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Abstract
We investigate ferroelectric domain structure and piezoelectric response under variable
mechanical compressive stress in Pb(Zr0.2TiO0.8)O3 (PZT) thin films using high-resolution
piezoresponse force microscopy (PFM) and an in situ sample bending stage. Measurements
reveal a drastic change in the ferroelectric domain structure which is presented along with details
of the mediating switching process involving domain wall motion, nucleation, and domain wall
roughening under an applied external mechanical stimulus. Furthermore, local PFM hysteresis
loops reveal significant changes in the observed coercive biases under applied stress. The PFM
hysteresis loops become strongly imprinted under increasing applied compressive stress.
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Introduction

Understanding polarization switching behavior at the nanos-
cale in ferroelectric thin films is extremely important for their
application in sensors, actuators and electronic devices [1–3].
There have been extensive studies of ferroelectric polarization
switching dynamics by measuring polarization-electric field
hysteresis loops [4–6], switching currents [7, 8], and micro-
or nanoscopic images of ferroelectric domains obtained via
proximal-probe techniques [5, 9]. In recent years, there has
been a significant surge in the investigation of stress-induced
switching behavior of ferroelectric thin films [10–15]. This
has been prompted primarily by the realization that huge
strain gradients can arise in thin films, which can strongly
influence polarization switching kinetics of the ferroelectric.
In most of these recent studies, the stress is applied locally via
nanoscale tips of an atomic force microscope (AFM) resulting
in strongly confined elastic fields/gradients around the tip–

sample contact area [12, 15]. Also, for ferroic thin films the
switching mechanism and domain wall motion are greatly
influenced by the stress state of the film [3, 5]. Studies that
investigate the influence of variable strain using bending
techniques have been attempted in the past by placing a
substrate over an evacuated cavity or by deflecting the sub-
strate between a punch and a support structure [16, 17]. These
methods have been applied to sol–gel deposited ferroelectric
thin films by Shepard et al [18]. Different methods have also
been devised to impose biaxial strains on thin films fabricated
by metal organic chemical vapor deposition [19]. Recently,
mechanical bending stress has been applied to various com-
plex oxide materials. It has been suggested that the stress-
driven motion of non-180° domain walls of Pb(Zr,Ti)O3

(PZT) thin films can occur and give rise to strong direct
piezoelectric response [1, 12]. In addition, compressive
loading has been applied to bulk ceramics to observe fer-
roelastic domain evolution using vertical piezoresponse force
microscopy [9]. Thus, the influence of the mechanically
applied stresses on switching behavior of ferroelectric thin
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films deserve close attention and needs to be investigated with
high resolution at the nanoscale [20].

In this article, we have investigated switching behavior of
PZT thin films as a function of applied uniaxial compressive
mechanical stress using high-resolution piezoresponse force
microscopy (PFM) and an in situ sample bending stage. High-
resolution PFM imaging reveals a substantial change in the
ferroelectric domain structure along with visualizing details of
the mediating switching kinetics which involve domain wall
motion, nucleation, and domain wall roughening under an
applied external mechanical stimulus. In addition, local PFM
hysteresis loops display an increasingly imprinted state with
applied uniaxial compressive stress.

Epitaxial PbZr0.2Ti0.8O3 (PZT) films were deposited on
(001) stepped SrTiO3 substrates (Shinkosha Co., Ltd, Japan)
with buffered La0.67Sr0.33MnO3 (LSMO) electrode using a
pulsed laser deposition system (Neocera Co., Ltd, USA).
Ambient oxygen pressure was kept at 100 mTorr for PZT and
LSMO growth. During the deposition, the substrate-target
distance was approximately 15 cm with laser fluency varying
from 2 to 2.5 J cm−1. The laser repetition rate was fixed at
5 Hz for LSMO at 800 °C and 3 Hz for PZT at 700 °C,
respectively. After deposition, the sample was cooled at
20 °Cmin−1 to room temperature in 450 Torr partial oxygen
pressure. The estimated thickness of PZT is 10 nm. HR-XRD
and asymmetric RSM confirm the epitaxial growth of our
sample (online supplementary figures S1(a) and (c)).
The resulting sample was thinned down to 70 μm by pol-
ishing the STO substrate, and then glued on a steel wafer. The
STO substrate was aligned along the long axis of the wafer.
Afterwards the wafer was clamped by the bending stage at the
two ends. By pushing at the center with a screw preceding
upward the pristine wafer was bent (online supplementary
figure S2). Therefore, an external uniaxial stress could be
applied to the thin film. For the uniaxial strain the lattice
mismatch in z || [001] and x || [100] directions is considered.
Therefore the definition of the lattice mismatch is given as

( ) ( )= -a a alattice mismatch , 1s r s/

where as is the lattice constant of unbent substrate, ar is the
lattice constants of the thin film. More details can be found
elsewhere [21]. A commercial scanning probe microscope
system (AIST-NT SmartSPM) was used at room temperature
to perform the measurements of PFM at UNSW using a
conducting platinum coated Si cantilevers with a force con-
stant of around 1.7–14 Nm−1 (NSC35, NT-MDT). Piezo-
response imaging was performed using PFM contact mode
with frequency in the range 500–800 kHz, and with amplitude
of 1.0 V the scan rate was 0.7 Hz (figure 1) and 0.8 Hz
(figure 2).

