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a b s t r a c t

Revealing strains on the unit-cell level is essential for understanding the particular performance of
materials. Large-scale strain variations with a unit-cell resolution are important for studying ferroelectric
materials since the spontaneous polarizations of such materials are strongly coupled with strains.
Aberration-corrected high-angle-annular-dark-field scanning transmission electron microscopy (AC-
HAADF-STEM) is not so sensitive to the sample thickness and therefore thickness gradients. Conse-
quently it is extremely useful for large-scale strain determination, which can be readily extracted by
geometrical phase analysis (GPA). Such a combination has various advantages: it is straightforward,
accurate on the unit-cell scale, relatively insensitive to crystal orientation and therefore helpful for large-
scale. We take a tetragonal ferroelectric PbTiO3 film as an example in which large-scale strains are de-
termined. Furthermore, based on the specific relationship between lattice rotation and spontaneous
polarization (Ps) at 180° domain-walls, the Ps directions are identified, which makes the investigation of
ferroelectric domain structures accurate and straightforward. This method is proposed to be suitable for
investigating strain-related phenomena in other ferroelectric materials.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Strain determination on the unit-cell scale is essential for un-
derstanding many physical behaviors of materials, and such strains
can be readily extracted by conventional high resolution trans-
mission electron microscopy (HRTEM). For instance, HRTEM ima-
ging was successfully employed to measure unusual surface lattice
expansion of nanoporous gold, which is essential for its high cat-
alytic activity [1]; HRTEM was also used for mapping strain in-
teractions between Si channel and Si80Ge20 source in strained si-
licon transistors, which is important for clarifying the strain
modulated carrier behaviors [2]. In addition, there were abundant
applications of HRTEM for analyzing strain behaviors at interfaces,
grain boundaries and defects, helping to improve the under-
standing of relevant mechanical or functional properties [3–9].
Indeed, HRTEM has been proved to be an accurate method in a
TEM for local strain measurements [10]. Nevertheless, for large
area strain analysis, HRTEM imaging is sensitive to the local spe-
cimen thickness and frequently meets with the contrast-reversal
problem, rendering the image interpretation complicated [11].
Moreover, the contrast-reversal problem could be aggravated for
samples containing heavy elements [10,11]. Such problems could
embarrass the large area strain analysis of many technologically
important materials on the unit-cell scale, e.g. perovskite ferro-
electric/multiferroic oxides in which strain is essential for under-
standing the ferroelectric/piezoelectric behavior [12,13].

Imaging with an aberration-corrected high angle annular dark
field scanning transmission electron microscope (AC-HAADF-
STEM) has become a powerful technique to study crystal struc-
tures at sub-angstrom resolution [14–28]. Although the HAADF-
STEM imaging mechanism is complicated, a generally Zn depended
atomic contrast could be observed, which makes the interpreta-
tion of the images straightforward (where Z is the atomic number,
and nE1.7, close to the asymptotic Rutherford scattering limit of
Z¼2) [24–28]. Moreover, due to its incoherent essence, there is no
contrast reversal in the HAADF-STEM images, regardless of the
sample thickness and some small variety of defocus value
[14,15,24,28]. In addition, the aberration-corrected convergent
electron probe current is strong enough to penetrate thick samples
containing elements with medium mass (SrTiO3), even when the
thickness exceeds 100 nm [29], where a HAADF-STEM image with
little resolution compromise and no contrast reversal effect can
still be obtained [24,29,30].
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Fig. 1. Illustration of 180° domain-wall in ferroelectric PbTiO3 lattice. The sponta-
neous polarization (‘Ps’ marked by yellow arrow) of the PbTiO3 unit-cells is caused
by relative displacements of the O2� and Ti4þ , Pb2þ ions exhibiting as off-center
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The advantages of AC-HAADF-STEM make it very useful for
large-area strain analysis. Moreover, improving spatial resolution
of a TEM instrument could further enlarge the fields of view in a
high resolution HAADF-STEM image. This is important for strain-
related physical property analysis because large areas always
contain more useful information, such as the strain of domain-
walls in ferroelectrics. The strains in these large area images can be
easily extracted by geometrical phase analysis (GPA) [2,7–9,23,31–
36]. Thanks to the low sensitivity of HAADF-STEM images to
thickness/defocus values [14,15,24,28], no superfluous ‘geome-
trical phase variations’ can be introduced by defocus and/or
thickness gradient, which is a precondition to perform GPA and
other strain analysis [31,33,34].

