the algorithm described in literature [30].

The PFM studies were carried out on a CypherS (Oxford In-
struments) using Ir/Pt-coated conductive tips and PteSi doping
conductive tips. The former tips, which the radius of curvature is
more than 20 nm, were used to characterize the domain structure
of 90 nm PTO films, and the later (with a radius of curva-
ture< 10 nm) were used to characterize the domain structure in
20 nm PTO films. The same Ir/Pt-coated conductive tips are used for
PMS characterization.
3. Results and discussion

A serial of PTO films with different thickness were epitaxially
grown on GSO (101)O substrates, that is (111) for a pseudo cubic
coordinate system. All of the orientations marked below without
subscripts represent pseudo cubic perovskite. The strain state be-
tween substrates and films is analyzed based on bulk value of GSO
and PTO [31,32]. Figure S1 shows the atomic structure schematics of
GSO substrates and d1, d2, and d3 domains (without consideration
of ferroelectric polarization) observed from [111] direction. There
are three pairs of orthorhombic <110>/<112> directions in (111)
plane as shown in Figure S1a. To compare the misfit strains be-
tween the three kinds of domains and substrate, the three pairs of
in-plane lattice parameters are calculated according to the lattice
constants of GSO and PTO [31,32]. The lattice mismatch between
the film and substrate at room temperature can be calculated by the
following equation [33]:



Fig. 1. Plane view TEM images of PTO films on GSO substrates: (a) 8 nm, (b) 20 nm, (c)
50 nm, (d) 90 nm. The inset in (a) shows the enlargement of white rectangle in (a); the
insert SAED pattern in (d) denotes the domain walls are along [011].
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f ¼ dðGSOÞ � dðPTOÞ
dðGSOÞ

The results are summarized in Table 1. Unlike cubic substrates,
the in-plane lattice parameters along three orthorhombic <110>/
<112> directions of GSO substrates are not uniform, resulting in
anisotropic strains applied to the PTO films, which may play an
important role in domain evolution in (111)- oriented ferroelectric
tetragonal films. By further comparing the absolute magnitude of
misfit strains between GSO substrates and d1/d2/d3 domains, it can
be deduced that only d2/d3 domains can exist in epitaxial PTO films
grown on GSO (101)O substrates tominimize elastic energy since d1
domains show relatively large misfit strains along certain direction
such as 4.2% for [011].

To have an overview of the domain structures in (111) oriented
PTO films, a serial of plane-view TEM samples were prepared.
Increasing the film thickness from 8 nm to 20 nm, 50 nm and finally
90 nm, the morphologies are displayed in Fig. 1aed. It can be seen
that stripe-like contrast exists in the four different thick PTO films.
Usually, such contrast may come from ferroelectric domains, dis-
locations or regular distributed precipitates. The following selected
area electron diffraction (SAED) and high resolution (HR) high
angle annular dark field (HAADF) scanning transmission electronic
microscopy (STEM) studies corroborate that the contrast mainly
comes from ferroelectric domains in (111)- oriented PTO films. The
dominant feature is that a mixed state (Fig. 1a and b) containing
domain walls along [011] and [211] directions converts to a single
state (Fig. 1c and d) which only contains domain walls along [011]
direction with increasing the film thickness. Another feature is that
the density of domains increases dramatically when decreasing the
thickness of PTO films. It was reported that there are inclined and
normal {101} domain walls in (111)- oriented ferroelectric tetrag-
onal films along<110> and<112> directions, respectively [27]. So it
is possible that our PTO films are tetragonal with domain walls
along [011] and [211] directions. Based on this hypothesis and
misfit strain analysis in Table 1, it can be deduced that domainwalls
of d2þ/d3

þ or d2
- /d3

- domains are along [011], and domain walls of d2- /
d3
þ or d2

þ/d3
- domains are along [211]. The lattice characteristics of

d2
þ/d3

þ domains are the same as d2- /d3
- domains except for out-of-

plane polarization component, so only d2þ/d3
þ domains are taken

in consideration for simplicity, and the same for d2- /d3
þ domains.

