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1.  Introduction

Ferroelectric and piezoelectric thin films have found a large 
number of applications in memories [1] and micro-electro-
mechanical systems (MEMS) [2]. Above a certain critical 
thickness, tetragonal perovskite materials have a tendency 
to form 90◦ ferroelectric/ferroelastic domains to relieve 
the interfacial stress with the substrate [3–6]. The resulting 

domain patterns can be exploited to control the dielectric 
[7] or piezoelectric response [8], and create memories with 
high information density [9]. The accommodation of such a 
twinned structure on a flat substrate leads to local strain gra-
dients, in a commonly used PbTiO3 perovskite material [10]. 
These strain gradients are huge because of the small length-
scale and they can have a strong impact on the properties of the 
film. Nanoscale strain gradients can, for instance, influence 
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Abstract
Lead zirconate titanate samples are used for their piezoelectric and ferroelectric properties 
in various types of micro-devices. Epitaxial layers of tetragonal perovskites have a tendency 
to relax by forming 90◦ ferroelastic domains. The accommodation of the a/c/a/c polydomain 
structure on a flat substrate leads to nanoscale deformation gradients which locally influence 
the polarization by flexoelectric effect. Here, we investigated the deformation fields in 
epitaxial layers of Pb(Zr0.2Ti0.8)O3 grown on SrTiO3 substrates using transmission electron 
microscopy (TEM). We found that the deformation gradients depend on the domain walls 
inclination (+45◦ or −45◦ to the substrate interface) of the successive 90◦ domains and 
we describe three different a/c/a domain configurations: one configuration with parallel 
a-domains and two configurations with perpendicular a-domains (V-shaped and hat- 
∧-shaped). In the parallel configuration, the c-domains contain horizontal and vertical 
gradients of out-of-plane deformation. In the V-shaped and hat-∧-shaped configurations, the 
c-domains exhibit a bending deformation field with vertical gradients of in-plane deformation. 
Each of these configurations is expected to have a different influence on the polarization and 
so the local properties of the film. The deformation gradients were measured using dark-field 
electron holography, a TEM technique, which offers a good sensitivity (0.1%) and a large 
field-of-view (hundreds of nanometers). The measurements are compared with finite element 
simulations.
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the polarization by the flexoelectric effect [10, 11], lead to 
asymmetric hysteresis loops [12] and change the mobility of 
the domain walls [13]. Therefore, a precise description of the 
local domain configurations with their respective strain fields 
is important to understand the ferroelectric and piezoelectric 
behavior of the film.

Here, we have investigated the strain fields in tetragonal 
Pb(Zr0.2Ti0.8)O3 (PZT) thin films grown epitaxially on cubic 
SrTiO3 (STO) substrates. Cross-sectional TEM (transmission 
electron microscopy) images have shown that such PZT layers 
contain large c-domains (the c-axis, which is also the polari-
zation axis, being out-of-plane) and smaller needle-shaped 
a-domains (the a-axis being out-of-plane and, thus, the polari-
zation in-plane) [14–16]. Figure 1 shows a bright-field TEM 
image of a 100 nm thick PZT layer grown on STO. The a/c 
domain walls lie along the {1 0 1} lattice planes and they have 
two possible inclinations with respect to the substrate inter-
face: +45◦ or −45◦. Therefore, three different a/c/a domain 
configurations can be distinguished depending on the incli-
nation of the neighboring a-domains: a parallel-//-shaped 
configuration with two parallel a-domains separated by a 
parallelogram-shaped c-domain (in the middle of figure  1); 
a V-shaped configuration with two a-domains joining at the 
interface with the substrate (left-hand side of figure 1) and a 
hat-∧-shaped configuration with two a-domains joining near 
the surface (right-hand side of figure 1).

This paper will discuss these three configurations and the 
deformation fields that they produce using two TEM tech-
niques: geometrical phase analysis (GPA) [17] applied to 
aberration-corrected high resolution TEM (HRTEM) images 
and dark-field electron holography (DFEH) [18]. In GPA, 
the atomic fringes of a HRTEM image are treated as spa-
tial frequencies. The phase of a given set of lattice planes 
is reconstructed by calculating the Fourier transform (FT) of 
the HRTEM image, selecting the corresponding reflection in 
Fourier space and performing an operation on the complex 
image obtained after inverse Fourier transform (FT−1). The 
lattice deformation is then obtained from the gradient of the 
phase image calculated in the direction of the corresponding 
reciprocal lattice vector g. The spatial resolution is limited 
by the size of the mask used to select the lattice reflection. 
Here, the spatial resolution is 2 nm and the deformation sen-
sitivity is  ±0.5%. In DFEH, an electron beam diffracted by a 
given set of lattice planes is first selected using an objective 
aperture. Second, the part of the beam diffracted by the sub-
strate and the part of the beam diffracted by the thin film are 
superimposed thanks to an electron biprism placed below the 
specimen. This produces an interference pattern (the holo-
gram), from which a phase image and a deformation map can 
be reconstructed (details of the method are given in [18]). 
The hologram can be seen as a moiré pattern of the crystal 
lattice and the use of large holographic fringes (2 nm large 
in the present study) provides a better strain sensitivity than 
the analysis of atomic fringes in HRTEM images [19, 20]. 
For the conditions used in this paper, the strain sensitivity 
is  ±0.1% and the spatial resolution is 6 nm. This technique 
will be used to evidence the deformation gradients in the dif-
ferent domain configurations. In addition, the deformation 