In this paper, large-scale strains in PbTiO3/SrTiO3 multi-layers
and at 180° domain-walls therein are analyzed based on AC-
HAADF-STEM images. We show the great advantage of a combi-
nation of AC-HAADF-STEM and GPA, as exampled by extracting
domain patterns in ferroelectric PbTiO3 films.
shifts of Ti4þ anions, as marked by δTi. The tetragonality (c/a) of the PbTiO3 unit-cell
is magnified here for visualization. Oppositely arranged Ps and δTi beside a 180°
domain-wall would induce a 0.6 Å relative shift of the Pb2þ lattice accompanied by
an 8.7° lattice rotation, as indicated at the domain-wall.
2. Material and methods

The PbTiO3/SrTiO3 multilayers were deposited on SrTiO3 sub-
strates by pulsed laser deposition (PLD), using a Lambda Physik
LPX 305i KrF (λ¼248 nm) excimer laser. The background pressure
was 10�5 Pa and the substrate temperature was kept at 650 °C.
During the growth of the PbTiO3 layers, an oxygen pressure of
20 Pa, a laser repetition rate of 5 Hz and a laser energy density of
2 J cm�2 were used [37]. Cross-sectional samples for the STEM
experiments were prepared by slicing, gluing, grinding, dimpling,
and finally ion milling. A Gatan PIPS was used for the final ion
milling. AC-HAADF-STEM images were recorded using an aberra-
tion-corrected scanning transmission electron microscope (Titan
Cubed 60–300 kV microscope (FEI) fitted with a high-brightness
field-emission gun (X-FEG) and double Cs corrector from CEOS)
operating at 300 kV. The diffraction contrast image was recorded
using a conventional TEM (Tecnai G2 F30 (FEI) working at 300 kV).
The acquisition durations of all HAADF-STEM images used here
were 40 s. The dwell time and sampling rate are about 40 μs and
2.5�104/s, respectively. The beam convergence angle is 25 mrad,
and the collection angle ranges from 50 mrad to 250 mrad. Strain
fields were deduced by using custom plugins of GPA for Gatan
DigitalMicrograph [31]. The visualization of the strains and lattice
rotations was carried out using Gatan DigitalMicrograph software.
Fig. 2. Experimental images of 180° domain-walls in PbTiO3. (a) Dark field TEM
image of the PbTiO3/SrTiO3 multilayer showing the 180° domains. (b) AC-HAADF-
STEM images of a 180° domain-wall in PbTiO3. The insets show the shifts of Ti4þ

column (red) relative to the Pb2þ columns (yellow), which are opposite to the Ps
directions of respective domains, as marked by yellow arrows. Note the lattice
rotation across the 180° domain-wall, indicated by ω, which is consistent with the
lattice rotation model shown in Fig. 1.
3. Results

3.1. General information

At room temperature, PbTiO3 crystal has a tetragonal structure
with lattice parameters a¼b¼3.900 Å and c¼4.148 Å [38]. The
SrTiO3 substrate has a cubic structure with lattice parameter
a¼3.905 Å [39]. The c-oriented PbTiO3/SrTiO3 heterointerface has
very little strain due to the small lattice mismatch (o0.13%). Such
a heteroepitaxial system also minimizes the strain effects of the
substrates on studying the strains of 180° domain-walls in PbTiO3.

To produce 180° domain-walls in the PbTiO3 layers and thus
show the usefulness of the combination of AC-HAADF-STEM and
GPA, a two-layer PbTiO3 structure sandwiched by insulating SrTiO3

layers was fabricated. The insulating SrTiO3 layers isolate the
PbTiO3 layers from possible external charges, thus promote the
formation of 180° domain-walls [40].

