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A B S T R A C T   

Flexoelectric materials, which could generate polarization in response to a strain gradient, could be utilized in a wide range of devices such as actuators and sensors. 
However, the flexoelectric coefficients of most dielectrics are too small to be utilized. One of the most promising flexoelectric materials is ferroelectrics whose 
flexoelectric coefficients are orders of magnitude higher than those of ordinary dielectrics. Despite of intensive research in the past twenty years, the record-high 
flexoelectric coefficient (μ1122=100μC/m) of Ba0.67Sr0.33TiO3 ferroelectric has not been surpassed. Here we show that by tuning the first-order paraelectric-ferro
electric phase transition of BaTiO3 to near-critical through doping BaZrO3, a drastic enhancement of flexoelectric coefficient (μ1122=140μC/m) occurs, which is 
ascribed to the enhancement of both intrinsic and extrinsic flexoelectricity resulting from the strong lattice instability at the critical transition. This study dem
onstrates a general design method to achieve high flexoelectric coefficients in a wide range of ferroelectric systems through searching for critical ferroelectric 
transition points.   

1. Introduction 

Upon the application of a non-uniform deformation such as a strain 
gradient, a dielectric material that may not necessarily be piezoelectric 
would get polarized due to the flexoelectric effect [1, 2]. Mathemati
cally, flexoelectricity in dielectric solids is expressed by 

Pi = μijkl
∂ejk

∂xl
(1)  

where Pi denotes polarization induced by the flexoelectric effect, ejk is 
the strain, and the fourth order tensor μijkl is the flexoelectric coefficient 
which links polarization and strain gradient in a dielectric material. 
Since the strain gradient in a sample scales up when its size decreases, 
the flexoelectric effect is expected to be much stronger at the nanoscale 
[3]. Thus, recently, various novel applications of flexoelectricity at the 
nanoscale have been proposed [4,5]. Moreover, since flexoelectricity 
directly couples polarization and strain gradient, it provides various 

possibilities for designing novel devices [6,7]. For example, the polari
zation and curvature of a cantilever beam can be directly coupled by the 
flexoelectric effect, which motivates the ideas of flexoelectric energy 
harvesting (an electrical output induced by bending a cantilever beam) 
[8] and flexoelectric actuating (bending of a cantilever beam upon the 
application of a uniform electric field across its thickness) [9]. Another 
example is to directly measure a strain gradient using a flexoelectric 
sensor [10]. In addition, flexoelectricity has also been employed to 
explain the charge transfer driver for the triboelectricity effect [11], the 
formation of chiral domain wall in ferroelectrics [12,13], as well as some 
important biological phenomena such as self-healing of bones [14] and 
the working mechanism of cochlea [15]. 

However, the flexoelectric effect observed for most dielectrics is 
rather small even at the nanoscale because the flexoelectric coefficients, 
μijkl, for most dielectric ceramics such as NaCl are extremely low 
(0.01nC/m~1nC/m) [1,16–18]. Since the flexoelectric coefficient scales 
with dielectric permittivity [19,20], large flexoelectric coefficients 
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could occur near the Curie temperature of ferroelectric materials due to 
the large dielectric permittivity at paraelectric-ferroelectric transition 
and it has been found that ferroelectric materials can exhibit several 
orders of magnitude higher flexoelectric coefficients (1~100μC/m) than 
those of ordinary dielectrics [21–27]. However, the flexoelectric co
efficients of ferroelectric materials are still not comparable with the 
piezoelectric coefficients and require further enhancement for practical 
applications [28,29]. More recent efforts have been focusing on how to 
enhance the apparent flexoelectric coefficients of ferroelectric materials 
by designing various microstructures [30–32] or intentionally intro
ducing different kinds of flexoelectric-like effect [33–37]. Nevertheless, 
how to further increase the conventional flexoelectric coefficients of 
pure ferroelectric materials is still a difficulty challenge. 