maps are compared quantitatively with finite element method 
(FEM) simulations.

2.  Experimental conditions and methods

The samples under investigation in this paper are two epitaxial 
layers of Pb(Zr0.2Ti0.8)O3 (PZT), commercial and lab-grown. 
The commercial sample is a 100 nm thick layer epitaxially 
grown on a (0 0 1)-oriented Nb-doped SrTiO3 substrate. The 
lab-grown sample is a 140 nm thick layer with a 10 nm thick 
SrRuO3 bottom electrode grown by pulsed layer deposition 
(PLD) on a TiO2-terminated (0 0 1)-oriented SrTiO3 substrate 
[21]. PLD was performed with a 248 nm KrF excimer laser 
(Lambda Physik COMPex Pro 205) and controlled in situ by 
reflection high-energy electron diffraction (RHEED) experi-
ment. Prior to the growth, the PLD chamber was pumped 
down to a background pressure of 10−8 mbar. The laser flu-
ence, the frequency, the substrate temperature, the oxygen 
pressure, were 2 J cm−2, 1 Hz, 580 °C (600 °C for the bottom 
electrode) and 0.13 mbar respectively. After the growth, the 
films were cooled down in an oxygen pressure of 100 mbar 
and with a rate of 3◦ C min−1. Both the commercial and the 
lab-grown samples were found to contain 90° domains as 
well as the three domain configurations (parallel-//-shaped, 
V-shaped and hat-∧-shaped).

Cross-section thin foils were prepared using a focused ion 
beam (FIB) FEI Quanta 3D platform. Parallel-sided lamellae 
with a thickness of 100–150 nm were produced with a final 
milling at 5 kV.

The transmission electron microscopy images were obtained 
using two different microscopes. The first one is a FEI Tecnai 
microscope equipped with a Schottky field emission gun oper-
ated at 200 kV, an image corrector (CEOS), a single biprism 
and a 2k  ×  2k CCD camera. The second microscope is a 
Hitachi HF-3300 (I2TEM) equipped with a cold field emission 
gun operated at 300 kV, two goniometer stages (the standard 
stage within the pole piece gap of the objective lens and an 
‘upper stage’ placed above the objective lens for Lorentz mode 
i.e. field-free imaging), an image corrector (CEOS B-COR), 
four electron biprisms (one pre-specimen and three post- 
specimen) and a 4k  ×  4k camera (OneViewTM Gatan).

Figure 1.  TEM image of a 100 nm thick commercial Pb(Zr0.2Ti0.8)
O3 (PZT) layer epitaxially grown on a SrTiO3 (STO) substrate, 
containing large c-domains (c-axis and polarization along the [0 0 1] 
direction, vertical in the image) and needle-shaped a-domains or 
90° domains (c-axis and polarization along the [1 0 0] direction, 
horizontal in the image). Three types of a/c/a domain configurations 
can be distinguished: parallel-//-shaped, V-shaped and hat-
∧-shaped.

J. Phys.: Condens. Matter 30 (2018) 215701
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HRTEM was carried out using the FEI Tecnai micro-
scope. The sample was oriented on the [0 1 0] zone-axis and 
the acquisition was performed at a sufficiently low magni-
fication to image the whole film and a part of the substrate 
(used as a reference for the measurement of the deforma-
tion using GPA). DFEH was carried out using the Hitachi 
HF-3300 microscope. The sample was inserted in the upper 
stage in order to obtain a large holographic field-of-view. 
The sample was oriented a few degrees away from the zone-
axis in order to increase the intensity of the diffracted beam 
(two-beam condition) and the incident beam was tilted to 
bring the chosen diffracted beam on the optical axis. The 
diffracted beam was then selected with an objective aperture. 
For each region investigated, two distinct dark-field holo-
grams were acquired using the (0 0 2) and (2 0 0) diffracted 
beams. A double biprism setup, with the first biprism in a 
conjugate image plane to the sample and the second biprism 
in the shadow of the first biprism, was used to avoid Fresnel 
fringes [22]. The fringe spacing was 2 nm and the hologram 
width was 300 nm.

