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Strain engineering

» Hydrostatic pressure Emergent Phenomena

_ _ _ Bandwidth control
* Diamond anvil pressing - Metal-insulator transition
« Thin-film epitaxy Nonpolar-polar transition

- piezoelectricity
... - ferroelectricity
02-
Electric dipole
Cation™
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Piezoelectricity

Electromechanical coupling between charge and lattice (i.e. strain)

' \‘2\95

Sensor ....

Piezoelectric effect

Actuator
& motor

piezoceramic

. Industrial equipment
. Security and defense
. Medical application

. Power generation

P; = diji ok

d,-jk: piezoelectric coefficient ¢

gjk : Stress component Global market (2022): US$ 30.66
Under homogeneous strain billion
(Source: “Global Piezoelectric
Device Market”)
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Piezeoelectric vs Flexoelectric effects

Electromechanical coupling between charge and lattice (i.e. strain gradient)

Piezoelectric effect Flexoelectric effect

piezoceramic

any dielectric

p aukl

P; = djji oji i = Hijki ox;
djy : piezoelectric coefficient Wk - flexoelectric coefficient
ojk- stress component ou,/ox,: strain-gradient term

From inhomogeneous strain

Under homogeneous strain (i.e. strain gradient)

S. M. Kogan, Sov. Phys. Solid State (1964)
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Microscopic origins & required crystal symmetries

Homogeneous strain Strain gradient
:preserves the inversion symmetry :breaks the inversion symmetry
Q @

P+0

Piezoelectric effects can occur only in polar materials without inversion symmetry
(only 20 groups out of 32 crystalline point groups in nature)

However, flexoelectric effects can occur in any dielectric materials.
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Flexoelectricity in nature

Flexoelectric effects have been reported in some soft matters
(such as liquid crystals and polymers) and biological systems.

<E-field generation <Phase stabilization <E-field-induced
in liquid crystals> in liquid crystals> membrane movement>
Bv' B R g\\\—\ — Decreasing
e I AR
] - I f e 520 | 568 o * \:\\ 1
“ ).—, ‘;‘/J‘-T;" B .-K ’ Eleimcﬂeld(\;;?m’W ® \:\‘
¥ idss% - \'\ﬂ_ A 505 5 10 15 20
/ ” ‘: 5 - h = Electric field (V um)
J. Harden et al., H. J. Coles et al., P. C. Zhang et al.,
Phys. Rev. Lett. (2006) Nature (2005). Nature (2001)
flexoelectric effect ! converse flexoelectric effects !
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Flexoelectricity in our everyday Life

Electric
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First experiment in hard solids, including oxides

week ending
PRL 99, 167601 (2007) PHYSICAL REVIEW LETTERS 19 OCTOBER 2007

S

Strain-Gradient-Induced Polarization in SrTiO; Single Crystals

P. Zubko,* G. Catalan,” A. Buckley, P.R. L. Welche, and J. F. Scott

Centre for Ferroics, Department of Earth Sciences, University of Cambridge, Cambridge CB2 3EQ, United Kingdom
(Received 26 July 2007: published 19 October 2007)
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Little studies on flexoelectric effects in oxides?

In oxides, there have been little investigations on flexoelectricity: Why ?

1. most strain gradient : highly inhomogeneous
—> difficult to measure and control the strain gradient distribution

2. Macroscopically tiny effect due to its very small flexoelectric coefficients
and restricted elastic deformation at macroscopic scale.

unstrained .
Y] == -+ - -neutral axis
strained to i‘]_"' Strain gradient ~1/R
curvature P s .
ifadms | (R: Radius of curvature)
1y 2 If R =10 cm, Ege,,~ 10 V/m
= negligibly small in bulk!
8=1/R=¢ly
& =y/R =Ky Source: : https://eng.libretexts.org/
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Flexoelectricity: macroscale vs. nanoscale

v Piezoelectric effect : P nearly independent of sample size
v Flexoelectric effect : P inversely proportional to size

ou/dz (m™1)
1072 101 109 10° 10° 107
1 1 [ }} 1 1 [}
] ] T I\L ] ] ] "
1 L [ ‘\] 1 L [
[ I ] |\|\ 1 I I h
10=7 10~ 10°° 100 101 102
Eflexo (MV ) m_l)
macroscopic scale nanoscale
: -_/{c;anical
bending
E
Flexoelectric field E 106 — 108
Enhancement!

