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* Crystal Mechanical response to E feld:
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Electromechanical coupling

Electric Field E')
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Electromechanical coupling

Strain
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Stress
(Xij)

Electric Field E')
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Polarisation Field I_’)
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Electromechanical coupling 2.
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Motivation: Why calculate electrostriction?

* Electromechanical coupling: Efield

transducers — actuators, smart devices

Electrostrictive strains too small
~1028 %

e

Giant electrostrictors™®: strains of ~0.6% .

 Advantages over Piezo-transducers: 2
- Temperature stability 5 £l
- Low hysteresis eeed
- Lead free o .
-100 -50 0 50 100
Electric Field (kV cm ')

Find Giant Electrostrictors; Find origin of Giant Electrostriction

* [R. Korobko et al. Adv. Mater. (2012), 24, 5857] ; [N. Yavo et al. Acta Mater. (2018), 144, 411]
T [Q. Li et al. Phys. Rev. Mat. (2018), 2, 041403(R)]
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Motivation: How best to calculate electrostriction? -
Literature review

AlP Conference Proceedings 1199, 71 (2010)

Electrostriction Coefficients of GaN, AIN, MgO and ZnO in
the Wurtzite Structure from First-Principles

I. Kornev', M. Willatzen®, B. Lassen” and L. C. Lew Yan Voon'
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AP ADVANCES 6. 065122 (2016)

Electrostriction coefficient of ferroelectric materials
from ab initio computation
Z. Jiang,"? R. Zhang,® F. Li," L. Jin," N. Zhang.' D. Wang,"# and C.-L. Jia'*

Electrostriction at the LaAlO,/SrTiO; Interface

C. Cancellieri," D. Fontaine,” S. qu‘iglio.l N. Rcyrcn,l A.D. Caviglia,l A, Fete,' .. Leake,* S. A, Pauli?
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. Finite E field methods

X:: = mE?
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. Finite D field methods

Xij = QijmanPn



Motivation: How best to calculate electrostriction? - 4,
Literature review

AlP Conference Proceedings 1199, 71 (2010)

Electrostriction Coefficients of GaN, AIN, MgO and ZnO in
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- Derivation and advantages
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Electromechanical coupling

Strain

(xi;)

Stress
(Xij)

Electric Field E')

/

Xij = MijmnEmEn

Xij = MijmnEmEn
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Polarisation Field I_’)

Xij = QijmanPn
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Electromechanical coupling

Electric Field E')

-~

Strain Xij = MijmnEmEn
(xi;) ,
M _ 10 Xij _ 1 aXl]
gmn = 9 9E E, 208X,
Stress Aij = MijmnEmbEn
(Xij)
1 E)ZXU- 1 aXl]
My = — = —
gmn = 9 9E E. 2 0x

o

~

-

Polarisation Field I_’)

Xij = QijmanPn

_ 1 ale'j 1 611,]
ymn - 20P.P, 20X,
Xij = BBy
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q-- = — = ——
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A-Priori Methodological Advantages

-~

\_

Indirect method

Ax/An
AX /Ax

v" Hydrostatic strain/pressure

v" Can investigate at closing Eg.

v Decomposition of tensor

v Well established (1990):
excellent infrastructure

BN

Direct method
Ax/AX
AE /AP

Always Unidirectional field.

%

E Ea
9 > == must hold
Nye 2T

No easy decomposition of
tensor

New (2009):
- No parallelism for D
- PAW erroneous results



Finite Field and PAW in ABINIT

0.15
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E (10% V/m)

P Vs E by DFPT and finite field with both PAW and NCPP
PAW finite field: incorrect behaviour, permitivity
=> Incorrect electrsotrictive coefficients

DFPT works with PAW — can use current method with PAW for large unit cells/supercells
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Indirect method

Ax/An
AX /Ax

v" Hydrostatic strain/pressure

v" Can investigate at closing Eg.

v Decomposition of tensor

v Well established (1990):
excellent infrastructure

BN

Direct method
Ax/AX
AE /AP

Always Unidirectional field.

