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Recent Development on Flexoelectric Effect and Its Application
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Abstract: The flexoelectric effect is a mechanical-electric coupling effect between strain gradient and electric polarization (i.e.,
positive flexoelectric effect) or electric field strength gradient and mechanical strain (i.e., converse flexoelectric effect). Unlike the
piezoelectric effect, the flexoelectric effect, which is not limited by material symmetry and the Curie temperature, increases with
decreasing the material size, thus attracting much attention and having a promising application. This review introduced the history of
flexoelectric effect, measurement of flexoelectric coefficient, and mechanism to enhance flexoelectric effect. Recent studies on its
application in the realm of sensors, actuators, mechanical memories, flexoelectric piezoelectric composites, energy harvesters, and
electronic devices were highlighted. In addition, the further development of flexoelectric effect was also prospected.

Keywords: flexoelectric effect; piezoelectric effect; mechanical—electric coupling; strain gradient
Pe A N, RS F R 25 A BRER, WG RN FE R BT A LN AR

R M — P ARG AN . Horh, BB SN I R R R A S L R, M
FEARMRLIT P AL AR AL SR P 5 AR e B s 2aRik sl il in () M (2) o«

ek H39: 2022-10-21, BT H): 2022-11-04. Received date: 2022-10-21.  Revised date: 2022-11-04.
HEWH: FHRAARRIEREEGHEFRSHE4$(52202133); | ARA4EPRHE First author: ZHANG Haibo (1979-), male, Ph.D., Professor.
KE DA EARTFIRE, | AR 48 Hl3G 5% 2 B0 4 st &= 0t E-mail: hbzhang@hust.edu.cn
BhT H (2020B1212060014); 7= 5111 51 338 63 RBHF 21 BA 111 Correspondent author: TAN Hua (1990-), male, Ph.D., Lecturer.
(2020607101007) » E-mail: hua_tan@ hust.edu.cn

BEE. lEIA979—), B, i, #HIR.
WA E RI(1990—), B, i, .



SRR S R RN R LN T U < 813 -

25 51455 3 W
R= Hijki 87 D
k
OE;
Tij = Hijui 67' )
k

Hor: PONHIRRAGEREE: Ty AR e APHH
FH; 0Sijlox NTE x 7 7] ERIRIAERREE ;. OEilox N
H137 Ei £E xi J7 1) BRI BERE . 5 s FUSON ) J H
R RN E], Dl FE RS HE R & — s B 7
R 205, T 5 A0 ) — PMECBA 77 H A 5 KR
JE RN A, I s BSOS R AR i A ) HE AR AL
SRJE 5 T2 S AR B AR A OC &R, TS
RS TR EREFT = A B U S AR 5 FL BT it 2 50 v,
v 2 AR A R, HaerRik A

Q@M (4P
R= dijTj ©)
Sj = dijEi 4)

Hrb: di MEHBRREG P S T Eia Al HRAL
SRIZ . HUBRIAE . 5 NAR . R . W ERTIR,
[k HL R HUR — A =Bk, AR R T BRI
R BA IR O X R G R AR A 2 B R LRk
I, PR s FRIOSA A AE T di i iRk v BT JE
XIRREERIT) 20 AN RifF (432 mRBE T e R L
Jy 0 AL FE L)

TRl i RS — N PUR IR R, S A 3
s —FEA AR BRI P RR 1], ZEAT AR HA
BT AR Ak, LA T RN A R AR R
AN AEAS P B 75 2 v i B R 1 L P A Mk, T AL
FEIREE =T Curie i B2 H % B AR AT A ok 55 BV
2, DRI AR HME T 2 s P SR AR RHEE e TR T I LA 2L
SRU, T LA B4 HR S P B AR AN SUAS 7 4 P
AT, T HRIAEE IR & T Curie iU 1) 5%
PR, B F SN AR TH W] LARRE AAAE, BRI
PR, B N B i pE I VE Y, B
Bz A, BRI, e RS B B R
WAGE, BDFE— R NARTR, AR R RSB N,
APRE AR LR, T 7 AR P4 it Pl 28507 8RR
AR 7% o PSSO PR RS R, A — S B S5 A
KEAPRE 6l FB RS F AR K, Xy H il f kL
R FETERE T 30T I R

i 1AM DR, DU H e Ry AR 0 s F b
RIS T Kk R, BLC) 2N THEeds . 15
2. HBhae. FRERSUIRE. Bl R R,
AT DLAT B OS2 IR SR PR, AN S2PRE R FR
PERTBR A, 1 HAE Curie L UL LA RERS EAFTE,