negligibly small
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Dependence of P,, for ferroelectric HOMnO; films

<10 mTorr> <100 mTorr> <350 mTorr>
—~ 10f - - _
e / / Similar phenomena had been
S o / ) observed in many FE films
2 with small P values. - origins?
% 10} -
301 o Exp. data
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g 2f - -
=
2 10+ M - '
O.I.I.I.I.I.I.I..‘I.I.I.I.I.I.I..I.I.I.I.I.I.I.
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double loop double loop imprinted loop

»

>

Po, is increased

D. Lee et al., Phys. Rev. Lett. (2011) il)s CCB Y
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Epitaxial growth of an oxide thin film

Growth of fully strained oxide thin film

Thin-film
Epitaxy
{ ‘ epi-stabilization

Bulk material Substrate with
lattice mismatch
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Strain gradient engineering using epitaxial Films

Growth of relaxed oxide thin film

= Above {, the strain usually
become relaxed by elastic
deformation, dislocation, etc.

s
Ill 'l, i \ \ ‘\‘ @5
,I I 1 \ \ Ha 2
/ Straln relaxatlon \ 52 .
S £ ou\ _ 1% ~10° ~10° m""
A VoS ~ Al 2 ~ ~ m
2 0z 100 ~10° nm

Critical thickness (i;)

“Strain Gradient Engineering” ?!

Flexoelectric effects =2
Control of FE domain, MPB,
self-polarization, defects, etc

252
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Controlling strain gradient inside FE film with P,

In most oxide thin films,

= Strain gradient can be controlled by introducing oxygen vacancies (V).

High oxygen pressure

yess

&
<

9 —su bstrate 9
L o S S S

<large strain gradient
by relaxation of strain>

D. Lee et al., Phys. Rev. Lett. (2011)

relaxation of strain

within tens of nm

Low oxygen pressure

<suppressed strain gradient
by crystal volume expansion>

Confirmed by gazing incidence XRD
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Flexoelectricity in domain formation of HOMnO; film

|
Flexoelectric effect

near T
/J-ﬂ
E] | .
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Modulation of FE domain pattern
by flexoelectric effect

D. Lee et al., Phys. Rev. Lett. (2011) 11)5 CCB :
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Flexoelectric control of P—Eloops of HOMnO,

Alignment
of defect dipoles

Flexoelectric effect

near T . .
A during sample cooling
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D. Lee et al., Phys. Rev. Lett. (2011) i] SCCS
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Nanoscale flexoelectricity in solids

week ending

PRL 107, 057602 (2011) PHYSICAL REVIEW LETTERS 29 JULY 2011

£

Giant Flexoelectric Effect in Ferroelectric Epitaxial Thin Films

D. Lee,! A. Yoon.”S.Y. Jang,1 J.-G. Yoo, J.-S. Chung,J' M. Kim.? J.E. Scott,” and T. W. Noh"*
'ReCFI, Department of Physics and Astronomy, Seoul National University, Seoul 151-747, Korea
’Department of Materials Science and Engineering, Seoul National University, Seoul 151-747, Korea
3J[)epa.i*‘)‘.i*i'iﬂlt of Physics, University of Suwon, Suwon, Gyunggi-do 445-743, Korea
*Department of Physics and CAMDRC, Soongsil University, Seoul 156-743, Korea
SDepumnem of Physics, University of Cambridge, Cambridge CB3 OHE, United Kingdom
(Received 4 April 2011; published 29 July 2011)

We report on nanoscale strain gradients in ferroelectric HoMnOj epitaxial thin films, resulting in a giant
flexoelectric effect. Using grazing-incidence in-plane x-ray diffraction, we measured strain gradients in
the films, which were 6 or 7 orders of magnitude larger than typical values reported for bulk oxides. The
combination of transmission electron microscopy, electrical measurements, and electrostatic calculations
showed that flexoelectricity provides a means of tuning the physical properties of ferroelectric epitaxial
thin films, such as domain configurations and hysteresis curves.