The high resolution images and dark-field holograms 
were processed using respectively, the GPA and Holodark 
plug-in softwares (HREM Research Inc.) for Digital 
Micrograph (Gatan). Phase images were reconstructed 
using a half-cosine mask in Fourier space. The size of the 
masks was chosen to achieve a spatial resolution of 2 nm 
for the HRTEM images and 6 nm for the dark-field holo-
grams. Phase images reconstructed from the (0 0 2) and 
(2 0 0) dark-field electron holograms were aligned to cal-
culate the 2D deformation field. The phase images were 
corrected for large scale distortions introduced by the pro-
jector lenses of the microscope and the camera distortions 
[23]. After calculation of the deformation maps, an addi-
tional Gaussian spatial averaging of 2 nm was applied to 
reduce the noise. In the following sections, one example 
of deformation field is given for each of the three domain 
configurations. Qualitatively, those fields were found to be 
similar for the two samples investigated.

Finite element method simulations based on the aniso-
tropic elastic theory were performed in 2D using the structural 
mechanics module of COMSOL Multiphysics. We assumed 
that the residual strain distribution in the films is mainly due 
to geometric and mismatch constraints (a/c tetragonality of 
the material, crystal tilt between the domains, accommodation 
of the domain pattern on a flat substrate). Electromechanical 
interactions were not taken into account. The principle of the 
simulation is based on the attribution of initial anisotropic 
deformation coefficients to each domain, leading to the expan-
sion or the contraction of the domain (similarly to a thermal 
expansion problem). The deformation field is then determined 
using the anisotropic elastic coefficients and some boundary 
conditions. The geometry of each a/c/a domain configuration 
(i.e. the position of the domain walls) was modeled according 
to the TEM images. The initial deformation coefficients were 
defined using the average lattice parameters of the layers and 
the substrate, which were measured from diffraction patterns. 
The elastic coefficients of the layer, were interpolated from the 
coefficients of PbTiO3 and PbZrO3 found in the literature [24, 

25]. Concerning the boundary conditions, the bottom inter-
face was fixed in the vertical z direction, so that the bottom 
part of the layer is constrained to be flat. The layer was not 
clamped in the (x, y) directions of the interface to permit the 
lateral relaxation. The surface of the layer was free to relax in 
all three directions.

3.  Results

3.1.  Deformation fields in a 90° domain (a-domain)

Figure 2(a) shows a HRTEM image of the commercial sample, 
which contains a 90° domain (a-domain). Figure  2(b) is a 
magnification of the region defined by the dotted rectangle. 
The a-domain has a width of 9 nm (measured perpendicularly 
to the domain walls). Figures 2(c)–(f) show the deformation 
field obtained by GPA. The deformations are defined as:

εzz =
∂uz

∂z

εxx =
∂ux

∂x

εxz =
1
2

(
∂uz

∂x
+

∂ux

∂z

)

Rxz =
1
2

(
∂uz

∂x
− ∂ux

∂z

)

� (1)

with uz being the displacement of the lattice planes in the out-
of-plane (vertical) direction, ux the in-plane (horizontal) dis-
placement, εzz  the out-of-plane deformation, εxx the in-plane 
deformation, εxz the global shear deformation and Rxz the 
rigid-body rotation (anti-clockwise positive) [17]. All three 
deformations and the rotation are defined using the STO sub-
strate lattice as a reference. The normal deformations (εzz  and 
εxx) can alternatively be expressed as ε = (dPZT − dSTO)/dSTO 
with dPZT and dSTO being the interplanar distances in PZT and 
STO respectively. Figure 3 gives the profiles extracted from 
these maps perpendicularly to the domain walls (along the 
arrows).

The average out-of-plane deformation εzz  is 5.8% (±0.5%) 
in the c-domains and 1.1% in the a-domain. The values are 
inverted for the in-plane deformation εxx. At the 90° domain 
wall, the strain variation is abrupt, giving a clear separa-
tion between the a- and the c-domains. This is in agreement 
with previous observations showing that the width of the 
90° domain wall is limited to about one unit cell [26]. At the 
domain wall, the polarization vectors should follow a head-
to-tail arrangement to minimize the bound charges [26]. The 
expected lattice parameters are a  =  0.394 nm, c  =  0.414 nm 
for the PZT [27] and a  =  0.3905 nm for the STO [28]. These 
values give mismatches of 0.9% for the a parameter and 6.0% 
for the c parameter of PZT, which are close to the measured 
deformations.

