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Table 1.  Material parameter values in the phase-field simulations (SI unit, 7=300 K).
A hE ¢z A hE ¢z
a1 /(108 J-m-C~2) —1.706 Q11/(m*.C~2) 0.089
a11/(107 J-m®.C—%) -7.3 Q12/(m*.C~2) -0.026
a12/(108 J-m®>-.C—4) 7.5 Qa4/(m*.C™2) 0.0675
a111/(10% I m®.C~6) 2.6 G11/(10710 N-m*.C~2) 1.44
PTO a112/(108 Jm®.Cc~6) 6.1 G12/(N-m*.C~2) 0
a123/(10% Im®.C~6) -3.7 Gaa, G, /(1071 N-m*-C~2) 7.2
c11/(10 Jm=3) 2.3 /v 1.6
c12/(1011 J-m—3) 1 fi2/V -0.8
c44/(10%0 Jm~3) 7 Jaa/V 0.15
a1/(108 J-m-C~2) 2.017 Qa4/(m*.C™2) 0.00957
a11/(10° Jm®>.C—4) 1.7 G11/(107 10 N-m*.C—2) 1.44
a12/(10° J-m®.C—%) 4.45 G12/(N-m*.C~2) 0
c11/(10M J-m—3) 3.3 Guaa, G, /(107 Nom*.C—2) 7.2
STO c12/(101 J-m—3) 1 fii/V -3.21
ca4/(10 Jm—3) 1.25 fi2/V 1.47
Q11/(m*.C—2) 0.0457 faa/V 1.07
Q12/(m*.C~2) -0.0135 &, (PTO/STO) 20

3

M REHE foraa TALHIBEEEANG, $i34 T
WEEE X s A R REAY STk . ATy

1
fgrad = §G11(Pzp2,w + PyQ,y + Pzzz)
+ Gr2(PyoPyy + PyyPs o + Py oy Py 2)

1
+ §G44[(Pw,y + Py,w)Q

+ (P4 Pow)’ + (P + Pzy)’
1 2
+ §G£14[(Pr7y - Pyym)

2 2
F(Poz = Poa)” + (Pye = Pey)'l, (4)

Hr Gy, Gy, Gy MGy AEREREREL. FRATRH
FZRHHIL SRR ki, TARhaYIE SRR 25 [
5%, W P j = OP; /0, .

ARG HNERE R L f0s 2N

1
felas = icll(eix + ezy + ezz) + ClZ(Gmxeyy

+ €yy€zz + €22€00) + 2044(6511 + e;?/z +el),

(5)

Hobt Gy, G By SRR, e, 7 BHE R

AR, AEZHREGERI R, SRR ey = e — € .
TAAERLAE €9, SRR A RBALHIDE, HOR R

€0r = QuP; + Qu2(P) + P2),
ey, = QP + Qu2(P; + P2),
). = QuP2 + Qu(P) + P)),
Egy = Q44P:I:Py ;
ng = Q44Pypz s
52z = Q44Prpz 5 (6)
Hrdr Q11, Qo B Quy MBI LB AE R AL
HHLAERE [ BIRIEN
fele = —%aomb(E§+E§+Ez2)—(ExP£+EyPy+EZPZ),
(7)
Hh E,, E, M E, Yot e 2 BE N AL
Ky, SRR AR XS A L R R R A S, N
MG E, = —p #m, Hirp o Bl iy
3 A A0 e S T R
vV.D=0,
V- (e0B; + P)=0. (8)
BEAL, WSR2 P ES4 5 W AR 5 | A I AR A FE K
NG, BEEI AR R B R BE fiexo, JLTT LA
FAEN AR R S A2 [RIRRGAER, AT LAZRIR N
friexo = %fijkl(Pi,j{fkl —enyb), (i,5,k1=1,2,3),
9)

127501-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 12 (2025)

127501

Horp fo B ARG R X T2 J7 A, Bl
RS REGE B BA = A0 rm i E R
ﬁ fll(: fllll) N Eﬁm%ﬁ%%ﬁ\ﬁ f12(: f1122) ﬂ:ﬂg‘iﬁw%%
TR f44(: f1212>-