Generally, 180° domain-walls in tetragonal PbTiO3 crystal have
dipoles across the domain-walls arranged as 180° configurations
[3,12,41,42]. The 180° domain-wall extends along {100} plane [42],
as shown in Figs. 1 and 2. Theoretical simulation predicted that
the relative displacement along [001] of the Pb2þ lattice on both
side of the 180° domain-walls is about 0.6 Å [43], and this was
further confirmed by aberration corrected HRTEM observations
under negative spherical aberration condition [41]. If the width of
the 180° domain-walls is one unit-cell, then this displacement will
cause a lattice rotation of about 8.7° across the domain-wall
(Fig. 1), which should be detectable by using GPA. However, in real
PbTiO3 crystals, the magnitude of this rotation might be decreased
because the width of a 180° domain-wall sometimes exceeds one
unit-cell [43]. In addition, the dipoles formed by the relative shifts
of anions (O2�) and cations (Pb2þ and Ti4þ) are also schematically
illustrated in Fig. 1, which is typically accompanied by Ti4þ off-
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center displacements from the Pb2þ lattice, as marked by δTi. The
dipole direction (Ps) is opposite to the δTi, as the yellow arrow
indicates [3,41,42].

3.2. Strain analysis based on AC-HAADF-STEM and GPA

Fig. 2(a) is a representative dark field TEM image of 180° do-
mains in PbTiO3 (PTO). Vertical boundaries between the white and
dark contrast in the first PTO layer indicate the 180° domain-walls,
as marked with downward arrows. One of the 180° domain-walls
is further magnified in AC-HAADF-STEM mode, as shown in Fig. 2
(b). The dipoles formed by the Ti4þ off-center displacements be-
side the 180° domain-wall can be identified. This 180° configura-
tion of Ps directions must indicate a 180° domain-wall between
them. As above mentioned, there are several degrees of lattice
rotation across the 180° domain-wall, and this is indeed visible in
the HAADF-STEM image. The relative shifts of Pb2þ lattice beside
the 180° domain-wall were indicated by three relatively sheared
unit-cells at the domain-wall, and the resultant lattice rotation can
be identified, as marked by the red lines (ω in Fig. 2(b)).

As is seen in Fig. 2(b), atomic-scale information is displayed in
the aberration corrected STEM images with very high magnifica-
tion—not only the strains (lattice rotation), but also the ferro-
electric ion shifts (δTi). However, there is an intrinsic drawback of
highly magnified TEM images—the areas of these images are
Fig. 3. AC-HAADF-STEM based 2D strain mappings of the PbTiO3/SrTiO3 multilayer in lo
(b) In-plane strain εxx. (c) Out-of-plane strain εyy. (d) Lattice rotation mapping ω. The inse
bottom. The radius of mask size used here is 0.8 1/nm.
extremely limited, for instance, ranging within 20 nm�20 nm;
and the area may become even smaller if the magnification is
further enhanced to obtain extremely subtle atomic details (for
instance, the size of the raw image corresponding to Fig. 2(b) is
12.9 nm�12.9 nm). Thus the information contained in highly
magnified images is also restricted. An understanding of ferro-
electric performance is gained not only from atomic-scale details
but also other physical properties such as their ferroelectric do-
main patterns [12,13,40]. Fortunately, GPA has shown great po-
tential to extract strain information in high resolution AC-HAADF-
STEM images with large field of view [23,31–34]. The accuracy of
GPA for determining displacement fields can reach 0.03 Å, even
without the aid of aberration corrected TEM [32]. Its efficiency was
corroborated in 2011 by Catalan et al. to quantitatively determine
the gradual and continuous variety of strains in PTO lattice ob-
tained by high resolution AC-HAADF-STEM with large field of view
[23]. For extracting strain information in these images, AC-HAADF-
STEM based GPA analysis exhibits advantages over direct methods
which are based on ‘peak finding’ in the real space images
[4,6,31,34], because the pixel size in these images (with large field
of view) is too large to be accurately located (will be further ela-
borated in Fig. 5(f)).

It should be emphasized that the lattice rotation across the
180° domain-wall in PTO can be treated as a fingerprint for de-
termining the Ps directions beside the domain-wall. We define a
w magnified image. (a) An AC-HAADF-STEM image containing 180° domain-walls.
ts in (b), (c) and (d) are corresponding line-profiles. The scanning direction is up to
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counterclockwise lattice rotation as a positive rotation. Fig. 2
(b) shows the positive rotation example for the 180° domain-wall.
The left domain exhibits downward Ps while the right domain
exhibits upward Ps. So the strain information across the 180° do-
main-walls in PTO is enough to determine Ps directions in each
ferroelectric domain and thus the domain patterns. In other words,
the atomic scale information, such as ferroelectric ion displace-
ments (δTi) is not necessary for the determination of Ps directions.
We will use two examples to clarify the determination process of
domain patterns in PTO.

