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ABSTRACT: Control of coupling between electric and elastic orders in ferroelectric
bulks is vital to understand their nature and enrich the multifunctionality of
polarization manipulation applied in domain-based electronic devices such as
ferroelectric memories and data storage ones. Herein, taking (1 − x%)Pb-
(Mg1/3Nb2/3)O3−x%PbTiO3 (PMN−x%PT, x = 32, 40) as the prototype, we
demonstrate the less-explored mechanical switching in relaxor ferroelectric single
crystals using scanning probe microscopy. Low mechanical forces can induce
metastable and electrically erasable polarization reversal clearly from electrical-created
bipolar domains around the 180° domain wall in monoclinic PMN−32%PT and
inside the c+ domain in tetragonal PMN−40%PT. The mechanical switching
evolutions show force/time dependence and time-force equivalence. The time-
dependent mechanical switching behavior stems from the participation and
contribution of polar nanoregions. Flexoelectricity and bulk Vegard strain effect can
account for the mechanical switching but notably, the former in the two has very
different origins. These investigations exhibit the possibility of mechanical switching as a tool to manipulate polarization states
in ferroelectric bulks, and provide the potential of these crystals as substrates in mechanical polarization control of future thin-
film devices.
KEYWORDS: mechanical switching, relaxor ferroelectrics, single crystal, flexoelectricity, scanning probe microscopy

1. INTRODUCTION
Ferroelectrics are widely applied in random access memories1

and data storage devices,2 as well as actuators and transducers
owing to their switchable polarization3 and large piezoelectric
constant. The electrical-induced polarization switching,
reported to be one effective control coupled with other
couplings such as the magnetic one exciting application
potentials in future memory devices,4,5 has been clearly
described and well understood by plenty of experimental and
theoretical studies3,6−9 in the past decades. Recently, facilitated
by advanced scanning probe microscopy (SPM),7 polarization
manipulation in response to stress stimuli10 leads to intriguing
phenomena11 in ferroelectrics and multiferroics, endowing
them the ability to control polarization and local order
parameters under various fields for strain-couple device making
and domain pattern writing, and thus attracts much attention
for novel applications.
Although owning equal significance as the electrical-induced

one, mechanical-induced polarization switching, however, has

been less explored. It is notable that strain states cannot be
changed by 180° ferroelectric switching but by non-180°
switching.12 As a result, ferroelastic switching is performed for
strain-mediated coupling or strain-induced electronic devices.
At the beginning, this strain-coupled polarization switching is
still controlled electrically by applying voltages to the SPM
probe in its lateral motion. Then, a groundbreaking switchable
polarization generated by the stress gradient via mechanical
writing from a scanning tip13 directly indeed opens up
explorations of pressure-induced surface phenomena in
ferroelectrics and enables nonvolatile mechanical writing of
large-area patterns for ferroelectric memories. Afterward,
deterministic control14 promotes the feasibility of mechanical
switching in application.15 However, the mechanical-induced
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polarization switching is much more complex than the
electrical one and controversy exists on its origin.
Many early reports attribute the switching to flexoelec-

tricity,13,16 a coupling between electric polarization and strain
gradients. Afterward, the controversy remains as all the three
effects are possible reasons,17 that is, polarization rotation and
suppression, strain gradient via flexoelectricity,18 and surface or
bulk electrochemical phenomena19 related to vacancies.20,21

Recently, the magnitudes of these effects are claimed to be
remarkably close by phase-field modeling,17 where the
polarization field, flexoelectric strength, and vacancy concen-
tration couple and interact. Accordingly, simulations have been
recently developed by various techniques such as phase-field
modeling,17,22 molecular dynamics simulation,23 and first-
principles calculations24 in similar systems, attempting to figure
out the mechanisms of polarization reversal by stress.
Moreover, it has been proposed that the mechanically induced
180° switching is driven by different mechanisms depending
on thickness. In ultrathin films (thickness < 10 nm, especially <
5 nm), the surface chemical effect is in dominant; in thin films
with a thickness of 10−20 nm, it is controlled by flexoelectric
effect; and in thick films (thickness > 20 nm), the bulk oxygen
vacancy-induced Vegard strain effect takes over.17 Very
recently, mechanical writing-direction-dependent asymmetric
phenomena have been observed in experiments and analyzed
by simulated results in c-oriented epitaxial PbTiO3

25 and
BiFeO3

23 thin films, indicating the complexity of the
mechanical switching process. Consequently, mechanisms of
pressure-induced polarization switching are still under heated
and intensive discussion up to date, ranging from polarization
rotation and suppression, to flexoelectricity, and to complex
surface electrochemical phenomena. The combination effect of
these multiple factors leads to complex coupling between strain
gradient, electric dipoles, and surface screening, and thus adds
difficulties in mechanism clarifying.
Besides, mechanically induced polarization switching in low

symmetry18 ferroelectrics in various forms such as bulks16 has
little been achieved experimentally or theoretically. The
aforementioned stress-induced polarization reversals are

aroused only in ferroelectric and multiferroic thin films with
chemical simplicity in high symmetry so far as model studies,
for instance, in PbTiO3,

