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BiFeO3,[10–13] and AMnO3 (A = Y, Bi, and 
Er),[14] which further require precise con-
trol of domain and domain walls on the 
nanometer scale for domain circuitry.[15] 
For tetragonal PbZr1−xTixO3 thin films, 
there are c-domains with the out-of-plane 
polarization in the [001] direction and 
a-domains with in-plane polarization in 
the [010] and [100] crystallographic direc-
tions.[3–8] Feigl et  al. observed that the 
a/c domain walls in PbZr0.1Ti0.9O3 (PZT) 
are more conductive than the domains 
themselves.[3] Stolichnov et  al. discov-
ered nonthermally activated metallic-like 
conductivity along the a/c domain walls 
in PZT films deposited on (001) DyScO3 
(DSO).[2] These observations provide the 
opportunity to fabricate high-density 
devices based on modulating the con-
ductivity of domain walls. The width and 
density of these a-domains can be manip-

ulated to some extent by tuning the film thickness and the epi-
taxial strain imposed by the substrate during the epitaxial film 
growth.[16] However, to precisely control domain width, orienta-
tion and position by external electric field or mechanical force 
are more challenging and rather new topic since this ability 
provides a valuable handle to prepare domain wall circuitries in 
the nanometer scale for future devices.[15]

Recently, Lu et al. accomplished 180° polarization switching 
in 4.8 nm thick tetragonal BaTiO3 thin films by applying a 
mechanical force through a tip in contact with the film sur-
face in an atomic force microscope.[17–22] This breakthrough 
provides tremendous opportunities to develop mechanical 
manipulation of domain structures for novel electronic 
devices.[15,17,23,24] For example, a mechanically controlled fer-
roelectric tunnel junction memory has been proposed.[17] 
This mechanical switching is a demonstration of flexoelec-
tric effect, in which a strain gradient, imposed by the tip, 
produces an effective electric field that switches the polariza-
tion.[18,25] The flexoelectric coefficient f  ∼ e/a, where e is the 
electronic charge and a is the lattice constant, is quite small 
(in the order of nC m−1).[26,27] This effect is usually negligible 
in thick films but prominent in films of several nanometers in 
thickness because of the large strain gradient (≈108 m−1) that 
can be achieved. However, it is challenging to achieve high 
quality ferroelectric thin films with a thickness of less than 
10 nm by a cost-effective method. In fact, commercial ferro-
electric devices such as memories still focus on thicker films 
to ensure their fatigue-free characteristic and other reliabili-
ties, and hence a high performance. Therefore, the pursuit of 
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1. Introduction

Ferroelectric thin films have been widely used in piezoelectric 
sensors, actuators, surface acoustic wave devices, and nonvola-
tile memories.[1] Functions of these devices rely on the control 
of polarization and hence the domain structures. Recently, 
domain-wall nanoelectronics have attracted much attention 
in many oxide ferroelectric films such as PbZr1−xTixO3,[2–9] 
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mechanical switching in thicker films may be valuable due to 
better performance, higher reliability and easier fabrication.

2. Results and Discussion

Here we show that the potential barrier of 180° polarization 
switching can be effectively decreased by introducing meta-
stable a-domains in PZT films, which makes the flexoelectric 
switching possible in films as thick as 50 nm. Furthermore, the 
domain patterns and the conductive a/c domain walls can be 
precisely manipulated by a mechanical force or an electric field, 
which is required for designing of novel electronic devices.

The 50 nm thick PZT films were deposited on ScO2- and 
TiO2-terminated (001) DyScO3 (DSO) and SrTiO3 (STO) sub-
strates, respectively, with a 15 nm thick SrRuO3 (SRO) buffer 
layer by pulsed laser deposition (i.e., PZT/SRO/DSO and PZT/
SRO/STO; see Figure S1 in the Supporting Information).[28,29] 
Figure 1a shows the structure of PZT/SRO/DSO, where crystal-
lographic planes and directions of DSO were indexed according 
to a pseudocubic structure for easy comparison. 2D X-ray dif-
fraction intensity recorded around the (103) reciprocal spot of 
the substrate suggest high-quality epitaxy on both DSO and 
STO substrates without lattice relaxation (see Figure S2 in the 
Supporting Information). PZT film thickness estimated from 
diffraction intensity fringes is about 50 nm on both substrates.

