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Because of the search of high-performing Pb-free piezoelectric materials
W. Liu et X. Ren designed BaTiO3-CaTiO3-BaZrO3 pseudo-ternary system

by discovering a large electromechanical response [PRL 103, 257602 (2009)]
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Great number of later experiments, but underlying physics still unclear

Step-by-step analysis
via first-principles calculations
based on DFT (GGA functional)

to unravel microscopic mechanisms
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tuning ferroelectric properties
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Parent Compounds : BaTiO3 & CaTiOj

BaTiO3 (a. =3.975 A, t = 1.06)
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cooperative atomic motions

along correlated Ti-O-Ti-O chains
[Ph. Ghosez et al., Ferroelectrics, 206, 205 (1998)]
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Parent Compounds : BaTiO3 & CaTiOj

BaTiO3 (a. =3.975 A, t = 1.06) CaTiO3 (ac =3.840 A, t=0.97)
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Solid Solution : BaTiO3-doping with CaTiO5

Two key mechanisms characterize (Ba,Ca)TiO3

1) Ti-driven distortion 4+ Ca-driven distortion 2) Steric effect
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Solid Solution : BaTiO3-doping with CaTiO5

1.955 1960 1965 1970 1.975 1.980 1.985 1.990 1.995

Ca-doping produces
shortening of surrounding Ti-O bonds
weakening Ti-driven distortion _
while Sma
Ca-driven distortion remains unaffected [ & Mentrpoar
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Solid Solution : (Ba,Ca)TiO3

Bay.g75Ca0.125T103

Bag.50Ca0.50TiO5

a ROCK-SALT ¢
@ ] COLUMNAR W
LAYERED @

AE (meV/f.u.)
|
=
o

AE (meV/f.u.)

=20

‘ ' ' ' ' ' Pooo Poo1 P P P
Pooo Poo1 Pobe Po11 P111 Panc 100 "110 T1ill

low Ca-concentration higher Ca-concentration
alternating short/long Ti-O bonds overall compressed Ti-O bonds

l !
Competition repulsive Ti-O forces
attractive/repulsive Ti-O forces |

! Dominant Ca-driven mechanisms
Competitive Ca / Ti driven

_ !
mechanism '
echanisms Spread energetics

! with favored T-like states
Competition of various polar states

SMziEd Danila AMOROSO - EJD-FunMat Annual Meeting 2018 — Luxembourg, 18-23 March 2018




Solid Solution : (Ba,Ca)TiO3

Bay.g;5Cap.125TiI03
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Solid Solution : (Ba,Ca)TiO3
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Parent Compounds : BaZrOj

Two key factors characterize

(ra+ro) A and B

t=——— —— =1 —> it i
) V2(rg+1o) fit ideal cubic

perovskite

2) Repulsive Zr-O interaction < Zr polar inactive
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Solid Solution : BaTiO3-doping with BaZrO5

Zr introduces local break of correlated Ti-O-Ti-O chains
sustaining BaTiO3-polar distortion

BaTi,gZr;,303
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Solid Solution : Ba(Ti,Zr)O3

BaTi0_875zro_12503 BaTi0.502r0.5003
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Solid Solution : Ba(Ti,Zr)O3

(1-y)BaTiO3 + (y)BaZrO3

Zr-Ti correlation globally weakens BaTiO3-like
polar distortion with increasing y . . .

.. .But, can the Zr-Ti correlation
locally make Zr polar active?
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BaZrO3/mBaTiO5 system : Ti — Zr correlation

L = 3 (m = 2) homogeneous
P along Zr-O-Ti-O-Ti-O

!
Polar activation of Zr
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BaZrO3/mBaTiO5 system : Ti — Zr correlation
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Solid Solution : Ba(Ti,Zr)O3

(1-y)BaTiO3 + (y)BaZrO3
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(Ba,Ca)TiO5 & Ba(Ti,Zr)O3 toward (Ba,Ca)(Ti,Zr)O3
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Outlook: (Ba,Ca)(Ti,Zr)O3

AE (meV/f.u.)

BTO BCo.125TZ0.125

Can this landscape justify the enhanced piezoelectricity
in BCTZ with low Ca- and Zr- concentration?