FEAR RS . Bahas UL — AU T8 S0 &
R FA R 985 4710, R % B L 207 3 SRS

1 R R B &R %

PRl L RN EAE T 20 tHEAD 50 AEAR, AHe il HELIRL
FIRDL, BB ON a4, RIS R E
SRR AR S B T 18 ERZE S R i e
BN A>T i H SN AE A A TR R N, H SR AR T
T2 5. PRk e, s eaif
—EBONFEE R ERTHE MG IR R 3R 1 O
SRR PN 4 5 R D SEAT SR HE TR o

2 HHEARHKHNE

X BA AR RR ST i, el R
B g 1 AE Z 00N oy &R RE R ) BR O R R 2R
#1122(/112)\ Y] Fe il R AL /111_11(#]_1)\ B Fe i H &R
B pazo(uaa)t™> N, RIS B IE Bl F 2R ) B
DU Al & DA R 30T 4 il F 2R 25 o 55 7 T A
el i R B IETTV
21 REIEERABHERENE
211 Hm B i S E I B 1A e ¢ it
A S E rER. a1, Z 5k
4733 Je W N 37K 22 ) CrossfliMadig Y, K5 K 261k
BRE a0 — €, 3 — s 4 7 S AE L HzZ I B
1L R i S PN TR = e o) P N (1 s =
MARTE, T e g P2 AR N AR R R, HAE R
77 1) 2 gl AL B W(X) AT DL ad it 22 4 vl AR R AR
J& 2% (DVRT) AT I 5 B0, K SR Wy 28 R 1 36 T U3
A HLAR, F A TEOR 2% 0T LU A 5 o T R AR A
FEET = AR BN FELVRL L, AR AS [R5 1) 7 7%
AN FL A, AT DA B AN [R) 7 B s [ 4 il L 2R
$o 15 M K 22 I Nobuhikofi Hy Y 55 25 M g i
HLEE L E1b. P 1bn] WL, &2k B Eshdas4Esh ]
BatGiash, ¥ 5iashd i = s 2R FE
fb s ASEWIRE i 52 B 24 B 52 i B 32N T 3R
HEIfE A M, BEE DT PR A N R,
DUAE b B0 A7 ] J s SR 2 fb r B A% S BR AT IS
T 368 3k A U SR N A A A 1) SR T A b T
&ty P 28T R AR R IS L AT Qo SCHIR[ 12 AE Ml 5
ERTR B B i R} B A 1) 8t B R A (LI 1), JE
I 5 25 WU 2 A1 A (DMA) 1) B 2 358 e 435 00 B
FEAYRSN, FEEN I E RS AR . A, g
AR UATRE S ARFFAE SRR AL o il ik BEAR UK 28
DA A WU b b T8 R 0T 7 A2 1R R FEL YT



. 814 - (RERR 2h2230)

J Chin Ceram Soc, 2023, 51(3): 812830

2023 4F

b AT BN B Qo = MU VA M3 AE T
33 2 A WU 23 B AT LA SE DA ff 14 42 i A1 in 4
i MU RS AL RS o SCHR[13-15] 32 H i ik 2
R 15 A IR AR i FSCEE S 34 b, AT Dlod e ek s

T 9 285 dlaa I 52 (SR B ) 5 ol O L 0 25 b e
(R LA N dgge 45 RN 1dFT 7R o 1R A das
DN ASOREAE iy P oCo N U 7, R A R AE S i, A
W77 A AR AR FE