Figure  1b shows the surface morphology of the PZT thin 
film of PZT/SRO/DSO. The surface is smooth with a root-
mean-square roughness about 0.14 nm over a 3 × 3 µm2 square. 
However, straight dark stripes along [100] and [010] directions 
can be clearly observed, indicating shallow trenches on the sur-
face. Figure 1c,d shows the corresponding out-of-plane piezore-
sponse force microscopy (PFM) phase and amplitude images. 
It is observed that these dark stripes show no response to the 

out-of-plane stimulus while the rest of the film shows a uniform 
PFM response in the amplitude image. However, these stripes 
show a clear in-plane PFM response (see Figure S3 in the Sup-
porting Information). Thus, these PZT films are composed of 
a-domains without the out-of-plane PFM response embedded 
in a c-domain matrix, as shown schematically in Figure 1a. Fol-
lowing convention,[3,30] the long stripes along [100] are denoted 
as a1-domains while the short stripes along [010] a2-domains. 
At room temperature, PZT shows a tetragonal structure with 
a = b = 0.3914 nm and c = 0.4138 nm, while the DSO substrate 
is pseudocubic with in-plane lattice parameters a = 0.3947 nm 
and b  = 0.3951 nm.[31] Therefore, PZT c-domains are stable 
in compressive strain or small tensile strain in both in-plane 
directions while a-domains become stable in a large tensile 
strain. Lu et al. reported that a1/a2 domain structure gradually 
becomes stable once the epitaxial tensile strain is larger than 
>0.3% for the pure PbTiO3 film.[32] As pointed out previously, 
this a/c multidomain structure appears as a result of mini-
mized elastic energy because the tensile strain can be relaxed at 
the a/c domain boundary.[3,8,30] Each dark stripe represents one 
a-domain and two a/c domain boundaries.[3] In these 50 nm 
thick PZT films, the a-domains are about ≈10 nm in width. It is 
also noticed that the population of long a1-domains along [010] 
is much larger than that of short a2-domains along [100] in the 
as-deposited PZT films, implying that a1-domains are energeti-
cally more favorable than a2-domains due to the anisotropy in 
in-plane lattice parameters in DSO. The uniform out-of-plane 
PFM phase contrast in Figure 1c indicates that the polarizations 
in all the c-domains are aligned in the same direction. These 
c-domains can be switched by a positive voltage applied to the 
film surface (see Figure S4 in the Supporting Information). 
Therefore, c-domains in the as-deposited film exhibit a polari-
zation pointing to the film surface and are hereafter labeled as 
+c-domains. For comparison, the PZT film of PZT/SRO/STO 

Figure 1.  Domain structure of (001) PZT film on DSO substrate. a) A sketch of the a/c multidomain structure, where the red arrows indicate the 
polarization direction in each domain. b,c) Atomic force microscope image and out-of-plane PFM phase image of the PZT film, respectively. d,e) PFM 
amplitude images acquired before and after scanning the PFM tip, with 1200 nN loaded, along the white dash line in (c). f,g) PFM amplitude images 
acquired before and after pressing the PFM tip, with 1000 nN loaded, on the three points indicated by the white crosses one by one.
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exhibits a single +c-domain state with the polarization pointing 
to the film surface (see Figure S4 in the Supporting Informa-
tion). Since the in-plane lattice parameters of PZT is larger 
than those of STO, which is in cubic structure with a = 0.3905 
nm, the 0.23% compressive epitaxial strain in PZT favors the 
+c polarization which can be switched to −c only by a positive 
voltage applied on the film surface.

We demonstrate that a-domains can be created in these 
PZT films by applying a mechanical force on the film surface. 
After the film was scanned by the tip with a constant load of 
1200 nN along the dash line in Figure  1d, a2-domains appear 
along the trace of the tip movement over an area where only 
a1/c domains exist before the scan (Figure  1d,e). a2-domains 
can also be created at a prescribed position by pressing the tip 
with a certain force on the surface of +c-domains. As shown 
in Figure  1f,g, three a2-domains are created one by one by 
pressing the tip with 1000 nN at the points indicated by the 
white crosses. These a2-domains may extend along the [010] 
direction until they are stopped at a1-domain boundaries.[3,4] 
Khan et al. reported that a-domains appear in PZT after scan-
ning an electrically biased tip in contact with the surface.[33] The 
creation of a-domains by a mechanical force resembles the crea-
tion by an electric field. The applied mechanical force increases 
the energy of the +c-domain through the flexoelectric coupling 
and a2-domains appear to lower the total energy.[31] Since the 
nanoscale a/c domain walls of the PZT film show metallic-like 
conductivity according to previous studies,[2,3] their precise con-
trol is an important step to design and prepare domain wall 
circuitries in future.[15]

