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The switching behavior of a (BaTiO3)g/(SrTiO3), superlattice grown on a SrTiO; substrate was
simulated utilizing the phase field method. To investigate the effect of the mechanical constraint
of the substrate on switching, three types of superlattice/substrate interface mechanical
relaxation conditions were considered: (1) fully commensurate, (2) partially relaxed, and (3)
fully relaxed. Our simulation results demonstrate that the hysteresis loops under the three types
of constraints are very different. The interfacial coherency dramatically affects the coercive
field and remanent polarization of the superlattices. The mechanism underlying the hysteresis
loop variation with interfacial coherency was investigated by analyzing the ferroelectric domain
configuration and its evolution during the switching process. The simulated hysteresis loop of
the fully relaxed superlattice exhibits a shape that is potentially relevant to the application of
ferroelectrics for energy storage materials. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4931129]

The synthesis of oxide heterostructures with control at
the atomic level has made significant progress, making it
possible to customize complex periodic ferroelectric super-
lattices with great flexibility in stacking sequence.'™
Recently, much interest has been directed towards
BaTiO5(BT)/SrTiO3(ST) superlattices due to their chemical
stability and highly responsive dielectric constant.” '® Due
to the presence of misfit dislocations, however, the ferro-
electric behavior of the superlattices is strongly influenced
by the mechanical boundary conditions between the BT/ST
superlattice film and its underlying substrate. In particular,
the relaxation between the thin film/substrate interface can
greatly affect the ferroelectric domain structure,'” phase
transition temperature,'®'® dielectric properties,?® remanent
polarization,”’ and the hysteresis loop of polarization vs.
externally applied electric field (P-E loop).?** Thus, it is
essential to investigate the ferroelectric properties together
with the domain microstructures to understand the influence
of strain relaxation within BT/ST superlattices. These super-
lattices can be denoted by BT,/ST,,, where n and m refer to
the thickness, in unit cells, of the (001), BaTiO3 and (001),
SrTiOj5 layers, respectively, and the subscript p refers to the
pseudocubic indices.

In this letter, a BTg/ST, superlattice grown on a (001)
ST substrate is employed as our model system. The main
objective of this work is to investigate the switching proper-
ties of the constrained superlattice, i.e., the P-E loop. P-E
loop is a very important characteristic of ferroelectrics for its
applications in electronic memory devices.”> The evolution
of the ferroelectric domain structure during the switching
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process is, however, not easily observed; thus computational
methods are extremely useful for understanding the relation-
ship between the domain structure and the P-E hysteresis
loops.?®?” Superlattices have the potential to adjust their
switching properties as a function of mechanical boundary
conditions.?® At room temperature, a SrTiO; single crystal is
paraelectric and a BaTiOs5 single crystal is ferroelectric and
shows a square-shaped hysteresis loop. Their combination
either in a solid solution state or a superlattice structure
reveals interesting ferroelectric properties, which have been
investigated by several experimental studies® and numerical
simulations.'”?°=? Most work on superlattices has focused
on the structure and major ferroelectric properties. The influ-
ence of structural relaxation on the switching properties of
such superlattices has been less studied, except Refs. 22-24.
In this work, we report our phase-field simulations of the fer-
roelectric hysteresis loops of BTg/ST, superlattices under
fully commensurate, partially relaxed, and fully relaxed con-
straints. The switching process of the superlattice is illus-
trated and explained through the corresponding superlattice
ferroelectric domain structure evolution.

In order to model a proper ferroelectric domain structure
by the phase-field method, the 3-components P; (i=1, 2, 3)
of the spontaneous polarization are chosen as the order pa-
rameters. The equilibrium ferroelectric domain structure can
be obtained by solving the time dependent Ginzburg-Landau
(TDGL) equations

oF total

6P,-(x, t) o .
o= apiey (=123) (1)
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where L is the kinetic coefficient to describe domain wall
mobility, x = (xq, X, x3) is the coordinate, and ¢ is time. F .y
is the total energy of the system under consideration and can
be expressed by

Fiowal = Fpune + Fgrud + Felast + Felees (2)

Appl. Phys. Lett. 107, 122906 (2015)

where Fpup, Foraa Feasr» and Fp. are the bulk chemical,
gradient (or domain wall), elastic, and electrostatic energies,
respectively.

