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Introduction
Application

= Varactors (adjustable capacitor)
= Memory (RAM)
= Sensors (Piezeelectric properties)

‘\\

® |ntegrated photonics

. /
Materials

= BaTiO,; (BTO) = MgTiO,4

= SrTiO,4 (STO) = CaTiO,

= PbTiO; (PTO) -
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Strained multilayers

® New polarization topologies
= Vortex-antivortex lattice
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= Skyrmions

................................................
[1] Z. Hong et al., “Stability of Polar Vortex Lattice in
Ferroelectric Superlattices,” Nano Letters, vol. 17, no. 4,
pp. 2246-2252, Apr. 2017.
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pp. 2246-2252, Apr. 2017.
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Numerical Modeling — Phase Field Model

Minimizing Free Energy

1 d0P; OP 1 1
F=][ (aijPin + @ijiePiPiPiPe + @ijiimn PiPi PiPe P By + 5 Gijia a_x;-a_xl; + 3 Cijki€ijér — qijri€ijPePe — S Kp EiEy — EiPi) av

® Dependant variables: = Time-dependent Landau-Ginzburg-
« Polarization P = [P, P,, PZ]T Devonshire equation: upP; +y P = —%
. T L
- Mech. displacement u = [uy, uy, u,] " - Substrate effects and boundary
* El. potential ¢ conditions (including displacements)

needs to be taken into account

.0y . - . - L
&j = %(%l + %): total strain, a: Landau coefficients, g: gradient energy coefficients, c: Elastic stiffness,

q: Electrostrictive coupling coefficients, k;: Background permittivity
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Numerical Modeling — Simplyfied Model
Non-atomistic, steady state model
® Reducing complexity to a minimum: a%p,  07p,
= All mechanical effects are considered in 2a;F +h.0.t. =gy (W + 622) = Ex (1.1)
modified Landau coefficients a [1] 2 92p
= Considering only a single layer 2 azP; +h.o.t.—go (axzz azzz) =k, (1.2)
Cod
» Steady-State solution: .- =0 V-D=0 - % + % =0 (1.3)
= Assuming 2D JE.  OE
. : VXE=0 > Tx Tz (1.4)
" Free energy is expressed depending on 0z ox
T T
P = [Px'Py] E= [Ex'Ey]
a1 P¢ + azPf + a  PF + azsPt + apPEPF + a1 (PE + PP) + a1, (PAP? + P2P)
F=]J aPN\Z | (0P\2 | (9P,\% | (aP,\?] 1 1 av
+3 [(E) +(52) +(52) +(52) ] ~ g foernEy — 7 orssEr — Exhe — E;P;
[1] Z. Hong et al., “Stability of Polar Vortex Lattice in Ferroelectric Superlattices,” Nano Letters, vol. 17, no. 4, pp. 2246-2252, Apr. 2017.
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Numerical Modeling — Simplyfied Model
Non-atomistic, steady state model
2 2
. 2a.P,+h.o.t.—g, (%+BE)ZPZX)=E,C (1.1)
" Using D; = &¢,.j; E; + P;, (1.3) can be
rewritten as _ . (9%Py | 9%P;\ _ (1.2)
JE, 3E, P, P, 2azP, +h.o.t. go(ax2+az2)_EZ
fofran Gy T80T, T TG T oz 9y 0 _ (13)
. dx 0z
= (1.4) can be rewritten as o5, OE, (1.4)
0E, OE, OEx _ 9Ez :
=X _ZZ_0 0z ox
0z dx
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Numerical Modeling — Simplyfied Model

Non-atomistic, steady state model

r
aPx(y) 7
—Yo
v ox |_f 2 aym P h
' aP....| = Ex) — 2 a13)Fx) —h.0.L
-9 x(¥)
LY
o [eosea B _ 0B 0B
| 06,33 E7 0x 0z
_EZ
v %] = 0
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(1.1)
(1.2)
(1.3)
(1.4)

Numerical Modeling — Simplyfied Model

Non-atomistic, steady state model

r
@ ,
x = - —
v m - EX(y) 2 a1(3)Px(y) h.o.t.
0z
V. -Sogr’11 Ex _ _% ~ %
| 06,33 E7 o o
_EZ 3
v [ Ey ] = 0
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Conservative Flux
-g0*Pxx X
m
-g0*Pxy y
r
g0*Pyx X
. m
gO*Pyy y
Source Term
Ex-2*a1*Px 1
f
Ey-2*a3*Py 1
- Conservative Flux
eps0*epsr11*Ex X
m
epsO*epsr33+Ey y
T
-Ey X
m
Ex y
- Source Term
Pxx-Pyy 1
0 1




Numerical Modeling — Simplyfied Model

Non-atomistic, steady state model

= Dirichlet boundary condition for E, and E,
at all boundaries

Polarization
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= Zero flux boundary condition for P, and P, 1:‘21 =
= Anti-periodic boundary condition P, and P, 3.8 -
at left & right boundary 8.2 2
02
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Numerical Modeling — Simplyfied Model
Non-atomistic, steady state model Electric Field
= Dirichlet boundary condition for E, and E, 4
at all boundaries : :
= Zero flux boundary condition for P, and P, B . 2
= Anti-periodic boundary condition P, and P, - L5 =
[ —
at left & right boundary 5 b\ e
/////k\\\\ 05 o
TS e 0
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Outlook

Electrodynamic Model

® Modelling the evolution of polar vortices by
solving the time-dependent Landau-

Ginzburg-Devonshire equation:
ubi+ypP= —;—;
® Modelling the interaction with an external

Electromagnetic wave
= Electrodynamic model:

O0H OEy O0E, 0H,
L] X = — —_— - — - — = —
VXE Ho 5 ax 9y Ho=5¢
D _9H, _ ODy OEy, | 0Py

[] )(H:—(—) = —_—= -
v at dy o - fofriig Ty

= Dependent variables: P, P, Ey, E,, H,
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Governing Equations

d%P, 92P, P,
-L <2a1Px +h.o.t.—gg [ =+ "] - Ex> ==

dy? = 0x?

92P, 9P oP,
—L<2a3Py+h.o.t.—g0[—y+ y]—Ey> Y
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T ot

9y | ox? ot
0E, OE, oH,
Py P, 2

dx dy Jat
0E, 0P, OH,

ffn 5t 5 = 5y
dE, 0P, aH.

Oby Oty 0
o335 T 5 ox
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Thank you for your attention!
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