We then show that the +c-domains in the 50 nm thick PZT 
films can be switched by 180° through application of a mechan-
ical force. Figure 2 displays out-of-plane PFM phase and 
amplitude images acquired after scanning with the tip under 
different loading forces. The fast scan direction is along [010] 
(from left to right in Figure  2) and the slow scan direction is 
along [100] (from top to bottom in Figure  2). After scanning 

by the conductive tip with a constant force of 1375 nN, there 
are only a few tiny −c nuclei (≈40 nm in size) observed in the 
phase image. In the corresponding amplitude image, a large 
number of a2-domains and a few a1-domains appear in the 
+c-domain matrix.[34] As the force increases to 1880 nN, 180° 
domain switching occurs and −c-domains appear at the top of 
the scanned area (Figure 2e,f). With the force further increased, 
−c-domains grow by pushing the −c/+c domain wall along 
the slow scan direction consuming the area occupied by the 
+c-domains (Figure  2g,h). It is observed that a2-domains left 
in −c-domain matrix are erased by the subsequent scans. At 
2730 nN, the uniform PFM phase contrast opposite to that in 
the as-deposited film (Figure  2a) indicates the completion of 
the mechanical switching in the scanned area. In this switching 
process, the erasure of a2-domains implies that these domains 
are metastable. The +c  →  −c switching process is dominated 
by −c/+c domain wall motion along [100], while nucleation of 
−c-domains is rarely observed. Subsurface defects may act as 
pinning sites for moving domain walls.[35] The creep motion of 
domain walls under an external field is a competition between 
the tendency to lower the elastic energy of a moving domain 
wall and the retardation from the defect pinning potential.[36] 
It has been observed that strain fields in thin films has a great 
effect on the velocity of domain motion.[37] The appearance of 
the metastable ferroelastic domains before ferroelectric domain 
switching relaxes the strain and lowers the local elastic energy 
in PZT.[30,33] This may help to promote the propagation of −c/+c 
domain wall.

The mechanical switching of c-domains is anisotropic in 
a sense that it depends on the fast scan direction. As shown 
in Figure 3a–d, when the fast scan direction of the mechan-
ical load is set along [100], together with a-domains created, 
a large number of −c nuclei appear all around in the area 
scanned with 1100 nN. This is in agreement with previous 
reports that the appearance of a-domains may help the nuclea-
tion of −c-domains in the tetragonal ferroelectric film such as 

Figure 2.  Domain evolution under an increasing force (fast scan along [010]). PFM phase and amplitude images of the as-grown film a,b), and the same 
film after it was scanned with the constant loading forces of 1375 nN c,d), 1880 nN e,f), 2200 nN g,h), and 2730 nN i,j) applied to the tip.
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BaTiO3 and PZT.[5] Experiments and phase-field simulations 
have revealed that opposite domains in PZT films nucleate 
preferentially along a-domains in a c-domain matrix, due to 
the localized reduction of electrostatic and elastic contribu-
tions to the nucleation potential.[5,34,38] With increasing the 
loading force step by step to 2800 nN, these −c nuclei grow 
and coalesce to complete the switching (Figure  3e–j). This 
is in contrast to the switching pattern observed with the fast 
scan direction along [010] in Figure  2, where the switching 
is predominantly controlled by the domain wall motion. Gao 
et al. reported that a-domains in PZT might hinder the propa-
gation of the −c/+c domain walls.[5] As shown in Figure 3e,f, 
−c-domains are indeed confined within small rectangles 
enclosed by a1- and a2-domains after scanned with 1300 nN. 
However, these obstacles could be overcome by applying a 
stronger force (Figure 3g–j). Compared with images shown in 
Figure  2, one may observe that a1-domains exhibit a higher 
energy barrier against the motion of −c/+c domain wall than 
a2-domains. Therefore, −c/+c domain wall motion along the 
a1-domains is easier than that across the a1-domains.

Khan et  al. have previously reported the creation and elim-
ination of a-domains in PZT by scanning with an electrically 
biased tip.[33] In the present study, one may observe, from the 
mechanical switching above, that these a-domains appear to 
help the ferroelectric c-domain switching. We show that the 
c-domain switching process by applying a mechanical force is 
the same as applying an electrical field. As shown in Figure 4, 
after the PZT/SRO/DSO film is scanned with a tip biased at 2.3 
V, a number of a2-domains were created. Under the positive 
bias at the tip, the electrostatic energy of +c-domains increases 
and a/c multidomain structure appears to lower the energy. 
Although these created ferroelastic a2-domains are metastable, 
they may remain intact for 24 h after the bias is released (see 
Figure S5 in the Supporting Information). With the increase 
of the electric bias, −c-domains nucleate and grow by pushing 
forth the −c/+c domain wall along the [100] direction, i.e., along 

the slow scan direction (Figure  4e,f). Almost all +c-domains 
are consumed after the scan with the tip under 4.0 V, although 
some a2-domains are left inside the −c-domains (Figure 4g,h). 
These metastable a2-domains are eliminated by a subsequent 
scan with 6.0 V tip bias (Figure 4i,j).