The bulk chemical energy, for a centrosymmetric ferro-
electric crystal, can be expanded by an eight-order Landau
polynomial in polarization components

Fpun(Pi) = J a1 (P12 + P2 + P3%) + o (P + Py* +P34)+0<12(P%P§ +P%P§ —|—P%P§) + 06111(P? +P§ —|—Pg)

v

+ou2[P{(P3 + P3) + P3(Py + P3) + P5(P{ + P3)|+0123P{P3P3 + oyt (P + P + P3)
+0€1112[P?(P%+P§) +Pg(P% JFP%) +P2(P% JFP%HJFOanz(P?Pg +P411Pg +P‘2‘P§)

+ ay123(P1P3P3 + P3P1P5 + P3PIP3)d x,

where o, o4, oij, and o, are the phenomenological Landau
expression coefficients, v is the volume of the simulated sys-
tem, and d°x = dx;dx,dxs.

The gradient energy in Eq. (2) is introduced through the
gradients of the polarization field, i.e.,

1 OP; aPk] d3x7 @)

Fyrad (aP,‘/an) = J {E G'jkl8_)cja—)cl

where Gijj are the gradient energy coefficients with the
property that Gijg = Gy;j. For a multi-domain structure, the
gradient energy represents the contribution of the ferroelec-
tric domain wall to the total free energy and is only nonzero
around domain walls.

Based on Khachaturyan’s elastic theory,®’ the elastic
energy term F,;,, is given by

1
Folast(Piy &) = J [5 cijni(&ij — QPP (e — leijPin)] d’x,
(5)

where ¢;; is the total strain and cjj is the elastic stiffness ten-
sor. Ojji represents the electrostrictive coefficient.
The electric energy can be written as

1
Fojee = J <__8b30Ei2 - Eipi> d’x, (6)
v 2

where ¢ is the vacuum permittivity and ¢, is the background
relative dielectric permittivity. See Refs. 26, 31 and 34 for a
discussion of the background dielectric constant. Please note
that the electrostatic boundary conditions of the thin film
superlattice structure are critical for the switching properties
of the ferroelectric, which are relevant to applications. The
work from Bratkovsky and Levanyuk,”~° Lukyanchuk
et al.,37’38 and Ahwuhalia and Srolovitz>>*® show that the
boundary conditions can strongly influence the domain mor-
phology, domain size, domain wall width, and nucleation/
switching properties. In this work, we assume there are no
charged ionic/electronic defects compensating the polariza-
tion charges at these interfaces, and thus the polarizations
across these interfaces are entirely determined by the compe-
tition among electrostatic, elastic, and interfacial energies

3)

without explicitly imposing electrostatic boundary condi-
tions while assuming the interfaces are coherent.

In this work, we assumed a homogeneous and isotropic
dielectric constant of vacuum for both the BaTiO5; and SrTiO5
layers of the superlattice. There is minor difference between
the simulated results obtained with &,=1, 5, and 10. All the
corresponding nonzero coefficients, including the Landau
expression coefficients of the bulk free energy, the gradient
energy coefficients, the electrostrictive and elastic coefficients,
are listed here'”**% for the BT layers: o; =4.124(T — 388)
x 10°, oy =—2.097 x 10°%, 0, =7.974 x 10°, o, = 1.294
x 10%, o =—1.950 x 10°, op3=—2.500 x 10°, o115
=3.863x 10", 01;1,=2.529 x 10'°, &;120 = 1.637 x 10"°,
a3 =1.367 x 10'°, ¢, =1.78 x 10'!, ¢;,=0.964 x 10",
car=122x 10", 0,,=0.10, 01, = —0.034, Qs = 0.029, for
the ST layers: oy =2.6353[coth(42/T)—0.90476] x 107, oy
=1.696 x 10°, 0;,=1373x10°, ¢;;,=3.36x 10", ¢},
=1.07 x 10", c4s =127 x 10", 0;; =0.066, 01, = —0.0135,
044=0.0096, where ¢;; and Qj; are the Voigt notation for
Cij and Qyjg in ST units and T is in Kelvin. The pseudocubic
lattice parameter for the BT and ST layers are set to be agr
=3.9994 x 107194535386 x 10°"°  (T—273), and agr
=3.9043 x 107" [(149.39) x 107® (T'—273) +1.97 x 10~°
(T — 273)?], where T is in Kelvin.