First demonstration of giant & controllable flexoelectric effect at the nanoscale

Nanoscale strain relaxation in epitaxial ferroelectric HOMnOj thin films
—> Critical influence on ferroelectric domain structures
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Domain Wall: Polarization Rotation due to FlexoE

Polarization vector map

Pl S U R
PR A L S R
) e e,
_ A Nl h 'F:J 2
SKain : e el NS S S
""""" S
Substrate .
' I AT AN R S
RSN - A
$i4s Large (in-plane) strain gradient
SESHI R in ferroelastic (c/al/c/a) domains
i > Flexoelectric effect
""""""""" : » Rotation of polarization from vertical to

...........................

R T L L SR e LY horizontal direction.

G. Catalan et al., Nature Mater (2011) i] ﬁccs
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Structural phase boundary: photocurrent enhancement

Tetragonal (T) BiFeO; Rhombohedral (R) BiFeOj

Photocurrent map

9nA

Strain gradient near structural phase boundary
» Flexoelectric polarization

> Splits the photo-induced electron-hole pairs » T-BFO: low photo-current

» T+ R BFO : large photo-current

K .Chu, C.H. Yang et al., Nature Nanotech (2015) ibsccs f\b
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Key milestones in the flexoelectric research

Mechanical writing of Flexo-photovoltaics (2018)  Flexo-electronics (2020)
farroelectric polarzation (2012) ey
Nanoscals (11171 V7 v@‘ i

flexoelectricity f17oTY / p i e

in epitaxial films 71 i . — =
(2011) :E:’ ;r : I U —s

4
Polarization rofation Enhanced pholocurrent Muoiré superlattices 2D membranes
near interfaces (2011) (2015) {20200 (2021)

Strain gradient dz/8x (m')

Enhanced piezoslectricity (2011) Flexoelactic MEMS (2016)
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2010 2015 220 Year

Review articles

D. Lee & T. W. Noh, Philos. Trans. R. Soc., A 370, 4944 (2012); P. Zubko et al., Annu. Rev. Mater. Res. 43, 387 (2013);
P. V. Yudin & A. K. Tagantsev, Nanotechnology 24, 432001 (2013); T. D. Nguyen et al., Adv. Mater. 25, 946 (2013);
L. Shu et al., J. Adv. Ceram. 8, 153 (2019); B. Wang et al., Prog. Mater. Sci. 106, 100570 (2019);

D. Lee, APL Mater. 8, 090901 (2020); S. M. Park et al, Appl. Phys. Rev. 8, 041327 (2021)i ﬁ CCB
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Controlling strain gradient with growth temperature

In BiFeO; thin film

= Adatom mobility, determining film growth, can differ by growth temperature
= Strain gradient can be controlled by deposition temperature T,

e &)

AFM image

BiFeO;

SrRuO;,

Low Tp High T,
Low adatom mobility High adatom mobility
— easily relaxed — little relaxation

e

1> CCES (8
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Controlling FlexE field : T, dependence

a Top view a Top view
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7 ’l ,/ \ \ \ Relaxed y. /I// \ \ \ \] Relaxed
re N4 - I
4 i
L,[100] o 1_.[01 ’ P I_.[100] o ned
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. : : All lattice constants are relaxed
Uniaxially strained lattice 1
- Out-of-plane £ ~23 MV m- - Out-of-plane £, ;= 3.2 MV m
flexo,3 = & - In-plane E;,, ;= 8.7 MV m~"

B. C. Jeon et al., Adv. Mat. (2013) i.l)s CCB A FR

Center for Correlated Electron Systems

ISOE 2023 (Cargese, France: Aug. 29-Sept 8, 2023)



Reversal of self-polarization

b T,
c
A
% EIRE BFO
>S5 ___SRO_____| _____SRO_____|
= STO STO
c
o . .
© Region | Region Il
=N .
\ Fully Strain
“ strained relaxed X
\ <@
\ o
\