Among the various ferroelectric ceramics studied such as Ba1-xSrx

TiO3 [21], BaTiO3-Bi(Zn1/2Ti1/2)O3 [38], PbMg1/3Nb2/3O3 [22], 
PbZrxTi1-xO3 [23,26], Pb1-xSrxTiO3 [24], BaTiO3 [25], and BaTi1-xSnxO3 
[27], PbMg1/3Nb2/3O3-PbTiO3 [39], Ba0.67Sr0.33TiO3 exhibits the largest 
flexoelectric μ1122 coefficient (100μC/m) at TC and has become the 
“flagship” flexoelectric materials [30,40,41]. Although the large flexo
electric coefficient of Ba0.67Sr0.33TiO3 is related to the large dielectric 
permittivity at its TC [19,20], the large permittivity alone cannot explain 
the result because other ferroelectric ceramics such as PbMg1/3Nb2/3O3 
exhibit a similar magnitude of the dielectric permittivity but a much 
lower μ1122 flexoelectric coefficient [22]. Despite of extensive research 
on the mechanisms of the high flexoelectric coefficient in Ba0.67Sr0.33

TiO3, as well as on searching for ferroelectric materials with higher 
flexoelectric coefficients in the past twenty years [19,27,40–43], the 
flexoelectric coefficient of Ba0.67Sr0.33TiO3 has not been surpassed. 

Here in this work we substitute “Ti” with “Zr” in BaTiO3 and obtain 
ceramic samples of different BaTi1-xZrxO3 (abbreviated as BT-xZr here
after) solid solutions (x = 0, 0.04, 0.08, 0.11, 0.12, 0.13, 0.15, 0.18). It is 
demonstrated that a giant flexoelectric coefficient (140μC/m) occurs at 
BT-0.12Zr which exhibits a near-critical ferroelectric transition due to 
the convergence of four phases (cubic, tetragonal, orthorhombic and 
rhombohedral) in the phase diagram. Such giant flexoelectric coefficient 
is ~1.4 times that of the former flagship flexoelectric materials 
BaSr0.33Ti0.67O3, and ~3.5 times that of undoped BaTiO3. Further study 
shows that the giant flexoelectric coefficient achieved at BT-0.12Zr 
ceramic could originate from the enhancement of both the intrinsic 
and a particular extrinsic flexoelectric responses as a result of the strong 
lattice instability at the critical ferroelectric transition. 

2. Experimental methods 

Ceramic disks of BaTi1-xZrxO3 solid solutions (x = 0, 0.04, 0.08, 0.11, 
0.12, 0.13, 0.15, 0.18) were obtained by the conventional solid-state 
reaction method. Raw powders of BaCO3, TiO2, BaZrO3 with high pu
rity (>99.9) were weighed and ball milled using zirconium balls for 10 h 
in polyethylene jars with ethanol as media. After drying, the mixture 
was calcined at 1300◦C for 3 h. The calcined powders were ball milled 
again for 6 h. After drying, the powders were mixed with 5 wt% PVA 
solution and uniaxially pressed into small and big disks. The diameter of 
the small disks is 1 cm and the thickness is 1 mm. The diameter of the big 
disks is 20 mm and the thickness is 1 mm. The green disks were finally 
sintered at 1475 ◦C for 3 h. 

For dielectric and hysteresis loop measurements, the disks were 
coated with silver paste on both sides. The temperature dependent 
dielectric permittivity was measured by an LCR meter (3532–50 LCR, 
HIOKI) in the Delta chamber. The hysteresis loop was measured using a 
Radiant precision workstation (Trek model 609A, USA). The heat flow 
curve was measured by a differential scanning calorimeter (DSC, TA 
Instruments Q200) at a heating rate of 10◦C/min, and the latent heat 
was calculated from the corresponding heat flow peak. The grain 
structures of the samples were observed by optical microscopy. 

The flexoelectric coefficient was measured using the three-point- 
bending method [17,35,44,45]. The ceramics disks were cut to beams 