In the simulation, we discretized the simulation cell as
64 Ax| X 64 Ax, X N Axz, where Ax;, Ax,, Axz are grid spac-
ing, and Ax;=Ax,=1nm for the real space, Ax3=0.5
Aoupsirae(STTI03) =~ 0.2nm, and N=2(m+ n) for a BT, /ST,
superlattice. Periodic boundary conditions are employed along
the X, Xo, and x5 axes. In order to simulate epitaxial strain
relaxation conditions, different in-plane biaxial strain was intro-
duced for each specific condition. The in-plane lattice parame-
ter of the superlattice BTg/ST,4 with temperature can be found
in Ref. 17. In this work, we just focus on the commensurateness
of thin film/substrate interface, and the interfacial coherency
between BT/ST layers is assumed to be fully commensurate.

Figures 1(a)-1(c) present the equilibrium domain struc-
tures of the superlattice BTg/ST, at room temperature under
the three substrate mechanical constraint conditions considered
without applying any electric field. The corresponding
constraint strains on the ST layer and BT layer under the
three considered conditions are listed in Table 1. The in-plane
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FIG. 1. (a)—(c) Simulated domain structures of a BTg/ST, superlattice under
fully relaxed, partially relaxed, and fully commensurate mechanical bound-
ary conditions, respectively. These domain structures are used as the starting
structures to construct hysteresis loops. Each color represents a ferroelectric
variant: blue/light blue represents tetragonal c-/c+, and green/orange repre-
sents orthorhombic [110]/[110].

strain in the BT or ST layers can be expressed by égyst
= (asup — ap1/sT)/As0p> Where ag,p, is the in-plane lattice param-
eter of the superlattice BTg/ST,. We note that the BT layer and
ST layers are always coherent to each other. The constraint
strains are from the underlying substrate in cases of fully com-
mensurate, partially relaxed, and fully relaxed constraints,
respectively. The domain structures shown in Fig. 1 were
obtained by performing phase-field simulations that started
from an initial paraelectric state with small random perturba-
tions on polarizations. The ferroelectric phases/domains in
the domain structures are illustrated by colors. Blue and light
blue represent tetragonal phases of c-: (0,0,—P3) and c+:
(0,0,P3), respectively. Green represents orthorhombic phases
of (P,P»,0) or (Py,P,,0) and orange represents orthorhombic
phases of (Py,—P»,0) or (—P,P5,0) with P; = P,.

It is seen that tetragonal c+ and c— domains form
“maze-like” domain structures with 180° ferroelectric do-
main walls for fully commensurate and partially relaxed
cases, in both the ST and BT layers. Under the fully relaxed
condition, which implies that the underlying substrate does
not provide any in-plane constraint on the superlattice film,
the ST layer consists of orthorhombic domains with in-plane
polarizations while the BT layer is still composed of tetrago-
nal domains with out-of-plane polarization. According to the
phase diagram of ST thin films,*' an in-plane orthorhombic
phase is predicted under large in-plane constraint strains.
The domain structure of Fig. 1(c) validates the prediction of
ferroelectricity with the ST layer under a large in-plane con-
straint strain since the ST layer is subjected to ~1.7% in-
plane tensile strains under the fully relaxed condition. The
ferroelectric tetragonal domains formed in the ST layer
under both fully commensurate and partially relaxed condi-
tions is attributed to the electrostatic interactions between
the BT and ST layers as discussed in Ref. 17.

TABLE 1. The lattice parameter of the BTg/ST,4 superlattice and the con-
straint strains in the ST layer and BT layer under different relaxation
conditions.