K 1R T & STO/PTO/STO = )24k H
WBEAE U AL () U1 AT NCBY (1a) R M) AR
JEASIRAE T AR AR IR 150 A
150A2x30Az, H:Hp Az = 0.4 nm. PTO Fl STO
JE R 10Az. ALl AR rpr v R ToUA 15
N IR 5 TRHR I et IR AHZE HE, LA
TS S B SIS B T 2R 2N . AR, R
TR AL 53 A 5 AR Y A [ 2, TR
TE PN 7 o) SR L SO 320 S 2 A, ikt i el 320 A0
SR N TRRWTIRZE, AT MR A P 5 PN
WEZEF AL RRE. Horh, 723158 STO/PTO/STO
R H R IR AT 1 W 2 A I SR ) 2 T T
P 2 N R (Ding =0, D& WAL RS K it
n; FE SRR FIEL BALR T n ) TR
THAAT RIZR oy 75 5000 E R BIR S —2, i
R B BN RS (DR AR e 0 V
BCREAE B AL 3A) SR R T RS A A Ak B
SR A BRBARAE. F 1(a) 29ER T U BIFIN
RS RS TS 1 = R LS H S HAH R 1 25 i 24
R. b, AR MR, HOONE T84
RRIBAS AR . 2 R B/ (RIS hREEERR),
VHEJIEE AP 118 18 3 IR 28 S b A i 1 341 2% e A i 3 7
A, AT 52 1l 2 P W 25 ) PR R 1 X AR 2 ) 2.
(EAF TR, S PR i 77 28 BETE 2k i B
Hg LA AERERE, B H B 0 ) o3 A B A A
WEZR K 1(b) #E—F R T U BIA N A2
AR R S BTy I %) 1 A8 oA TR SRR
fE U B AT, =2 B b2 DR XK
A2 T NP AR, T LA _E D) 4 T 18T N RN A A
B, 78 N BV 2 F T, kR DL B X sz i,
W LATR DI 52 e 3 bl 34 5] 28 43 A7 I 1
BLH FE2H K T2 i AR PR . 46 5 =, X
IS B 8 75 T O T 25 il 7 =X, I HAEAS [R] X3
EBBAFRCR. M M b, 2k S T i
1) )25 T ZE DA R h s 40, Dii7E
an s ROEE B 5 S B SRR RE . T MRl iR A
FerR AN A, HH S e v 2 ] ) S T Ak 2
T s iR, PR IGIZ DI ) 1 A8 e G e A P . (B A
TR, W E Rt 5 KRB bRt

FEHPR I AL 7 SRR — 2, B s
JEG 14725 i S8 Sl Kk FRL S5 MR A A R A 1192038 AT
TEZ% WU RUEE b 3 P2 15 A8 7 9 A B H X AL 4544
ARSI

X0

U-shaped bending N-shaped bending

Exx/ %0

(b)
3
-3
[001]

()
o

e

—4

€au,2/ (106 m~1)

F1 o (a) BRHL =2 IR PR 7R AL, 5 R 24 i
MRS (b) B =B IRAE U BL2S il A N B 25 i T A
PINLAE ., 43415 (c) B =2 IRAE U B i A0 N 202 il 1
B B A BB I e, 421

Fig. 1. (a) Schematic diagrams of the two bending configur-
ations of the ferroelectric trilayer film, where R is the radi-
us of curvature; (b) in-plane strain e,, of the ferroelectric
trilayer film wunder U-shaped and N-shaped bending;
(c) strain gradient e, , of the ferroelectric trilayer film un-
der U-shaped and N-shaped bending.
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Fig. 2. Domain evolution behavior in STO/PTO/STO trilayer films under different U-shaped bending radii.
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Fig. 3. Domain evolution behavior in STO/PTO/STO trilayer films under different N-shaped bending radii.
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E— 253 M & B, Bl U RS R B Y 4 K
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Fig. 4. Hysteresis loops of STO/PTO/STO trilayer films

under different U-shaped bending radii.

#* 2 STO/PTO/STO =2 U B IATE T
i Tl 2 (RO L) | SR R A B R A B A5 2
Table 2. Coercive electric field, maximum polariza-
tion, and remnant polarization of the ferroelectric
hysteresis loop in STO/PTO/STO trilayer films un-
der U-shaped bending deformation.

UBSHY- e/ B/ Prax/ P/
R/um  (10°m™?) (kV-em™) (pC-cm?) (pC-cm?)
A 0 0 43.90 0

1200 -0.61 2.78 43.72 -0.29
937 0.77 2.78 43.64 0.31
600 -1.14 5.56 43.52 —-0.46
400 -1.82 11.11 43.30 -0.57
300 -2.42 13.89 43.05 -0.64
240 -3.03 16.67 42.86 -0.69
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Fig. 5. Electric field-modulated polarization distribution in STO/PTO/STO trilayers under U-shaped bending deformation.
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25 F SR B R AE. TR AEBIA, T4
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T PN 5 a1 HES ), DT BCTED PN BRI 23540 . > i 373
£ 5 kV/em B, Ak 315 4 T 5140 R Ge ik AT
LIRS

Bk, FATHFEE N B2 dh AR I 2tk =
JEERI A 2 L 24Tk, ARl 6 s, 7
N B2 i &, STO/PTO/STO = J2 AL 1 4
RGN s A L7 RN == Gk A DB 1297 973
AAe EO5 RAS (A 6 Al SRR TR, I
HBEE N AL iR R 3 K (Pt k12 RZ

W), IS R B 7 AL i, 26 A B il i 37 1 0
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22 T %) S 0 L 37 5 K A B B R R A i 5
¥k A AR, BAREUEAS 0 WL 3. % i 3 ) T,
TERD MRS T, IR W R 33 0, A
PTO 2 £ Z IR HEX i ; Ml R R =
200 nm I, 57 B 3778 2 -19.44 KV /em. T4
RSB T, RS HPRAS T Poar il 0, X AR T
R RF 0 FE RIS, WAL TC B A & H
M; 24 R = 200 nm B, P 3EATE 1.42 wC/em?,
FEH N AU A T 04 1E B il L PR R T T A M

wob— Without bending I
—— R =1200 nm i
—— R =600 nm i
—— R =400 nm |
20} — R =300 nm |
N —— R =240 nm '
i —— R =200 nm |
g
0
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=
~ I
Q: [}
a0} |
|
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Fig. 6. Hysteresis loops of STO/PTO/STO trilayer films

under different N-shaped bending radii.
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Table 3.
tion, and remnant polarization of the ferroelectric
hysteresis loop in STO/PTO/STO trilayer films un-
der N-shaped bending deformation.

