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Ferroelectric polarization can be switched by an external applied electric field and may also be reversed by a mechanical force
via flexoelectricity from the strain gradient. In this study, we report the mechanical writing of an epitaxial BiFeO3 (BFO) thin
film and the combined action of an applied mechanical force and electric field on domain switching, where the mechanical force
and electric field are applied using the tip of atomic force microscopy. When the applied force exceeds the threshold value, the
upward polarization of the BFO thin film can be reversed by pure mechanical force via flexoelectricity; when an electric field is
simultaneously applied, the mechanical force can reduce the coercive electric field because both the piezoelectricity from the
homogeneous strain and the flexoelectricity from strain gradient contribute to the internal electric field in the film. The
mechanically switched domains exhibit a slightly lower surface potential when compared with that exhibited by the electrically
switched domains due to no charge injection in the mechanical method. Furthermore, both the mechanically and electrically
switched domains exhibit a tunneling electroresistance in the BFO ferroelectric tunnel junction.

BFO, flexoelectricity, mechanical writing, ferroelectric domain reversal
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1 Introduction

Conventional piezoelectricity describes the coupling be-
tween the electric polarization and the strain existing only in
non-centrosymmetric materials, whereas flexoelectricity
describes the coupling between the electric polarization and
the strain gradient in all the insulators. In 1964, Kogan [1]
theoretically predicted the flexoelectric effect; Bursian and
Zaikovskii [2] experimentally confirmed it four years later,

and this effect was introduced as flexoelectricity by In-
denbom et al. [3] in 1981. However, when compared with the
extensively researched phenomena of piezoelectricity and
ferroelectricity [4,5], flexoelectricity has been much less
thoroughly investigated because the flexoelectric effect was
negligibly weak in the solid bulk materials. Therefore, re-
searchers have diverted their attention to flexoelectricity in
thin films, where huge strain gradients (6-7 orders of mag-
nitude larger than those in the corresponding bulk materials)
[6,7] have been induced through controlled film growth in
recent years [8-10]. More interestingly, ferroelectric mate-
rials exhibit large flexoelectric coefficients, which make the
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induced flexoelectricity sufficiently strong to interact with
the as-grown ferroelectric polarization [11].
In ferroelectrics, if the external electric, piezoelectric, and

flexoelectric contributions are considered, the polarization
response (Pi) can be written as [12,13]:

P E e u µ u
x= + + , (1)i ij j ijk jk ijk l

k l

j
0

where the three terms on the right-hand side refer to the
dielectric response, piezoelectric response, and flexoelectric
response, respectively, ε0 denotes the vacuum permittivity, χ
denotes the dielectric susceptibility, E denotes the electric
field strength, u denotes the strain, e denotes the piezoelectric
polarization coefficient, and μ denotes the flexoelectric po-
larization coefficient. This equation indicates that the po-
larization in ferroelectrics varies with the strain and the strain
gradient induced by an applied force.
With advances in thin-film fabrication methods, the in-

ternally-induced flexoelectric effect has been explored to
influence the as-grown polarization by intrinsic factors such
as the oxygen vacancy [7], deposition temperature [14], and
lattice mismatch with substrates [15]. However, an exogen-
ous flexoelectric effect could be more valuable, and re-
searchers have explored mechanical polarization switching
by pressing an atomic force microscope tip onto ferroelectric
thin films such as BaTiO3 [16,17] and PbZr0.2Ti0.8O3 (PZT)
[18]. However, the mechanical writing on the multiferroic
BiFeO3 (BFO) thin films has seldom been reported [19,20]
because of its relatively high coercive field. The BFO thin
films simultaneously show strong ferroelectric and weak
magnetic properties at room temperature [21,22]; thus, we
obtain promising functional features, enabling their use in
switchable diodes [23-25] and ferroelectric tunnel junctions
[26,27], as well as interesting photovoltaic effects [28-30]
and magnetoelectric effects [31].
In general, the homogeneous applied stress can vary the

polarization of materials via the piezoelectric effect or fer-
roelastic domain switching [32,33]. In this study, the me-
chanical switching of the ferroelectric polarization in a BFO
epitaxial thin film was investigated using the tip of an atomic
force microscope, which can induce large strain and strain
gradient in the thin film. Additionally, the combined action
of an applied mechanical force and applied electric field on
the domain switching was explored.