The polarization switching in PZT/SRO/STO and PZT/
SRO/DSO is compared to better understand the effect of 
epitaxial strain on the switching process. The as-grown PZT 
film on the STO substrate is in a single +c-domain state (see 
Figure S4 in the Supporting Information). Although −c nuclei 
have not been observed after the scanning with a tip with 
2735 nN load, this single +c-domain PZT can be switched by 
scanning with an electrically biased tip. It is observed that 
−c-domain nuclei appear at 8.0 V tip bias and the switching 
is completed after scanning with a 12.0 V tip bias (see Figure 
S6 in the Supporting Information). Figure 4k,l shows the PFM 
phase and amplitude hysteresis versus tip bias loops of the 
PZT film on the STO substrate, respectively. The coercive 
voltage is about ±(12.0–14.0) V, as indicated by the two minima 
in the amplitude loops. Phase-field simulation is applied to 
understand the one-step +c  →  −c polarization switching in 
PZT/SRO/STO. Because there is 0.23% compressive strain 
in PZT film deposited on the (001) STO substrate, only 
c-domains are stable (see Figure S7 in the Supporting Infor-
mation), while a-domains are not allowed to appear due to the 
large elastic energy penalty. As a result, just direct one-step 
+c  →  −c switching is possible and the coercive field is large 
according to the normalized polarization/strain versus electric 
field loops in Figure 5a,b.

On the contrary, the a/c multidomain structure greatly 
lowers the potential barrier against 180°  +c  →  −c polariza-
tion switching in DSO/SRO/PZT.[19,39,40] The coercive voltage 
of PZT/SRO/DSO is much smaller, about only ±(3.0–4.0) V 
(Figure  4k,l). Furthermore, the normalized polarization and 
strain versus electric field curves are achieved from our phase-
field simulation.[41,42] The corresponding coercive field of the 

Figure 3.  Domain evolution with increasing force (fast scan along [100]). PFM phase and amplitude images before the mechanical scan a,b), and after 
scanning with 1100 nN c,d), 1300 nN e,f), 1700 nN g,h), and 2800 nN i,j) loaded on the tip.
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PZT film on DSO is only 30% of that on STO (Figure  5a,b), 
which is consistent with the coercive voltages measured by 
PFM discussed above. Figure  5 shows phase-field simulation 
results illustrating evolution of the domain structures during 
polarization switching with respect to the polarization hyster-
esis. The domain evolution shows the +c  → a1/a2 →  −c two-
step polarization switching in detail (Figure  5c,d). Deposited 
on (001) DSO substrates, PZT films are imposed of 0.84% ten-
sile strain along [100] direction and 0.95% tensile strain along 
[010] direction. Therefore, a-domains should be energetically 
favorable than c-domains (see Figure S8 in the Supporting 
Information). However, in our 50 nm thick PZT, the epitaxial 
tensile strain may relax. If the tensile strain is relaxed to ≈0.5%, 
the minimum Gibbs free energy of ±a1-, ±a2- and ±c2-domains 
are close to each other and all of them can coexist.[32] The 
energy barrier of the two-step +c  → a1/a2 →  −c polarization 
switching is much lower than that of the one-step +c  →  −c 
switching, thus the appearance of metastable a-domains lowers 
the effective barrier.[34] Both PFM experiments and phase-field 
simulation prove that the +c  →  −c polarization switching is 
much easier in the a/c multidomain PZT than in the +c single 
domain PZT, thus a1/a2 domains indeed help the nucleation 
of c anti-domain.[34] As a result, the two-step +c → a1/a2 → −c 
polarization switching can be completed with a much smaller 

driving force, facilitating a pure mechanical force switching in 
thicker films.