Direction of the self-polarization is determined
by competition of interfacial and flexoelectric

effects in BiFeO, films. .
Film Thickness

B. C. Jeon et al., Adv. Mat. (2013)
ib>CCES {8}
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More examples of flexoelectric effects

. *Transport Properties
*Defect Formation

t = 250 80 |- T, = 560°C 80 - 7T, =570°C
el nm |
40 | ‘ 40 S :
- |
£ ° T 13
= 3t oL flexoelectric ‘ - 3
F_;) > | | —40 —40 I j
N DN W el O =
ﬁ o Eint —30 —15 o 15 30 —30 —15 o 15 30
. — E (MV m—1) E MV m—)
. . A e J O A s /
F - interfacial < 1 [To=se0c > [Te=s70c
-3 SéO 560 5'IIO 5;30 5 10 |
To (°C) o l—— — | o
-5 —10 | [:;
—10 | —20 |
T, = 550°C T, = 560°C T, = 570, 580°C e , R Bl D ,
—4 -2 o 2 4 —4 -2 o] 2 4
E (MV m-1) E (MV m~1)
ammn’ SN Sl
A A ) v V¥ layer
A A A BiFeO, * v ir\ r Nano. Lett. (2012); Adv. Mat. (2014)
/ defect
SrRuO,
SITiO,

D. Lee et al., Adv. Mat. (2014)
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polar metal?

« A metal that contains an electric dipole moment. And, its
components have an ordered electric dipole.

« With common sense, such metals should be unexpected, because the
free electrons will neutralize the polarized charge.

* However, P.W. Anderson and E. I. Blunt theoretically predicted the
existence of polar metals from the symmetry consideration on
Martensitic transformation. [Phys. Rev. Lett. (1965)]

« Up to this point, they have been reported in LiOsO,, LaNiO,, and
(Sr,Ca)TiO,; 2DEGs. They usually have small amounts of free carriers.

15 4 [=1mA

E

o 104
Y. Shi et al., Nature Mater. (2013) S 05- T

Q :
T. H. Kim et al., Nature (2016) s : LiOsO,
J. Brehin, et al., Nature Physics (2023) 0 100 200 300 400

T(K)

B Ry - Ol Y
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Flexo-polar metal

- How to design a large polarization inside a metallic film?

SrRuO; (bulk) SrRu0Q,/SrTiO,;(111) film
- highly metallic ' ©
- ferromagnetism (T, ~ 160 K) SrRuO,

- orthorhombic structure

SrTiO,
(substrate) [ @

Cubic Rhombohedral Monoclinic Orthorhombic
SrTiO, SrRuO, SrRuQ, SrRuO,
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Flexo-polar metal

- How to design a large polarization inside a metallic film?

4— Bendlng

“w. Z B os M lini r
Q~~ﬁ OR: onoclinic J
O Ti
o O

Inherent symmetry-lowering structural evolution
- Strain gradient (> 106 m~") in SrRuO; (111) films
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Flexo-polar metal

- Atomic-scale imaging : shear strain gradient and flexo-polar phase
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« Shear strain gradient (a few 10 m-1)
« Strong bulk polarity via Ru off-centering
W Peng et al., (submitted) « Gradual structural evolution

10° DD
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Flexo-polar metal

- Second Harmonic Generation (SHG) to probe broken inversion-symmetry

1.0
08 -

06 |

04

77 (2ww) (norm.)

02|

- SITIO,

0 10 20 30 40 50 60 70
t{uc.)

0.0

First demonstration of flexo-polar metal?
A new way to make polar metals?