25,26 PbZr1−xTixO3,
10,22,27 BaTiO3,

13

and BiFeO3.
28,29 Actually, quite a lot of ferroelectrics with

excellent performance have complexity in chemical compo-
nents, physical structure (e.g., perovskite), and low symmetry;
take the famous “piezoelectric prince” relaxor ferroelectric
Pb(Mg1/3Nb2/3)O3−PbTiO3 (PMN−PT), which owns alarge
piezo response, excellent piezoelectricity,30 and high electro-
mechanical coupling31 but is with complex perovskite
structures32 in various symmetries, as an example. These
complexity and multiple existing forms (e.g., bulks as ceramics
or single crystals, fibers, particles), as well as difficulties in
ultrathin film syntheses make the awareness of mechanical
switching in ferroelectrics far from clear.
Moreover, despite their own importance in research and

wide applications in electronic and optical-electric devices,
PMN−PT single crystals can be utilized as substrates27,30,33 for
thin-film-based memory devices, providing multiple manipu-
lation methods to control polarization rotation and realize
multiferroicity30,33 in ferroelectric or ferromagnetic films,
through the changes of electronic structure, strain, or
magnetization generated from the polarization states’ alteration
in PMN−PT. Inspired by the truth that substrate bending can
result in flexoelectricity and thus invoke polarization imprint,33

it can be predicted that more approaches will be acquired to
adjust the polarization state of films, if more means such as
mechanical ones to regulate polarization are explored in these
ferroelectric bulks. Nevertheless, the local interaction between
mechanical field and polarization in PMN−PT is barely
reported. Additionally, the difficulty in inducing a strain
gradient large enough34 limits the discovery of mechanical
switching in bulks, as flexoelectricity is in inverse proportion to
the relaxation length and thus can be omitted in bulks.16,22

Therefore, pressure-induced switching remains largely unex-
plored and its related research is still needed urgently.
Hence, in this work, we investigate the mechanical-induced

polarization switching in relaxor ferroelectric single crystals by
SPM, taking (1 − x%)Pb(Mg1/3Nb2/3)O3−x%PbTiO3

Figure 1. (a−d) Pristine, (e−h) electrical-created bipolar, (i−l) mechanical-written, and (m−p) electrical-erased domains in (100)-oriented
PMN−32%PT and PMN−40%PT single crystals by PFM. PFM phase images of pristine domains over (a,b) 7 μm × 7 μm and (c,d) the central 1
μm × 1 μm (red squares in a,b) in the two crystals. PFM phase images of the central 5 μm × 5 μm (white dashed squares in a,b) electrical-created
bipolar domains shown in (e,f) 7 μm × 7 μm and (g,h) 1 μm × 1 μm. PFM (i,j) phase and (k,l) amplitude images of mechanically switched domain
patterns on 1 μm × 1 μm under a force of 2000 nN applied to the central 3 μm × 3 μm [cyan squares in (a,b)] from the electrical-created bipolar
domains. In situ electrical-erasure of mechanical-induced domain patterns on the central 1 μm × 1 μm: PFM (m,n) phase and (o,p) amplitude
images.
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(PMN−x%PT, x = 32, 40) single crystals in lower-symmetrical
monoclinic structure and higher-symmetrical tetragonal
structure, respectively, as prototypes. Their characteristic
switching behaviors, together with dynamics and kinetics of
domain evolution, are elaborated. The mechanisms of
switching by mechanical forces are based on the flexoelectric
effect and bulk Vegard strain effects. Our results help broaden
the understanding of ferroelectrics in physics and nature, and
reveal the possibility in device making by electrical/mechanical
domain manipulation in future.

2. RESULTS AND DISCUSSION
2.1. Mechanical-Induced Polarization Switching Be-

haviors. Owing to their easy accessibility and definite
correspondence between compositions and symmetry struc-
tures, in this study, we chose commercial (100)-oriented
unpoled relaxor ferroelectric (1 − x%)Pb(Mg1/3Nb2/3)O3−x%
PbTiO3 (PMN−x%PT) (x = 32, 40) single crystals in
thickness of 200 μm as research objects. The PMN−32%PT
has a low-symmetric monoclinic (M) phase32,35 and PMN−
40%PT is in a high-symmetric tetragonal (T) phase.32,36 Their
piezoresponse force microscopy (PFM) phase, amplitude, and
surface topography images of pristine domain structures within
7 μm × 7 μm are shown in Figures 1a,b and S1a,b and m,n,
respectively. These domains have out-of-plane polarization and
thus are c domains. At the very beginning, we applied
mechanical forces directly to these domains. However, they
remain the same (not shown) even under the maximum
achievable load of 2000 nN by our SPM probe in this work.
Considering the suggestion of writing a bipolar domain with an
electrically biased PFM tip first to induce long-term stable
domains27 and the truth of the mechanical-induced switching
aroused from electrical-poled bipolar patterns in ultrathin
BaTiO3 films13 and 80 nm-in-thick PbTiO3

25
films, we created

such bipolar patterns over 5 μm × 5 μm (white dashed squares
illustrated in Figure 1a,b) by electrical writing via litho PFM
based on the same reason, as depicted in Figures 1e,f and S1e,f
for the two crystals. In both specimens, c− domains (with out-
of-plane polarization downward, in purple on the left) are
separated by a 180° domain wall from c+ ones (with out-of-
plane polarization upward, in yellow on the right). These
electrical-created bipolar c domain patterns were utilized to
investigate mechanical-induced polarization switching in the

