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Abstract: Ferroelectric properties are governed by domain structures and domain wall motions, so it is of significance

to understand domain evolution processes under mechanical stress. In the present study, in situ piezoresponse force

microscopy (PFM) observation under compressive stress was carried out for a near-morphotropic PZT. Both 180° and

non-180° domain structures were observed from PFM images, and their habit planes were identified using electron

backscatter diffraction in conjunction with PFM data. By externally applied mechanical stress, needle-like non-180°

domain patterns were broadened via domain wall motions. This was interpreted via phenomenological approach such that

the total energy minimization can be achieved by domain wall motion rather than domain nucleation mainly due to the

local gradient energy. Meanwhile, no motion was observed from curvy 180° domain walls under the mechanical stress,

validating that 180° domain walls are not directly influenced by mechanical stress.
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1. INTRODUCTION

Ferroelectrics have a very wide range of applications
such as piezoelectric devices [1], random access memory
[2], and capacitors [3]. In particular, there has been
intensive research on piezoelectric microelectromechanical
systems (MEMS) utilizing electromechanical coupling
effect in ferroelectrics [4]. The properties of ferroelectrics
including hysteresis curve and piezoelectric coefficients
are governed by domain structure and domain wall motion
[5.6].

evolution processes under electric field or mechanical stress

Therefore, it is essential to understand domain
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in order to enhance the electromechanical coupling
coefficient in MEMS devices.

Piezoresponse force microscopy (PFM) is one of the most
used characterization techniques to observe ferroelectric
domain structures [7-13]. PFM represents ferroelectric
domain structures by distinguishing distinct polarization
directions, so PFM can visualize complex domain patterns
with both 180° and non-180° domain walls, which is the
main advantage of PFM over other characterization
techniques. There were previous works on PFM obser-
vation of ferroelectric domain evolution under electric field
by using the scanning probeas a movable electrode [9,14].
Contrary to electrical loading, there has been relatively
little work done on in situ PFM observation of ferroelastic
domain evolution under mechanical loading.

In the present work, domain evolution process in a near-

morphotropic PZT under compressive stress was observed
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using vertical PFM. This study experimentally reveals that
180° domain walls are not influenced by mechanical stress
and broadening process of non-180° needle-like domain
patterns. Finally, electron backscatter diffraction (EBSD)
was used in conjunction with PFM to identify the
crystallographic planes for the observed non-180° domain

walls in PFM images.

2. METHOD FOR EXPERIMENT

Polycrystalline soft PZT near morphotropic
boundary (MPB), distributed by APC international and

designated PZT-855, was used. This particular material was

phase

chosen because both tetragonal and rhombohedral phases
can coexist, facilitating polarization switching between
<100> and <I111> directions under externally applied
mechanical stress. Therefore, domain wall motions are
likely to be easily captured by PFM images during
compression. A cuboid sample with 2x4x5 mm® dimensions
was prepared and one of the 4x5 mm?® faces was polished
for PFM observation.

Vertical PFM was performed using a Veeco Dimension
3100 nanoscope. In PFM, alternating voltage is applied
through the scanning probe to the sample, inducing
mechanical oscillation in the sample surface via converse
piezoelectric effect. The vertical component of the surface
displacement is detected by the contacting scanning probe,
and the vertical motion of the scanning probe is detected
by the reflected laser beam from the cantilever onto the
photodetector. In the present experiment, the piezoelectric
response signal is in the form of Acos¢/ V., where 4 is
the amplitude, ¢ is the phase of the piezoelectric response
signal, and V,, is the alternating voltage applied to the
scanning probe. Because each domain generates unique 4
and ¢, complex domain patterns can be effectively
exposed by PFM technique. Bruker SCM-PIC scaning
probes were used, and in particular, 160~200 kHz driving
frequency was used to induce contact resonance [15] in the
scanning probe.

A micromechanical test rig (Deben Ltd., UK) was used

for in situ PFM observation under compressive stress

o

r

2 547

(Figures 1(a)~(b)). The test rig was connected to the
sample stage in the AFM, enabling precision position
control of the test rig and the sample. As shown in Fig.
1(c), the compressive stress was applied along the x
direction, and PFM scan was conducted on the top of the

PZT sample surface. In the present experiment, a strain
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Fig. 1. (a) A micromechanical test rig under AFM head, (b) top
view of the PZT sample between the jaws in the test rig, and
(c) schematic of the experimental set-up for in situ PFM
observation of PZT under mechanical loading.
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gauge was positioned on the same surface of the PZT
sample in which the PFM scan was performed to monitor
the macroscopic strain parallel to the loading direction. A
preliminary test was performed by applying stress up to a
0.05% stain to the sample in order to confirm that no
bending was taking place on the PZT sample surface and
PFM

mechanical oscillation by the test rig. PFM scans were

scan was reliably performed without severe
performed four times: before mechanical loading, under
mechanical loading (approximately 0.12%, and 0.13%
strain), and after unloading. Even after removing externally
applied mechanical stress, the measured strain was about
0.05% due to a residual strain present in the PZT sample.

Finally, EBSD was used to identify the crystallographic
planes for the non-180° domain walls observed in the PFM
images. EBSD measurements were carried out using an
Evo LS 15 environmental scanning electron microscopy
(ESEM).