2 Experimental details

A 10 nm-thick BFO thin film was grown on La0.67Sr0.33MnO3

(LSMO)-coated 001-oriented SrTiO3 (STO) single crystal
substrates using a laser molecular beam epitaxy system. The
STO substrates were etched with buffered hydrofluoric acid
(HF) to eliminate the SrO layer and obtain a surface termi-
nated only with TiO2 [34]. Before the deposition of the BFO

thin film, a 20 nm-thick LSMO layer was grown on the STO
substrates as a bottom electrode for the subsequent electric
characterizations. Thin films were grown using an XeCl
excimer laser with a wavelength of 308 nm, an energy den-
sity of approximately 1.5 J/cm2, and a repetition rate of 2 Hz.
During growth, the substrate was maintained at 640°C for
BFO and at 800°C for LSMO; further, the oxygen pressure in
the chamber was maintained at 15 Pa.
Piezoreponse force microscope (PFM) and scanning Kel-

vin probe force microscope (SKPFM) were conducted using
a commercial atomic force microscope (MFP-3D, Asylum
Research) equipped with a Ti/Ir-coated Si tip with a radius of
25 nm and a spring constant of 42 kN/m. Conductive atomic
force microscope (C-AFM) was performed using a Pt/Ir-
coated Si tip; the voltage was applied to the bottom electrode
for C-AFM mode. More details of the growth methods and
the characterization of the basic properties are available
elsewhere [35].

3 Results and discussion

The high crystallinity of the (00l) epitaxial BFO/LSMO/STO
thin film without any impurity phase was verified by X-ray
diffraction patterns (not shown here). PFM was used for
mechanical writing and electrical writing and for character-
izing the ferroelectric domains. Because of the extremely
sharp tips, a huge strain and strain gradient can be created in
the thin films by pressing the sharp tip against the sample
surface. The typical tip force in the PFM contact mode was
approximately 50 nN to ensure good contact between the tip
and the sample surface. In conventional electrical writing, a
positive or negative voltage that was greater than the coer-
cive voltage was applied to the sample via the AFM tip to
reverse the polarization, whereas in mechanical writing, a
much greater force is loaded onto the tip to mechanically
press against the sample in the absence of an applied voltage.
The mechanically induced strain gradient coupling with the
polarization via the flexoelectric effect can effectively
modulate the intrinsic polarization.
Figure 1(a) depicts the mechanical polarization switching

process with the application of a gradually increasing me-
chanical force to the as-grown upward-polarized BFO thin
film (here, “upward” refers to the polarization direction
pointing from the substrate to the surface (denoted as ⊙),
whereas “downward” refers to the polarization from the
surface to the substrate (denoted as ⊗)). When the force
reaches 2000 nN, a reversed domain can be observed, and all
the domains are switched to the downward state with in-
creasing force when the force is greater than 3000 nN.
Therefore, the threshold of the mechanical force for me-
chanical writing of the BFO thin film is approximately
2000 nN, and an AFM tip loaded with force greater than
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2000 nN can effectively reverse the ferroelectric domain
from upward to downward. To probe the combined effects of
the electrical and mechanical methods, an electrical voltage
and mechanical force were simultaneously applied to the
film. As illustrated in Figure 1(b), the electric coercive vol-
tage decreases with increasing applied mechanical force and
vice versa, confirming the combined effect of the mechanical
force and electric field to switch the polarization from up-
ward to downward.
To further investigate the effect of the mechanical force on