(3 mm wide, 15 mm long, and 1 mm thick) using a diamond-wire cutting 
machine (STX-1202, MTI). Pt electrodes of area (A) 15mm2 were 
deposited on its upper and lower surfaces by sputtering. Copper wires 
were attached to the electrodes with silver paste. The experimental 
setup for the flexoelectric measurement is given (See Supplementary 
Fig. S1). A load machine (electroforce 3230, TA) was used to apply a 
sinusoidal oscillatory force with a frequency of 1 Hz on the center (Line 
AB) of the beam’s upper surface. Two supporting edges were separated 
by L = 10 mm. A charge amplifier (2692, BK) and an oscilloscope 
(MDO3104, Tektronix) were used to detect the polarization charges Q, 
which can be converted to average polarization P through P = Q/A. 
Since the charge amplifier is only sensitive to AC signals, the polariza
tion charges caused by the static force can be automatically screened out 
in our experiment. The optical gratings in the load machine were used to 
measure the displacement of the sample center δ. The average strain 
gradient across the thickness direction was obtained according to the 

formula proposed in [17]: ∂ε11
∂x2

= 12δ
L3 (L − a), where a is the half-length of 

the electrodes. The effective flexoelectric coefficient could then be 

calculated by: μeff
1122 = P/∂ε11

∂x2
. To eliminate electromagnetic interferences 

from the environment, we filtered the data and extracted the signal at 1 
Hz. For temperature dependent measurements, a resistive heater was 
used to control the temperature and the heating rate was set to be 1◦C 
/min. The flexoelectric coefficient was measured 3 times for each 
sample. 

Note that there are two other methods (i.e., the cantilever-beam 
method [22–24,26] and the four-point-bending method [27]) 
commonly used to measure the transverse flexoelectric coefficient of 
dielectric solids. The experimental setups for the three methods are 
compared in the supplementary materials (See Supplementary Fig. S2). 
All three methods have been successfully employed to measure the 
transverse flexoelectric coefficient of ferroelectric materials and each of 
them has its own pros and cons. For example, the experimental setup for 
the CB method is relatively simple while the setups for the TP and FP 
methods are more complex. On the other hand, the CP method can only 
measure the flexoelectric coefficient at small strain gradient, while the 
FP and TP methods can measure the flexoelectric coefficient at relatively 
large strain gradient. In this work, we employed the TP method to 
measure the transverse flexoelectric coefficient of our ceramic samples 
because of our easy access to the TP setup. 

3. Results and discussions 

3.1. Giant flexoelectric coefficient obtained at BT-0.12Zr ceramic 

All BT-xZr ceramic samples are single-phase as inferred from their 
room-temperature XRD profiles (See Supplementary Fig. S3) and they 
are insulating as can be inferred from their polarization-electric field 
loops at room temperature (See Supplementary Fig. S4). 

The transverse flexoelectric coefficient (μ1122) of four representative 
compositions (BT-0.08Zr, BT-0.11Zr, BT-0.12Zr, and BT-0.15Zr) are 
then measured. It has been observed that the room-temperature polar
ization of all four samples exhibits a nearly linear relationship with the 
strain gradient (See Supplementary Fig. S5), which indicates negligible 
contributions from domain wall motion or flexoelectric poling. Fig. 1(a) 
plots the variation of the flexoelectric coefficient (μ1122) with tempera
ture for these four representative compositions. Consistent with the 
previous reports [22–28], all compositions display a peak value of the 
flexoelectric coefficient near their TC. More importantly, it can be shown 
that BT-0.12Zr exhibits the largest flexoelectric coefficient (140μC/m) 
near its TC as compared to the nearby compositions. The high flexo
electric μ1122 coefficient (140μC/m) of BT-0.12Zr is not only the largest 
value in the BT-xZr system, but is also much larger than that of the 
“flagship” flexoelectric material Ba0.67Sr0.33TiO3 (100μC/m). Fig. 1(b) 
compares the flexoelectric μ1122 coefficient of our BT-0.12Zr sample 
near TC with that of other compositions in BT-xZr system as well as that 
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of other ferroelectric ceramics studied in literature obtained by similar 
fabrication method [22–28]. Note that by changing the heat treatment 
history of the sample, the flexoelectric coefficient could even be further 
elevated for BT-0.12Zr [37]. It can be readily seen from Fig. 1(b) that the 
obtained high μ1122 flexoelectric coefficient (140μC/m) of BT-0.12Zr is 
~3.5 times of that of undoped BaTiO3 ceramic (~40μC/m) and ~1.4 
times of that of BT-0.11Zr as well as the former “flagship” flexoelectric 
material Ba0.67Sr0.33TiO3 (100μC/m). 