two crystals by a series of mechanical−electrical read−write
experiments below. After writing by a mechanical force of 2000
nN from the tip over the central 3 μm × 3 μm regions (cyan
squares illustrated in Figure 1a,b) in contact mode of atomic
force microscopy (AFM), the central 1 μm × 1 μm (red
squares in Figure 1a,b) bipolar domains (Figures 1c,d and
S1c,d) change into patterns as illustrated in Figure 1i,k in
PMN−32%PT and Figure 1j,l in PMN−40%PT. The PFM
phase overlaid on the topography images of these two
mechanically switched domain patterns are shown in Figure
S2. In PMN−32%PT, the mechanical-induced polarization
switching occurs in the vicinity of the 180° c domain wall. The
wall moves to the left part with domains’ reversal from c− to c
+ mainly. These switched domains are in a radius of ∼70−400
nm and in an area of ∼0.00385−0.115 μm2. Consequently, the
length and amount of the wall and area of c+ domains on the
whole increase, whereas the area of the c− domain decreases.
In PMN−40%PT, the mechanical-reversed domains mainly
nucleate and grow inside the electrical-created c+ domain
region from c+ into c−, whereas the original c− domain shows
little response to the mechanical bias. These switched
nanodomains are in a radius of ∼20−85 nm and in an area
of ∼0.00177−0.0251 μm2. In both cases, the mechanically
switched domains can be erased thoroughly and easily by
electrical switching (Figure 1m−p).
To investigate the characteristics and examine the

repeatability of mechanical switching, we carried out in situ
mechanical switching and electrical erasing for the other times
(Figure 2). From Figure 2a−d, similar mentioned behaviors
are observed in both single crystals for the second time
switching; however, the overall mechanical-switched domain
patterns vary a little except for the same nucleation spots as
they did in the first switching experiment. From the results of
mechanical switching and electrical erasure for the first two
times, the mechanical domains can exist (Figure 1i,j) from the
electrically polarized state (Figure 1g,h), and can be erased by
electric stimuli (Figure 1m,n). Similar domains reoccur when
the force was applied to the same regions under the same
conditions (Figure 2a,b). Differences in the two times’
mechanical writing may come from the tip erosion. Never-
theless, it is intriguing that the mechanically written domains
seem to be reversible because of the same nucleation spots and
similar domain patterns. These results may provide oppor-

Figure 2. PFM phase and amplitude images of in situ domain configuration changes after mechanical switching for the second time in (a,c) PMN−
32%PT and (b,d) PMN−40%PT, and after the second time electrical erasure in (e,g) PMN−32%PT and (f,h) PMN−40%PT, and after mechanical
switching for the third time in (i,k) PMN−32%PT and (j,l) PMN−40%PT. Phase images are in color, whereas amplitude images are in black and
white and labeled with “Amp.”. Mechanical forces/electric voltages were applied to regions enclosed by cyan and white squares (1 μm × 1 μm),
respectively.
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tunities for reversible control of polarization by electric and
mechanical stimuli, which would be utilized for memory
devices. Then, electrical dc voltages applied in the opposite
way to the first time electrical erasure process lead to another
entire erasure of these mechanically switched domains as
shown in Figure 2e−h, resulting in c+ on the left and c− on
the right. Afterward, mechanical-induced domain reversal for
the third time obeys similar mechanical switching behaviors
except for the very different nucleation spots inducing different
patterns, in comparison with those in the first two switching
processes. An overall view of 7 μm × 7 μm of the in situ
mechanical switching for three times in PMN−32%PT is
shown in Figure S3. Notably, the switching and growth of
mechanically induced domains does not give rise to changes in
topographies, suggesting that the switching process is non-
destructive to the surface. These results reveal the repeatability,
local-symmetry-dependence, writing-history-dependence of the
mechanical-induced polarization switching which is non-
destructive to the surface and erasable by electric dc bias
thoroughly.
The mechanical-switched state in both the specimens above

are illustrated in Figure 3a for PMN−32%PT (on 3 μm × 3

μm) and Figure 3c,d for PMN−40%PT (on 1 μm × 1 μm).
Intriguingly, another mechanical switching state reversed from
c+ to c− which is opposite to those shown in Figures 1 and 2 is
visualized by the same aforementioned process at another spot
in PMN−32%PT (Figure 3b). Still, these mechanically
switched domains in PMN−32%PT gather around the
electrical-created 180° c domain wall. Considering the areas
away from the 180° domain wall, no clear c− domain reversal
is observed in PMN−32%PT, in comparison to those
visualized obviously inside the c+ domain in PMN−40%PT.
Note that Figures 1e and S3a illustrate an overall view of in situ
domain pattern changes in PMN−32%PT before and after the
first mechanical switching where a force of 2000 nN was
applied by the tip on the central area of 3 μm × 3 μm (shown
in Figure S3a with the cyan square), respectively. It can be seen
from Figure S3a that after the mechanical switching, only the
central part around the domain wall changes obviously,
whereas regions at the corners and sides of the cyan square,

namely, areas inside the c− or c+ domain, away from the
central 180° domain wall, hardly have any changes. We
speculate that it is possible to switch single c− or c+ domains
under larger forces. Under 2000 nN, from the current results, it
is difficult to switch domains inside c− or c+ because of the
requisite relative high nucleation energy inside c− or c+ than
that near the 180° domain wall37 in PMN−32%PT. To
summarize, the mechanical force of 2000 nN can induce
polarization switching in the vicinity of the 180° c domain wall
from either c+ to c− or c− to c+ depending on location
differences in PMN−32%PT, whereas it induces polarization
switching inside electrical-created c+ domain from c+ to c− in
PMN−40%PT.