Lattice parameter
of BTg/ST4
superlattice at
room temperature

Strain in ST
layer =

Strain in BT
layer =

BT8/5T4 (asup) (asup - aBT)/asup (asup - aST)/asup
Fully 3.905 —0.024 0.0
commensurate

Partially relaxed 3.946 -0.014 0.0104
Fully relaxed 3.969 —0.008 0.016

Appl. Phys. Lett. 107, 122906 (2015)

BT,/ST, Superlattice grown on (001) SrTiO, substrate
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FIG. 2. The simulated ferroelectric hysteresis loops of a superlattice BTg/
ST, under different conditions of mechanical constraint.

Figure 2 presents the calculated hysteresis loops for the
superlattice under the three interfacial coherency conditions
when an electric field is applied along the x3 axis. The hyster-
esis loop is obtained by plotting the normalized polarization
(P/Py) versus normalized electric field (E/Eg), where Py,
= |Pgr|1_2s°c=0.26C/m% and Eq=o0oPy=9.65x10°V/m,
where oy = |otj| T=25°c. The domain structures in Fig. 1 were
the starting points of the hysteresis loops. From Fig. 2, it is seen
that the lattice coherency between the superlattice film and the
underlying substrate has a remarkable influence on the corre-
sponding hysteresis loop, including both the coercive field and
remanent polarization. As the mechanical constraint from the
substrate is relaxed, both the remanent polarization and the coer-
cive field decrease. The fully commensurate superlattice exhibits
a square-like switching loop, with a high remnant polarization
and a large coercive field; the partially relaxed superlattice
shows a relative high remanent polarization with a dramatically
reduced coercive field. It is interesting to notice that the switch-
ing loop of the fully relaxed superlattice becomes much slimmer
with both small coercive field and remanent polarization.

To understand the switching behavior under relaxed
conditions in the BTg/ST, superlattice, ferroelectric domain
structures during the switching process were simulated.
Figure 3 shows the evolution of the corresponding domain
microstructures under fully commensurate and partially
relaxed conditions. It should be borne in mind that since we
did not consider any defect or inhomogeneous nucleation

FIG. 3. The simulated morphology of ferroelectric domains in the BTg/ST,
superlattice during the switching process: (al)—(a4) under the fully commensu-
rate condition, corresponding to point (al)—(a4) in Fig. 2, and (b1)—(b4) under
a partially relaxed condition, corresponding to point (bl)—(b4) in Fig. 2.
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mechanism in our simulation, all of the switching processes
did not end up in a single domain state. The switching loop
of the fully commensurate superlattice is similar to that of
BT. During the switching back process, the polarization
decreases slowly and the domain structure has no significant
change at first. A jump in polarization is observed at around
5Eg, 1.e., 4.825 x 10’ V/m. We observe that the c-domain
expanded quite rapidly with square-shaped 180° domain
walls. Finally, the polarization is switched to the -z direction,
and the polarization reaches saturation. Compared to the
fully commensurate case, the coercive field of the partially
relaxed case is dramatically reduced to approximately 0.5E,,
which is about one tenth of the fully commensurate case.

