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While electric field induced ferroelectric switching has been extensively studied and broadly utilized,

pure mechanical switching via flexoelectric effect has recently opened up an alternative method for

domain writing due to their highly localized, electrically erasable and electric damage free

characteristics. Thus far, few studies have been made on the coupling effect of electro-mechanical

switching in ferroelectric materials, likely due to the experimental difficulty in the accurate definition

of the tip-surface contact area and in the identification of mechanical contribution from electrical

effect. Here, we employed self-consistent phase-field modeling to investigate the bi-polar switching

behavior of (001) oriented Pb(Zr0.2Ti0.8)O3 thin film under concurrent electric and strain field created

via a piezoresponse force microscope probe. By separating the effects from electric field, homogene-

ous strain and strain gradient, we revealed that the homogeneous strain suppresses the spontaneous

polarization and accordingly increases the coercive field, and the strain gradient favors unipolar

switching and inhibit it in the reverse direction, thus causing lateral offset of the hysteresis loop. The

uncertainty of flexoelectric coefficients and the influence of flexocoupling coefficients on switching

have also been discussed. Our study could necessitate further understanding of the electric, piezoelec-

tric, and flexoelectric contribution to the switching behavior in nanoscale ferroelectric oxides. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935977]

The strong coupling between electric polarization and

mechanical strain endows ferroelectric materials’ unique

electromechanical properties, including piezoelectric and

flexoelectric effects. While piezoelectricity describes the lin-

ear dependence of electric polarization (Pi) on the homoge-

neous strain (ejk), flexoelectricity relates the polarization

with the inhomogeneous strain, or the strain gradient

(@ekl=@xj). In the absence of an applied electric field, the

combined piezoelectric and flexoelectric contributions to the

polarization is represented by

Pi ¼ dijkejk þ lijkl

@ekl

@xj
i; j; k; l ¼ 1 � 3ð Þ; (1)

where dijk and lijkl are the piezoelectric and flexoelectric polar-

ization tensors, respectively. Piezoelectric phenomena in ferro-

electric materials have been extensively studied and led to

broad applications in various electronic devices such as sensors

and actuators.1–3 By comparison, flexoelectricity is much less

explored thus far. This is due to the relatively small magnitude

of flexoelectric coefficients (FEC) (lijkl on the order of nC/

m),4,5 making it negligible compared to the piezoelectric effect

in bulk ferroelectrics. However, in nanoscale material systems,

the strain gradient could be enhanced to 108 m�1, and conse-

quently, the flexoelectric effect becomes significant. Since

then, there have been extensive studies5,6 on the symmetry7–9

and magnitude10–12 of flexoelectric coefficient, the effect of

flexoelectricity on domain walls,13–16 domain pattern,17,18 and

polarization rotations,19 and the flexoelectricity-driven domain

switching.20–23 Gruverman et al. introduced large strain gradi-

ent in Pb(Zr0.2Ti0.8)O3 (PZT) thin films by bending the sub-

strates and thereby switched the polarization.24 Strong

flexoelectric effect can also be associated with ferroelectric do-

main walls where the strain remarkably changes across nano-

metric wall thickness, which has been used to explain the fact

that Ising-like 180� domain walls are mixed with Neel and

Bloch polarization components in tetragonal BaTiO3.13,16

Recently, the mechanical tip-induced ferroelectric switching

was observed in ultra-thin BaTiO3 thin film and was ascribed

to the flexoelectric effect, thus providing possibilities of effec-

tive mechanical-driven domain writing in the absence of con-

ventional electric field.20,22,25 In spite of these studies,

nanoscale ferroelectric switching driven by coupled electrical

and mechanical fields, as is the scenario in piezoresponse force

microscopy/spectroscopy (PFM/S),26–30 appear to be less satis-

factorily addressed. This can be due to experimental difficul-

ties, such as the fact that the dead layers that are usually

formed on top of a ferroelectric surface could be readily dam-

aged by large tip loading forces, and the tip-sample contact

areas are ever-changing under different pressure loads; both

effects make it difficult to compare the piezoresponses when

the switching hysteresis loops are measured. The extremely

thin films are unsustainable to large electric fields and could

result in dielectric breakdown. Thus, the film thickness and the

magnitude of pressure load may be critical to ensure both an

observable flexoelectric effect and a sustainable film. Even so,

it is experimentally difficult to distinguish and weigh the con-

tributions of mechanical load and electric field. To unravel the

mechanical/electrical coupling effect to ferroelectric switching

and overcome the experimental limitations, a physics-based

theoretical approach is imperative.