There is no significant shear deformation εxz in the image. 
The rotation Rxz relative to the substrate is 2.6◦ (±0.2◦) in the 
a-domain and −0.3◦ in the c-domains, which gives a rotation 
of 2.9◦ across the domain wall. This rotation, noted α in the 
illustration of the structure (figure 2(g)), is related to the a/c 

J. Phys.: Condens. Matter 30 (2018) 215701



T Denneulin et al

4

ratio (tetragonality) according to α = 90◦ − 2 arctan(a/c). 
Using the expected lattice parameters, this expression gives 
α = 2.8◦, in good agreement with the measured value.

Figure 2(h) and the dotted lines in figure 3 show the defor-
mation maps and profiles obtained by finite element modeling. 
All the three simulated deformations and the rotation maps 
agree well with the experiment, which supports the validity 
of our simulation method. The simulations indicate that strain 
variations are likely to occur around the bottom apex of the 
a-domain due to the accommodation of the tilted domains 
onto the substrate. Small strain gradients (⩽1%) leading to 
local variations of the tetragonality and so the magnitude and 
the direction of the polarization can be expected. The sensi-
tivity of the HRTEM-GPA analysis (±0.5%) is sufficient to 
describe the abrupt strain variations at the domain walls (of 
about 5%), but it is not ideal to investigate these gradients 

inside the domains. For this purpose, dark-field electron 
holography is used in the following sections.

3.2.  Deformation field in a c-domain between parallel a-
domains

Figures 4(a) and (b) shows two dark-field holograms of the 
commercial sample obtained with the (0 0 2) and (2 0 0) dif-
fracted beams, which correspond to the out-of-plane (vertical) 
and in-plane (horizontal) directions respectively. The holo-
grams contain parallel a-domains separated by parallelogram-
shaped c-domains.

Figure 4(c) shows a sketch of the lattice structure. The lat-
tice rotation α at the domain walls should lead to a zigzag 
arrangement of the whole layer (figure 4(c) top). However, 
the epitaxial growth requires an accommodation of this struc-
ture onto the flat surface of the substrate, which induces 
local strain gradients. As shown schematically by arrows, the 
bottom acute corner of the c-domains must be elongated ver-
tically while the bottom obtuse corner must be compressed 
[10]. The resulting structure is sketched in the bottom part of 
figure 4(c).

The reconstructed deformation field is shown in  
figures 4(d)–(f). The εzz  out-of-plane deformation map (figure 
4(d)) shows that the deformation is lower in the bottom obtuse 
corner and increases towards the bottom acute corner, in 
agreement with the previous illustration. The top surface is 
free to relax and, thus, recovers its natural zigzag shape. The 
εzz  deformation is therefore larger near the surface than in the 
bottom obtuse corner. The profiles in figure  4(e), extracted 
along the arrows show that the deformation varies along the x 
direction (black solid line), from 5.2% (±0.1%) in the bottom 

Figure 3.  Experimental (solid lines) and simulated (dotted lines) 
deformation profiles extracted from the maps in figure 2 according 
to the arrows, across the a-domain. Profiles were averaged over 
10 nm in the direction parallel to the domain walls.

Figure 2.  (a) HRTEM image of a needle-shaped a-domain in the 100 nm thick commercial PZT layer. (b) Magnified view of the a-domain 
in the region defined in (a) by a dotted rectangle. (c-f) εzz  out-of-plane deformation, εxx in-plane deformation, εxz shear deformation and 
Rxz rigid-body rotation (anti-clockwise positive) maps obtained by GPA. (g) Illustration of the lattice structure in the c and a-domains. (h) 
Deformation fields obtained by FEM simulations.
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obtuse corner to 6.3% in the bottom acute corner. Along the z 
direction (orange solid line), it varies from 5.2% in the bottom 
obtuse corner to 6.2% near the surface. In other words, there 
are horizontal and vertical variations of about 1% over 100 nm, 
which correspond to gradients of 105 m−1. The simulations 
(bottom image in figure 4(d) and dotted lines in figure 4(e)) 
are in good agreement with the experiment.

The other deformation fields (in-plane deformation εxx, 
shear deformation εxz and rigid-body rotation Rxz) are shown 
in figure 4(f). The in-plane deformation map contains vertical 
lines where the deformation appears to vary abruptly. These 
are related to vertical dark lines in the (2 0 0) hologram (figure 
4(b)) and most probably correspond to threading disloca-
tions [16], due to the mismatch between STO and PZT at the 
growth temperature. They run from the surface of the film to 
the substrate interface where they are usually connected to a 
misfit dislocation segment [16].

