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Enhanced direct flexoelectricity has been observed in paraelectric phase of Ba(Ti0.87Sn0.13)O3

ceramics by using a quasi-static cantilever beam system. The transverse flexoelectric coefficient

was found to be about 53 lC/m near the Curie temperature. Temperature-dependence of the

transverse flexoelectric coefficient was studied, exhibiting a nonlinear relationship with dielectric

constant. VC 2013 AIP Publishing LLC [http://dx.doi.org/10.1063/1.4802450]

Recently, flexoelectric effect based on inhomogeneous

electrical fields or mechanical strains has attracted consider-

able interests due to its potential sensing applications.1–3 The

direct flexoelectric effect is characterized by a fourth rank

tensor, referred as direct flexoelectric coefficient, which

relates the electric polarization vector to the strain gradient

tensor.4,5 For dielectric materials, flexoelectricity could be

found in all 32 point groups, in principle, which greatly

enhance the possibility of finding attractive sensing/actuating

solid materials without symmetry restriction.6 Although the-

oretical studies, focusing on the flexoelectric origin,5,7,8

mechanism,9–13 and classification14 (bulk/surface effect) of

such a coupling effect, have been significantly developed in

recent years, experimental studies are rather limited, espe-

cially in bulk dielectrics.15,16

As suggested by Tagantsev,4 the theoretical estimation

of flexoelectric coefficient l is proportional to the dielectric

susceptibility v, as follows:

l � cv
q

a
; (1)

where c is a constant value close to unity, q is the electron

charge, and a is the unit cell dimension. The ratio of q/a is

on the order of 10�10 C/m, which is a rather weak signal to

be detected experimentally.1 Ferroelectric materials are good

candidates for flexoelectric effect study due to their high per-

mittivity as high as few tens of thousand in the vicinity of

the Curie temperature (TC). Ma and Cross have systemati-

cally investigated the flexoelectric effects in various perov-

skites ferroelectric ceramics, such as lead magnesium

niobate (PMN),17,18 barium strontium titanate (BST),19 lead

zirconate titanate (PZT),20 barium titanate (BT)21 through

dynamic and static measurements. Different from Pb-based

systems, Ba-based perovskites show much higher perform-

ance in their paraelectric phase.16

In the work of Ma and Cross,17 l12 is used to describe

the transverse flexoelectric effect, however, such a l12,

defined as one component of a 6� 6 matrix, cannot properly

express the relation between induced polarization and

applied strain gradient. In sense of physics, the polarization

(the subscript i) is an electrical quantity, which is not com-

mutative with the gradient axis (the subscript l), so taking

the subscript l and i as a whole to describe the effect may

conflict with its physical implication. In principle, the four

subscripts i; j; k; l of flexoelectric coefficients have 54 differ-

ent combinations. Therefore, the direct flexoelectric coeffi-

cients are preferred to be rewritten in a 3� 18 matrix form

rather than 6� 6 matrix form, different with electrostriction

coefficients and stiffness/compliance matrixes.6 Let

@Sjk

@xl
¼ ejkl ¼ en ðn ¼ 1� 18Þ: (2)

The detailed definition of en can be found in Eq. (10) of

Ref. 6. Hereafter, l14 is used to describe the transverse flexo-

electric effect through the following equation:

P3 ¼ l3113

@S11

@x3

¼ l14

@S11

@x3

: (3)

Precisely, the contribution induced by the strain gradient

S22 and S33 along x3 direction should be considered for trans-

verse mode, even though these values are relatively small

compared to the strain gradient S11 along x3 direction. Thus,

the measured transverse flexoelectric coefficient, in princi-

pal, should be given by

P3 ¼ l11

@S33

@x3

þ l14

@S11

@x3

þ @S22

@x3

� �

¼ al11 þ ð1þ aÞl14½ � @S11

@x3

¼ leff

@S11

@x3

: (4)

Here, leff is the effective transverse coefficient and a is the

Poisson ratio in isotropic crystals. The previous experimental

results17–21 on the bending beam mode should be associated

with coefficient leff .