The internal domain wall structures for the fully com-
mensurate and partially relaxed cases are examined in Fig. 4.
Figures 4(a) and 4(b) depict the vector distributions of the
total polarization in the cross-section plane of the domain
structure in Figs. 3(a2) and 3(b2), respectively (denoted by
red dashed line in Fig. 3). It was found that the interfacial
coherency influences the 180° domain wall width. From the
variation of polarization in the z direction in the plane at the
center of a BaTiO; layer (as shown in Figs. 4(c) and 4(d)), it
is clear that the relaxation of the superlattice structure leads to
the increase in the domain wall width in comparison with the
case of fully commensurate. A Jacobi elliptic function P,(x)
=P, SN(x/wg, m) is employed to approximate the simulation
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FIG. 4. (a) and (b) Simulated ferroelectric polarization vector distributions
of the total polarization at the cross-section plane of the domain structure in
Figs. 3(a2) and 3(b2), denoted by the red dashed line in Fig. 3. (c) and (d)
The variation of polarization along the z direction in the plane at the center
of a BaTiOj3 layer in Figs. 4(a) and 4(b), respectively. The black lines with
squares at the calculated points are fits to simulated results.
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results (the black lines in Figs. 4(c) and 4(d)),** where P, is
the spontaneous polarization of a homogeneous system and
g is a measure of the half width of the wall. Please note that
as the simulation temperature (room temperature) is far below
T, for both cases, the Kittel-like domains are assumed in this
work and a relative large m is chosen (m =0.99). The calcu-
lated width of the domain wall 2w is ~2nm and ~3 nm for
the fully commensurate and partially relaxed cases, respec-
tively. According to Ref. 43, the threshold field drops dramati-
cally with an increase in the bulk wall width, which is
consistent with the simulation results in Fig. 2. Interestingly,
the ferroelectric domains for the fully commensurate and par-
tially relaxed cases are very similar to the predicted “hard/soft
domain” by Luk’yanchuka ez al.*’~® For the fully commensu-
rate case, the compressive strain as large as 2.4% leads to a
high T, of ~1100K. As the simulation temperature (at room
temperature) is far below T, a Kittel-like polarization profile
is realized, and the domain structure with its physical proper-
ties behaves as “hard domains.” Because the T. of the BT
layer for the partially relaxed case is greatly reduced, a grad-
ual polarization profile occurs and the domain structure is
“softer.” An interesting observation of the out-of-plane polar-
ization (P,) profiles is that they exhibit higher values near the
domain wall (Figs. 4(c) and 4(d)). Note that electrostatic
effects do not cause the polarization to increase near the do-
main wall, rather they cause the polarization away from the
domain wall to decrease. At the domain walls, a vortex struc-
ture is formed and this electrostatic effect is greatly reduced,
and eventually, a peak is observed in the polarization profile
near the domain wall.

Notice that a fully relaxed BTg/ST, superlattice shows a
paraelectric-like hysteresis loop. In contrast to paraelectric
materials, a fully relaxed ferroelectric superlattice presents a
P-E loop with a very high saturation polarization, but a small
coercive electric field. The calculated slim switching loop
for nano-scale ferroelectric superlattices is analogous to the
“superparamagnetism’ in magnetic nanoparticle systems. The
calculated switching characteristics show that a fully relaxed
superlattice has the potential to be relevant for energy storage
applications**** because of its high electric energy density
and very low dielectric loss. Figures 5(a)-5(e) show both the
domain morphology and vector plots of the cross-section
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FIG. 5. (a)—(e) simulated single-domain structures and the cross-section vec-
tor plots of a fully relaxed superlattice during the switching process, corre-
sponding to point (cl)—(c5) in Fig. 2. Light blue/blue represents c-/c-
tetragonal phases, red and dark red represents monoclinic phases, and orange
represents [110] orthorhombic phases. There is only a small induced polar-
ization in the BT layer in (c), which can be seen in the vector plots below.
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plane during the switching process. It is interesting to observe
a single ferroelectric polarization component switching during
the domain switching. At saturation, a tetragonal/monoclinic
phase was seen within BT/ST layers (Fig. 5(a)). With the
decrease of the external electric field, the decrease of the
polarization component P5 leads to the rotation of polarization
vector in both the ST and BT layers (Fig. 5(b)). When the
external electric field decreases to zero, an orthorhombic
phase appears in both the ST and BT layers. The orthorhom-
bic phase of the BT layer is induced to reduce the electrostatic
energy of the system (Fig. 5(c)), because the orthorhombic
phase is not a stable phase of a BT layer if the BT layer is not
adjacent to a ST layer. Subsequent switching demonstrates a
similar polarization rotating procession (Figs. 5(d) and 5(e)),
and finally a linear hysteresis is generated.

In summary, the phase-field approach was applied to
study the switching of a BTg/ST, superlattice under different
interfacial coherency conditions. The ferroelectric domain
configuration, the polarization orientations, and the movement
of domain walls during the switching process were analyzed.
Simulation results demonstrated that the mechanical con-
straint between the thin film and its underlying substrate can
lead to significant changes in the shape of the ferroelectric
hysteresis loop. Interfacial relaxation dramatically decreases
the coercivity and remanence of the superlattice films.
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