The experimental shear deformation map shows some unex-
pected high variations in the a-domains and at the domains 
walls. These are artifacts due to the low contrast of the (2 0 0) 
hologram fringes in the a-domains. Experimentally, it is dif-
ficult to obtain a good diffraction contrast for both the c- and 
a-domains due to the crystal tilt between these twin domains. 
The rotation map shows vertical gradients in the c-domains. 
The rotation is nearly zero in the lower part of the c-domains 
because the lattice is aligned with the substrate. The rotation 
increases progressively (in absolute terms) along the growth 
direction to reach −0.5◦ (±0.1◦) near the top surface where 
the layer is free to rotate, relaxing into the zigzag shape.

In conclusion, this parallel-//-shaped configuration con-
tains both vertical and horizontal gradients of out-of-plane 
deformation. Such gradients have been observed previously 
in layers of PbTiO3 grown on DyScO3 substrates [10]. It 
has been shown that the horizontal εzz  deformation gradient 

(perpendicular to the polarization) induces a rotation of the 
polarization by the flexoelectric effect [10]. The vertical gra-
dient of εzz  (parallel to the polarization) can also modify the 
magnitude of the polarization by longitudinal flexoelectricity 
[29]. The deformation gradients measured here are signifi-
cantly smaller than the gradient of 8 × 105 m−1 reported in 
[10], but the conditions were completely different (larger 
tetragonality of PbTiO3 compared to PZT, thinner film, better 
match between the layer and the DyScO3 substrate, no dislo-
cations and shorter distance between the a-domains).

3.3.  Deformation field in a c-domain between perpendicular 
a-domains

3.3.1.  V-shaped configuration.  Figures 5(a) and (b) shows 
(0 0 2) and (2 0 0) dark-field electron holograms of the lab-
grown sample, which contain two a-domains with oppo-
site inclination and forming a ‘V’. The central c-domain is 
approximately an isosceles triangle with the base located at 
the top surface. The sketch in figure 5(c) illustrates the local 
deformations necessary to bond the domain structure onto the 
flat surface of the substrate. There is a vertical compression of 
the bottom region of the central c-domain while the c-domains 
at the sides are stretched. As a result of this three-point stress 
system, the central c-domain is bent symmetrically with 
respect to the mid-vertical axis and its surface takes a convex 
shape. This can be described as a disclination strain [6, 30].

Figure 5(d) compares the experimental and simulated 
deformation maps. The in-plane εxx deformation map and 
the profile in figure 5(f) (solid line), extracted along the blue 
arrow, show that the middle c-domain contains a vertical 
gradient of in-plane deformation. The deformation increases 
progressively from 1.1% (±0.1%) at the bottom apex of the 
a-domains to a maximum of 1.6% near the surface. In other 

Figure 4.  (a) (0 0 2) and (b) (2 0 0) dark-field electron holograms of the 100 nm thick commercial PZT layer, in a region containing parallel 
a-domains separated by parallelogram-shaped c-domains. (c) Illustration of the zigzag domain structure and the local interfacial constraints 
(indicated by arrows) necessary to adjust it on a flat substrate. (d) Top, experimental εzz  out-of-plane deformation map; bottom, εzz  map 
obtained by FEM simulation. (e) εzz  deformation profiles extracted from (d) along the arrows in the c-domain. (f) Left, experimental εxx 
in-plane deformation, εxz shear deformation and Rxz rigid-body rotation maps. Right, corresponding deformation maps obtained by FEM 
simulations.
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words: the horizontal stretching of the central c-domain 
increases as the domain walls become further apart. The 
deformation gradient is 0.5% over 80 nm, which corresponds 
to 6 × 104 m−1.

In the out-of-plane εzz  deformation map, no significant 
gradient could be detected across the central c-domain. 
Only some local variations can be observed in the bottom 
region. The shear εxz deformation is also homogeneous in the 
c-domain. The variations observed in the a-domains and at the 
domain walls are artifacts caused by the low fringe contrast 
and a slight defocus of the holograms.

The rigid-body rotation map in figure 5(e) shows a rotation 
gradient between the two top corners of the central c-domain. 
The rotation is anti-clockwise in the top-left corner, clockwise 
in the top-right corner and symmetric with respect to the mid-
vertical axis. The rotation profile (plain line) in figure  5(f), 
extracted from the map along the horizontal orange arrow, 
indicates that the rotation varies almost linearly between 
+0.4◦ to −0.4◦ (±0.1◦). The simulated deformation and rota-
tion profiles (dotted lines) are in good agreement with the 
experimental ones.

In conclusion, this situation is similar to a three-point 
bending test where the in-plane deformation is tensile in 
the convex region, at the outside of the bend, and compres-
sive in the concave region. Three-point bending is a con-
ventional technique to introduce a transverse strain gradient 
in a material and investigate the associated flexoelectric 
response [31, 32]. The εxx deformation gradient being along 
the growth direction, parallel to the polarization, it should 
modulate only the magnitude of the polarization, without 
changing its direction.

