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1 Phase-Field modeling of SrTiO;

1.1 Interactions of strain, polarization, and AFD in SrTiOs

Figure S1 shows the crystal structure of SrTiOs. Under the stress-free condition, the
crystal structure is the perfect cubic structure as shown in Fig. S1(a). This cubic structure
is called the paraelectric (PE) phase, and SrTiOs; does not exhibit any spontaneous
polarization. On the other hand, SrTiO3 subject to tensile strain above a certain intensity
exhibits spontaneous polarization along the tensile direction (Fig. S1(b)) *-3. This structure
is the ferroelectric (FE) phase with displacements of cations (St**, Ti*) and anions (O%)
from the ideal lattice positions. Thus, SrTiO; transforms from PE to FE by mechanical
loading. Furthermore, at low temperature, SrTiO3 exhibits the antiferrodistortive (AFD)
phase, in which the oxygen octahedral rotates as shown in Fig. S1(c) . The AFD and FE
compete with each other”. Thus, strain, polarization, and AFD are coupled with each other
in SrTiOs3. To construct phase-field modeling of SrTiOs, these interactions must be

incorporated into free energy.
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Figure S1. Crystal structures of SrTiOs (a) in the paraelectric phase, (b) in the ferroelectric phase under uniaxial

strain along [001] and (c) in the AFD phase.



1.2 Free energy of SrTiO3
Taking polarization p = (p1, p2, p3) and AFD ¢q = (q1, g2, ¢3) as the order parameters,

the total free energy F can be shown as®™®
F = J.V fdv = -[V (f};ulk + f;las + fgrad + felec )dV (Sl)

where f, foulk, felas, ferad, and feiec denote the total free energy density, the Landau energy
density, the elastic energy density, the gradient free energy, and the electrostatic energy
density. V' denotes the entire volume of the SrTiO3 system.
The Landau energy density fpux is expressed as
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where a;, oy, B1, fijand ¢; are the Landau coefficients related to polarization, AFD and the
coupling of polarization and AFD. The Landau energy density represents the property of
polarization and AFD. Especially, the seventh, eighth and ninth term exhibit the coupling
between polarization and AFD. The interaction of polarization and AFD is represented by
these terms.

The elastic energy density is given by

1 1
Sotas = Ecijkleg'/ekl = Ec(jkl(gg'/ - 5;; )&y — 5181) (S3)

where ¢ denotes the elastic stiffness tensor. e; and e, are an elastic strain and total strain,

respectively. ) is eigen-strain induced by polarization and AFD and shown as
5; = Qijklpkpl + Azjlekql (S4)

where Oy and Aji represent the electrostrictive coefficients and the coupling coefficients

between strain and AFD, respectively. The expanded elastic energy density is given by
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where, following the Voigt notation, c11 = cii11, c12 = c1122, c44 = c1212, Q11 = O, Q2 =
On122, Qas= Q1212/2, A1 = A, A2 = Anz and Asa = A1212/2, respectively. Especially, the
fourth, fifth and sixth term exhibit the coupling between polarization and strain. The
interaction of polarization and strain is represented by these terms.

The gradient energy density, which is the penalty for the spatially inhomogeneous

order parameters, is described as
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where G, and Gy are the gradient coefficients related to polarization and AFD,
respectively. pi; = dpi/ox; and q;; = dpi/ox; are gradients of polarization and AFD using the
position vector x = (x1, X2, X3).

The electrostatic energy density is given as
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where, E,, &, denote electric field components, the permittivity of vacuum. ., isthe
relative dielectric permittivity of SrTiOs.
The total free energy mentioned above includes the interactions of strain,

polarization, and AFD, which are essential to describe the properties of SrTiOs.

1.3 Governing equations in SrTiO3

The temporal and spatial evolution of polarization and AFD are calculated by the

time-dependent Ginzburg-Landau (TDGL) equations,
op,;(x,t) _ 7 oF

ot P op,(x,1)
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where ¢ represents time. L, and L, are the kinetic coefficients related to the domain

(S9)

mobility for polarization and AFD, respectively. o0F/dpi and oF/og; denote the
thermodynamic driving forces for polarization and AFD evolution. In addition to the

time-dependent Ginzburg-Landau equations, the following mechanical equilibrium

equation
o (o
—|—1=0 S10
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and Maxwell-Gauss equation
0 of
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must be satisfied for charge and body force free ferroelectric materials simultaneously.
Using the principle of virtual work, the governing equations are expressed in the
weak form as
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where t;, u;, o, ¢, nj and S denote the surface traction, displacements, surface charge,

electric potential, the normal vector of surface and the surface of materials.



2 Simulation models

Figure S2 shows pore arrangements in nanoporous SrTiOs. To study the effect of
pore arrangements, I employ simple-cubic (SC), body-centered cubic (BCC) and face-
centered cubic (FCC) arrangements of spherical pores. On the basis of the experimental
observations®®°, the diameter of a pore and the nearest distance between pores are 10 nm
and 18 nm, respectively.