2.2. Domain Evolution by Mechanical Switching.
Evolution of mechanically switched domains under various
mechanical loads ranging from 0 to 2000 nN in PMN−32%PT
and PMN−40%PT was characterized by PFM. Figure 4a,b
illustrates the PFM phase response overlaid on topography in
PMN−32%PT on a 3 μm × 3 μm scanning region and in
PMN−40%PT on a 1 μm × 1 μm scanning region,
respectively. More detailed PFM results of evolution in force
can be found in Figure S4 for PMN−32%PT and Figure S5 for
PMN−40%PT. Mechanical-induced reversed domains in
PMN−32%PT occur in the vicinity of the 180° c domain
wall at a load as small as 300 nN, then grow rapidly from 300
to 1400 nN (depicted in Figure S4b−f), and afterward change
a little in detail from 1400 to 2000 nN (shown in Figure S4f−
l). However, in PMN−40%PT, a mechanical load as large as
1000 nN initiates the occurrence of switched domains which
grow then as the loads increase. Similar results of mechanical
switching for the other times under various mechanical loads
can be found in Figure S6. Notably, the first time mechanical-
switched domains (yellow dashed circle in Figure S6a) remain
the same during the second time switching process, indicating
the stability of the mechanically switched domains. These
results indicate that mechanical-induced switching can occur
only under a sufficient mechanical load and the onset
mechanical load represents the capability of difficulties to be
switched by the external field in the materials, analogous to
coercive voltage in electrical switching. The smaller onset
mechanical force of PMN−32%PT suggests the easier
mechanical switching, in comparison to that of PMN−40%
PT. On the whole, both of the threshold forces of mechanical
switching in the two crystals are low.27

Taking the first PFM image after withdrawal of the
mechanical force as “0 s”, the retention results of the
mechanical-induced switched domains in both crystals are
depicted in Figures S7−S10. From Figures S7 and S8, the
mechanical-induced domains in state 1 do not vanish as time
passes by and even grow. Figures S9 and S10 illustrate this
time-dependent mechanically switched domain evolution more
clearly in PMN−32%PT state 2 and PMN−40%PT,
respectively. This time-dependence shown from these results
suggests the action of polar nanoregions (PNRs) whose
response would have a time delay in the surface.38,39 According
to these domain evolution in time/force, the dynamics and
kinetics of the mechanically switched domain motion are
analyzed below.
The amplitude changes in mechanical force and time of

mechanically switched domain evolution in the two specimens
are plotted in Figure 4c,d, respectively. In both cases, the
average amplitude of the scanning region decreases first and
then increases, with loads or time increasing. The amplitude

Figure 3. Visualized mechanical-induced polarization switching state
by 2000 nN (a,b) at different spots on 3 μm × 3 μm in PMN−32%PT
and (c,d) from in situ opposite original electrical-written states in
PMN−40%PT. All the images are PFM phase response overlaid on
topography. The mechanical force of 2000 nN can induce polarization
switching in the vicinity of the 180° c domain wall from c+ to c− or
c− to c+ depending on location differences in PMN−32%PT,
whereas it induces polarization switching inside the electrical-created
c+ domain from c+ to c− in PMN−40%PT.
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reaches its smallest value as an indicator of the occurrence of

the mechanical-induced domains, similar to that in the

electrical-induced polarization switching process by conven-

tional PFM (Figures 1o,p, 2g,h, S1e−h, S4a, and S5a). This

trend of amplitude change in force/time is analogous to that

with mechanical force increasing, reported in ultrathin BaTiO3

films,13 which is attributed to the formation of 180° domains
with antiparallel polarization.
By nucleating domains which expand afterward, polarization

switching proceeds in ferroelectrics commonly.40 Generally,
the domain growth in the polarization switching process
includes four stages on the whole, that is, (i) nucleation, (ii)
vertical growth, (iii) lateral expansion, and (iv) mergence.

Figure 4. Evolution of mechanically switched domains under various mechanical loads from 0 to 2000 nN in (a) PMN−32%PT on the 3 μm × 3
μm scanning region and (b) PMN−40%PT on the 1 μm × 1 μm scanning region. These images are the PFM phase response overlaid on
topography. PFM amplitude changes in (c) mechanical forces and (d) time (after withdrawal of 2000 nN) of mechanically switched domain
evolution in PMN−32%PT and PMN−40%PT. The arrows point out the occurrence of the switched domains. (e) Schematics of wall expansion
styles and evolution in time/force of the mechanical-reversed domains in (i) PMN−32%PT and (ii) PMN−40%PT.