3.3.2.  Hat-∧-shaped configuration.  The holograms in  
figures 6(a) and (b), obtained in the lab-grown sample, show the 
opposite configuration of the previous one: the a-domains form 
a hat ‘∧’ shape and the central c-domain forms an isosceles 
triangle with the base located at the interface. Partial a-domains 
terminating inside the layer are also present in the central 
c-domain. If we consider only the two main a-domains (illus-
tration in figure 6(c)), the bottom region of the central c-domain 
is expected to be elongated vertically and the c-domains on the 
sides to be compressed. Again, this leads to a three-point stress 
system but with opposite stresses compared to the V-shaped 
configuration. Near the surface, the central c-domain should 
be compressed horizontally, where the two a-domains are the 
closest. Bending deformations symmetric to the mid-vertical 
axis are also expected. In this case, the convex side of the bend 
should be located near the interface with the substrate.

Experimental and simulated deformation maps are shown in 
figure 6(d). Simulations carried out without partial a-domains 
are also reported in order to understand the influence of the dif-
ferent domains on the deformation field. The εxx map and the 
blue profile in figure 6(e), extracted along the blue arrow, indi-
cate a decrease of the in-plane deformation along the growth 
direction, from 1.9% (±0.1%) at the bottom of the central 
c-domain to 1.1% at the top region. In other words, the hori-
zontal compression of the central c-domain increases when the 
two main a-domains become closer. The simulations with and 
without partial a-domains confirm that the vertical gradient of 
εxx deformation is induced by the two main a-domains and the 
partial a-domains can slightly modify this gradient.

The εzz  map and the green profile (figures 6(d) and (e)) 
show that the out-of-plane deformation is strong at the bottom 

Figure 5.  (a) (0 0 2) and (b) (2 0 0) dark-field electron holograms of the 140 nm thick lab-grown PZT layer, in a region containing two 
a-domains forming a ‘V’. (c) Illustration of the domain structure and the local interfacial constraints (indicated by arrows) necessary to 
adjust it on a flat substrate. (d) Left, experimental εzz  out-of-plane deformation, εxx in-plane deformation and εxz shear deformation maps. 
Right, corresponding deformation maps obtained by FEM simulation. (e) Experimental and simulated Rxz rigid-body rotation maps (top and 
bottom respectively). (f) εxx and Rxz profiles extracted from ((d), (e)) along the arrows.
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corners and at the top region of the central c-domain. The 
increase of εzz  at the bottom acute corners was previously 
observed and explained in the parallel configuration, with the 
difference that here both corners are acute. The simulation 
without partial a-domains shows that εzz  should be minimum in 
the middle region, at equal distance of the two bottom corners. 
The increase of εzz  in the top region can be the consequence of 
the horizontal compression (Poisson effect). The variations in 
the simulated εzz  map are smaller than the measured ones but 
qualitatively the trend is the same. The comparison of the two 
simulations show that the increase of the deformation in the 
top region is also due to the partial a-domains.

The rotation Rxz map shows two gradients: negative (clock-
wise) on the left-hand side and positive (anti-clockwise) on 
the right-hand side. The rotation field is guided by the par-
tial a-domains and increases from the surface to the bottom 
interface. The black and orange rotation profiles in figure 6(e) 
extracted from the map, indicate that the rotation varies from 
0.4◦ (±0.1◦), near the surface, to 1.0–1.5° near the interface. 
The profiles are not perfectly symmetric, which is due to the 
distribution of the partial a-domains. The simulated rotation 
field agrees with the experiment at the top of the layer, but the 
agreement is less good near the interface. Close to the interface, 
defects and smaller partial a-domains, not taken into account 
in the simulation, might influence the deformation field.

It is interesting to note that, at the top end of a par-
tial a-domain, indicated by a white dotted circle, there is an 

anticlockwise rotation field diffusing from the apex. This is in 
agreement with previous measurements of deformation [13] 
and polarization [33]. The sign of the rotation at the apex is the 
same as the rotation gradient around the black arrow and the 
two rotation fields merge together. This observation is also well 
reproduced in the simulated map. The agreement between the 
rotation at the apex of the partial a-domain and the surrounding 
rotation field might help to stabilize this particular region.

In conclusion, this hat-∧-shaped configuration contains a 
decreasing gradient of in-plane deformation along the growth 
direction, which should modulate the magnitude of the polari-
zation in the opposite way of the V-shaped configuration. The 
direction of the polarization should not change along the axis 
of symmetry of the central c-domains, but rotations of the 
polarization could occur at the bottom corners due to the hori-
zontal variations of the out-of-plane deformation.

In addition, this configuration contains some partial 
a-domains. They can be explained by both the presence of 
misfit dislocations, which trigger their growth, and the pres-
ence of larger perpendicular a-domains, which limit their 
extension. Partial a-domains are known to be unstable and 
their apex is very sensitive to the mechanical environment [33].