In this work, we employed phase-field modeling31 to an-

alyze the bipolar ferroelectric switching properties of a local

tip-ferroelectric nanojunction,32–35 which approximates the
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geometry found in PFM. We separately studied the effect

of piezoelectricity and flexoelectricity on bias induced

switching in Pb(Zr0.2Ti0.8)O3 thin film with a range of tip

pressure load. We found that the tip load suppresses the

remnant polarization and symmetrically increases the co-

ercive bias and critical voltage of ferroelectric domain

breakdown. The strain gradient from the tip load induces

a unidirectional flexoelectric field regardless of the exter-

nal bias direction and offsets the hysteresis loop. Our

work may provide some understanding on the electrome-

chanical coupled ferroelectric switching processes in the

PFM settings.

In the phase-field simulation, the temporal evolution of

ferroelectric polarization vector is modeled by numerically

solving the time-dependent Landau-Ginzburg-Devonshire

(LGD) equations36

@Pi x; tð Þ
@t

¼ �L
dFtotal

dPi x; tð Þ
; i ¼ 1; 2; 3; (2)

in which Pi is the polarization vector, t is the time, L is the

kinetic coefficient related to the domain movement, and

Ftotal is the total free energy, which can be expressed as

Ftotal ¼
ð
V

½flandðPiÞ þ felasðPi; eklÞ þ felecðPi;EiÞ

þ fgradðrPiÞ þ fflexoðPi; ekl;rPi;reklÞ�dV; (3)

in which ekl and Ei are strain and electric field components.

flandðPiÞ, fgradðrPiÞ, felasðPi; eijÞ, and felecðPi;EiÞ represent the

LGD free energy density, the gradient energy density, the

elastic energy density, and the electrostatic energy density,

respectively. Details of each of the energy density expres-

sions are from literature.37 fflexoðPi; ekl;rPi;reklÞ denotes

the flexoelectric energy density written as38

fflexo Pi; ekl;rPi;reklð Þ ¼ 1

2
fijkl

@Pk

@xl
eij �

@eij

@xl
Pk

� �

¼ 1

2
Fijkl

@Pk

@xl
rij �

@rij

@xl
Pk

� �
; (4)

in which fijkl (unit: V) and Fijkl (unit: Vm2N�1) are the flexo-

coupling coefficient (FCC) tensors. The relations between

fijkl, Fijkl, and lijkl are fijkl ¼ cijmnFmnkl, lijkl ¼ e0vmnfmnkl,

where cijmn is the elastic tensor, e0 is the vacuum

permittivity, and vmn is the susceptibility. The driving

force from the flexoelectric energy density is calculated

through

dfflexo

dPk
¼ @fflexo

@Pk
� @

@xl

@fflexo

@Pk=@xlð Þ ¼ �Fijkl
@rij

@xl
¼ �Ef

k; (5)

where Ef
k is called the flexoelectric field. Since the electro-

static energy driving force is actually the electric field, i.e.,

dfelec=dPk ¼ �Ek, the flexoelectric driving force act as an

additional electric field besides the applied one. For cubic

symmetry, the flexoelectric tensor has three independent

components F1111, F1122, and F1221.7–9 By using the Voigt

notation F11 ¼ F1111, F12 ¼ F1122, and F44 ¼ 2F1221, Eq. (5)

can be expanded as

Ef
1 ¼ F11

@r1

@x1

þ F12

@r2

@x1

þ @r3

@x1

� �
þ F44

@r5

@x3

þ @r6

@x2

� �
;

(6-1)

Ef
2 ¼ F11

@r2

@x2

þ F12

@r3

@x2

þ @r1

@x2

� �
þ F44

@r6

@x1

þ @r4

@x3

� �
;

(6-2)

Ef
3 ¼ F11

@r3

@x3

þ F12

@r1

@x3

þ @r2

@x3

� �
þ F44

@r4

@x2

þ @r5

@x1

� �
:

(6-3)

To model the PZT thin film subject to a PFM probe, we spec-

ify the electric potential as a Lorentz function39 and the

stress distribution as a spherical indenter on top surface

based on the Hertzian model40

/top rð Þ ¼ /0

c2

r2 þ c2
; (7)

rtip
33 rð Þ ¼ � 3p

2pa2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� r2

a2

r
; r � að Þ; (8)

in which /0 is the tip bias, r is the distance from the tip, c is

the half width at half-maximum of applied bias, p is the me-

chanical load, and a is the radius of the contact area.