Figure S3(a) shows the simulation model of the SC nanoporous SrTiOs. The model
consists of a single crystal of SrTiO3 in which the crystal orientation [100], [010] and
[001] corresponds to the x1, x2 and x3 axis of the model. The size of the simulation cell
in the x1, x2 and x3 directions is 36 nmx36 nmx=36 nm, and this simulation cell is divided
into 13824 elements with 16338 nodes. The periodic boundary condition is applied to the
simulation cell in the x1, x2 and x3 directions to realize the SC nanoporous structure. The
electric boundary conditions are set to be open-circuited to mimic the free-surface
condition via taken into account the depolarization field which is derived from surface
charges. The values of the material coefficients for SrTiO; are given in Table S15!!,

Figures S3(b) and S3(c) show the simulation models of BCC and FCC nanoporous
SrTiO3. Same as SC nanoporous SrTiO3, the models consist of a single crystal of SrTiOs;
in which the crystal orientation [100], [010] and [001] corresponds to the x1, x» and x3
axis. The size of the simulation cells of BCC and FCC structures in the x;, x2 and x3
directions are 20.8 nmx20.8 nmx20.8 nm and 25.5 nmx25.5 nmx25.5 nm, respectively.
These simulation cells are divided into 4096 elements with 5086 nodes and 4096 elements
with 5269 nodes. The periodic boundary conditions are applied to each simulation cells
inthe x1, x2 and x3directions to realize BCC and FCC nanoporous structures. The electric
boundary conditions and the values of the material coefficients are the same as SC

nanoporous structure.
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Figure S2. The pore arrangements investigated in this study. (a) SC, (b) BCC and (c) FCC.
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Figure S3. Simulation models of (a) SC, (b) BCC and (c¢) FCC nanoporous and its dimensions and mesh partition.



Table S1 Material constants for SrTiO; used in the simulation

Landau coefficients for polarization Landau coefficients for AFD
a, [dyn cm?/stac’] 4.5 X 1073[coth(54/T)—coth(54/30)] B, [dyn/cm?*] 1.32 X 10%%[coth(145/T)—coth(145/105)]
a,, [dyn cmS/stac*] 2.1X10712 B [dyn/cm®] 1.69 X104
a,, [dyn cm®/stact] 4.85X10712 B [dyn/cm®] 3.88X10%
Coupling coefficients for polarization Coupling coefficient for AFD
0, [em?/stac?] 5.09X10713 Ay [fem?] 8.7X 10
0, [em*/stac?] -1.50X10713 Ay, [lem?] -7.8 X101
Oy [cm*/stac?] 1.065X 10713 Ay [/em?] —9.2X 101
Elastic constants Relative gradient constants
¢y [dyn/em?] 3.36 X102 G,/G, 0.4
¢, [dyn/cm?] 1.07 X102 G/G, 0.012
44 [dyn/cm?] 1.27 X102 Relative dielectric constant
K 300

3 Simulation procedure

To investigate the behavior of polarization distributions under tensile strain, at first,
the thermodynamic equilibrium state of nanoporous SrTiOs; without external strain is
simulated. The simulation is conducted at room temperature (7= 300 K) and SrTiO3 does
not show AFD which appears at low temperature (77 = 105 K). To obtain the
thermodynamic equilibrium state, a random distribution of polarization with small
magnitude 1x10”° C/m?is introduced as the initial state. The time evolution of polarization
is calculated by solving the TDGL equation until the change of polarization at each time
step becomes less than 1x10°% C/m?. For the time integration and nonlinear iteration, the
backward Euler scheme and the Newton iteration method are used respectively with
normalized time step At/tp= 0.2 ( t9= Lp|ai| ).

Next, a small equitriaxial tensile strain A1 = Adexn = Aezz = 0.001 is applied to
nanoporous SrTiO3; simulated above, and the thermodynamic equilibrium state is
simulated in the same manner as that without external strain. By repeating small
increments of strain and calculating the thermodynamic equilibrium state, we study the

behavior of polarization distributions in nanoporous SrTiOz under tensile strain.



4 Strain distributions

Figure S4 shows the strain distribution in nanoporous SrTiO3 under triaxial strain egiobal by using
the finite element method (FEM). The model and the elastic coefficients are the same as Fig. S3 and
Table S1. Noted that, to represent the complicated strain distribution in nanoporous materials, we use
the equivalent strain shown as'?

\/5 3 1/2
oy = T|:(511 - 522)2 +(&p — 333)2 +(&3; — 511)2 +5(5122 + 5223 + 5321):| ) (S13)
where ¢ are strain tensor. Furthermore, to exhibit the expanding direction of strain intensity, we show

the isosurface of the equivalent strain e.q= 0.023 as strain distributions.

2+ (2) Egopn < 0.013 (b) £gopa = 0.014 (©) &giopat = 0.015 (d) Egigpmt = 0.016

Figure S4.1 Strain distributions of SC nanoporous SrTiOs; under triaxial strain. The blue region indicates the

isosurface of equivalent strain eeq= 0.023.

() Egqpa <0.014 (b) 105 = 0.015 (©) £gopa = 0.016 (d) ggop = 0.017

Figure S4.2 Strain distributions of BCC nanoporous SrTiOs under triaxial strain.

8



(8) gopa <0.013 (b) £ygopa = 0.014 (©) £giopa = 0015 (d) Egopay = 0.017

(k)
Sebobe bl

Figure S4.3 Strain distributions of FCC nanoporous SrTiOs under triaxial strain.
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