W Peng et al., (submitted) & SCCB &

ISOE 2023 (Cargese, France: Aug. 29-Sept 8, 2023) Center for Correlated Electron Systems




Flexo-control of electronic properties

180
— Polar
o Sr —~ —— Nonpolar
3
©
© Ru =120}
Q
e O E
w
©
>
2 60
Perxo//[1 1 0] %
m)]
Ru e,
0 1
-2 0 2

Ru-driven bulk polarity = Ru d-orbital band reconstruction

Notable band narrowing - Increased electron correlation

Enhanced magnetic ordering by Stoner’s theory:

Increase of M (or T;) by 25% (or 10 K)
1>CCES

Center for Correlated Electron Systems
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Mechanical switching of polarization in FE BaTiO;

Domain switching with force

o Mechanically switched domain

BaTiO,
La, Sr, MnO,

I!l"-r

o

F

J‘ !
i[Lux
TAS |MEA

7t

H. Lu et al., Science (2012) 1bs CCB f
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Functional manipulation with an AFM tip

Photodiode
Laser

Sample surface l Cantilever & Tip

. PZT Scanner

Up to ~ 1 GPa ~1 GPa

ib>CCES {8}
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Mechanical switching : Theoretical explanation

flexo __
Ek

Flexoelectric field (V/m)

In-plane flexofield (V/m)

Gu et al.,

. . 2.0x107 .
-5.0%10- 1.0x107 "
10%10° “ 0.0 ”
e 10x107
-2.oxm’l .
257107 2.0%107

Out-of-plane flexofield (V/m)

Appl. Phys. Lett. 2015

El Intensity E; (MV/cm)

insulating tip

Static tip
Ocenesak et al

* The in-plane flexofield is comparable with out-of-plane.

» The scanning probe motion changes the shape of flexofield.

ISOE 2023 (Cargese, France: Aug. 29-Sept 8, 2023)

Sliding tip

., Phys. Rev. B 2015
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Ferroelectric BiFeO3 Thin Film

= BiFeO;: A well-known multiferroic

— Rhombohedral structure (bulk) ~ ©ON SrTiO5(100) substrates with step edges

— FE & AFM
—T~1103 K, T ~843 K
— P~ 100 pC cm~2 along [111]

— 8 possible polarizations SrRuO/SITi0,
a Mo Iy Faorls
@ Bi
. Fe H. W. Jang et al., adv. Mater. 21, 817 (2009)
0

Possible pathways: 71° & 180 ©

71° Switching

3 There are three different ferroelectric
- TN switching pathways in BiFeOs:
109° Switching i.e. 71°, 109°, 180° switchings.

i°CCES (&
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Selective ferroelectric switching by controlling tip motion

Sample: BiFeO; thin film (P along body-diagonals)
180° switching for tip motion along [110]

(Bap) sseud

'[1’1 0]

e ]

L__ [110] 600,mm

S. M. Park et al., Nature Nanotech. (2018) i I SCCES ‘ £
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Selective ferroelectric switching by controlling tip motion

Phase field simulation: trailing flexoelectric field Prof. L. Q. Chen (PSU)
Flexoelectric field distribution (static case) Effect of moving tip
-100 100 V/m st
- 3% 10% T3
R (hm) - .
1x108 ¢ !
_ 0
Ef out '—mos . PPPIHSFPPP
20 BiFeO: P P # A PN 7 P 4P
| SRuO,
-100 0 100 V/m SITiO —
| > Raxiot
' % ) I 2108 Tip motion re L
L P i / Trailing Epjexo
= I—zxmg 4
Ef in —4x 108 1’/1\ YuFrrr
~ v20 ‘A 3
(nm)

Motion of the tip effectively breaks the
symmetry of the FlexE field.

Generates an effective field at the wake of
the tip—trailing FlexE field.

S. M. Park et al., Nature Nanotech. (2018) il)s CCB ey
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FE polarization switching by mechanical 2D scan

(Bep) aseyd

S. M. Park et al., Nature Nanotech. (2018) 4izl)sccs
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Importance of oxygen vacancy control in oxides