In our simulation, we established a model with Pb

(Zr0.2Ti0.8)O3 thin film epitaxially grown on SrTiO3 (STO)

substrate. A semi-implicit spectral method41 was employed to

solve the LGD equation with periodical boundary conditions

applied along x and y directions. The top surface of the film is

assumed to be stress free in the absence of tip load. Under the

PFM probe indenter, r33 on the top surface is defined from Eq.

(8). The film is constrained by �1.5% in-plane compressive

strain. The simulation size is discretized into a realistic 3D

mesh of 128Dx� 128Dx� 32Dx, in which Dx is set as 1.0 nm.

The thicknesses of the film and the substrate are assumed to be

25Dx and 5Dx, respectively. The half-width of the PFM probe

and the tip contact radius are set to be c¼ 10 nm and a¼ 5 nm,

respectively. The gradient energy coefficients are set to be

G11=G110 ¼ 0:6 while G110 ¼ 1:73� 10�10C�2m4N.42 The

FEC of lead titanate (PbTiO3) is reported to be in the range of

1.0 nC/m,10 while FEC of Pb(Zr0.2Ti0.8)O3 has not been

reported; therefore, we adopted lij¼ 1.0 nC/m in our simula-

tion. The Landau coefficients, electrostrictive coefficients, and

elastic compliance constants are collected from literature.43–45

The background dielectric permittivity of PZT is on the order

of 5–7.46,47 However, to compare the experimental results with

the real samples, we used background dielectric permittivity of

50, as suggested from literature.48

We started with a 25 nm thick Pb(Zr0.2Ti0.8)O3 consist-

ing of a single tetragonal domain (along þz, P¼Ps

¼þ0.7 C/m2), which resembles the fully upward polarized

PZT. The in-plane compressive strain from the substrate

ensured that only 180� switching is allowed. The force exerted

by the PFM tip at the center of top surface was assumed to be

300 nN. The applied tip bias was swept between �4 and 4 V

while the bottom electrode was grounded. We first considered

the effect of longitudinal flexocoupling coefficients (FCC) by

choosing F11¼ 5� 10�11 Vm2N�1 and F12¼F44¼ 0. This is

because only longitudinal FCC (f11) of PbTiO3 was reported.12

202905-2 Cao et al. Appl. Phys. Lett. 107, 202905 (2015)
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(F11 is recalculated from f11.) The effect of F12 and F44 on

switching will be discussed later. Fig. 1 shows a 2D (x-z plane)

snapshot of the domain structure, stress (r1, r3, and r5), and

field distribution when the bias increases to 1.5 V. A downward

nucleated nanodomain (Fig. 1(a)) and local compressive

stresses (both in-plane and out-of-plane, Figs. 1(b)–1(d)) are

clearly seen beneath the probe. The maximum electric field

(E3) is concentrated under the tip and at the nanodomain apex

(Fig. 1(e)), acting as the driving force of domain switching.

Based on Eq. (6-3), the flexoelectric field (E3
f) is purely

induced by stress gradient (dr3/dx3) when F12¼F44¼ 0. Due

to the large compressive stress under the tip, E3
f is always neg-

ative (along �x3) during switching although E3 is bi-polar.

The flexoelectric field reaches 100 MV/m near surface (Fig.

1(f)), which is in agreement with literature.20 E3
f is comparable

with E3 and close to the coercive field of PZT, implying that

the flexoelectric field could strongly affect the ferroelectric

switching at nanoscale.

To separate the effect of electric bias, tip pressure, and flex-

oelectricity and to identify each of their roles in the switching

process, we compared three typical scenarios: (a) pure electric

switching from tip with no mechanical load, (b) electric switch-

ing under 300 nN probe load without flexoelectric effect (by arti-

ficially setting F11¼ 0), and (c) electric switching under 300 nN

probe load and flexoelectric effect. The tip bias was swept from

0 V� 4 V� 0 V��4 V� 0 V. Fig. 2 illustrates the domain

structures for (a)–(c) under three typical tip biases (2 V, 0 V, and

�2 V) during switching. In all three cases, the downward/upward

nanodomain nucleated beneath the PFM tip, continued to grow

in a cone-like morphology, reached the bottom surface (so-called

ferroelectric domain breakdown), and eventually widened into a

cylindrical domain. The switching processes are symmetric for

both (a) and (b). However, the compressive stress from 300 nN

tip load suppressed the dipole moment and the spontaneous

polarization, resulting in a reduced nucleated domain size (b1,

b3) and slower switching process compared to scenario (a1, a3).