3.2. The relationship between the flexoelectric coefficient at tc of BT-xZr 
ceramics and the order of their ferroelectric phase transition 

To explore the reason why BT-0.12Zr exhibits such a high flexo
electric coefficient, the partial phase diagram of the BT-xZr system 
determined from the dielectric permittivity spectrum of the studied 
compositions (See Supplementary Fig. S6) and the characteristic X-ray 
diffraction results of three representative compositions (See Supple
mentary Fig. S7) is plotted in Fig. 2(a). The obtained phase diagram is 
consistent with previous results [46,47]. It is readily seen in the phase 
diagram that the cubic (C,Pm3m), tetragonal (T, P4mm), orthorhombic 
(O, Amm2) and rhombohedral (R, R3m) phases of BT converge at a 
quadruple point (composition BT-0.12Zr), which is the composition 
exhibiting the highest flexoelectric μ1122 coefficient as illustrated in 
Fig. 1(a). Fig. 2(b) plots the values of thermal transition hysteresis of 
C-T, C-R, T-O and O-R transitions at all compositions. The thermal 
hysteresis was measured by the difference of the phase transition tem
perature upon heating and cooling as illustrated in the inset of Fig. 2(b). 

The results demonstrate that the thermal hysteresis values of all four 
transitions (C-T, C-R, T-O and O-R) become the smallest and approach 
zero as the composition approaches the quadruple point (BT-0.12Zr) 
from both x<0.12 and x>0.12 sides, which thus indicate a near-critical 
nature of the paraelectric-ferroelectric transition at the quadruple point 
and is consistent with our previous theoretical predictions [48]. In 
addition, the latent heat calculated from the heat flow curves of different 
compositions in BT-xZr system also supports the near-critical nature of 
the paraelectric-ferroelectric transition of BT-0.12Zr (See Supplemen
tary Fig. S8). Therefore, the high flexoelectric coefficient obtained at 
BT-0.12Zr could be associated with the near-critical nature of the 
paraelectric-ferroelectric transition at the C-T-O-R quadruple point. 

To verify this, Fig. 3 then plots the variation of flexoelectric μ1122 
coefficient at TC of BT-xZr ceramics with the thermal hysteresis of their 
paraelectric-ferroelectric transition. It is illustrated that the flexoelectric 
μ1122 coefficient of BT-xZr monotonically increases with the decrease of 
transition thermal hysteresis and reaches the largest value (140μC/m) at 
BT-0.12Zr as the thermal hysteresis of BT-0.12Zr approaches zero. 
Therefore, it is clear that the dramatic enhancement of flexoelectric 
coefficient of BT-0.12Zr is indeed associated with the near-critical 
paraelectric-ferroelectric transition of it. 

3.3. Origin of the giant flexoelectric coefficient at critical ferroelectric 
transition 

The flexoelectric coefficients of ferroelectric ceramics depends on 
both the intrinsic flexoelectricity and the possible extrinsic effects [40]. 

Fig. 1. (a) Variation of the flexoelectric coefficient (μ1122) with temperature for BT-0.08Zr, BT-0.11Zr, BT-0.12Zr, and BT-0.15Zr. (b) Comparison of the flexoelectric 
coefficient μ1122 of BT-0.12Zr at its TC with other ferroelectric ceramics [22–28]. 

Fig. 2. (a) Partial phase diagram of BT-xZr system; (b) Thermal hysteresis of C-T, C-R, T-O and O-R transition of different BT-xZr compositions. ΔTC−T, ΔTC−R,ΔTT−O, 
and ΔTO−R are the thermal hysteresis of C-T, C-R, T-O and O-R transitions, respectively. 
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Below we will explore the origin of the giant flexoelectric coefficient at 
the critical ferroelectric transition from the aspects of both the intrinsic 
effect and extrinsic effect. 