%

E Ea
9 > == must hold
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No easy decomposition of
tensor

New (2009):
- No parallelism for D
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A-Priori Methodological Advantages 7.

/ Indirect method \ / Direct method \
Ax/An Ax/AX

AX /Ax AE /AP

v" Hydrost al field.

v" Caninv

v Decom N of

v Well esta
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- No parallelism for D
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Indirect Calculation of Electrostriction
Simulation Details

DFPT ABINIT; 7/_‘{6iﬁ|t
—

Ecut=50 Ha;

8x8x8 monkorst pack-grid;
Pseudodojo NCPP;

PBEsol;

Rocksalt MgO




Indirect Calculation of Electrostriction 9.
Pressure derivative of x;;and n;; in MgO

Strain, £y, = 9o = 33 (%)

-0.5 -0.3  -0.1 0.1 0.3 0.5
! ! ! ! — 0.112

0.6 0.108
0.5

5 0.106
0.4
0.3
o 0.104
917 0.102

9 —883 pm?/V*2

\, 0 ] ] ] ] ] ] ] ] ] 1_] 1

' 25-2-15-1-050 05 1 15 2 25
Stress, Xj_l = XQE = Xj,;_:-, (Gpﬂj

Strain (x;) between £0.5%; calculate stress X;
susceptibility y, and inverse susceptibility 7.

L

Fit y and n vs X;;/x;; for electrostrictive
coefficients.

Qh, Mh, mh and gn obtained in same calculation




Direct Calculation of Electrostriction

Electric/Displacement Field Response - Strain

10.

Strain, « (%)
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Full energy minimisation under fixed E,, D,

-0.5 0 0.5
Ea (GVin—1)

Strain, = (%)

Longitudinal expansion; Transverse contraction.

e
p—t

e
Q
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(211=—0.292 C?/m*

Q12=-0.075 C?/m*
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Direct Calculation of Electrostriction

10.

Electric/Displacement Field Response - Strain

Strain, « (%)

-0.05 -

Mio—-508 (pm/V)?

_01 1 1 1 1
-1.5 -1 -0.5 0 0.5 1

Eq (GVin—1)

Full energy minimisation under fixed E,, D,

Strain, = (%)

Longitudinal expansion; Transverse contraction.

e
p—t

e
Q
[}

-0.05

-0.1

(211=—0.292 C?/m*

Q12=-0.075 C?/m*

Stress coefficients m, q: Relax only internal positions

under fixed E,, D,; calculate stress.

Stress, X (GPa)

-0.05 0 0.1
Ps (Cm—32)

: :
q12—2.5 GNm?C 2

gi1—72 GNm>*C—2

-1 -08 -0.6 -04 -02 0 02 04 06 08 1
Py (10-1Cm—2)



11.

Comparison between Direct and Indirect methods

ST

Ptases

ARARAARARAX

SRR
KRR

Qn

KRR
A 2026950620216 10 0% %66 20 %% s %0 Yo% s

Qn

040404040404040404040404“1040101010404’40‘

ST

NS SN S SISO IS NP

My,

My

1.6

V‘A
¢
[
gl g
HAA
Il
=+
—
wn
)
(e
Q
(@)
&=
Q
@)
©)

Agreement between methods and exp
normalised to Exp 1 in bar chart.

0.6
04
0.2

1
*
=]



12.

Comparison between Direct and Indirect methods
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Application
Electrostriction at ferroelectric phase transition: KTaO3

9000 600
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500 +
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= 300 | ws
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0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 |
-0.7 -0.6 =05 =04 -0.3 =02 =01 0 01 02 0.3 -07 =06 —-05 —-04 -03 —-0.2 =01 0 0.1 0.2
11 = 22 (%) xy = x99 (%)

Compressive strain induced phase transition: €, diverges

Transition driven z-polar soft mode




Application
Electrostriction at ferroelectric phase transition: KTaO3

13.