®1 REBBNHLRASE

Table 1 The development history of flexoelectric effect

Author Time Contribution Reference
Mashkevich, Tolpygo 1950 The relationship between the non-uniform strain and electric polarization was first found [16]
Kogan 1964  The phenomenologica framework for the description of electron-phonon coupling in centrosymmetric crystals [17]
was offered
Mindlin 1968 Continuum mechanics theory of centrosymmetric crystals was constructed [18]
Askar 1970 Thefirst microscopic calculations of the flexoelectric coefficients was performed [19]
Indenbom 1981 The term “flexoel ectric effect” was first introduced [11]
Tagantsev 1985 The flexoelectric coefficients are proportional to dielectric permittivity, namely s, = 74 %; g [21-22]
Ma, Cross 2005 Theexperimental measured flexoelectric coefficients were 4-5 orders of magnitude larger than theoretical value [23-24]
Fu, Shu 2006 The flexoelectric effect in different ferroelectric ceramics was studied [25-26]
Zubko 2007 The strain-gradient-induced polarization in single crystals of SrTiO;was measured and all the componentsof the  [12]
flexoelectric tensor were estimated
Majdoub 2008 The flexoelectric effect showed a strong size effect [27]
Sharma 2009 The flexoelectric effect of perovskite ferroel ectrics and bi-atomic crystals and semiconductor was studied [28]
Shen, Hu 2010 An electric enthalpy variationa principle for nanosized dielectrics was proposed concerning with the surface [29]
effects, the electrostatic force, and flexoel ectricity
Tagantsev 2012 Thefirst-principles calculations of flexoelectricity in ferroelectric thin films were done [30]
Abou-Dakka, Qin 2012 Prominent flexoelectric effect in biological materials including bio-membranes, hairs, and bones was found [31-32]
Hong 2013 A general and unified first-principles theory of flexoelectric tensor was developed [33]
Narvaez 2016 Prominent flexoelectric effect in semiconductor was discovered, extending the flexoel ectric effect from [34]
insulators to semiconductors
Tagantsev 2016 A finite sample’s flexoel ectric effect depended on the surface polarization energy in the framework of a [35]
continuum theory
Ghasemi, Li, Mao 2016, Theoretical calculations of flexoelectricity were devel oped using phase-filed modeling, density functional [36-38]
2017, theory and finite element method
2018
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(a) Schematic of strain gradient and flexoel ectric effect induced

by the AFM tip and thus achieving mechanical writing!®?
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(b) Schematic of polarization switching induced by flexoelectric
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(a) Schematic of experimental setup for flexo-photovoltaic effect!™

Transparent :‘ Light source
electrode

Transparent
electrode

MAPbX, Piezoelectric

actuator

(b) Schematic of experimental setup for photoflexoelectric effect!™
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(c) Schematic of flexoel ectronics mechanism!””!
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Fig. 15 Theapplications of flexoelectric effect in photovoltaic field and flexoel ectronics
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(a) Schematic of photovoltaic effect induced by flexoelectric effct at the nanoscald™  (c) Experimental schematic of manipulating BMSDI™
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Table 2 Preparation, performance and testing of several typical flexoelectric materials at room temperature
Material Preparing method & dag/(pC-N) wl(uC-m™) Test method Reference
PZT About 2500 0 1.4(u10) CB [23]
PZT 2130 472 49(u12) FPB [11)
PbsSro7TiOs About 13000 20(u11) FTP [9]
PMN 13000 3-4(u1) CB [8]
PMN-PT 21000 0 20-50(u11) TP [80]
BaosSr04TiOs Solid state reaction 4946 57 10(u,) PR [15]
Bao.esSro3sTiOs Solid state reaction 4100 8.5(tu12) CB [81]
Bao67Sr033TiO3 20000 150(u11) TP [9]
Bao.67Sr033TiO3 About 16000 100(u10) CB [82]
BT About 2500 10(u12) CB [24]
STiO; About 0.03 About 10 TPB [12]
NBBT6 Solid state reaction 1955 26 4.4(u,) PR [15]
NBBT6 Solid state reaction, diffusion 2076 14 2.2(u,) PR [15]
NBBT8 Solid state reaction, reduction 3000-12000 110-170 108(x,) PR [10]
BNgg3T-0.06BT Solid state reaction, reduction About 970 620 209(u,) PR [83]
0.86BNT-0.08BKT-0.06BT Solid state reaction, reduction 1088 996 328(u,) PR [83]
0.94BNT-0.06BT-0.8mol%Nb®>*  Solid state reaction, reduction About 1200 1270 418(u,) PR [83]

CB—Cantilevered beam; FPB—Four point bending; TPB—Three point bending; PR—Point ring; TP—Truncated pyramid.
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