Figure 5. Force-dependence of (a) radius and radius growth rate and (b) area and area growth rate, and time-dependence of (c) radius and radius
growth rate and (d) area and area growth rate of the mechanical-switched domains in PMN−32%PT and PMN−40%PT, indicating the metastable
and PNR associated property of these induced domains from the point of view of dynamics and kinetics. The scatters show averaged statistical data
from the above evolution in time/force results. The solid lines plot the best fitting analysis statistically by equations in the form of y = a + b × ecx (a,
b, c are constants) listed in the main text, exhibiting the exponential growth of the mechanical-induced switched domains in time/force. The dashed
lines depict the growth rate. Scatters and lines in purple are for PMN−32%PT and in pink are for PMN−40%PT. The insets show data of PMN−
40%PT in an enlarged view.
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From the surface changes in our results, three stages except the
second one are visualized. Additionally, domain motions can
be divided into three conditions according to various
dimensions.41 In the one-dimensional (1-D) condition,
domains are flake and their walls move along a single axis. In
the two-dimensional (2-D) condition, domains are columnar
and their walls expand in the plane perpendicular to the
column axis. From the results in Figures S4, S5, S9, and S10,
the domain wall in PMN−32%PT (Figures S4 and S9)
expands mainly in the direction perpendicular to the 180° c
domain wall, satisfying the 1-D condition, whereas that in
PMN−40%PT (Figures S5 and S10) expands in the plane
parallel to the surface, fitting the 2-D condition. Hence, we can
infer that the mechanical-induced domains in PMN−32%PT
are flake, obeying the 1-D condition motion behavior, whereas
those in PMN−40%PT are columnar and obey the 2-D
condition motion behavior. Here, in PMN−40%PT, the
switched domains show the same behavior as mentioned in
the above mechanical switching for three times, namely,
nucleate inside the electrical-created c+ domains and switch
into c− nanodomains. In comparison, mechanical switching
behaviors are more complex in PMN−32%PT. Whether c+ or
c− is more energetically favored under mechanical forces
depends on comprehensive factors including local micro-
structures, homogeneousness, local defects such as oxygen
vacancies and so on. Despite these complexities, the
mechanical-induced domains are apt to nucleate first in the
vicinity of the 180° c domain wall in PMN−32%PT.
Considering the differences in nucleation spots and domain
expansion styles, the mechanical switching behaviors in the two
specimens are divided into two kinds, as illustrated in Figure
4e(i) for PMN−32%PT and Figure 4e(ii) for PMN−40%PT.
Wall velocity limits the speed of switching.40 Thus, kinetics

of switched domains has been investigated roughly.10 By
collecting statistics of the switched domains’ area and radius
from Figures S4, S5, S9, and S10, the radius and area change in
force/time of the mechanically switched domains in PMN−
32%PT and PMN−40%PT are plotted in Figure 5. All these
results show exponential growth depicted as solid lines and the
best statistically fitted equations are listed below. The radius−
force plot for PMN−32%PT suits y = 559.7 − 559.4 ×
e−0.002130x (Figure 5a in purple solid line) and that for PMN−
40%PT fits y = 100.4 − 170.5 × e−0.001060x (Figure 5a in pink
solid line). The area−force plot for PMN−32%PT fits y =
0.09913 − 0.09913 × e−0.002440x (Figure 5b in purple solid line)
and that for PMN−40%PT fits y = 0.002120 − 0.005250 ×
e−0.001800x (Figure 5b in pink solid line). For PMN−32%PT,
the radius−time plot fits y = 836.6 − 298.4 × e−8.835x (Figure
5c in purple solid line) and its area−time plot fits y = 0.5583 −
0.3222 × e−0.0015x (Figure 5d in purple solid line). Then, area
and radius growth rates in PMN−32%PT and PMN−40%PT
are calculated and plotted as the illustrated dashed lines. Under
the same load force, the mechanically switched domain radius
in PMN−32%PT is 6−7 times as large as that in PMN−40%
PT (Figure 5a) and the domain area in the former is 43−49
times as big as that in PMN−40%PT (Figure 5b). The
maximum radius growth rate and area growth rate in PMN−
32%PT are 11 times and 30 times as high as those in PMN−
40%PT, respectively. Similarly, with time increasing, the
switched domain radius, area, and growth rates in PMN−
32%PT are much higher than those in PMN−40%PT, as
shown in Figure 5c,d. In summary, the same force/time
induces switched domains with larger radius and area, together

with higher growth rates in PMN−32%PT. Considering these
results and the smaller onset force of PMN−32%PT for
mechanical switching in comparison to those of PMN−40%
PT, it is concluded that the PMN−32%PT is more easily
reversed by the mechanical switching process. From these
results, generally, after nucleation, the mechanically switched
domains in both crystals grow fast at the beginning and then
slow down until they reach a stable state. This means that two
stages exist during the growth process: (i) metastable stage
with rapid growth and (ii) stable stage ultimately.
To differentiate and clarify the effects of mechanical force

and time on the domain evolution, in situ switching by various
mechanical forces and then aging experiments were performed
and the results are illustrated in Figure 6. Intriguingly, time−

mechanical force equivalence is visualized here, similar to the
well-known time−temperature equivalence principle in me-
chanical relaxation in polymers. The analogous switching
behaviors can be acquired by a larger force within a shorter
time or a smaller force within a longer time, as long as the
forces are larger than the onset force for mechanical switching.

2.3. Mechanism Discussion. Piezoelectricity and flex-
oelectricity are broadly visualized in ferroelectric oxides and
generally, the former is stronger than the latter.13 The pure
mechanical pressure-induced piezoelectric effect can only
rotate polarization orientation from vertical to lateral, that is,
from c domains to a domains (polarization of whose are in-
plane).17 However, the domains observed here are all c

Figure 6. Time−mechanical force equivalence in the mechanical
switching, taking PMN−40%PT as an example. The analogous
switching behaviors can be acquired by a larger force within a shorter
time or a smaller force within a longer time. Take the first PFM image
after withdrawal of the mechanical force as “0 s”. Domain patterns
after mechanical switching by 1500 nN taken at (a) 0 and (b) 761 s.
Domain patterns after mechanical switching by 1800 nN taken at (c)
0 and (d) 1001 s. Domain patterns after mechanical switching by
2000 nN taken at (e) 0 and (f) 579 s. PFM phase images are in color,
whereas topography and amplitude images are in black and white and
labeled with “Topo.” and “Amp.”, respectively. Mechanical forces
were applied to the entire regions enclosed by the cyan squares (1 μm
× 1 μm).
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domains; thus, the mechanical-induced switching cannot be
ascribed to the bulk piezoelectric effect.
Except in thin films as mentioned in the introduction,

flexoelectricity exists in dielectric solids as well. The flexo-
electric coefficients of most dielectric solids, especially the
simple ones, are estimated theoretically to be too small34,42,43

to induce sufficient strain gradient for mechanical switching.
Particularly, flexoelectricity can be omitted when other
electromechanical responses (e.g., piezoelectricity) exist in
the materials.39,44 However, it was later found that in some
dielectrics owning to high permittivity, their flexoelectricity is
unexpectedly largely enhanced and possibly sufficient to induce
polarization,34,43 where the flexoelectric coefficients are in
several or even tens of orders of higher magnitude.43−47 These
reported high permittivity dielectrics with giant flexoelectricity
include paraelectric SrTiO3,