The maximum leff (100 lC/m) was observed in

(Ba0.67Sr0.33)TiO3 (BST33) ceramic at its paraelectric state

(23 �C, 2 �C above its TC).19 The reason of this extraordinary

enhancement is not clear yet. It is not simply due to high per-

mittivity since Pb-based perovskites exhibit much lower leff

in spite of their high permittivity (20 000).20 The aim of the

present work is to identify the flexoelectric properties in

Ba(Ti,Sn)O3 (BTS) ceramics, where the permittivity can be

high at room temperature with a proper Ti/Sn ratio.23
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BTS ceramic was synthesized by a conventional solid

state process, as described in Ref. 22. The ceramic samples

with nominal composition Ba(Ti0.87Sn0.13)O3 were labeled

as BTS13. Pure perovskite structure was identified by x-ray

diffraction for both calcinated and sintered bodies. Dense

samples (relative density of 97%) were cut into bars

(40� 6� 1:5 mm3) to fulfill the prerequisite for using the

cantilever beam configuration at quasi-static condition,

where the measuring frequency is far below the resonant

frequency of the cantilever beam.

The framework of our leff measurement is similar to that

of Ma and Cross.16,17 The driving force generated by a loud-

speaker (RH-603, DERVEL) was controlled by a power am-

plifier (HSA 4014, NF) and the output signals were collected

by a lock-in amplifier (7280, SR). The strain gradient was cal-

culated from the deflection of the ceramic samples, which was

determined by a noncontact optical sensor (MTI2000, MTI).

Rectangular top and bottom electrodes (area A¼ 20 mm2)

were brushed at the center of the ceramic bar (x1=l ¼ 0:5). In

our system, the ceramic sample was clamped rigidly by screw.

The link between the ceramic bar and the loudspeaker is a

rigid arm. In order to eliminate the polarization contribution

induced by temperature gradient (inhomogeneous pyroelectric

effect), at each measuring temperature, 10 min duration was

kept before every measurement.

Then the same BTS13 bar was used to evaluate the sys-

tem noise level. In order to exclude the signal induced by

bending through the direct flexoelectric effect, the signal was

collected without bending the BTS13 bar. In this case, the

main signal comes from the system noise current. As shown

in Fig. 1, both the noise current i and the equivalent induced

polarization P ¼ i=xA are shown as a function of frequency.

The test frequency in the previous work17 was set as 1 Hz to

fulfill the quasi-static condition, in which the strain gradient

calculation is only suitable and accurate. The equivalent

noise polarization decreases rapidly with frequency, a higher

measurement frequency could eliminate such kind noise con-

tribution to the signal. A dummy Al2O3 bar with the same

geometrical dimensions was further used to verify the test

reliability. In this measurement, we applied a strain gradient

to the sample through the loudspeaker and detected the sig-

nals from it. A frequency-independent noise current with a

level of �0.01 nA was observed. Since in this dummy sam-

ple, the flexoelectric effect, i.e., coupling effect between the

polarization and strain gradient is very weak. Only the me-

chanical vibration, which was introduced into measurement

system by the loudspeaker, is the main source of the noise

current and cannot be absolutely eliminated through the elec-

tromagnetic shielding. Fortunately, the signals detected in

BTS13 under bending condition at 30 Hz possess a much

higher level output (typically about 1 nA), which is two

orders of magnitude higher than the noise level (�0.01 nA).

These factors ensure the test reliability of our measurement.

The strain gradient is calculated by quasi-static mechan-

ical vibration of cantilever beam. Based on a typical neutral

plane assumption,17 the transverse strain gradient along

thickness direction can be written as

@S11

@x3

¼ � @
2Wðx1Þ
@x2

1

; (5)

where Wðx1Þ is the vertical displacement in point x1 of the

beam. The mathematical solution of Wðx1Þ is a superposition

of different deformation modes. Each mode shape can be

expressed as

Wrðx1Þ ¼ Ar½ðsinbrl� sinhbrlÞðsinbrx1� sinhbrx1Þ
þ ðcosbrl� coshbrlÞðcosbrx1� coshbrx1Þ�; (6)

where Ar ¼ C1=ðsinbrl� sinhbrlÞ; r ¼ 1; 2; :::. C1 was deter-

mined from the deflection at the electrode position.16 In

order to simply the calculation, normally we only consider

the basic harmonic mode (n ¼ 1). For this mode,

b1l¼ 1.875. Then the resonant frequency f1 is expressed as

f1 ¼
ck

2pl2
ðblÞ2; (7)

where l¼ 40 mm, k2 ¼ h2=12 (h is the thickness of the beam

and¼ 1.5 mm), and wave velocity c is about 3000 m/s. We

found that f1 � 600 Hz. The testing frequency of 30 Hz is far

below the resonance frequency, therefore, the quasi-static

condition is hold for our measurement.