- Part 1 on ArXiv.org > cond-mat > arXiv: 1801.08886
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Outlook: (Ba,Ca)(Ti,Zr)O3
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Can this landscape justify the enhanced piezoelectricity
in BCTZ with low Ca- and Zr- concentration?

Thank you
for your attention
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Parent Compounds : BaTiO3

Two key factors characterize
BaTiO3

ra+r
1) t= M >1 —» B too small
\/2(rB+r0)

2) Destabilizing Ti-O interaction
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Parent Compounds : BaTiO3

BaTiO3 (ac =3.975 A, £ = 1.06) 3 polar states in the phase diagram

with stabilization of the R3m-phase

=
e
X0

J
'
Polar-antipolar unstable branch

Frequency (cm™)

=
s
o -10
E
L
<

chain-like instability in real space

! -20
cooperative atomic motions
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[Ph. Ghosez et al., Ferroelectrics, 206, 205 (1998)] Pm-3m P4mm AmmZ2
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Parent Compounds : CaTiO3

Two key factors characterize
CaTiOj3

ratr
1) t—(AO) <1 —» Atoo small

 V2(rg+ro)

2) Destabilizing Ca-O interaction
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Parent Compounds : CaTiOj3

CaTiO3 (ac =3.840 A, t=0.97) Spread energy landscape
with paraelectric Pnma ground-state

| |

o

|
w
ol

|
\l
o

Frequency (cm!)

[ [ | |
N PR
P N b O
o g o O

3
x
>
[0
£
L
<

~245 |
-280 |
-315 |

|n-pha_se (+) Polar Out-of-phase (-) :
rotations distortion rotations —350 |

Pm-3m P4mm Amm2 R3m P4/mbm I4/mcm R-3¢c Imma Pnma

SMz=cf Danila AMOROSO — EJD-FunMat Annual Meeting 2018 - Luxembourg, 18-23 March 2018



Parent Compounds : CaTiOj3

CaTiO3 (ac =3.840 A, t=0.97)
Inverted order of polar phases
| &

increased energy gain with respect to BaTiO3

I
/_

Frequency (cm™")

AE (meV/f.u.)

Pm-3m___P4mm

[ [ | [
N T
P N D O
o o O

AE (meV/f.u.)

. -245

In-phase (+) Polar Out-of-phase (-) ~280
rotations distortion rotations

-315 |

-350 ¢

Pm-3m P4mm Amm2 R3m P4/mbm I4/mcm R-3¢c Imma Pnma

SMz=cf Danila AMOROSO — EJD-FunMat Annual Meeting 2018 - Luxembourg, 18-23 March 2018



T/K:'.'T};_T'." ol

[ C Pm3m

_ 400 F—oavagCos < oo oo — + —o 1

- T-O . ]

300 ;Z;‘ T Ba, Ca TiO;

L O 0. 8 *  Heating |

200 F-::., 4y, * Cooling ]

100 fR 70T :
[ -3 «

- R3m \ %,¢, P4mm

R C. Ken & N. J. I letticar,

- Acuscica 6, (1956)235. 1w _ 0.0 0.1 xORi0.2 W0 0.3
5C 1 1 1 1 1 1 1 - F .
0.00 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 'y y *D. Fu and M. ltoh,

*Kell and Hellicar, VAN Ay PRL 100, 227601 (2008)
Acustica 6, 235 (1956) \ \ ! : \

SMnEEE Danila AMOROSO — EJD-FunMat Annual Meeting 2018 — Luxembourg, 18-23 March 2018




(Ba,Ca)TiO5 : VCA vs SUPERCELL
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(Ba,Ca)TiO5 : VCA vs SUPERCELL

Pooo Poor Pobc Po1r  Pinx Pooo Poo1 P100

Bao.575Ca0.125TiO3 3 Bag.50Ca0.50Ti0;3

VCA forces Ba and Ca
to behave the same without
considering their different dynamics
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Ba(Ti,Zr)O3: VCA vs SUPERCELL
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Ba(Ti,Zr)O5 : VCA vs SUPERCELL

BaTig 50Zro.5003
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BaZrO3/mBaTiO5 system : Ti — Zr correlation

Decreasing Zr-concentration

50% - 17%

> 50% composition
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