SOFC FUEL CELL
Oxygen vacancies are important, Fusiin |
since they can determine the physical = A=
properties of oxides. So their control ) l' o=
. . . . 2 =]
is very important for oxide electronics. o-| |
Can we use AFM for moving V5? £ S
<= Fi 5 =
.-*'«n::-::le"‘r | szthu::-de
1,000
- R
500 -} : A Iu
g R A >
1
~500 — ax
AL}
~1,000 ; EU
-6.0 —3.|0 {I) 3.|(} 6.0
Vo) k(A
K. Szot et al., Nat. Mater. (2006) W. Meevasana et al., Nat. Mater. (2011) W.D. Rice et al., Nat. Mater. (2014)
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Studying V, and their diffusion by AFM tip

Sample: SrTiO;/Nb:SrTiO,4 Kelvin probe force microscope (KPFM)
a 1
11V 4 4—{ Lock-in
E Measure S
3 contact potential
£ difference (CPD)
N
- Change in V,
concentration

=

Position

> CCES
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Manipulation of oxygen vacancies with FlexE

Normalized vacancy conce ———

ntration map by KPFM <
® 00
©
-
e
85 |JN“ 1 (a.u.) 8
c -04 1
)
g
3 g
o — O
= i 0.8 A
0 2 4 6 8
Force (uN)
0.6 uN
0 AFM-tip moves V along SrTiO, surface!

» Concentration decreased along M

» Concentration enhanced along M,

S. Das et al., Nature Communications (2017)
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Underlying mechanism
Collaboration with Prof. L. Q. Chen (Penn State U)

Phase field simulation

P (C/m?) Depolarization field distribution
0.04
' 10
0.03 0
0.02 -10
S | 0.01 -20
g ger | -a0
0 7
Vacancy concentration map NVC (a.u.) (MV/m)
1.75 I .
1.50
2.5

125 , .
E‘} 0
1.00 ' s
y 0.75 y T
‘ ‘ e -5.0
X 0.50 « E)’Z P

» The pressed tip can trap oxygen vacancies
> and move them with its motion. > “flexoelectric V, tweezer”

S. Das et al., Nature Communications (2017) i] SCCS
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Mechanically tunable quantum tunneling

Flexoelectrically polarized ultrathin barrier using 3.5 nm-thick STO with 5uN

transverse strain polarization profile
with phase-field simulation

Neglecting flexoelectricity, pressue does
not produce any polarization in STO.

S. Das et al., Nature Communications (2019) ibsccs fa
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Mechanically tunable quantum tunneling

- Flexoelectric control of electric tunneling

d WKB approximation
30 T = i
duylxg =
114107 m!
T —
5 =
= a
3
3
e
T 350 18
% dutyf gl =107 mit)
h -
.I] -
- 10°E
f 7oo T = E
1.70x107 m™" * 8
o
= J
;- 5 10'F
= = E
-350 L ' 100
—1 0 1 0.0 0.7 1.4 2.1 24
Vv iwa — @4 [EV)

At critical polarization P, the tunnel
S. Das et al., Nature Communications (2019) barrier becomes triangular with ¢, = 0.
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Mechanically tunable quantum tunneling

- polarization-induced local metallization in SrTiO

a
DFT with uniform displacement of
oXo Ti atom by 0.2 A
(black line : non-polar SRO)
_' The gap shows a shift of energy
- bands due to polarization-induced
. : electric field.
:
o
- The cross metallizes the
interfacial barrier layer
p _- | __, region & concomitantly
©, 0 decreases the effective
ovVo barrier width.

osru.ﬁnnu.u

S. Das et al., Nature Communications (2019) i $CCI 3
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Colossal flexoresistance in dielectrics

da
Conduction <:|
band
7.1 R
Y ST highly conducting !
A
* (~ 108 fold change)
Valence
band
b s
10°LE B
;.
1072 . H.
. Wentzel-Kramers-Brillouin (WKB)
$ " approximation
e = with valence band conduction
10k Bog= 3.2V m | W without v.b.c
£ fp=1.4¢eV H
1070 . . .
0 1 2 3
Ag (eV)