Weak-field permittivity e0 (e0 ¼ v� 1) and loss tangent

(tand ¼ e00=e0) as a function of temperature for BTS13 at

different frequencies (1, 10, 100, 1000 kHz) are present in

Fig. 2. A non-shifting, slightly frequency dispersive dielec-

tric peak (20 �C) indicates non-relaxor ferroelectric behav-

ior24 and the absence of local spontaneous polarization

above Curie temperature. The peak value of the permittivity

of BTS13 at 1 kHz is about 15 000, a bit lower than that of

BST33 (18 000).19

As shown in Fig. 3, there are highly correlated linear

relationships between the induced flexoelectric polarization

and the strain gradient for BTS13 in the paraelectric temper-

ature range from 24 �C to 43 �C. Flexoelectric coefficients

can be calculated from the slops in the strain gradient range

(1.95–2.55� 10�2 m�1), and the largest leff was calculated

to be 53 lC/m at 24 �C (4 �C above TC). The high linearity

between the strain gradient and induced polarization provesFIG. 1. Noise current and equivalent polarization as a function of frequency.
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that the existence of flexoelectric effect. The non-zero inter-

sects indicate the possible deviation of zero strain position.

The calculated leff decreases gradually with temperature

above TC, which is similar to the previous reports.17,19–21

The permittivity dependence of leff is shown in Fig. 4, where

a near linear relationship can be seen for e < 10 000, then

the value increases dramatically with permittivity. Such an

abrupt enhancement, observed in different materials,17,19,21

can be attributed to the instability of the crystal structure,

where local polarization can be readily induced by an exter-

nal strain gradient, especially in the highly polarizable ma-

trix at temperature slightly above TC.

Based on the above experiments, high transverse flexo-

electric coefficient (53 lC/m) is observed in BTS system,

which is comparative to that value (100 lC/m) reported in

BST system.19 The validation of flexoelectricity is favored

by the highly linearship between polarization and gradient as

well as the low noise level. Since the ferroelectricity of

BaTiO3 mainly correlates to the coupling between Ti and O

ions, the B-site substitution of Ti ion by Sn4þ weakens this

coupling effect. With the increasing of Sn ion concentration,

there is a progressive crossover from normal ferroelectric

state to relaxor ferroelectric state. BTS13 can be regarded as

an initial state for this structure transformation. While the

substitution of Sr on A-site does not weaken the coupling

effect, except for introducing oxygen octahedron tilting

caused by relatively smaller radius. When the more than

80% Ba is substituted by the Sr ion in BaTiO3, typical

relaxor ferroelectric characteristics was reported according

to the evidence reflected the permittivity as a function of the

temperature measured at different frequencies. This relaxor

behavior is considered as a fluctuation by the Ba ion to the

host quantum paraelectric SrTiO3.25,26 The relatively lower

flexoelectric coefficient in BTS13 may come from such a

structure difference.

Combining our data and the previous data, it can be seen

that the high flexoelectric properties reported in Ba-based

systems are very sensitive to temperature and maximum flexo-

electric coefficients are only observed near the paraelectric-

ferroelectric phase transition region. From the point view of

application, a system with a broad dielectric peak at TC would

benefit a good temperature stability of such an effect. In the

ferroelectric ceramics, the grain size effect and doping effect

on the dielectric properties have been clearly revealed.27,28 As

reflected through the temperature-dependent permittivity, by

decreasing the grain size of BaTiO3 ceramics from micron to

nanometer scale, the permittivity peak value at TC shows a

decrease accompanied with a broadness of the peak. The grain

size can also be decreased by introducing dopant into the

lattice.29–31 If we can broaden the ferroelectric-paraelectric

peak of BTS ceramics through such a grain size effect, a large

flexoelectric response with good temperature stability may be

expected.

In conclusion, enhanced flexoelectric coefficient is

observed in barium stannate titanate ceramics. The high per-

mittivity seems playing a significant role to the enhancement

FIG. 2. Weak-field permittivity and loss tangent of BTS13 ceramic bar as a

function of temperature at different frequencies.

FIG. 3. Transverse flexoelectric polarization of BTS13 ceramic bar in canti-

lever beam framework as a function of strain gradient from 24 �C to 43 �C at

30 Hz. The solid lines presented in this figure are based on a linear fitting.

FIG. 4. Transverse flexoelectric coefficient leff of BTS13 ceramic bar as a

function of permittivity above the TC. The solid line is a guide to the eye.
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of flexoelectricity, even the flexoelectric coefficient is non-

linear with dielectric permittivity in the vicinity of phase

transition point.
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