3.3.1. Enhanced intrinsic flexoelectric coefficient at critical ferroelectric 
transition 

To understand the mechanisms underlying the high flexoelectric 
coefficient at the critical ferroelectric transition, we first analyze the 
intrinsic flexoelectricity at the paraelectric-ferroelectric transition using 
one-dimensional (1D) Landau-Ginzburg-Devonshire theory shown 
below (More advanced models such as the phase field model [12,13,49] 
shall be developed in the future for stricter and more concrete in
terpretations). The Landau free energy of a ferroelectric system at a 
stress-free state can be approximated by a 6th order landau polynomial 
[48]: 

f = α0(T − T0)P2 + βP4 + γP6 (2)  

where α0, β, and γ are the dielectric stiffness coefficients, P is the 
magnitude of polarization, T is temperature, and T0 is the Curie-Weiss 
temperature. The black curves in Fig. 4(a)-(c) schematically show 
three different cases: a) a typical first-order ferroelectric transition 
(β=β0, β0<0), b) a weaker first-order transition (β=0.75β0), and c) a 
critical transition (β=0). For these three cases, α0, γ and T0 are kept 
constant while T gradually decreases from a value larger than T0 to T0 in 

order to reach the thermodynamic equilibrium between the paraelectric 
and ferroelectric phases at TC (See Supplementary Table S1). From 
Figs. 4(a) to 4(c) it is readily seen that from the relatively strong first- 
order to a weaker first-order and finally to a critical ferroelectric tran
sition, the energy barrier between the paraelectric and ferroelectric 
phases becomes smaller and smaller, and finally vanishes. Correspond
ingly, the transition thermal hysteresis would be gradually reduced to 
zero and the curvature of the free energy curve at P = 0 also gradually 
decreases to near zero. Under a finite strain gradient field, a coupling 
term relating strain gradient and polarization ( − f0 ∂e

∂x P, where ∂e
∂x is the 

strain gradient, f0 is the flexocoupling coefficient) should enter the total 
Landau free energy of a ferroelectric system, which changes the free 
energy into (here the homogeneous strain field is neglected for 
simplicity and it would not qualitatively change the results [20,50,51]) 

f = α0(T − T0)P2 + βP4 + γP6 − f0
∂e
∂x

P (3) 

The last coupling term in Eq. (3) (denoted by the dotted gray lines in 
Fig. 4(a)-(c)) would skew the free energy curves at all three cases plotted 
according to Eq. (2) (black curves) and turn them into the red curves. 
Comparing the free energy curves under zero external field (ZF) with 
that under a finite strain gradient field (UF) in Fig. 4(a)-(c), it is readily 
seen that the initial paraelectric phase with P = 0 (denoted by the black 
dots) under zero strain gradient field moves to a new equilibrium po
larization state (P∕=0, denoted by the red dots) under the strain gradient 
field. Such polarization change (ΔP) from zero P to a finite P is thus 
induced by the strain gradient field and is flexoelectricity by definition. 
As demonstrated in Fig. 4(a)-(c), ΔP increases as the first-order ferro
electric transition (β=β0) becomes weaker (β=0.75β0) and then drasti
cally increases as the ferroelectric transition becomes critical (β=0). 
Therefore, it is clear that the nearly vanishing energy barrier between 
the paraelectric and ferroelectric phases and thus easy distortion of the 
paraelectric phase structure by external strain gradient field lead to the 
dramatic enhancement of the intrinsic flexoelectric coefficient and thus 
contribute to the giant flexoelectric coefficient obtained at the near- 
critical ferroelectric transition of BT-0.12Zr ceramic. 

3.3.2. Enhanced extrinsic flexoelectricity at critical ferroelectric transition 
The above theoretical analysis based on the Landau theory clearly 

demonstrates the physical origin of the much-enhanced intrinsic flex
oelectricity at critical ferroelectric transitions. However, there is a 
remaining challenging question why a large discrepancy exists between 
the experimentally measured flexocoupling coefficients and the theo
retically predicted intrinsic one. Fig. 5 plots the experimentally 
measured flexocoupling coefficients at the TC of all four BT-xZr ce
ramics. It is illustrated that the flexocoupling coefficients at TC of all four 
compositions (>270 V) are one to two orders of magnitude larger than 

Fig. 3. Variation of flexoelectric μ1122 coefficient at TC with the thermal hys
teresis of paraelectric-ferroelectric transition for BT-xZr ceramics. 