3. RESULTS AND DISCUSSIONS

Figures 2(a)~(c) show the EBSD inverse pole figure, AFM
topography image, and vertical PFM image for the grain
marked “Grl”. The grain “Grl” found using AFM was
retraced by scanning electron microscopy using the
instrument coordinate system. In EBSD, Kikuchi patterns are
generated from the diffraction of electrons by lattice planes,
and the three Euler angles can be obtained. Thus, the
crystallographic orientation for the grain “Grl” can be
identified as shown in Fig. 2(c). The crystallographic planes
corresponding to the non-180° domain walls in Fig. 2(c) were
identified by matching {100} and {110} planes to the domain
wall orientatios in the PFM images. To achieve energy
minimization, a domain wall must satisfy electrical and
mechanical compatibility conditions [16]. For a pair of
domains i and j with the strain states ¢;, ¢, and polarization
vectors p;, P;, the interface normal vector, n, enabling

compatible arrangement of domains, must satisfy [16]

eifej=%(a®n+n®a), )

(pi—p;) + n=0, @

Fig. 2. Characterization of the grain “Grl” through (a) EBSD
inverse pole figure, (b) AFM topography image, and (c) the
crystallographic  orientation for the grain “Grl” and the
crystallographic planes for the non-18° domain walls in the PFM
image were identified using Kikuchi patterns in EBSD.

where a can be any vector satisfying Equation (1). A
unique domain wall orientation, n, can be obtained by
solving Equations (1) and (2), except for the special case
€; = €;. In this case, Equation (1) can be solved by setting
a=20, and a continuous set of solutions for m can be
generated from Equation (2). Such a special case can be
found from 180° domain structures in which strain states
are identical across the domain walls. Therefore, a 180°
domain wall has no habit plane and appears as a curvy line
on a sample surface. Contrary to 180° domain walls,
non-180°
crystallographic planes. Spontaneous polarization directions
in PZT are <100> and <I11> in

domain walls can be formed at certain

tetragonal and
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Fig. 3. Compatible non-180° and 180° domain wall in tetragonal
and rhombohedral phases.

rhombohedral phases, respectively, so electrically and

mechanically compatible non-180° domain walls are
formed at {110} planes in tetragonal phase, and at {110}
and {100} planes in rhombohedral phase (Fig. 3) [17]. The
identified crystallographic planes for the observed
non-180° domain walls are shown in Fig. 2(c). However,
the phase of the grain “Grl” cannot be identified since
{110} planes can be present in both tetragonal and
rhombohedral phases. Therefore, analysis for the EBSD
data was not further carried out in the present study.
Nevertheless, the analysis method combining PFM and
EBSD data can be applied to the other ferroelectric
materials in which the phase is known.

“Grl”

observed by PFM technique under compressive stress are

Domain evolution processes for the grain
represented in Fig. 4. Domain patterns corresponding to
before loading, under 0.12% strain, under 0.13% strain,
and after unloading are shown in Figs. 4(a)~(d), re-
spectively. The schematics simplifying the domain patterns
corresponding to before loading and under 0.134% strain
are given in Figs. 4(e)~(f), respectively. First of all, typical
non-180° needle-like domain patterns can be observed
from Fig. 4(a). Figures 4(b)~(c) show that when the strain
increased to 0.12% and 0.13%, the needles were broadened
via domain wall motion by externally applied compressive
stress. Such a domain wall motion occurs because

individual polarization switching is induced to minimize
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(a) Beforeloading

(b) 0.118% strain

Fig. 4. (a)~(d) PFM images showing non-180° domain wall
motion under compressive loading and (e)~(f) Two schematics
depict the broadening process of needle-like domain structures.

the total energy with respect to the externally applied
stress. According to the phenomenological approach, the
total free energy of ferroelectrics can be represented as
[18]

Eot:fe+fes+fdip+fg+fs (3)

where f. is the elastic strain energy, f.s is the
electrostrictive energy, fu, is the free energy of dipole-
dipole interaction, f, is the local gradient energy, and fs is
the free energy due to the externally applied stress. When

switching a polarization direction by externally applied
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stress, domain nucleation is energetically unfavorable due
to an increase in f;. Thus, domain switching takes place via
domain wall motion rather than domain nucleation.
Meanwhile, curvy lines marked “180°” can be seen in Fig.
4(a). According to the compatibility theory mentioned
earlier, these curvy walls are assumed to be 180° domain
walls. Under compressive stress, no noticeable motion in
these 180° domain walls occurred. This is because the
strain states of the domains are identical across 180°, so
the total energy of the material is not reduced via 180°

domain wall motion under mechanical stress.

4. CONCLUSION

The domain structures and their evolution processes
under the externally applied compressive stress in a
near-morphotropic PZT ceramic were observed using
vertical PFM. A micromechanical test rig was installed
under AFM head enabling in situ observation under
compressive loading. The crystallographic planes for the
observed non-180° domain walls were identified using
PFM and EBSD data. Both 180° and non-180° domain
walls were observed from the PZT sample surface. By
externally applied mechanical stress, domain switching in
non-180° domain occurred via the broadening process in
the needle-like domain patterns. Polarization switching via
domain wall motion was favored than domain nucleation
because domain nucleation involves energetically
unfavorable local gradient energy. Contrary to non-180°,
any noticeable motion was not observed from the curvy
180° domain walls since the total free energy is not

minimized via 180° domain switching by mechanical

stress.
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