48 and perovskite piezoelectrics,
especially perovskite relaxors such as PMN,47,49 perovskite
ferroelectrics such as Pb-based systems like Pb(Zr,Ti)O3,

46,50

BaTiO3-based systems like BaTiO3,
51,52 Ba(Ti,Sn)O3,

53

BaTiO3−Ba(Zr,Ti)O3,
54 and (K,Na)NbO3-based systems,55

and perovskite relaxor ferroelectrics like PMN−PT39,43,56−58

and PIN−PMN−PT.44 According to Tagantsev’s flexoelectric
theory,59,60 the possible mechanisms of these enhanced
flexoelectricity in bulks include four contributions: dynamic
bulk flexoelectricity, static bulk flexoelectricity, surface
flexoelectricity, and surface piezoelectricity.52,61 The mecha-
nisms of a barrier layer,61 inner microstrains resulted from
macroscopic centric symmetry breaking,62 ferroelectricity,44,55

and PNRs39,43 are also proposed recently. In relaxor ferro-
electrics such as PMN−PT, PIN−PMN−PT single crystal, it is
believed that polar nanodomain rotation polarization,39,43

residual piezoelectricity,45 surface piezoelectricity,45 and sur-
face flexoelectricity57 can give rise to these enhanced
flexoelectric behaviors. Notably, the PNRs are reported to be
one important source of the residual flexoelectricity.43,45

Besides, PNRs are in dominant contribution (50−80%) to
the room-temperature ultrahigh piezoelectricity in relaxor
ferroelectric solid solution crystals,56 which can facilitate

polarization rotation and enhance ferroelectricity/piezoelec-
tricity and thus couple extrinsically44,55 with their flexoelec-
tricity. All of these indicate the probable dominant role of
PNRs in generating the enhanced flexoelectricity in relaxor
ferroelectric crystals. Intriguingly, in the surface, the response
of PNRs would have a time delay,39 which can account for the
time-dependence of mechanical switching observed in this
work.
The chemical makeup, structure, and existence of PNRs of

PMN−PT bulks determine their exhibiting the reported huge
flexoelectric coefficients45 which suggest the significant role of
flexoelectricity in affecting the polarization. Besides, our
crystals are 200 μm thick and comparable to a thick film.
The application of electric voltage/mechanical force from the
SPM tip to the sample surface could only impact upon the top
surface region, the depth of which is quite difficult to be
determined exactly or directly, owing to the heterogeneous
field under the tip.13,20,34,40,63 The depth of this electric or
mechanical potential under the biased tip has a relationship
with the radius of the tip, the tip-surface contact area, and
many other parameters.13,40,63 Whether the domains are
reversed throughout the thickness direction primarily depends
on the magnitude of the electric/flexoelectric field. In general,
the electrically polarized bipolar domains in the crystals exist in
the surface layer possibly in a thickness of dozens of
nanometers, and the mechanically induced domains may
exist in the top surface of the electrical-created surface layer.
The latter can be considered as a “skin structure” (in a typical
depth of ≤1 μm) where internal chemical pressure induced by
action of oxygen vacancies and surface plane stress combine to
specialize its properties.64 This skin, whose driving force of
formation is calculated to be provided by oxygen vacancies,64 is
reported to influence the flexoelectric effect. Moreover, the
force by the AFM tip can induce a large flexoelectric field42,65

in this abovementioned “skin structure”, which would be
sufficient to generate local polarization rotation.13 By rough
estimation of the tip-surface contact area as a disk of 10 nm13

in radius, the 750 nN of force over the contact area is

Figure 7. Vertical and lateral domain configurations in PMN−32%PT and PMN−40%PT by vector PFM: (a) vertical and (c) lateral PFM phase
signals in PMN−32%PT; (b) vertical and (d) lateral phase signals in PMN−40%PT. Schematics of corresponding domain walls in (e) PMN−32%
PT and (f) PMN−40%PT. (g) Schematics of free energy versus polarization in PMN−32%PT and PMN−40%PT under/without stress.
Topography and amplitude images are presented above/below their corresponding phase images, labeled with “Topo.” and “Amp.”, respectively.
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equivalent to a compressive uniaxial stress of ∼2.4 GPa.
Similarly, the 1200 nN induces a stress of ∼3.8 GPa in the 80
nm-thick film. On the same estimation, the 2000 nN causes a
pressure of ∼6.4 GPa in our experiments. In addition, the
surface piezoelectricity depends on the local symmetry, surface
permittivity, and surface conditions49 and thus accounts for
similar but different mechanical switching states in PMN−32%
PT. Last but not the least, defects such as oxygen vacancies,20

vacancy dipoles, and clusters exist in the ferroelectric single
crystals, especially in the top surface, serving as nucleation sites
for polarization switching and pinning sites for domain wall
motion.66 These vacancies, being elastic dipoles, can affect the
electric fields and polarization through bulk Vegard strain
effect,20,21,63,67 and flexoelectricity,67 which will contribute to
the mechanical switching as well.
From another aspect, the switching existence layer can be