Results and discussion

Figures 1(a) and (b) show ferroelectric domain microstructure
of PZT thin films in the pristine state as visualized via
employing high-resolution PFM [9, 22, 23]. The (001) PZT
thin films exhibit polarization oriented normal to the film’s

surface and comprises of 180° domains. In the PFM ampl-
itude image, the ferroelectric domain walls appear as the dark
winding lines over a uniform saturated background. Across
domain walls, PFM phase image shows a phase of approx.
180° and the image contrast alternates between bright and
dark [24]. Bright areas in the phase image displays in-phase
PFM response and corresponds to downward (i.e., c-domains)
oriented polarization, while the dark areas represents the
out-of-phase response with polarization oriented upwards
(c+domains). As can be seen (figures 1(a) and (b)), the
domains are rather irregularly shaped. Usually, shape/size of
domains and thus density of domain walls is determined by a
complex interplay of minimization of surface energies
through formation of domains and appearance of energeti-
cally costly domain walls. However, disorder potential in the
material system can greatly influence the equilibrium static
domain configurations besides affecting switching kinetics of
the ferroelectric thin films [25, 26]. In the pristine state, PZT
thin film exhibits a nearly equal fraction of oppositely
polarized domains (figures 1(a) and (b)). The measurement
was repeated in the pristine state to show clearly repeated
scanning at the used imaging conditions does not induce
changes in the domain structure. This was verified before
measurements to ensure validity of the results (online sup-
plementary figure S3).

After establishing ferroelectric domain configuration in
the pristine state, the impact of uniaxial mechanical stress was
investigated. Figure 1(c)–(f) show the evolution of ferro-
electric domains under an applied increasing compressive
mechanical stress. Firstly, under an applied compressive
stress (figures 1(c)–(f)), the domains with ferroelectric
polarization pointing upwards marked by dark areas in the
PFM phase image shrink in size considerably illustrating a
strong effect of mechanical stress on the as-grown ferro-
electric domain structure. This is due to switching of ferro-
electric polarization from upward to downward direction at or
near the boundaries of the domains. In this case, the polar-
ization switching proceeds primarily by domain wall motion
rather than via nucleation of new domains of opposite
polarity. Further (figures 1(c)–(f)), the fraction of upward-
oriented ferroelectric domains decreases with increasing
applied compressive mechanical stress. The scan at a specific
strain state in (figures 1(e) and (f)) was repeated after a certain
time in order to show no further changes of domain patterns
(online supplementary figure S4). The data as presented in
figure 1 visualizes the step-wise kinetic evolution of ferro-
electric domains under an applied mechanical stress. Pre-
viously, under an applied stress the transformation from a
poly-domain to a mono-domain state was accomplished for
integrated ferroelectric capacitors in the pioneering work by
Gruverman et al [4, 5]. However, details of the intermediary
states and kinetics of polarization switching behavior were
not resolved. Here, we clearly visualize intermediary states
which show a predominant role of the domain wall motion in
the observed switching behavior, besides control of ferro-
electric domain size under an applied variable stress.

To further investigate the effect of mechanical stress on
kinetics of switching and domain wall motion, an isolated
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Figure 1. High-resolution PFM mapping illustrating the impact of stress on polarization evolution of PZT thin films. (a)–(f) PFM amplitude
and phase images acquired in the pristine state (a)–(b), after application of compressive strain of 0.09% (c)–(d), and 0.52% (e)–(f)
respectively.

Figure 2. Effect of uniaxial mechanical stress on an electrically written isolated ferroelectric domain wall oriented normal to the direction of
applied stress. (a)–(b) PFM amplitude (a), and phase images (b) respectively before stress application. (c)–(e) PFM amplitude (c), (e), and
phase images (d), (f) after compressive stress application.
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micron-long ferroelectric domain wall perpendicular to the
direction of application of uniaxial stress was positioned via
electrical pre-poling. Figures 2(a) and (b) show such an
electrically written domain wall running vertically after
application of opposite biases (±3 V) to create a bi-domain
state (dark contrast: Pup, and bright contrast: Pdown). It is clear
that the electrically written domain wall meander from an
optimal flat configuration and this behavior likely arises from
specific spatial distribution of pinning potential such as those
associated with charged/neutral defects and dislocations [25–
27]. Previously, it has been shown that equilibrium domain
wall configuration is governed by the competition between
elasticity (i.e. domain walls tend to minimize their surface
area to minimize net domain wall energy) and the effects of
pinning (disorder) potential of the propagating medium
[28, 29]. Tybell et al has demonstrated that the domain wall
motion in ferroelectric thin films (PZT) was a creep process
and quantified the nature of the disorder potential [28]. Paruch
et al has measured the dimensionality of domain walls in
ferroelectric PZT thin films via independent measurements of
domain wall creep and analysing the domain wall roughness
exponent for electrically written static ferroelectric domain
patterns [29].