3. Conclusion

In summary, mechanical c-domain switching has been achieved 
in a/c multidomain PZT films as thick as 50 nm by scanning 
with the tip under an applied load. The mechanical switching 
process is essentially the same as an electric switching by 
scanning with a biased tip, indicating that the strain gradient 
imposed by the tip produces an effective electric field through 
the flexoelectric effect and then drives the ferroelectric domain 
switching. A number of a-domains nucleate and grow in the 
+c-domain matrix. This greatly lowers the switching barrier 
and facilitates a two-step polarization switching of +c  →  −c 
through formation of a metastable intermediate multidomain 
state, making the mechanical switching possible in relatively 
thick films. More interestingly, since a-domains can be created 
at a prescribed position by simply applying either a mechan-
ical force or an electric field through the tip and there are the 
relatively high conductivity in a/c domain walls, this nanoscale 
domain manipulation may find applications in making complex 
nanometer-scale circuitries for future domain wall electronic.

Figure 4.  Polarization switching and domain evolution under external voltage. PFM phase and amplitude images of the PZT/SRO/DSO before a,b), 
and after the tip scanning (fast scan along [010]) with 2.3 V c,d), 2.9 V e,f), 4.0 V g,h), and 6.0 V i,j) bias. k) Phase and l) amplitude versus tip bias 
curves of PZT/SRO/STO and PZR/SRO/DSO.
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4. Experimental Section
Sample Preparation: (001) STO and DSO substrates were etched in 

NH4F-buffered HF solution and annealed at 950 and 1000 °C, respectively, 
in flowing oxygen to achieve TiO2- and ScO2-terminated surface. SRO 
electrodes and PZT films were deposited in sequence on the (pseudo)
cubic (001) surface of the substrate by pulsed laser deposition (Adanano 
Tech.) using a KrF (λ  = 248 nm) excimer laser (Coherent COMPexPro 
205). The laser energy density used was about 1.0 J cm−2 and the O2 
pressure was kept at 0.1 mbar. Deposition temperature was 625 °C for 
SRO and 575 °C for PZT.

Crystal Structure and Properties Characterization: The crystal structures 
of PZT heterostructures were characterized using high-resolution X-ray 
diffraction at BL14B1-XRD beam line (λ  = 0.12398 nm) of Shanghai 
Synchrotron Radiation Facility (China). The surface morphology and 
ferroelectric properties were measured using an Asylum Research 
Cypher scanning probe microscope. Conductive Cr/Pt/Ir-coated tips 
(Nanoworld EFM), with a nominal force constant about 2.8 N m−1 and 
a 30 nm tip radius, were used for the mechanical switching, the electric 
switching, and the PFM measurement. Hysteresis loops were measured 
in the dual a.c. resonance tracking (DART) mode with pulses following 
a triangle profile applied on the tip. The phase and amplitude data were 
acquired with a 0.5 V a.c. bias. Single-frequency PFM mode was used 

for phase and amplitude images. The tip load is 30 nN for conventional 
electric switching and PFM measurements.

Phase-Field Simulations: During the phase-field simulations of 
polarization switching under an electric field or a mechanical load 
applied by the AFM conductive tip, polarization vector Pi  = (P1, P2, 
and P3) was used as the order parameter to describe the ferroelectric 
state in the PZT thin film. The temporal evolution of Pi was calculated 
by minimizing the total Gibbs free energy F via numerically solving the 
time-dependent Landau–Ginzburg–Devonshire (LGD) equation

P x t
t

L F
P x t

ii

i

,
,

1, 2, 3( )( )
( )

∂
∂ = − ∂

∂
= 	 (1)

where x is the spatial position (with x-, y-, z-axes along the [100], [010], 
and [001] Cartesian coordinate directions), t is the time, and L is the 
kinetic coefficient related to the domain wall mobility. The total free 
energy F of the PZT thin film includes the Landau, gradient, elastic, 
electrostatic, and flexoelectric energies. Equation (1) is numerically 
solved using a semi-implicit spectral method based on a 3D geometry 
sample with 128Δx  × 128Δy  × 32Δz size, with Δx  =  Δy  =  Δz  = 1.0 nm. 
The thickness of the film, substrate, and air is 20Δz, 10Δz, and 2Δz, 
respectively. The temperature is T  = 25 °C, and an isotropic relative 

Figure 5.  Polarization switching and domain evolution from phase-field simulations. a) Normalized polarization and b) strain versus electric field loops 
and c) 2D and d) 3D domain patterns in PZT/SRO/DSO, where Ez is the electric field along (001) and E0 is 1.25 × 108 V m−1, and the A-G in (c) and 
(d) correspond to seven points in the switching hysteresis shown in (a).
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dielectric constant is chosen to be 50. The gradient-energy coefficients 
are set to be G11/G110  = 0.6, while G110  = 1.73 × 10−10 m4 N C−2. The 
Landau coefficients, electrostrictive coefficients, and elastic-compliance 
constants are collected from the previous study.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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