9000 16 600
8000 | {14
500
7000 - 119
6000 | o 400 -
{100 wi —K—
5000 = H'H w —K
& 8 5 g 300 t .
L L
4000 | = 3
46 ; 2
3000 | (=
2000 - 1?
1000 | 2
O 0 O 1 1 I 1 1 1 1
—0.7-0.6 -0.5-04—-03-02-01 0 01 02 03 —-0.7 -06 —-05 —04 —0.3 —02 —01 0 0.1 0.2
T1] = Too (%) Ty = To9 (%)

Compressive strain induced phase transition: €, diverges
Transition driven by z-polar soft mode

M35 also diverges

Reaches 1x10~1°: d§£f= 60 000 pm/V; compare
162 pm/V for PZT



Application 13.
Electrostriction at ferroelectric phase transition: KTaO3

9000 600
8000 +
500 -
7000
6000 - 400 - w1 —K
5000 - T wy —-
< § 300 - ws
4000 - 3
3000 +
2000
1000 -
0 0 ! L | | | | |
—0.7-0.6 -0.5-04-03-02-0.1 0 01 02 03 -0.7 =06 -0.5 —-04 -0.3 =02 -0.1 0 0.1 0.2
w1 = x99 (%) e = a2 (%)
Compressive strain induced phase transition: €, diverges
ul T
Transition driven by z-polar soft mode 2y
10 |
M35 also diverges Sk
E 6
- e 4y
Reaches 1x10~1°: d3§f= 60 000 pm/V; compare
2L
162 pm/V for PZT

-3 1 L I L 1 L I L
0.7 —-06 -05 -04 =03 -02 -0.1 0 0.1 0.2

11 = 22 (%)

decomposition shows soft polar mode responsable



Application
Correlation between Mn and Qn

0.5 AT r—— 1.8 17 P 1.8
Metavalent @ | | Metavalent .
f(x)=0.68 x + -0.05 | i 1.6 e, 1.6
0 —18 .
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L ]
— 05 1.2 ——19 - 1.2
O & 2
B PhSe 1 = E . 1
- 1 Pl = =20 i
3 o8-Sn'Te | [].8:’;3 S _ Y 0.8~
= \Zr(); wAIN ~ = 1
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. i 0.4 = . 0.4
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_95 0 93 & 0
-3 —-25 -2 -15 -1 —-05 0 05 —22 —21.5 —21 —20.5 —20 —19.5 —10 —18.5
log(:;‘c,.]) (m*/C?) log(sereo) (m*/V?)

Materials with large Qn do not necessarily have large Mn

= Large strain in response to E field does not mean large strain in response to P field
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Summary

15.

Stress/strain dependence of permitivity best way to compute
Electrostriction.

Validated method against finite field calculation and experiment

Advantages: Fewer calculations; Faster convergence; 8
times faster computation; Decomposition of tensors

Applications:
- Analysed electrostriction at ferroelectric phase transition

- Demonstrated My, and Qy, are uncorrelated
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Electrostriction at ferroelectric phase transition of KTaO3 14.
Q coefficients
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Ty = w2 (%) e = 22 (%)

Q33 does vary at the phase transition, but only
by =4%



Electrostriction at ferroelectric phase transition of KTaO3
Q coefficients

14.
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Q33 does vary at the phase transition, but only (.0

by =4%

Q12 changes sign
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Electrostriction at ferroelectric phase transition of KTaO3 14.

Q coefficients
0.007 75 X 101[)
0.006
- —5.05 x 1010
0.005
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0.003 | T
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ry) = r23 (%)

933 less complicated behaviour



Application 14.
Decomposition of BaZrO3 Mhn
e Permitivity has electronic contribution, but electrostriction does not
* Softest polar mode, with largest polarity contributes most
* 4 coefficients my, My, qp , and Qp have same composition
m clec
M = 10
h
- TOg
| | | | | |
0 20 40 60 80 100 120

% contribtion