After creation of a vertically-oriented ferroelectric
domain wall, compressive mechanical stress normal (i.e. in
the plane) to the direction of domain wall was applied.
Figures 2(c)–(f) visualize domain wall motion and switching
kinetics with increasing compressive mechanical stress. With
increasing stress, the domain wall propagates to the right and
the fraction of the area with downward-oriented polarization
grows in size, which is consistent with the observations from
figure 1. Though, there are unique aspects of the switching
behavior observed in figure 2. The switching kinetics besides
domain wall motion is mediated by nucleation of new
domains of opposite polarity, which can be seen clearly in
PFM phase images as appearance of bright regions over a
dark background in the right half of images. These newly
created domains were found to grow in size with increasing
stress. Another interesting aspect of the switching behavior is
increasing domain wall roughening. The domain wall sur-
faces are changed after applying compressive stress and the
domain wall gains an increasingly irregular wavy shape. To
quantify ferroelectric domain wall roughness in the x-direc-
tion from an ideal flat configuration (u0), we use the following
equation:

( ) ( ) ( )D = -x y u y u , 20

where Δx (y) is the domain wall displacement in x-direction
from an ideal straight vertical line (u0) at position ‘y’ along
the wall. u(y) represents x-coordinate of the domain wall
profile corresponding to vertical coordinate ‘y’ along the wall.
For the sake of simplicity, we fix u0 to be the average mean
domain wall position for the initial (i.e., in the absence of any
strain) state. The obtained distribution of the domain wall
displacement (Δx) from the initial domain wall mean position
is plotted in the form of histograms for varying values of the
applied compressive strain as shown in figure 3. From fits to
the histograms, the mean domain wall roughness can be

directly elucidated as full width at half maximum. As can be
seen (figure 3), the distribution of domain wall displacement
gets broader with increasing compressive mechanical stress.
The domain wall roughness in the initial state immediately
after electrical writing process is 16 nm and is changed to 22
and 40 nm at compressive strains of 0.09% and 0.52%
respectively. These measurements thus indicate that the
roughness distribution of domain wall can be changed as a
function of applied mechanical compressive stress. (see
online supplementary figure S5 for more details.)

The increasing domain wall roughness and nucleation
and growth of new ferroelectric domains of opposite polarity
with applied compressive mechanical stress can be under-
stood in terms of random spatial distribution of pinning
potential, i.e. pinning sites and low energy nucleation sites
[5, 25, 26, 30]. The applied mechanical stress breaks the
degeneracy between thermodynamically equivalent ground
polarization states, and lowers the energy barrier for trans-
formation to the polarization down state. Therefore, under an
applied compressive mechanical stimulus, ferroelectric
polarization switching from upward to downward state is
preferred. The polarization switching proceeds via both
domain wall motion and nucleation of new domains. With
increasing applied stress, switching proceeds via domain wall
propagation, however, random distribution of pinning sites
hinder domain wall propagation at certain locations along the
wall. This leads to increasing roughening of the ferroelectric
domain wall. At positions free of any pinning sites, the
domain wall moves with considerable ease under an applied

Figure 3. Ferroelectric domain wall roughness. Histogram plot of
domain wall roughness before (red) and after applied stress (purple)
and (green).
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external stimulus, while at others it remains pinned unless
higher activation energy is supplied. As a result, switching via
domain wall motion is rather limited, because it involves a
random continuous sequence of pinning-depinning transitions
[27, 30, 31]. The defects associated with disorder potential
not only acts as the pining sites for the domain wall motion,
but also as low energy nucleation centers for the phase
transformation [16]. Hence, the switching also proceeds via
random nucleation and growth of the new domains of
opposite polarity at certain specific locations aided by defect-
assisted low barrier for the polarization transformation.
Interestingly, at certain locations nuclei of new domains
appear in the immediate vicinity of the domain wall front
resembling a behavior referred to as ‘correlated nucleation’
seen in uniaxial ferroelectrics under strong applied fields
[31–33].