On the contrary, it is clearly seen that the flexoelectric effect

remarkably accelerated the forward switching (c1) and inhib-

ited the reverse switching (c3), due to the unidirectional flexo-

electric field, which either superimposes or counteracts the

applied electric field. Our phase-field simulations on the ferro-

electric switching behavior agree with thermodynamic analysis

on the total free energy profile modified by different energy

contributions.20,22 The symmetric double well energy profile in

the absence of external stress and electric field is asymmetri-

cally changed by the flexoelectric field induced by the inhomo-

geneous strain, and thus favoring the unidirectional switching

(Fig. 2(c)). On the other hand, the homogeneous strain modi-

fies the free energy profile symmetrically, so that the forward

and backward switchings are equivalent.

We thus performed a series of simulations with different

PFM tip loads from p¼ 100 to 500 nN, with flexoelectric

effect on and off. The polarization-voltage (P-V) hysteresis

loops are compared in Figs. 3(a) and 3(b), and the depend-

ence of coercive biases and remanent polarizations (Pr) on

tip pressures are shown in Figs. 3(c) and 3(d). The polariza-

tion is calculated as an average of a 10� 10� 10 nm3 local

volume beneath the tip which approximates the effective

region from which the PFM response is obtained. From Fig.

3(a), the P-V loops transform from a classic square shape of

hard PZT to much narrower shape mostly seen in soft PZT

FIG. 1. 2D plot (x-z plane) of (a) ferroelectric polarization component (Pz),

(b)–(d) stress distribution (r1, r3, and r5), (e) electric field component (E3),

and (f) flexoelectric field component (Ef
3) in (001) oriented single domain

Pb(Zr0.2Ti0.8)O3 thin film subject to 300 nN mechanical load and 1.5 V bias

from a PFM probe.

FIG. 2. (a) Comparison of ferroelectric

switching behaviors in three typical

scenarios: (a) pure electric switching

from tip with no mechanical load, (b)

electric switching under 300 nN probe

load but no flexoelectric effect, and (c)

electric switching with 300 nN probe

load and flexoelectric effect.
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when the tip load increases. The remanent polarization sig-

nificantly reduces by �50% from p¼ 0 to p¼ 500 nN, and

the coercive bias slightly increases with increasing tip pres-

sures, indicating that the switching becomes more difficult

under large compressive strain exerted by the tip load. The

hysteresis loops are symmetric, i.e., the absolute values of

positive and negative coercive biases (Vc(þ), Vc(–)) and

remanent polarizations (Pr(þ), Pr(–)) are almost equal at the

given tip load (black and red lines in (c) and (d)) because the

piezoelectric effect is of inversion symmetry. On the other

hand, the flexoelectric field (along �x3) laterally shifts the

hysteresis loops along –V (Fig. 3(b)), i.e., a smaller external

bias is needed for the forward switching (green line in (c))

and a larger external bias for reversing switching (blue line

in (c)) compared to those without flexoelectric effect, which

agrees with Fig. 2(c). This flexo-induced hysteresis loop off-

set also causes smaller Pr(þ) (green line in (d)) and larger

negative Pr(–) (blue line in (d)) at each pressure load. The

flexoelectric effect is enhanced at larger tip pressure (p), as

Vc(þ)/Vc(–) continues to decrease/increase with increasing p
(Fig. 3(c)). Notably, the loop collapse is much larger than

the loop shift (Figs. 3(a) and 3(b)), indicating that the piezo-

electricity influences the switching more profoundly than the

flexoelectricity at relatively small pressure loads. To decou-

ple the piezoelectric effect on switching, we define the coer-

cive bias shift and remanent polarization offset by

DVc ¼ ½jVf
cðþÞ � VcðþÞj þ jVf

cð�Þ � Vcð�Þj�=2; (9)

DPr ¼ ½jPf
rðþÞ � PrðþÞj þ jPf

rð�Þ � Prð�Þj�=2; (10)

where those with subscripts f denote the flexoelectric effect

considered. It is found that DVc reaches 0.45 V, which is more

than 30% of Vc at p¼ 500 nN. And DPr suddenly increases at

p¼ 300 nN, a pressure value at which flexoelectric effect is

possibly enhanced. Both DVc and DPr increase with tip

load (pink lines in Figs. 3(c) and 3(d)) as flexoelectric field

increases with PFM tip pressure.