It is noteworthy that the domainwalls of d2þ/d3
þ is invisible when

observing from [011] directly, as shown in Figure S2a. The atomic
structure schematics of d2

þ and d3þ domains are shown in
Figure S2b. From Figure S2b, we can see that both the polarization
component direction and the c-axis component in (011) plane are
the same for d2

þ/d3
þ domains, so the domainwalls are invisiblewhen

observed from [011] direction. But whenwe tilt the sample to [123]
or [132] zone axis, the inclined domain walls can be clearly seen as
shown in Figure S2c, d. The polarization vector and c-axis compo-
nent of d2

þ and d3þ become different by tilting the sample about 19�

from [011] to [123] or [132], then the stripe domains with inclined
domain boundaries will come out. From S2c and S2d, the angles
between domainwalls and interface are about 37� which is close to
the angle between (011) and (111). Thus it can be deduced that the
Table 1
Lattice parameters and misfit strains of GSO and d1/d2/d3 domains.

dð011Þ dð211Þ dð110Þ

GSO 2.879 1.607 2.806
d1 2.757 (4.2%) 1.655 (�3%) 2.838 (�1.1%)
d2 2.838 (1.4%) 1.607 (0%) 2.757 (1.7%)
d3 2.838 (1.4%) 1.607 (0%) 2.838 (�1.1%)
domain wall of d2þ/d3
þ domains may be (011). The angles of [011]/

[123], and [011]/[132] are both about 19� as calculated and depic-
ted in figure S2e. Detailed analysis of these is in the following
context by selected area electron diffraction (SAED) and high res-
olution (HR) high angle annular dark field (HAADF) scanning
transmission electronic microscopy (STEM).

In order to confirm our deduction and make a further study of
the domain structures, cross-view TEM samples with each thick-
ness were prepared from both [011] and [112] directions. Fig. 2
shows the cross-sectional dark field TEM images of different thick
PTO films from [123] and [211] zone axes. It can be seen that both
the interfaces of films/substrates and the surfaces of films are flat in
all films. There are two different domain morphologies. The one is
with the domain walls inclined to the interface, and the other,
normal to the interface. Now, the two kinds of domain walls can be
determined as (011) and (011) for d2

þ/d3
þ domains and d2- /d3

þ do-
mains, respectively. Consistent with the plan-view TEM observa-
tion, d2þ/d3

þ domains with inclined domain walls are periodically
distributing in all of the films, while the d2

- /d3
þ domains with

domainwalls along [211] direction exist only in thinner films. In the
thicker PTO films (50 nm and 90 nm), some vertical contrasts,
which are different from d2

- /d3
þ domains, mainly come from misfit

dislocations for the relative large misfit strain along <011> direc-
tion. The domain structures of ferroelectric films are usually
influenced by elastic and electrostatic boundary conditions
[15,16,18,20,34]. Only the d2 and d3 domains are formed in all of the
films is a result of elastic energy minimization as analyzed in
dð112Þ dð101Þ dð121Þ

1.648 2.806 1.648
1.607 (2.5%) 2.838 (�1.1%) 1.607 (2.5%)
1.655 (�0.4%) 2.838 (�1.1%) 1.607 (2.5%)
1.607 (2.5%) 2.757 (1.7%) 1.655 (�0.4%)



Fig. 2. Cross-sectional TEM images of PTO films with different thicknesses grown on GSO (101)o substrates. (a)(b) 8 nm; (c)(d) 20 nm; (e)(f) 50 nm; (g)(h) 90 nm. W represents the
width of d2

þ/d3
þ domain structure. (a)(c)(e)(g): taken from [123] zone axis, and (b) (d) (f) (h): taken from [211] zone axis.
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Table 1. When decreasing the thickness of PTO, d2
- /d3

þ domains with
opposite out-of-plane polarization components are formed in 8 nm
and 20 nm PTO films. The formation of these kinds of domains may
be a result of either the accumulation of surface charges [35,36] or
the increase of depolarization field [18,37,38]. The depolarization
field is dependent on the thickness of the film and dielectric
properties of “dead layers”, which is the layer separating the
ferroelectric film from the real electrode [39]. Since our PTO films
were deposited on insulated substrate and no real electrodes were
used, the depolarization field of the four PTO films reaches its
maximum. It was reported that the domain structure can be rebuilt
by the surface charges through flexochemical coupling in thin
ferroelectric films [36]. Particularly, with the decrease of film
thickness, the effect of surface charging on domain formation is
becoming more and more obvious. Thus, the formation of d2

- /d3
þ

domains in thinner PTO films cannot be simply interpreted by the
increment in depolarization field. In this way, the formation of d2- /
d3
þ domains in the thinner PTO films may be mainly ascribed to the

surface screening charges.
In order to further verify and reveal the structure information of

d2
þ/d3

þ and d2
- /d3

þ domains, SAED and HR HAADF STEM are per-
formed. The SAED patterns obtained from the areas including both
d2
þ/d3