the coercive voltage, we recorded the PFM switching loops
of the thin film when an additional mechanical force was
simultaneously applied. Figure 2 depicts the phase and am-
plitude loops acquired under various mechanical forces
ranging from 0 to 1000 nN. The square phase hysteresis loop
switching is approximately 180°, which illustrates complete
bipolar reversal. The phase loop measured at zero additional
mechanical force is shifted slightly toward the positive vol-
tage side, indicating an upward built-in electric field, which
is consistent with the as-grown upward polarization states of
the BFO thin films. Furthermore, the positive coercive vol-
tage decreases with the increasing mechanical force, whereas
the negative coercive voltage does not obviously change.
Here, the positive switching represents the reversal of the
polarization from the upward to the downward direction and
the negative switching represents the reversal from down-
ward to upward. The decreased positive coercive voltage,
which is accompanied by an increase in the applied force,
indicates that the observed positive switching can be attrib-
uted to the combined effect of the applied electric field and
the mechanical force. The strain and the strain gradient in the
thin film originating from the mechanical force applied by an
AFM tip are likely to contribute to polarization switching via
the piezoelectric effect and the flexoelectric effect, respec-
tively, and the pressure stress may also contribute to polar-
ization reversal through the ferroelastic domain switching
[36].
Here, we focus on the internal electric field variation in-

duced by the flexoelectric and piezoelectric effects. The
flexoelectric field, which refers to the internal electric field
caused by the flexoelectric effect, can be estimated according
to the following equation [7,14,16,37-40]:

E q
a

u
x= , (2)

j

jk

i
flexo 0

where λ, q, ε0, and a denote the scaling factor, electronic
charge, vacuum permittivity, and lattice constant, respec-
tively. For perovskite oxides, the value of λ is in the order of
100 or 101  [11,14]; we used λ=5 for the BFO thin film. For a
pressure of approximately 2 GPa (4000 nN applied by an
AFM tip with a radius of 25 nm) applied to the sample and
for an elastic modulus of BFO of approximately 200 GPa
[41,42], we assume that the induced strain (1%) relaxes
within 10 nm, so the strain gradient is ~106 m−1. Thus, the
flexoelectric field can be estimated as 2.3 MV/cm, which is
comparable to the coercive field of the BFO thin films.
The piezoelectric field, which represents the electric field

caused by the piezoelectric effect, can be approximately
estimated by

E u d= , (3)piezo 3 33
1

where the maximum strain u3 is assumed to be 1% and d33 is
the longitudinal inverse piezoelectric coefficient. The d33 of
the BFO film, as obtained from the amplitude loops (re-
corded at frequency away from resonance), is approximately
50 pm/V, in agreement with the previously reported values
[43]. As a result, the piezoelectric field can reach 2 MV/cm,
indicating that the piezoelectric effect can make contribution
in the polarization reversal process, and that the internal
electric field arising from the piezoelectricity should also be
taken into account to explain the observed asymmetric shift
of the coercive field denoted in Figure 2.
Notably, although the piezoelectric effect cannot in-

dependently switch the polarization, the piezoelectric field
certainly plays a role in the polarization switching process,
especially in our ultrathin film. Therefore, both the piezo-