It should be noted that there exist large discrepancies

in FECs of perovskite oxides between experimental

measurement (�101–102lC/m)49–52 and theoretical calcula-

tion (�100–101 nC/m).10,53 This difference could arise since

FECs are measured at a high temperature in experiment and

at 0 K in DFT calculation. Experimentally measured large

flexoelectric coefficients can have other contributions, such

as breaking of macroscopic centric symmetry in paraelectric

phases.54 This difference becomes much smaller for FCCs

(in the range of 101–102V) since FECs scale with susceptibility

v, which is much larger in experimental measurement

than in the DFT calculation.12 Therefore, the less tempera-

ture dependent FCCs can be considered fundamental proper-

ties of material. Furthermore, the calculated FCC values for

different perovskites are mostly within one order of magni-

tude (e.g.: f11� [10V, 20 V] for BaTiO3, PbTiO3, and

SrTiO3
11 and f11¼ 5 V for Ba0.5Sr0.5TiO3

53). Therefore, in

this work, we choose flexocoupling coefficient fij� 10 V

(Fij� 10�11 Vm2N�1) based on DFT calculations. We fur-

ther studied the dependence of critical bias of ferroelectric

domain breakdown (FDB) on FCCs under 300 nN tip pres-

sure, as shown in Fig. 4. Since the domain nucleation and

switching are mainly driven by the out-of-plane field

FIG. 3. Polarization-voltage (P-V) hys-

teresis loops under different tip pres-

sures (a) without flexoelectric effect

and (b) with flexoelectric effect.

(P0¼ 0.7 C/m2, Pz is calculated as an

average in a 10� 10� 10 nm3 region

beneath the tip.) (c) Dependence of

forward/reverse coercive bias (Vc(þ)/

Vc(–)) and bias shift (DVc) on the me-

chanical load pressure (p). (d)

Dependence of remanent polarizations

(Pr) and their offset (DPr) on the me-

chanical load pressure in reduced unit.

FIG. 4. Dependence of critical bias of ferroelectric domain breakdown on the

longitudinal (F11), transverse (F12), and shear (F44) flexocoupling coefficients.

(When varying one flexocoupling coefficient, the other two are kept to be zero.)
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component (E3 and E3
f), and the stress gradient @r1=@x3 and

@r3=@x3 are negative from stress distribution (Figs.

1(b)–1(d)), based on Eq. (6-3), positive F11 and F12 result in

downward (negative) flexoelectric fields that reduce the

critical bias of FDB. On the other hand, @r5=@x1 is positive,

so that negative F44 would reduce the FDB critical bias.

The FDB critical bias decreases �20% at F11¼ 5

� 10�11 Vm2N�1, and �7% at F44¼�4� 10�11 Vm2N�1

compared to that of no flexoelectric effect. This difference is

attributed to the larger stress gradient of @r3=@x3 compared to

@r5=@x1. Our results indicate that the longitudinal FCC (F11)

and transverse FCC (F12) predominantly influence the FDB than

the shear FCC (F44) in tip-surface ferroelectric nanojunctions.

In summary, we have implemented phase-field modeling

to isolate the otherwise coupled piezoelectric and flexoelec-

tric effects on the bipolar electro-mechanical switching in

Pb(Zr0.2Ti0.8)O3 thin film. It is revealed that the PFM probe

induced mechanical strain symmetrically modifies the rem-

nant polarization, coercive field, and shape of the hysteresis

loops, and thus, no specific switching polarity is favored. On

the other hand, the unipolar flexoelectricity due to the strain

gradient from the tip pressure favors unidirectional switching

and results in lateral offset of the P–V hysteresis loop. This

flexoelectric effect is further enhanced at a large tip pressure.

Finally, the longitudinal and transverse flexocoupling coeffi-

cients are found to influence the domain switching and ferro-

electric breakdown more significantly than shear coefficients

in the tip-surface ferroelectric nanojunctions.
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