Fig. 4. Schematic of the Landau free energy curves at TC under zero external field (abbreviated as ZF, black curves) and under a finite strain gradient field 
(abbreviated as UF, red curves) for (a) a first-order ferroelectric transition(β=β0), (b) a weak first-order ferroelectric transition(β=0.75β0), and (c) a critical ferro
electric transition(β=0). The dotted gray lines represent the coupling term ( − f0(∂e /∂x)P). The black dots denote the initial polarization and the red dots denotes the 
new equilibrium polarization of the paraelectric phase under strain gradient for each case. The difference between the polarization at the red dot and that at the black 
dot (ΔP) at each case is the polarization change induced by the strain gradient field (intrinsic flexoelectricity). 
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the theoretically predicted intrinsic one (1–10 V) [51], which thus in
dicates that the measured flexoelectric coefficients of BT-xZr ceramics 
should also include much extrinsic contribution [44,45,52]. Further
more, it is seen from Fig. 5 that BT-0.12Zr exhibits the largest flex
ocoupling coefficients (~360 V) as compared to nearby off-critical 
compositions, suggesting that the critical ferroelectric transition not 
only maximizes the intrinsic flexoelectric effect discussed above, but 
also maximizes at least one of those extrinsic effects proposed in the 
literature[43–45,53]. 

The extrinsic mechanisms such as the barrier-layer mechanism [34] 
and the grain boundary effect [44] play a minor role here because our 
ceramic samples are all insulating (See Supplementary Fig. S4) and the 
grains in all the samples are similar in size (See Supplementary Fig. S9). 
In addition, all unpoled samples exhibit a piezoelectric d33 coefficient of 
zero both above and below their Curie temperatures, indicating negli
gible contribution from residual polarization. The possible extrinsic 
mechanism that matters here could be the flexoelectric-like effect 
caused by the asymmetric distribution of piezoelectric coefficients 
across the sample [28]. It is illustrated by Abdollahi et al. that the 
piezoelectric coefficient variation across the sample could lead to a large 
flexoelectric-like effect which scales with the gradient of the piezo
electric coefficient [28]. The critical ferroelectric transition is shown 
theoretically to exhibit infinitely large piezoelectric coefficient at TC due 
to the strong lattice instability (as illustrated in Fig. 4(c)) [48], which 
has been experimentally verified by the largest piezoelectric coefficient 
obtained at TC of BT-0.12Zr in BaZrxTi1-xO3 system [See Supplementary 
Fig. 10]. If the degree of local composition variation in all four samples 
(x = 0.08, 0.11, 0.12, 0.15) is similar, then the gradient of the piezo
electric coefficient across the sample should be the largest for the critical 
composition BT-0.12Zr as compared to those for the off-critical com
positions, which thus could lead to the highest extrinsic flexoelectric 
effect at BT-0.12Zr. 

It has been proposed in reference [28] that beam-bending experi
ments with different sample thickness can be performed to verify the 
contribution from the asymmetric piezoelectricity because the measured 
flexoelectric coefficient would decrease with thickness if the piezo
electricity distribution along the thickness direction is linear. However, 
in our samples the piezoelectric coefficient distribution along the 
thickness direction is random due to the random distribution of local 
compositions [53], therefore, although the piezoelectricity asymmetry 
would contribute to the flexoelectricity, there is no fixed relationship 
between the flexoelectric coefficient and sample thickness, which has 
been verified by our experimental results (See Supplementary Fig. S11). 

Therefore, the giant flexoelectric coefficient obtained at the near- 

critical ferroelectric transition of BT-0.12Zr could be attributed to the 
enhancement of both the intrinsic and extrinsic flexoelectric response at 
the critical ferroelectric transition as a result of the strong lattice 
instability. 

3.3.3. Comparison with relaxor-PbTiO3 system 
Based on the above analysis of the flexoelectric response of BT- 

0.12Zr, large dielectric permittivity and high piezoelectric coefficient 
can be two important factors leading to giant flexoelectric coefficient. 
One would note that relaxor-PbTiO3 such as PMN-PT samples simulta
neously possess large dielectric permittivity [44] and ultrahigh piezo
electric coefficient (d33>2000pC/N) [54] but do not show giant 
flexoelectric coefficient as BT-0.12Zr does [44], which seems to 
contradict with our conclusions. However, the ultrahigh piezoelectric 
coefficient of PMN-PT is obtained at their single-crystal forms [54]. 
Their ceramic forms typically show piezoelectric d33 coefficients of 
~700pC/N [55], which are at a similar level with that of BT-0.12Zr 
ceramics [Supplementary Fig. S10]. In addition, the piezoelectricity 
gradient in different systems might also be different. Thus, it is difficult 
to tell which composition, PMN-PT or BT-0.12Zr, would shows a larger 
extrinsic flexoelectric coefficient from the inhomogeneous distribution 
of piezoelectric coefficients. On the other hand, although both PMN-PT 
and BT-0.12Zr show large dielectric permittivity, the exact values of 
flexcoupling coefficients for the two systems are not known, making the 
direct comparison between the intrinsic flexoelectric coefficients of 
PMN-PT and BT-0.12Zr impractical. 