Figure 1 (Color online) PFM phase images of domain reversal by increasing the mechanical force from 0 to 5000 nN in increments of 1000 nN (a) and
simultaneously increasing the force from 0 to 2000 nN and increasing the electric voltage from 0 to 3 V (b).
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electricity from the homogenous strain and the flexoelec-
tricity from the strain gradient contribute to the internal
electric field in the film; in addition, in the mechanical
writing process, the piezoelectric effect can assist or resist
the flexoelectric effect in ferroelectric polarization reversal.
The polarization direction induced by the flexoelectric effect
remains the same as the direction of the strain gradient; thus,
the flexoelectric polarization always points from the surface
of the film toward the substrate. In contrast, the piezoelectric
coefficient has opposite signs for different polarization states
[44], indicating that the piezoelectric field has different di-
rections depending on the domain orientation. Thus, the
piezoelectric effect positively contributes to both the positive
switching and the negative switching. This view is consistent
with the experimental results of Zhou et al. [45], who re-
ported a reduction in the positive and negative coercive fields
with increasing compressive stress in the PZT piezoceramic
materials. However, the flexoelectric effect from the strain
gradient induced by the tip press can only result in downward
polarization. Consequently, for upward-polarized domains,
the coaction of the flexoelectric effect and piezoelectric ef-
fect leads to a decrease in the positive coercive voltage.
Because the flexoelectric field and piezoelectric field are of
the same order of magnitude, their contributions to the po-
sitive switching in our samples are likely to be similar. Thus,
the positive coercive voltages decrease gradually with the
combination of flexoelectric and piezoelectric effects under
increasing applied mechanical force. However, the flexo-
electric effect and the piezoelectric effect have almost
completely opposite contributions and counteract each other
for negative switching; thus, no obvious shift can be ob-
served in the negative coercive voltage, as depicted in
Figure 2.
Figure 1(b) clearly denotes that the coercive voltage for

electrical switching decreases with increasing mechanical
force, confirming the equivalent effect of the electrically and
mechanically downward polarization switching. The elec-
trical reversibility of the mechanically written domain was
also confirmed by successive mechanical and electrical
writings in the same area. The electrical writing with a ne-

gative voltage on the tip effectively reversed the mechani-
cally poled downward polarization to the upward state,
whereas the positive voltage favored downward polarization.
The mechanical force also switched the upward domain
poled by electrical voltage to the downward state and had no
effect on the downward domain. The mechanical and elec-
trical writings were repeated and reversed, confirming that
the mechanical writing method was effective and non-
destructive in case of thin films. Notably, mechanical writing
can also be achieved using an insulating tip, which further
demonstrates the contribution of mechanical force in the
absence of an external electric effect.
To compare the mechanical and electrical methods, we

switched the ferroelectric polarization of two adjacent areas
on the BFO thin film from upward to downward by applying
mechanical force and electrical voltage, respectively. Me-
chanical writing was performed with an AFM tip loaded with
4000 nN and zero voltage, whereas +6 V was applied to the
tip to conduct the electrical switching. The subsequent PFM
measurement (Figure 3(b)) indicates that both the mechan-
ical writing area marked with a red rectangle and the elec-
trical writing area marked with a blue rectangle denote
reversed downward polarization, demonstrating complete
domain switching from upward to downward orientation in
the BFO thin films by the application of the mechanical force
and electrical voltage, respectively. The domains poled by
mechanical and electrical methods have very similar PFM
results, both of which have achieved reversal to downward
polarization states. Thus, the effect of mechanical force to
switch the polarization to downward states is equivalent to
that of the external electrical field. To analyze the surface
potential of the domains poled by the mechanical force and
electric fields, the SKPFM [46] was used to detect the po-
tential difference between the sample surfaces and the con-
ductive tip, representing the charge distribution on the
sample surface. Figure 3(c) and (d) denotes that the down-
ward-switched domains exhibit a higher potential than that
exhibited by the as-grown area and that the potential of the
mechanically written domain is lower than that of the elec-
trically switched domain. The high surface potential in-