simplified and considered as a thin film due to its thin
thickness (nanometers, in comparison with that of the whole
sample on the scale of hundreds of micrometers) and thus
explanations for mechanical switching in thin films mentioned
in the introduction can be taken into consideration.
In PMN−40%PT, the tip-induced pressure leads to a

switching from original c+ domain to c− nanodomains,
whereas the original c− domain does not respond to the
mechanical force at all. This phenomenon is analogous to that
reported in 80 nm-thick c-oriented PbTiO3 films,25 and can be
ascribed to asymmetric interaction between the domain
structures and the strain gradient via flexoelectric effect. With
regard to PMN−32%PT, mechanical switching generally
occurs in the vicinity of the 180° domain wall, and the switch
of c+ or c− depends locally on the selected regions. The
origins of flexoelectricity in this specimen are more complex.
Strong coupling in between polarization rotation and lattice
strain exists in its monoclinic phase,35 and is supported further
by the experimental results of the unique mechanical switching
occurrence around the 180° domain wall. This behavior can be
ascribed to the orderslower magnitude of nucleation bias at the
180° domain wall compared with that required for domain
nucleation in the bulk.37 Moreover, a/c domain walls exist in
PMN−32%PT but not in PMN−40%PT, as illustrated in
Figure 7a−f. Local stress gradients exist near these a/c twin
walls and thus create lateral and vertical electric fields via the
flexoelectric effect, resulting in polarization rotation. Similar
findings are reported in BaTiO3 ultrathin films by experi-
ments13 and in PbZr1−xTixO3 thin films by phase-field
simulation.22 In addition, considering the free energy, a polar
bias is generated by the inhomogeneous strain gradient13

resulted from flexoelectricity, as illustrated in Figure 7g. In
PMN−40%PT with tetragonal symmetry, this bias destabilizes
the c+ domains of the double well and thus forces the reversal
to c− domains.13 In contrast, in PMN−32%PT with
monoclinic symmetry, the destabilization by the polar bias of
c+ or c− domains has a close relationship with the local
regions where original domain structures and surface
conditions affect a lot,10 and thus two states exist depending
on certain circumstances. However, overall, the energy barrier
of mechanical switching in PMN−32%PT is lower than that in
PMN−40%PT; thus, the former has a smaller onset
mechanical load. Finally, oxygen vacancies influence the
flexoelectricity via Vegard strain effect as well.
The strain gradient induced by a force of 2000 nN from the

tip is sufficient to induce local switching partially from the
electrically polarized bipolar domains on the crystals surface,

nevertheless, it is insufficient to reverse the pristine domains in
the crystals directly. In comparison, these pristine domains can
be totally reversed by electric voltage with a magnitude of 20
V. We believe that the flexoelectric field induced by the force
of 2000 nN is larger than the mechanical switching threshold
of domains in the electrical-switched thin layers of the two
specimens; thus, nucleation and growth of the switching can be
initiated. However, this field is insufficient to reverse the
domains completely down to the bottom of the thin layer, not
to mention through the whole thickness of the crystals.
Notably, mechanical loading forces are reported to have
equivalent effects on the polarization switching as the electric
voltages. For instance, an applied force of 750 nN leads to
equivalent switching in BaTiO3 ultrathin films at an application
of 1.25 V;13 a force of 1050 nN equals a dc electric voltage of 3
V on the switching in PbZr0.2Ti0.8O3 films;27 and a loading
force of 1200 nN causes similar switching in 80 nm-thick
PbTiO3 films as a 2.1 V dc bias does.25 Considering the
equivalence of electric and mechanical bias, we deduce that the
mechanical switching would be through the depth under
sufficiently large forces. Meanwhile, these results indicate that
pre-electrical writing may be a possible good supplementary
way to help induce sufficient strain gradient in bulks during
mechanical switching.
To sum up, in our experiments, electrical switching leads to

polarization reversal, creating bipolar c domains in a thin layer
on the surface of the crystals first. Then, these domains are
switched by mechanical forces through a strain-gradient-
induced flexoelectric field. This field is coupled with polar-
ization switching. Flexoelectricity and Vegard strain effect
originated from surface oxygen vacancies are the dominant
mechanisms of these visualized mechanical switching behav-
iors. Surface piezoelectricity accounts for the behaviors as well.
The origins of the flexoelectricity in the two crystals are
different: asymmetric interaction between the domain
structures and the strain gradient in PMN−40%PT, and a
comprehensive and complex effect due to strong coupling in
the monoclinic phase and lateral and vertical electric fields
stemmed from local stress gradients near its a/c twin domain
walls in PMN−32%PT. PNRs are responsible for the time-
dependent mechanical switching behaviors in both crystals and
surface piezoelectricity accounts for the analogous but different
switching states in PMN−32%PT.

3. CONCLUSIONS

Mechanical-induced polarization switching in relaxor ferro-
electric (1 − x%)Pb(Mg1/3Nb2/3)O3−x%PbTiO3 (PMN−x%
PT, x = 32, 40) single crystals was investigated via SPM.
Mechanical forces larger than the low onset load induce
metastable and electrically erasable domain reversal and wall
motion from electrical-created bipolar domains in both
crystals. Detailed studies on switching dynamics and kinetics
suggest the local symmetry dependence of the diverse
mechanical switching behaviors, especially in nucleation sites,
expansion paths, and growth rates. This work further
demonstrates force- and time-dependence, time-force equiv-
alence of the mechanical switching. The time-dependent
mechanical switching behavior reveals the action and
contribution of PNRs. Flexoelectricity and bulk Vegard strain
effect give rise to these mechanical switching behaviors. These
investigations help deepen the understanding of domains in
relaxor ferroelectrics, and provide opportunities in manipulat-
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ing domain patterns physically in crystals by various switching
methods for domain engineering and device making.