To gain further insight into the stress-induced switching
behavior, PFM hysteresis loops were recorded under different
applied mechanical stresses (figure 4). In the absence of

applied stress (figure 4(a)), the PFM hysteresis loops were
rather symmetric with nearly the same magnitude for the
positive and negative coercive biases. However, after appli-
cation of compressive stress, the hysteresis loops become
strongly imprinted (figures 4(b) and (c)). The hysteresis loops
show a strong shift towards negative biases indicating
polarization downward as the preferred orientation of the
polarization (i.e., decreased energy barrier for transformation
to the polarization down state). The observed behavior is in
agreement with previous studies, in which stress-induced
polarization switching and imprinted state of the local PFM
hysteresis loops obtained on PZT (111) ferroelectric capaci-
tors was attributed to bending-induced strain gradients caused
flexoelectricity and appearance of 90° domains respectively
[4, 5, 14]. The maximum change is clearly seen at 0.52%
compressive strain (figures 4(a)–(c)). Vertical lines indicate
that the measured values of negative and positive coercive
biases are approx. −2.3 V and +3.5 V in the absence of
applied stress (figure 4(a)) and these values are changed after

Figure 4. Local PFM hysteresis loops under different applied stress. (a)–(c) Recorded PFM amplitude hysteresis loop in the absence of any
stress (a), and after application of different compressive strains (b)–(c). Histogram of coercive biases in the absence of applied stress (d)–(e),
and at maximum applied stress (f)–(g). (h) and (i) change of negative and positive coercive voltages respectively as a function of applied
compressive stress.
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application of different compressive strains (b) and (c) thus
the shift is clearly seen from the hysteresis loops.

We further conducted statistical measurements of coer-
cive voltages during many switching cycles (figures 4(d)–(i)).
The histograms of coercive biases (VC) for different applied
compressive stresses were analysed to obtain average values
of the positive and negative coercive biases see online sup-
plementary figure S6. It can be observed (figures 4(h) and (i))
that the coercive voltages are remarkably changed as a
function of applied compressive stress. The coercive biases
decrease with applied stress in a nearly linear manner con-
sistent with recently reported results which involved local
PFM hysteresis measurement at increasing stress exerted
simultaneously by the nanoscale tip of an AFM [34]. The
observed average values of negative and positive coercive
biases vary between −2.3 to −4.2 V and +3.5 to +2.3 V
respectively in the tested strain range of 0%–0.52%. In pre-
vious studies, changes in remanent polarization and volume
fraction of the switchable regions in the PZT films were
observed at rather small biaxial compressive strains (i.e.,
0.08%) set by radius of curvature of bending [1, 7, 12].

Further investigation of domain patterns and hysteresis
loop behavior after relaxation, is also considered in this work.
Figure 5 shows PFM images taken before application of

mechanical strain, after compressive strain of 0.52% and after
relaxation. The bright domains are gradually increased during
compression as figure 5(b) shows. However, after relaxation
the domain pattern changed towards the original condition.
This evolution process can be observed in figure 5(c).
Moreover the hysteresis loop is recorded after relaxation, see
figure 5(d). This figure is corresponding to figures 4(a)–(c) in
order to see the changes between these hysteresis loops before
application of mechanical strain, after compressive strain of
0.52% and after relaxation. The hysteresis loops show a
strong shift towards negative biases indicating polarization
downward as the preferred orientation of the polarization (i.e.,
decreased energy barrier for transformation to the polarization
down state). The maximum change is clearly seen at 0.52%
compressive strain figure 4(c). However after relaxation, the
sample recovers the unstrained behavior with respect to
hysteresis in figure 5(d).

Conclusions

In summary, using high-resolution PFM and an in situ sample
bending stage, we investigated compressive stress-induced
switching kinetics of the PZT thin films. Our data reveals a

Figure 5. Domain and hysteresis loop evolution under compressive strain. (a) Initial state, (b) at 0.52% strain, (c) after relaxation, and (d)
hysteresis loop after relaxation.
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clear change of the as-grown ferroelectric domain micro-
structure with the applied stress. The stress-induced switching
kinetics proceeds via a complex interplay of disorder poten-
tial, domain wall motion, and nucleation and growth of
domains of opposite polarity. In the case of an isolated
domain wall, switching via domain wall motion is severely
limited due to a random continuous sequence of pinning-
depinning domain wall transitions associated with random
spatial distribution of pinning sites. This leads to a significant
roughening of the ferroelectric domain walls with the applied
stress. Besides, interestingly nuclei of new domains appear in
the immediate vicinity of the propagating domain wall front
resembling a behavior referred to as ‘correlated nucleation’.
Further, the local PFM hysteresis loops exhibit an imprint,
such that the observed coercive biases decrease with the
applied stress in a nearly linear manner. These results, thus
shed light on stress-induced switching kinetics of the ferro-
electric thin films at the nanoscale, and will have potential
implications for other ferroic or multiferroic [35–39] systems
as the majority of them displays a coupling to mechanical
stress.
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