Figure 2 (Color online) The PFM switching loops of the BFO thin film recorded at frequency away from resonance under different mechanical forces. (a)
Phase hysteresis loops; (b) amplitude butterfly loops.
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dicates strong positive screen charges, and the surface po-
tential is related to the remnant polarization and screen
charges on the ferroelectric surface [46]. For the as-grown
upward domains, the screen charges to neutralize the polar-
ization charges mainly arise from the internal and ambient
charges. During the polarization switching from upward to
downward under an applied positive voltage, positive char-
ges are over-injected from the conductive tip to accumulate
on the surface. A portion of the injected charges screen the
remnant polarization charges, and the other injected charges
at the surface may be reduced with time by the recombina-
tion of the surface or ambient movable charges [47,48]. In
this case, the injected positive charges on the electrically
switched downward domain cause an increase in the surface
potential. However, the surface charge of the mechanically
switched domains only comprises internal charges and ad-
sorbed ambient charges, which makes the surface potential
slightly lower than that of the electrically switched domains.
This result provides a new insight into the screen-charge
formation mechanism during the ferroelectric polarization
switching process.
Figure 4 demonstrates the ferroelectric tunneling electro-

resistance of the aforementioned mechanically and elec-
trically poled downward domains and the as-grown upward
domains of the BFO thin film by C-AFM. The current map
obtained at a reading voltage of +1.5 V on the bottom elec-
trode clearly shows that the downward-polarized domains
exhibit higher conductivity than that exhibited by the as-
grown upward domains, which is caused by a decrease in the
average potential barrier height and thickness [27,49,50].
The top and bottom electrodes have different screening
lengths, which lead to the asymmetry of the electrostatic

potential profile for opposite polarization directions. As
shown in Figure 4(d), for the as-grown upward-polarized
state, the potential at the BFO/LSMO interface is higher than
that at the Pt/BFO interface, and the positive screening
charges will aggregate at the bottom interface. Conversely, as
the polarization reverses, the potential will increase at the top
interface and decrease at the bottom interface, accompanied
by the accumulation of negative screening charge at the
bottom electrode. The LSMO bottom electrode has a larger
screening length than that of Pt; thus, the decrease in the
barrier height at the bottom interface is greater than the in-
crease in the barrier height at the top interface when the
polarization is switched from upward to downward. There-
fore, the average barrier height decreases. In addition, the
effective barrier thickness can also be adjusted by polariza-
tion switching. When polarization points downward, the
negative screening charge in the bottom electrode bends the
conduction band downward, reducing the barrier height.
However, for upward polarization, the positive screening
charge bends the band up, exceeding the Fermi energy and
forming a space charge region in the bottom electrode which
increases the effective barrier thickness. Furthermore, we
observed similar conductance for the mechanically poled and
electrically poled domains, which differs from the report of
Lu et al. [17], who reported that the conductance of the
mechanically poled domain was markedly larger than that of
the electrically poled one in a BaTiO3 thin film, which can be
attributed to a lower screening charge density for the me-
chanically written domain. However, in our case of BiFeO3

thin films, the SKPFM results denote comparable screening
charges for the mechanically and electrically written do-
mains, resulting in their similar electroresistance values.

Figure 3 (Color online) The PFM and SKPFM images of the mechanically and electrically written domain. (a) Surface topography; (b) PFM phase; (c)
SKPFM images; and (d) section profile across the SKPFM images. The size of the images is 4 μm×2 μm (the red rectangle denotes the mechanically written
domain, whereas the blue one denotes the electrically written domain).
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4 Conclusions

In summary, we realized polarization reversal in the BFO
epitaxial thin films with the mechanical force applied by the
AFM tips in the absence of an applied external electric field
via the flexoelectric effect. The involved flexoelectric and
piezoelectric effects were quantitatively analyzed, and the
combined action of an applied mechanical force and electric
field on domain switching was clarified. The mechanically
poled domains could also be reversed by an electric field,
confirming the effectiveness of the mechanical writing
method. Because of the lack of over-injected electrical
charge, the mechanical writing domain exhibited a slightly
lower surface potential when compared with that exhibited
by the electrically poled domain, which lead to them ex-
hibiting similar conductance values in the BiFeO3 thin films.
In addition, the flexoelectric effect is not exclusive to fer-
roelectrics; it exists in all the dielectric materials, indicating
its extensive potential research value.
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