Coercive electric field, maximum polariza-

Nﬂ%m} gzz,z/ Ec/ Pmax/ Pr/
R/om  (10°m™) (kVeem?) (pC-em?) (pC-cm?)
REH 0 0 43.90 0
1200 0.61 2.78 44.13 0.21
600 1.14 —5.56 44.33 0.43
400 1.82 8.33 44.53 0.67
300 2.42 -13.89 44.78 0.93
240 3.03 16.67 44.88 1.18
200 3.61 -19.44 45.15 1.42
Without bending
|
0 v /em | OO AT MM O fMI
1 0.21 Mv/em [T 0 ARE o 0 OBRRC OB O
15 vrvyen
LI
0 MV /cm
1 —5MV/cm
2[001] |
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ARsm BERE N, I35 T B Ak B i i S 37,
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I A R e i RO, AN T FR i (R Y
RS, UL TR R AL B R, SR
BRI - B S HLRI AT 4R 4 T S i B
D fift.

K7 s T N AL T STO/PTO/STO
= JR BRI AL 5347 Bl L 37 AL R S A R > N
A REAR R 2 200 nm HAGENNH (0 MV /cm)
i, 25 i AR I S By BRI A (e,,~1.5%)
R RMELE L (,,~-3%), V5S4 A E 1]
PR (€4, ~3.61x10° mY). 1T FR45 R AR
TERARZR S E N, (575 PTO ENIHAL
g 7R = 3R B Ay S I R - S R e R 1. AR T
55U B AE L, N RS 5 A B4 T Y 46 AR
{45 ks TH TS0 5 Il ISR, AT s — 25 A2 1 A
c W, I 0 R N o B0 B R AN
NI E 0.21 MV /em B, (KR BWELEH E 58 4
FEAS TSN ¢ W, 2B N BT iR BB ih L 3
0 R AR SR AR 5 ) T AR5 a1 HES. B
Gk 234K 2 E mFIE (E = 5 MV /em) B, &
FRIFATDE W HSMAEL, HBIACIRIE (P o=
45.15 pC/em?) A1 AR I AR (43.90 pC/em?)
THT 2.9%. X — WAL SRAON PR T N AL
A= B AR AR BE 5 A IR = (R P RIVE B

R =200 nm
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=)
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Fig. 7. Electric field-modulated polarization distribution in STO/PTO/STO trilayers under N-shaped bending deformation.
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Phase-field simulation of domain switching in ferroelectric
trilayer films under bending-induced strain gradient”
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Abstract

Flexible ferroelectric materials possess considerable potentials for wearable electronics and bio-inspired
devices, yet their mechano-electric coupling mechanisms under dynamic bending conditions remain incompletely
understood. In his work, the effects of bending deformation on domain structures and macroscopic ferroelectric
responses in (SrTiO3),o/(PbTiO3),0/(SrTiO3);, flexible ferroelectric trilayer films are systematically investigated
using phase-field simulations. By constructing computational models for upward-concave (U-shaped) and
downward-concave (N-shaped) bending configurations, the strain distribution and its regulation mechanism on
polarization patterns under different curvature radii are analyzed. The results reveal distinct strain gradients
across bending modes: U-shaped bending induces compressive strain in the upper layer and tensile strain in the
lower layer, generating a negative out-of-plane strain gradient. Conversely, N-shaped bending reverses this
strain distribution. Such inhomogeneous strains drive significant polarization reconfiguration within the PTO
layer. At a moderate curvature (large R), the system retains stable vortex-antivortex pairs. Reducing bending
radius (smaller R) promotes divergent topological transitions—U-shaped bending facilitates vortex pair
transformation into zigzag-like domains, while N-shaped bending drives vortex-to-out-of-plane c¢-domain
evolution. Notably, bending-induced strain gradients impose transverse flexoelectric fields that markedly change
trilayer hysteresis loops. U-shaped bending introduces a negative flexoelectric field, shifting loops rightward with
maximum polarization (Pp,,) decreasing. In contrast, N-shaped bending generates a positive field, enhancing
P,.« via leftward loop shifting. The polarization switching analysis under electric field further demonstrates
bending-mediated control of domain evolution pathway and reversal dynamics. These findings not only
elucidate profound bending effects on flexible ferroelectrics’ domain architectures and functional properties but
also provide theoretical guidance for designing strain-programmable ferroelectric memories, adaptive sensors,
and neuromorphic electronics.

Keywords: phase-field simulation, bending, strain gradient, ferroelectric vortex
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