þ domains and substrates in 90 nm PTO films are displayed in
Fig. 3a and b, respectively, and indexed as [011] and [123] zone
axes. The spot splitting for high-index spots can be discernible as
denoted by white circles. In Fig. 3a, the diffraction spots only show
splitting along the out-of-plane direction, indicating different out-
of-plane d-spacings between substrates and films. It can be
deduced that the inner diffraction spots are from PTO due to the
large d-spacing of (111) lattice plane. It is also noted that the
diffraction spots of d2þ domains and d3þ domains cannot be distin-
guished due to the same lattice parameters when observed along
[011] zone axis as depicted in Figure S2b. Luckily, the diffraction
spots of d2

þ and d3þ domains can be distinguished when tilting the
sample about 19〫around [111] direction from [011] to [123] zone
axis as shown in Fig. 3b. From Fig. 3b, we can see that while the
diffraction spots along out-of-plane direction [111] keep un-
changed, some spots along other directions are split implying the
coexistence of multiple domains. For the d2

- /d3
þ domains, Fig. 3c is

given which is a SAED pattern of 20 nm thick PTO films taken from
the area including both the films and the substrates along [211]
direction. It is noted that spot splitting along out-of-plane direction
[111] are evident. To further determine the phase structure and
understand the details of Fig. 3a, b and 3c, the enlargement patterns
corresponding to the spots outlined by boxes and numbered 1e4 in
each figure are shown in Fig. 3d, e, 3f and 3g, respectively. In Fig. 3d,
the enlargement of 222 spot reveals the spot splitting, indicating
the difference in out of plane lattice parameters of films and sub-
strates. In Fig. 3e, the 222 spot keeps unchanged. However, the spot
splitting of 210 is clearly discernible and shown in Fig. 3f. Three
spots can be identified and indexed as 210 of d2þ, d3þ and GSO,
respectively, according to the lattice parameters of PTO and GSO
[31,32], which verifies the coexistence of both d2þ and d3

þ domains.
The relative angles of (210) plane between d2

þ, d3
þ domains and

substrates extracted from diffraction deflection are 3.6� and 1.8�

which are close to bulk values (3.3�and 1.3�). The enlargement of
120 reflection in Fig. 3b is displayed in Fig. 3g, which was chosen
instead of 111 reflection because the spot splitting can be more
clearly identified. The strongest spot in the center of Fig. 3g is
indexed as 120 of GSO, while the two weak spots on the both sides
of GSO 120 spot are indexed as 120 of d2

- and d3
þ domains, respec-

tively. Thus, it can be further confirmed that the inclined domain
walls (011) formed by d2

þ/d3
þ domains exist in all of the films, while

the normal domainwalls (011) formed by d2- /d3
þ domains only exist

in thinner films (8 nm and 20 nm).
Further study demonstrates that the width of the d2

þ/d3
þ do-

mains shows a positive correlation with the film thickness. To
clarify the explicit correlation, the domainwidth and film thickness
are summarized and shown in Fig. 4. The scattering points in Fig. 4
were obtained from different areas of cross-view TEM images. The
data was then fitted in origin software via two fitting curves: y ¼
a þ bx for linear fit and y ¼ a*x̂ b for curve fit. The results for y ¼
a*x̂ b are a¼ 9.34 and b¼ 0.53with standard errors of 1.31 and 0.03,
respectively; while for y ¼ a þ bx, the results are a¼ 26.14, and
b¼ 0.901 with standard errors of 2.89 and 0.06. Since the standard
errors of the linear fit are about twice of the curve fit, the curve fit is
more appropriate to describe the relationship between domain
width and film thickness as indicated by the black solid line shown
in Fig. 4, which is satisfied with Wf d1/2. Such a relationship be-
tween the domain period and film thickness was initially proposed
by Kittel for ferromagnetic systems [40], and then was extended to
ferroelectric systems by Mitsui and Furuichi (KMF's law) [41,42]. It
was also reported that the domain wall broadening may occur near
electrically-open surfaces, then the relationship between domain



Fig. 3. Selected area electron diffraction (SAED) patterns of PTO films on GSO substrates. (a) (b) SAED patterns for 90 nm thick PTO films taken from the areas including the
substrates and d2

þ/d3
þ domains; (c) SAED pattern taken from the area including the substrate and d2- /d3þ domains for 20 nm thick PTO films; (def) are the enlargements of the

rectangles marked in (aec).