4. METHODS AND MATERIALS
4.1. Sample Preparation. Commercial (100)-oriented unpoled

relaxor ferroelectric (1 − x%)Pb(Mg1/3Nb2/3)O3−x%PbTiO3
(PMN−x%PT) (x = 32, 40) single crystals (MTI Group, Hefei)
were chosen as study objects because of their easy accessibility and
definite correspondence between compositions and symmetry
structures: monoclinic (M) symmetry in the PMN−32%PT and
tetragonal (T) symmetry for the PMN−40%PT. These specimens are
in a size of 5 mm × 5 mm × 0.2 mm and polished to an optical
surface finish.
4.2. Scanning Probe Microscopy. A multifunctional SPM

(Cypher S, Asylum Research, USA) combined with AFM and PFM
and other PFM-derived modes such as litho PFM and vector PFM
was utilized in our experiments. Conductive Ti/Pt-coated silicon
cantilevers (AC240TM-R3, Olympus) with spring constant of ∼2 N
m−1 and labeled radius of 28 ± 10 nm were used in all modes. In this
work, the spring constant of the chosen tip determined the largest
applied force in the value of ∼2000 nN. Thermal drift may result from
thermal disequilibrium of the system, slow scan rate, and long-time
scanning. To minimize this effect, 2 h were taken before measure-
ments for the whole system to reach its thermal equilibrium. The scan
rates of PFM scanning and switching were set at 3.91 and 1 Hz,
respectively, both of which are sufficiently fast. For in situ and
retention characterizations, the scanning regions were fine-tuned
during the whole test using a special feature, that is, the central 180°
domain wall, as a reference in the image to track the thermal drift and
ensure the same scanning regions. Fine-tuning the scanning region
would not change the testing parameters, but affect the imaging
collection interval time. Therefore, thermal drift should not have a
significant influence on the results of PFM in situ characterization.
However, for the presented in situ domain evolution results, retention
images were taken under varied interval times. Owing to the high
phase transition temperature of these samples, thermal fluctuation
only induces thermal shift but has no effect on the sample ferroelectric
properties and our PFM data.
4.3. Topography and Domain Configuration Character-

ization. PFM mode was taken to image the pristine state over 7 μm
× 7 μm and switching-after ferroelectric domain configurations with
out-of-plane polarization (c domains) in the specimens, with a 0.8 V
(equivalent to ∼100 nN) ac voltage at a resonant frequency of 260
kHz applied to the tip. Both the vertical and lateral PFM domain
structures in the single crystals were characterized through vector
PFM.
4.4. Statistical Analyses of Domain Radius and Area.

Domains can be identified combining the PFM amplitude and
phase responses together. Domains with opposite polarization
directions show different color contrast in the PFM phase images
(e.g., purple and yellow), separated by boundaries whose PFM
amplitudes are the lowest (in the presence of black lines in general)
from the black and white PFM amplitude images. The switched
domains can thus be identified. In this work, all the mechanical-
induced switched domains in the two specimens are not typically
round, but rather in a convex shape. In mathematics, the diameter of a
convex pattern is defined as the longest distance of the attachment
between any two points. The area is defined as the region taken over.
The radius and area were calculated by the software ImageJ using the
function named “Measure”, via “Straight line selections” and
“Freehand selections”, respectively. An average value was calculated
based on 15−20 measurements for each domain. The radius/area
range was given in the paper by statistical analyses of these average
data.
4.5. Electrical Switching Measurements. Electrical-created

bipolar domains were written locally on the central 5 μm × 5 μm
regions from their pristine state domains in the two single crystals by
litho PFM, applying external dc electric voltages with a magnitude of
20 V (larger than coercive voltage). On the left half side, a dc voltage

of +20 V induces the c− domain with polarization downward,
whereas on the right side, a dc voltage of -20 V leads to the c+ domain
with polarization upward. In both the first and second electrical
erasure processes, dc electric voltages with a magnitude of 20 V were
applied by certain patterns via litho PFM over the central 1 μm × 1
μm region. For the first time erasure, dc voltages of + 20 and −20 V
were applied on the left and right half sides, respectively, whereas for
the second time erasure, a dc voltage of −20 V was applied on the left
and +20 V on the right.

4.6. Mechanical Switching Measurements. In the mechanical
switching process, mechanical loads of 300−2000 nN from the tip
were applied to pristine state c domains first and then to electrical-
created bipolar domains during scanning all over the selected regions
by AFM in contact mode, after calibrating parameters of the
cantilever. Forces were applied over the central 3 μm × 3 μm, 1
μm × 1 μm, and 1 μm × 1 μm regions from the electrical-created
bipolar domains for the first, second, and third times, respectively.
The mechanical scanning direction is perpendicular to the electrical-
created bipolar c domain walls.

4.7. Retention and Kinetics Measurements. In the aging
experiments, PFM was utilized to characterize the mechanical-induced
domain evolution in time after mechanical switching. The software
ImageJ was used for the statistical analysis of domain kinetics, such as
area and radius growth of the mechanical-switched domains.
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