3.4. Implications of the giant flexoelectric coefficient at BT-0.12Zr 

The above results indicate that there is nothing special about 
“Ba1-xSrxTiO3” because BaTi1-xZrxO3 can exhibit a much larger flexo
electric coefficient, as long as the first-order ferroelectric transition of 
BaTiO3 is effectively tuned to a near-critical transition by doping. We 
note that the former “flagship” flexoelectric material Ba0.67Sr0.33TiO3 
was reported to exhibit a weak first-order ferroelectric transition [21], 
which thus could help explain the origin of its high flexoelectric coef
ficient based on this work. Therefore, this work provides a general 
guidance for the design of functional ferroelectric ceramics with large 
flexoelectricity, i.e., through searching for the critical point in a given 
ferroelectric phase diagram. We expect that high flexoelectricity could 
also be found at the C-T-O-R quadruple points in other BaTiO3-based 
ferroelectric systems such as BaTi1-xHfxO3 [56] because it demonstrates 
a similar phase diagram topology as that shown in Fig. 2(a) and, thus, 
should exhibit a critical ferroelectric transition at their quadruple points 
according to previous theory [48]. 

It has been obtained that the dielectric loss is small (<0.1%) for BT- 
0.12Zr (Supplementary Fig. 12) and the flexoelectric coefficient of BT- 
0.12Zr is weakly frequency dependent (Supplementary Fig. 13), both 
of which are helpful for practical applications of the giant flexoelectric 
coefficient at critical ferroelectric transition. On the other hand, the 
current high flexoelectric coefficient μ1122 of 140μC/m is obtained at a 
temperature (>70◦C) much higher than room temperature. At room 
temperature the μ1122 of BT-0.12Zr has decreased to a value less than 
10μC/m (Supplementary Fig. 5), which could limit the practical appli
cations of BT-0.12Zr on flexoelectric devices. Nevertheless, this work 
could provide a way to design ferroelectric materials with high flexo
electric coefficients at room temperature, i.e., finding ferroelectric ma
terials with critical ferroelectric transitions at room temperature. 

4. Conclusions 

In summary, we have achieved the highest flexoelectric coefficient 
μ1122 of 140μC/m by tuning the first-order paraelectric-ferroelectric 
transition of BaTiO3 to near-critical through doping “Zr” (BT-0.12Zr). 
The flexoelectric coefficient of BT-0.12Zr is ~1.4 times of that of the 
former flagship flexoelectric materials Ba0.67Sr0.33TiO3. The critical 

Fig. 5. The measured flexocoupling coefficient at TC of the BT-xZr ceramics.  
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ferroelectric transition exhibits a large flexoelectric coefficient because 
both the intrinsic and extrinsic flexoelectric responses could be maxi
mized as a result of the strong lattice instability. The intrinsic flexo
electric coefficient is enhanced at the critical ferroelectric transition 
because the strong lattice instability leads to easy lattice distortion 
under an external strain gradient field. On the other hand, the extrinsic 
flexoelectric coefficient could be enhanced at the critical ferroelectric 
transition because the strong lattice instability leads to the highest 
piezoelectric coefficient, which in turn could lead to the largest gradient 
of piezoelectric coefficient across the sample and thus to the highest 
flexoelectric-like response. Our work indicates that finding the critical or 
near-critical paraelectric-ferroelectric phase transition is essential to 
achieve large flexoelectric coefficient in ferroelectric materials. This 
work could stimulate further experimental work on developing new 
ferroelectric materials with high flexoelectricity for practical applica
tions by systematical search for critical ferroelectric transitions through 
high throughput first-principle calculations assisted by machine 
learning [57,58]. 
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