Fig. 4. The observed domain width (W) of periodic d2
þ/d3þ domains as a function of film

thickness (d) for PTO thin films grown on GSO substrates. The curve fit is close to KMF's
law (Wf d^1/2).
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period and film thickness will deviate fromKMF's law [35]. The PTO
films in the present study have all common 90� domain walls
without any domain wall broadening. Thus the “KMF's law” can be
used to describe the relationship between domain width and film
thickness in the PTO films.

HR-HAADF-STEM imaging was carried out to clarify the atomic
structures of d2

- /d3
þ and d2þ/d3

þ domains from [211], [111] and [123]
directions, respectively. The atomic structure schematics of d3

þ and
d2
- domains observed from [211] direction are shown in Fig. 5a and

b, in which only Pb columns are displayed. The Ti and O columns
are removed and the c-axis are enlarged 20% in all schematics for
explicitation. It can be derived that the lattice characteristics are
strongly correlated with the c-axis orientation. For d3

þ domains in
Fig. 5a, whose c-axis are along [001], the (111) planes marked by a
green line rotate clockwise relative to the horizontal plane repre-
sented by the dashed line, while in Fig. 5b, the (111) planes of d2

-

domains indicated by a red line rotate anticlockwise, i.e. the lattice
of d3þ domains rotates clockwise relative to d2

- domains. In order to
directly reveal the lattice characteristics, a cross-sectional atomic
resolved HAADF STEM image of the 20 nm thick PTO/GSO thin films
from [211] direction is shown in Fig. 5c, where the alternately
distributed d2- and d3

þ domains are evident and separated by light
blue domain walls. The c-axis orientations denoted by red and
green arrows are obtained from the rotation characteristics of (111)
plane as described in Fig. 5a and b. Similar to Fig. 5a and b, the
lattice of d3

þ domains rotates clockwise respect to d2- domains from
[111] zone axis as depicted in Fig. 5d and e. A HR-HAADF-STEM
image of plane-view samples in 20 nm PTO films from [111] di-
rection showing the alternately distributed d2

- and d3
þ domains are

displayed in Fig. 5f, where the light blue dash lines represent the
(011) domain walls, and the arrows denote the c-axis orientations.
The 2.4� misorientation angles of d2

- and d3
þ domains can be

revealed as indicated by the red and green lines in Fig. 5f. The in-
clined domain walls (011) of d2þ and d3

þ domains are along [011]
direction, but the domain walls can only be observed from [123] or
[132] directions as analyzed in Figure S2. Detailed analysis is shown
in Fig. 5gei. Fig. 5g and h shows the atomic structure schematics
observed from [011] and [123] directions for d3

þ and d2þ domains,
respectively. When observed from [011] direction, the d-spacing
and the angles between lattice-planes are the same for both d3

þ and
d2þ domains. While tilting the sample to [123] direction, for bulk
PTO, the in-plane (541) d-spacings for d3þ and d2

þ domains are
0.60Å and 0.61Å, respectively, and the angles between (111) and
(210) are 74.7� and 72.7�, respectively [31]. It is noted that the out-
of-plane d-spacings are equal for both cases. To testify this
deduction, an atomic resolved HAADF STEM image of 90 nm PTO
films is shown in Fig. 5i, in which the arrows denote the c-axis
orientation. It is observed that the sharp (011) domainwall turns to
a domain wall area with the width of around 1 nm after tilting the
sample from [011] to [123] zone axis as denoted by the shade light
blue area. The angles between (111) and (210) are denoted by the
blue and green parallelograms on both sides of the domain wall
area, which is close to bulk value. It is also noted that the misori-
entation angle 2.2〫of d2þ/d3

þ domains can be revealed as indicated
by the blue and green lines in Fig. 5i. The inset in Fig. 5i is a sche-
matic showing the lattice rotation with an angle of approximately
2.2� on two sides of d2þ/d3

þ domain wall. The fast Fourier transform
(FFT) patterns for Fig. 5c, f, and 5i are shown in Figure S3, where the
high-index FFT spot splittings can be easily detected to verify the