Fig. 3(a) shows an AC-HAADF-STEM image of the PbTiO3/SrTiO3

multilayer. The size of this image is about 50 nm�50 nm. For this
magnification, it becomes difficult to inspect the Ps configurations
by identifying δTi in the PTO layer because it was somewhat con-
cealed by the corresponding bigger pixel size (will be further
elaborated in Fig. 5(e)). Instead, attempts through the fingerprint
of 180° domain-wall were performed by GPA. The orientation of
the PTO layer was first checked by lattice parameter changes. The
horizontal strain (εxx) is shown in Fig. 3(b). The basically uniform
distribution of εxx indicates all the PTO unit-cells were a-oriented
along the horizontal direction (the a lattice of PTO is almost equal
to lattice parameter of SrTiO3). Thus all the PTO layers were c-or-
iented along vertical direction. This inference can be further ap-
proved by checking the vertical strain (εyy) shown in Fig.3(c).
Sharp fluctuation of εyy across the PbTiO3/SrTiO3 interfaces can be
clearly seen, since the c lattice parameter of PTO is much bigger
than that of SrTiO3. The efficiency of GPA performed on this
HAADF-STEM image can be assessed by comparison of the image
contrast and εyy: the bending of the PbTiO3/SrTiO3 interfaces is
Fig. 4. AC-HAADF-STEM based 2D strain mappings of the PbTiO3/SrTiO3 multilayer at ex
containing 180° domain-walls. (b) In-plane strain εxx. (c) Out-of-plane strain εyy. (d) Lat
scanning direction is up to bottom. The radius of mask size used here is 0.3 1/nm.
consistent with each other in both Fig. 3(a) and (c). Finally, Fig. 3
(d) shows the lattice rotation map of Fig. 3(a). Two vertical bands
can be observed, which indicate some unusual lattice rotation
along the vertical direction. These two distinct bands exhibit ob-
vious opposite contrast. Since the other uniform area (PTO unit
cells between the two vertical bands) was selected as reference
lattice with 0 rotation, the opposite contrast of the two vertical
bands must indicate a negatively and a positively rotated lattice
band, respectively. Moreover, these lines were traced along c di-
rection of the PTO lattice. So it is reasonable to infer that they are
180° domain-walls, and this inference was indeed confirmed by
high-magnification AC-HAADF-STEM images as Fig. 2(b). Although
some scanning noise is distinguishable in the εyy and ω maps
(horizontal fluctuations in Fig. 3(c) and (d)) due to the inevitable
scanning error of the STEM imaging mode, the vertical strain of
the multilayer and the lattice rotation across the 180° domain are
less affected and well detectable.

Since the signs (positive or negative) of the lattice rotation
across the 180° domain-wall in PTO can serve as a fingerprint for
the nearby Ps directions, it is now feasible to determine domain
patterns contained in the PTO layer, without the aid of ionic po-
sition information. As above mentioned in Fig. 2(b), positive ro-
tation indicates downward and upward Ps in the left and right
domain, respectively, and vice versa. Thus the domain configura-
tion of the sandwiched PTO layer can be uniquely determined, as
the yellow arrows in Fig. 3(a) indicate.

The efficiency of this method can be further confirmed by an
image with extremely low magnification. Fig. 4(a) shows an AC-
HAADF-STEM image of the PbTiO3/SrTiO3 multilayer. One can see
tremely low magnified image. (a) HAADF-STEM images of the whole PbTiO3/SrTiO3

tice rotation mapping ω. The insets in (b)–(d) are corresponding line-profiles. The