3.4.  Mutual arrangement of the three a/c/a configurations

We have investigated three a/c/a domains configurations 
where the a-domains are parallel-//-shaped, V-shaped and 

Figure 6.  (a) (0 0 2) and (b) (2 0 0) dark-field electron holograms of the 140 nm thick lab-grown PZT layer, in a region containing two 
a-domains forming a hat ‘∧’ and with partial a-domains in-between. (c) Illustration of the domain structure and the local interfacial 
constraints (indicated by arrows) necessary to adjust it on a flat substrate. (d) Left, experimental εzz  out-of-plane deformation, εxx in-
plane deformation, εxz shear deformation and Rxz rigid-body rotation maps. Middle, corresponding deformation maps obtained by FEM 
simulations. Right, simulated deformation maps without partial a-domains. (e) εzz , εxx and Rxz profiles extracted from (d) along the arrows. 
For clarity, the rotation Rxz in the a-domains is not plotted.
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hat-∧-shaped. After describing independently each configu-
ration, we can study how they combine together. Figure 7(a) 
shows a (0 0 2) hologram of the commercial PZT layer, which 
contains those three domain configurations. In order to mag-
nify the fringes further (i.e. reduce the periodicity) and amplify 
their curvature, the hologram was superimposed with a fringe 
pattern of constant spacing. Figure  7(b) shows the ampl
itude image of the resulting moiré pattern. The curvature of 
the fringes indicates a wavy arrangement of the lattice planes 
where the up and down waves are due to the bending defor-
mations in the V-shaped and ∧-shaped configurations respec-
tively. Figure  7(c) is a moiré image obtained from a FEM 
simulation, which shows a trend similar to the experimental 
result. The parallel-//-shaped configuration provides an ideal 
connection between the V and ∧ configurations thanks to the 
inclination of the planes. However, we have also observed that 
the ordering of the three configurations is not always the same 
through the film. V and ∧ configurations can be next to each 
other or separated by a different number of parallel configu-
rations, which can change the regularity of the undulations. 
The periodicity of the domains is related to the volume frac-
tion of a-domains versus c-domains. A statistical analysis of 
the TEM images has shown that the a-domains occupy 18% 
of the cross-sectional area, in the commercial PZT layer, and 
10% in the lab-grown sample. The domain fraction might be 
influenced by the presence of a SrRuO3 bottom electrode in 
the lab-grown sample (the commercial sample is grown on 
a Nb-doped SrTiO3 substrate), which might lead to slightly 
different electrostatic boundary conditions [34] and can play 
a role in the strain relaxation [35]. However, interestingly, the 
prevalence of three domain configurations was found to be 
the same for both samples: about 65% of the configurations 
were parallel and 35% were V or hat (these two are in equal 
proportion).

4.  Discussion

We have described three a/c/a domain configurations that 
exhibit different deformation gradients induced by the 
clamping of the twinned patterns onto the flat surface of the 
substrate. The order of magnitude of the deformation gradi-
ents observed in this study is 104 to 105 m−1. This is signifi-
cantly larger than the gradients obtained on a macroscopic 
scale by mechanical bending of bulk samples (⩽1 m−1 [36]). 
Furthermore, these gradients extend over a scale of a hun-
dred of nanometers which provides an interesting range for 
the design of nano-devices. For comparison, stronger strain 
gradients such as interfacial strain relaxation (on the order of 
106 m−1) [37, 38] or those measured near the core of misfit 
dislocations (107 m−1) occur on a limited scale of about ten 
nanometers [39, 40]. Recently, more exotic domain configura-
tions such as flux-closure quadrants [41, 42] and polar vor-
tices [43] have been obtained in PbTiO3 layers sandwiched 
between SrTiO3 layers. Those structures exhibit huge strain 
gradients but they require symmetric boundary conditions. In 
average, the different strain gradients involved in such flux-
closure systems should compensate each other. So, in practice 
it might be complicated to take advantage of those gradients 
for piezo/ferroelectric applications.

Here, the strength of the strain gradients induced by the 
a/c twins is related to the distance between the a-domains and 
the rotation angle at the domain walls. Those parameters can 
be tuned to some extent by strain engineering i.e. by choosing 
the adequate substrate, the thickness of the layer and the 
tetragonality of the perovskite [44]. On the other hand, the 
regularity of the lattice waves is determined by the change of 
inclination of the a-domains. It is possible that dislocations, 
due to the mismatch between the PZT layer and the STO sub-
strate, favor the formation of a-domains of different inclina-
tions. Indeed, defects are known to act as nucleation sites for 
the a/c domain walls [45, 46] and superdomain boundaries 
[47]. A preferential formation of parallel-//-shaped configu-
rations was observed for instance in PbTiO3 and PZT layers 
grown on a well-matched DyScO3 substrate, which are nearly 
defect-free [9, 48]. On the contrary, in the films investigated 
here, V-shaped and ∧-shaped configurations were frequently 
observed. Therefore, the concentration of defects could be 
a controlling parameter for the formation of those different 
domain configurations.