Fig. 5. Atomic structure schematics and High-resolution HAADF-STEM image of the two kinds of domain walls. (a) (b)Atomic structure schematics of d3þ and d2
- domains observed

from [211] direction; (c) High-resolution HAADF-STEM image taken along [211] showing the intersection of d2- /d3þ domains in 20 nm thick PTO films from cross-sectional obser-
vations; (d) (e) Atomic structure schematics of d3

þ and d2
- domains observed from [111]; (f) High-resolution HAADF-STEM image showing the intersection of d2

- /d3
þ domains from

[111] in plane-view observations; (g)Atomic structure schematics of d3
þ observed from [011] (left) and [123] (right) directions, respectively; (h)Atomic structure schematic of d2

þ

domains observed from [011] (left) and [123](right), respectively; (i) High-resolution HAADF-STEM image showing the intersection of d2þ/d3
þ domains in 90 nm thick PTO films from

[123] in cross-view samples. Arrows in (c) (f) (i) represent the magnitude and direction of c-axis's projection. The c-axis in all schematics are enlarged 20% for explicitation.
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existence of ferroelectric domains, which are similar to SAED pat-
terns displayed in Fig. 3.

For further revealing the details of the d2
þ/d3

þ and d2
- /d3

þ domains,
low magnification HAADF-STEM imaging of the PTO films and
corresponding geometric phase analysis (GPA) [43e45] including
lattice rotation and lattice strains were conducted and shown in
Fig. 6 and Figure S4. Fig. 6a shows the HAADF-STEM image of
alternately distributed d2

- and d3
þ domains, where the light blue

dash lines represent the domain walls, and the green and red ar-
rows denote the c-axis orientations. The in-plane lattice rotation
(Rx) mapping of Fig. 6a is shown in Fig. 6b, and the corresponding
line profiles performed from left to right along the routes labeled
rotation profiles 1 and 2 are shown in Fig. 6c. If the Rx of substrate is
set to zero, the Rx of d2- would be positive according to the analysis
of HR-HAADF-STEM image in Fig. 5, while the Rx of d3þ would be
negative. In this way, we can confirm the alternate distribution of
d2
- /d3

þ domains. The in-plane and out-of-plane strain mappings are
shown in Figure S4a and S4b. It can be seen that both in-plane and
out-of-plane lattice strains are uniformly distributed for the d2

- /d3
þ

domains due to the same components of c-axis along in-plane and
out-of-plane directions. Fig. 6d shows the plane-view HAADF-
STEM image of d2- /d3

þ domains in 20 nm thick PTO film. The corre-
sponding lattice rotation, in-plane and out-of-plane lattice strain
mappings are shown in Fig. 6e, S4d and S4e, respectively. Based on
the previous analysis in Fig. 5f, the lattice of d2

- domains rotates
about 3.5� anticlockwise respect to d3þ domains along [111] direc-
tion. That is to say, if the lattice rotation (u) of d3þ is set to zero, the u
of d2

- domains would be 3.5� as depicted in Fig. 6f. The in-plane and
out-of-plane lattice strain variations are shown in Figure S4d and
S4e. The d2- domains are in red and the d3

þ domains are in green
in Figure S4d, while their colors are opposite in Figure S4e as a
result of different c-axis orientations which are represented by red
and green arrows in Fig. 6d. The HAADF-STEM image of d2

þ/d3þ

domains including substrates and the corresponding out-of-plane
lattice rotation (Ry) mapping are shown in 6 g and 6 h. From the
lattice rotation map, comparing with the substrate, the d2

þ domain
is in green, while d3þ domain is in red, indicating the out-of-plane
lattice of d2þ domain rotates clockwise respect to the substrate,
while the out-of-plane lattice of d3þ domain rotates anticlockwise
respect to d2

þ domain. To make it clearly, a line profile along the
route labeled rotation profile 4 in Fig. 6h from bottom to top is
shown in Fig. 6i, which reveals the out-of-plane lattice rotations are
approximate �3� and �1.2� for d2

þ and d3þ domains, respectively.
The corresponding in-plane and out-of-plane lattice strains are
shown in Figure S4g and S4h, respectively. It is pointed out that the
in-plane component of c-axis in d2

þ domains is larger than that in
d3þ domains, and the out-of-plane component keeps unchanged for
both domains. Accordingly, the in-plane lattice strain in d2

þ is larger
than that in d3

þ, while the out-of-lattice strain is identical for the
two kinds of domains as displayed in Figure S4g and S4h.