Fig. 5. Magnification presentations through FFT patterns and pixel size of AC-HAADF-STEM images used for strain analysis. (a)–(c) The full FFT patterns correspond to Fig. 2
(b), Fig. 3(a) and Fig. 4(a), respectively. Red circles in (b) and (c) denote the reciprocal lattice vector (101) and (101) used for GPA analysis. (d) and (e) Magnified HAADF-STEM
images show the pixel size directly, which also correspond to Fig. 2(b), Fig. 3(a) and Fig. 4(a). There is an aliasing effect in Fig. 5(c), which is common for low magnification
lattice images recorded by a TEM, since low magnification lattice images are undersampled when digitized by an image recording system [45].
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the whole layer structure under this low magnification. The size of
this image is about 130 nm�115 nm, and the corresponding area
of the raw image is more than 100 times than that of Fig. 2(b). For
this magnification, it is impossible to identify the Ps configurations
by inspecting δTi in the PTO layers because it was completely
concealed by the extremely big pixel size (will be further elabo-
rated in Fig. 5(f)). However, horizontal strain (εxx) and vertical
strain (εyy) as well as lattice rotations across the 180° domain-
walls can still be extractable by GPA, as shown in Fig. 5(b)–(d). The
uniform distribution of the εxx (Fig. 4(b)) and the obviously large c
lattice parameter of PTO layers in the εyy (Fig. 4(c)) are consistent
with Fig. 3(b) and (c), which reveal the validity of GPA for dealing
with such low magnified image. For the lattice rotation mapping,
line-profiles of two areas labeled with ‘1’ and ‘2’ were shown as
insets in Fig. 4(d). The presence of three 180° domain-walls is
observed, as seen both in the 2D mapping and the peaks in line-
profile ‘1’ and ‘2’. Moreover, the 180° domain-wall in the lower
PTO layer exhibits negative rotation, while the 180° domain-walls
in the upper PTO layer exhibit both negative (left) and positive
(right) rotations. Thus, the domain pattern of this multilayer
shown in Fig. 4(a) can be determined, as the yellow arrows
marked, which was confirmed by magnified AC-HAADF-STEM
images (not shown here). However, under this extreme condition,
only approximate information of the ferroelectric domain patterns
could be affirmed, since the contrast of the 180° walls were rather
blurred (Fig. 4(d)). Nevertheless, these preliminary messages could
be useful for locating potential domain walls and further accurate
analysis of strains and domain patterns.

In addition, more detailed information about the fine domain
arrangements can be obtained by checking Fig. 4(a) with identified
Ps configurations. Beside the PTO sandwiched thin SrTiO3 layer, the
Ps directions of local upper and lower PTO layers could adopt both
‘head-to-tail’ and ‘tail-to-tail’ arrangements, because of the non-
collinear essence of the 180° domain-walls in the upper and lower
PTO layers. To explore the physical insights of the PTO/STO
interactions and their influence on the property of this ferro-
electric/paraelectric multilayer is an interesting topic for future
investigations [44].

The full Fast Fourier Transform (FFT) patterns and the pixel si-
zes of Figs. 2(b), 3(a) and 4(a) are shown in Fig. 5. The continuously
reduced magnifications of the three HAADF-STEM images can be
realized by the progressive expansion of the FFT spots from Fig. 5
(a)–(c). In addition, the pixel size of the three images is visually
shown in Fig. 5(d)–(f). As mentioned above, it is hard or impossible
to identify the Ps directions in the PTO unit-cells by inspecting δTi
in Fig. 5(e) and (f) because it was completely concealed by the
corresponding large pixel size. Even though, based on the re-
ciprocal space information via GPA, it is easy to determine ferro-
electric domain patterns for these low magnified images of PTO
lattice (Figs. 3 and 4). In contrast, the δTi is obvious only in Fig. 5
(d), which corresponds to highly magnified image (Fig. 2(b))
containing limited domain pattern information.

The combination of AC-HAADF-STEM and GPA is also applied to
the strain measurements in a strained PbTiO3/SrTiO3 multilayer
film, as shown in Fig. 6. The size of this image is about
102 nm�77 nm. The GdScO3 substrate has a lattice parameter
(�0.397 nm) which is larger than the a lattice parameter of PTO
[46]. The horizontal strain (εxx), vertical strain (εyy) and shear
strain (εxy) as well as lattice rotation maps are shown in Fig. 6(b)–
(e). Both the in-plane strain (εxx) and out-of-plane strain (εyy)
exhibit inhomogeneous features. GPA lattice rotation map reveals
interesting strain behaviors of such strained PbTiO3/SrTiO3 multi-
layer film, as shown in Fig. 6(d), where an obvious disclination
character emerges. Moreover, both the 180° and 90° domain-walls
are easily distinguishable in Fig. 6(d), thus the Ps directions of the
domains are derived, as indicated by yellow arrows in Fig. 6(d). It
is clearly seen that the tensile strain from the substrate cause
unusual domain structures and resultant severe inhomogeneous
strain distributions in the ferroelectric PTO layer, where the strain
gradient can also be extracted [46]. Note that the 180° domain-