S. M. Park et al., Nature Communications (2020) il)S CCB u :
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Colossal flexoresistance effect in ultrathin SrTiO;

a b

16 10?
Fip= 100 nMm r
1&?
B :
N A £ 10*
;-3 0 e — ] é '5 —
=  po* 5 5 F
i F (uN) = S 1°E
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B : = 11.0 E
— 120 10°
13.5 E
— 150 ;’
—16 1 1 1 1{1—2 1 | 1 1
0.4 —0.2 0.0 0.2 0.4 0 1 2 3 4 5
Viv) Ay axg (107 M)
| — V nonlinear at low F Electrical-state switching in a large-
—> insulating states bandgap dielectric leads to an

extremely large change in the

| — Vlinear at high F electrical resistivity (~ 108)

—> conducting state

Scaling behavior with a strain gradient,
demonstrating flexo-effects

S. M. Park et al., Nature Communications (2020) il)s CCB § _‘
Y
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More examples on tip-induced flexoelectricity

Mechanical gating Writing domains in P(VDF-TrFE) polymer
H. Lu et al., Nano Letters. (2014)
Chen et al., APL 2015

L i (A) 0.02ms 0.2ms 2ms 20ms
100k °o ® high R "
. et 320nN
= 80
g ®
OXYgEen = L 480nN
\'uql.'h:‘cics ; 60 Y
e
640nN 4 1
rm m = 8 180
0 05 1.0 L5 2.0 800nN

mech. load (pN)

Writing domains under Graphene top electrode Mechanical control of magnetism
Lu et al., Nano Letter 2016 Jia et al., NPG Asia Materials 2017

A

4
3 3
1‘;%;»,.#3&-- - -«‘h-
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Outline

1. Introduction on flexoelectricity

2. Controlling physical properties of oxide thin films by flexoelectric effects
. ferroelectric domain formation & switching, polarization rotation,
defect pinning and related transport, photocurrent, ....

3. Functional manipulation of oxide thin films by applying pressure with an
AFM tip : mechanical ferroelectric switching and & its pathways,
concentration of oxygen vacancies, mechanical tunneling and gating,
metal-insulator transition, .....
3. Potential applications
4. Summary
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Possible applications: flexoelectric MEMS on Si

Piezoelectric bimorph
actuators
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Metastable ferroelectric thin films

room-temperature ferroelectricity in CaTiO5 (111) films

©O 0O O » »| BukcCaTiO,:
g” - ‘g ; ; orthorhombic (P, with ab*a)
NGO . paraelectric
QOO » »
QOO » » Epi-stabilized CaTiO4 (111) flms on LaAlO,
g%rg“vg : . rhombohedral (R3¢ with aaa’)
-
OO0+ metastable ferroelectric at RT
o o o ° ~ CaTiO, (111)
a 120
©Ca OTi <O
J. R. Kim et al., Nature Communications (2020) ,:,Ei D
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Metastable ferroelectric thin films

Epi-stabilized ferroelectric CaTiO4 (111) films on LaAlO,
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J. H. Lee et al., Phys. Reuv. Lett. (2022)

- Mechanical switching =
nanodomains of <10 nm width

- Quite stable with time
- Ultrahigh data storage density
(=21 Thit cm™2)

Just after writing After 120 min
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Metastable ferroelectric thin films

Epi-stabilized ferroelectric CaTiO4 (111) films on LaAlO,

7
J. H. Lee et al., Phys. Rev. Lett. (2022) i] SCCB
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Summary

Flexoelectricity comes from the electromechanical coupling between charge
and lattice (strain gradient). It is ubiquitous: i.e. it can occur in any dielectric
material. Its effect can increase with decrease of sample size.

Strain gradient inside an epitaxial film can be systematically controlled by
varying Ps, ,Tp and so on. Such internally developed strain gradient can
affect many physical properties, including ferroelectric domain formation &
switching dynamics, polarization rotation, defect pinning and related
transport, photocurrent, and so on.

We can generate the strain gradient by applying pressure with an AFM tip.
With such external forces, we can control mechanical ferroelectric switching
and & its pathways, concentration of oxygen vacancies, mechanical
tunneling and gating, metal-insulator transition, and so on.

Studies on flexoelectricity will provide opportunities to resolve numerous
unresolved issues/puzzles occurring in nanoscale and to tune functional
properties of many nano-materials.
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