Detailed (S)TEM studies of (111) oriented PTO films epitaxially
grown on GSO shown above reveal that there are two kinds of
domain walls: “inclined” and “normal” lying on (011) and (011)
planes, respectively. The schematics of these domain walls are
shown in Fig. 7a and (b). In Fig. 7a, d2þ (blue arrows) and d3

þ (green
arrows) represent the domains whose ferroelectric polarizations
are along [010] and [001], respectively. The right side of Fig. 7a il-
lustrates the in-plane (upper) and out-of-plane (lower) polarization
component distributions of d2þ and d3

þ domains. The out-of-plane
polarization component is uniform while the angle between in-



Fig. 6. GPA analysis of d2- /d3þ and d2þ/d3
þ domains. (a) Cross-sectional HAADF-STEM image of the 20 nm thick films containing d2

- /d3
þ domains taken from [211] and (b) corresponding

lattice-x rotation (Rx) map; (c)Line profiles labeled in (b); (d) Plane-view HAADF-STEM image of the 20 nm thick film containing d2
- /d3

þ domains taken from [111] direction and (e)
corresponding lattice rotation (u) map; (f)Line profile labeled in (e); (g) Cross-sectional HAADF-STEM image of the 90 nm films containing d2

þ/d3þ domains taken from [123] direction
and (h)corresponding Lattice-y rotation (Ry) map; (i)Line profile labeled in (h). Arrows in (a) (d) (g) represent the magnitude and direction of c-axis's projection.

Fig. 7. Schematics and PFM phase images of the two kinds of domain walls. (a)(b) Schematics of inclined and normal domain walls; Arrows indicate the orientation of c-axis; (c)(d)
IP Phase and OOP Phase images of 90 nm PTO films; (e)(f) IP Phase and OOP Phase images of 20 nm PTO films; White circles in (e) and (f) denote domain walls perpendicular to
stripe domain walls.
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plane polarization components is about 120�. Oppositely, as shown
in Fig. 7b, the in-plane and out-of-plane polarization are both
different for d2

- (red arrows) and d3
þ (green arrows) domains. To

support the analysis, PFM measurements were carried out. PFM
images (Fig. 7cef) confirm the differences between d2
þ/d3

þ and d2
- /

d3þ domains of (111)-oriented PTO films. For the 90 nm PTO films,
the in-plane (IP) phase image (Fig. 7c), taken with the cantilever
along [110], shows stripe contrast throughout the whole film.
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However, the out-of-plane (OOP) phase image (Fig. 7d) shows
uniform contrast, indicating identical out-of-plane polarization
components in the two kinds of domains. In the 20 nm thick PTO
films, besides the area with stripe IP phase (Fig. 7e) and uniform
OOP phase (Fig. 7f), taken with the cantilever along [110], both IP
and OOP phase images show stripe contrasts in circled areas. This
indicates difference in both in-plane and out-of-plane polarization
components which match the characteristics of d2- /d3

þ domains as
depicted in Fig. 7b. The local hysteresis loops for the four PTO films
were also measured by PFM, which are shown in figure S5. It can be
seen that local PFM spectroscopic measurements for the films all
exhibit bipolar piezoelectric hysteresis loops. The local coercive
field of each film can be obtained according to the film thickness
and local positive and negative coercive voltages marked by red
arrows in figure S5a-5d. The results are 862MV/m, 270MV/m,
26.5MV/m and 13MV/m for 8 nm, 20 nm, 50 nm and 90 nm,
respectively, which shows a negative correlation with film thick-
ness which is consistent with experiment observations reported
previously [24,46].

4. Conclusion

In summary, we have demonstrated an effective way to control
the domain structure in (111)- oriented PTO films. By using the
anisotropic strain imposed by the GSO (101)O substrate, three
tetragonal distortions can be reduced to two distortions (d2 and d3).
In the thick films, one-dimensional, periodic nanoscale arrays of
both d2

þ/d3þ and d2
- /d3

- domains with inclined domain walls (011)
along [011] are formed in PTO films. With decreasing the film
thickness, high density d2

- /d3
þ and d2

þ/d3
- domains with normal

domain walls (011) along [211], which are perpendicular to the
former domainwall direction, are further formed due to the surface
screening charge accumulations. These results disclose the strain
effect on domain configurations in (111)- oriented PTO films and
uncover the domain evolution with film thickness. The controlled
domain structure provides us help to further explore the functional
properties of domains and domain walls in (111)-oriented PTO
films.
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