Fig. 6. Application of GPA for strain analysis of complex domain patterns in a strained PbTiO3/SrTiO3/PbTiO3 multilayer film. (a) An AC-HAADF-STEM image. (b) In-plane
strain εxx. (c) Out-of-plane strain εyy. (d) Lattice rotation mapping ω. (e) Shear strain εxy. The scanning direction is up to bottom. The radius of mask size used here is 0.6 1/nm.
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walls can also be seen clearly in the shear strain map (Fig. 6(e), ε
xy). Nevertheless, the character of these domain patterns featured
with special disclination strains cannot be immediately identified
through the shear strain map. Thus we turn to use lattice rotation
map and describe strain distributions in these ferroelectric films.
4. Discussion

Strain determination based on the combination of GPA and AC-
HAADF-STEM imaging has shown great potential for analysis of
ferroelectric domain patterns with high spatial resolution and over
large areas. Although larger scale ferroelectric domain patterns can
be efficiently determined by methods based on scanning probe
microscopy (SPM) techniques, such as piezoresponse force mi-
croscopy (PFM) [12,47–49], the spatial resolution of these techni-
ques is limited to several nanometers (5–30 nm) [12,47,48], which
is far from nanometer accuracy like that in the present study.
Particularly, dark field electron holography in a TEM is also well-
adapted to measure strains over large fields of view with high
spatial resolution [50]. Nevertheless, special hardware and op-
eration mode are needed for performing this method. It is also
worthwhile to mention that the acquisition duration of a HAADF-
STEM image can be further doubled for getting a lower magnifi-
cation image with extremely large image size, simultaneously the
drifting effect is tremendously abated while the magnification is
reduced. Based on this method, domain patterns of other ferro-
electrics may also be determinable, such as domain structures in
multiferroic BiFeO3 [12,20,51].

We have shown in the above examples that HAADF-STEM
imaging is a robust approach for strain analysis of ferroelectric
materials exhibiting large strains, since the imaging conditions,
such as specimen thickness and thickness gradient do not in-
troduce contrast reversal effects [14,15,24,28]. Although the
scanning error in HAADF-STEM mode is inevitable, this effect can
be partially relieved by vertically rotating the scanning direction
[23]. Particularly, the lattice rotation of 180° domain walls in
PbTiO3 can still be readily identified regardless of the presence of
some scanning noises (Fig. 3(d)). Moreover, small crystal tilt gen-
erally induces homogeneous changing of intensity distributions of
specific atom columns in AC-HAADF-STEM images, which should
have little effect on the strain analysis based on GPA, because the
contrast of the image is systematically and evenly changed [18].
Based on the combination of GPA and AC-HAADF-STEM ima-

ging, strain analysis can also be applied to investigate other strain-
related phenomena. It is expected that large scale strains resulting
from the interactions of defects in metals and large scale strain
distributions in multilayer films/superlattice could be readily ex-
tracted. Such a benefit may facilitate the analysis of strain-related
physical and chemical properties.
5. Conclusion

Large scale strain analysis is performed to PbTiO3/SrTiO3 mul-
tilayer by employing the combinations of GPA and AC-HAADF-
STEM imaging. Both the development of lattice parameter and that
of lattice rotation across the 180° domain-walls in PbTiO3 are de-
termined from the images with over 100 nm�100 nm dimen-
sions. Moreover, by using the fingerprint effect of the lattice ro-
tation as reference, domain patterns of the PbTiO3/SrTiO3 multi-
layers are successfully determined. The present study demon-
strates the robustness of AC-HAADF-STEM imaging for large scale
strain analysis, which is important for various strain-related
property analyses like the ferroelectric domain configurations.
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