Strain gradients are known to influence different functional 
properties of the films [29, 49]. For instance, the strain gra-
dients induced by dislocations and vacancies can reduce the 
permittivity and lead to a smearing of the dielectric peak at the 
Curie temperature [37]. They can lead to an imprinted state 
characterized by an asymmetric switching behavior under 
electric field and shifted hysteresis loops [11–13]. Strain gradi-
ents can even switch the polarization, for example by bending 
the substrate [50] or by applying a local pressure with the tip 
of an atomic force microscope [51]. Therefore, the local ferro-
electric switching behavior in the three domain configurations 
investigated here should exhibit different asymmetries due to 
the different orientation of the strain gradients. The present 
description of the strain should help future studies to explain 

Figure 7.  (a) (0 0 2) Dark-field hologram of the 100 nm thick 
commercial PZT layer in a region containing the three a/c/a 
configurations previously described: V-shaped, parallel-//-shaped 
and hat-∧-shaped (from left to right). The dashed line indicates the 
shape of the holographic fringes in the c-domains. (Aliasing effects 
can give the impression that the shape of the fringes is different 
when looking at the image on a computer screen. Zooming in the 
image might be needed to avoid this artifact.) (b) Moiré image 
showing a magnified representation of the holographic fringes. (c) 
Moiré image calculated from a finite element simulation.
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such unusual effects under application of an external electric 
or a stress field.

Concerning the piezoelectric properties, it has been shown 
that bending deformations can influence the piezo-response 
of PZT samples, for instance when using an elastomeric sub-
strate to create sinusoidally deformed stripes [52, 53]. Such 
wavy samples are also exploited for the collection of charges 
induced by the direct piezoelectric effect [54]. In those wavy 
structures, the piezoelectric properties are enhanced in the 
regions where the strain gradients are maximum (at the apexes 
of the bends). Therefore, the nanoscale waviness of the lattice 
planes introduced here by the different a/c/a configurations 
might influence the local piezoelectric properties in a similar 
way. In addition, in the parallel-//-shaped configuration, a 
continuous rotation of the polarization is expected across the 
film due to the horizontal gradient of out-of-plane deforma-
tion [10]. Rotation of the polarization is a characteristic of 
PZT samples having a composition close to the morphotropic 
boundary (MPB) and those samples exhibit also large piezo
electric coefficients [55, 56]. Finally, in the hat-∧-shaped 
configuration, we have observed that there is a preferential 
formation of partial 90° domains terminating inside the films. 
Previously, such domains have been stabilized in composition 
graded PZT layers [13]. It has been shown that they can easily 
grow to the surface or contract to the substrate under elec-
tric field, leading to a large piezo-response in their vicinity 
[13]. Consequently, the deformation fields involved in special 
domain configurations such as this hat arrangement might 
provide an alternative route for the control of mobile ferroe-
lastic domains.

5.  Conclusion

We have investigated the strain state and the polydomain 
configuration of Pb(Zr0.2Ti0.8)O3 thin films grown on SrTiO3 
substrates using two TEM strain measurement techniques: 
geometrical phase analysis (GPA) method of HRTEM 
images and dark-field electron holography (DFEH). We have 
described three a/c/a domain configurations, which contain 
different deformation fields and have a different influence 
on the ferroelectric polarization. If the domain walls of the 
successive domains are parallel, the c-domain contains both 
vertical and horizontal gradients of out-of-plane deformation. 
The horizontal gradient should induce a rotation of the polar-
ization and then a deviation from the vertical direction [10]. 
If the a/ c domain walls are perpendicular and form a ‘V’ or 
a ‘∧’, the c-domain undergoes a flexural distortion, similar to 
a three-point bending test, with the convex side of the bend 
oriented towards the surface (V) or the substrate (∧). The 
c-domain contains a vertical gradient of in-plane deformation 
(transverse gradient), which should modulate the magnitude 
of the polarization without varying its direction. The alterna-
tion of the three domain configurations leads to an undulation 
of the lattice planes. The deformation gradients measured here 
are on the order of 104–105 m−1 and extend over a scale of 
about 100 nm. The measurements are globally in good agree-
ment with finite element simulations.

In conclusion, the relative orientation of neighboring a/c 
domain walls can have a profound influence on the local strain 
gradients and should lead to modifications of the dielectric, 
ferroelectric and piezoelectric properties.
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