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Ferroelectric domain structures in SrBi ,Nb,Og4 epitaxial thin films:
Electron microscopy and phase-field simulations
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Ferroelectric domain structures of (001)Si8b,0Oy epitaxial films, investigated using both
transmission electron microscopy and phase-field simulations, are reported. Experiment and
numerical simulation both reveal that the domain structures consist of irregularly shaped domains
with curveddomain walls. It is shown that the elastic contribution to domain structures can be
neglected in SrBNb,Ogy due to its small ferroelastic distortion, less than 0.0018%. Two-beam
dark-field imaging using reflections unique to domains of each of the two 90° polarization axes
reveal the domain structure. Phase-field simulation is based on the elastic and electrostatic solutions
obtained for thin films under different mechanical and electric boundary conditions. The effects of
ferroelastic distortion and dielectric constant on ferroelectric domains are systematically analyzed.
It is demonstrated that electrostatic interactions which favor straight domain walls are not sufficient
to overcome the domain wall energy which favors curved domains in,SBlBBO,. © 2004
American Institute of Physics[DOI: 10.1063/1.1707211

I. INTRODUCTION SrBi,Nb,Ogy, however, is the fact that it has almost no fer-
roelastic distortiona="h to five significant digitgsee Table

I). Therefore, in SrBiNb,Oq, the elastic strain component of

are candidates for' use in ferroelegtrlc memory cells due t?he free energy balance determining the ferroelectric domain
their extremely high fatigue resistant®.Although the morphology is diminishingly small, smaller than in
growth of thin films of these materials has been widely stud- '

. : .__.._ previously-studi tem I rders of magnit
ied, only a few attempts at microstructural characterizatior ¥ 00>y S udied systems lagree orders of magnitude

have been undertakén’ and even fewer studies have ad- on thetgce)rr?;?:z?rLgarrI;ViV: segj)gng ubpozochrLlJtr)i:]r;glaldzE?rt
dressed the ferroelectric domain structure. It is the ferroelec: . 20N y 9 .
field transmission electron microscopyEM) observations

tric properties of these materials that are of special techno- th ter simulati ina the oh field method. Th
logical interest, so study of the domain structures is needed!!"! computer simulations using the phase-tield method. The

and is expected to provide clues to the origin of their unique®Nase-field approach has previously been applied to model-
behavior. ing microstructural evolution during structural transforma-

Recent experimental observations demonstrated that tHiPNS in bulk systemésee, for example, Refs. 23, R4nclud-
ferroelectric domain morphology of SrBib,0, (Ref. 9 N9 d.o.mal.n structu.re evolution dL217r|ng a ferroelectric phase
and SrBjTa,0, (Refs. 10, 11 thin films is irregular, with transition in bglk single crygta@.‘ The methpd has b(.aen.
highly curved domain walls. This differs from prototypical extendgd to S|mulate- doma}ln structure and its t_avoluu_on in
oxide ferroelectricge.g., PbTiQ and BaTiQ), which have constrained three-dimensional3D) ferroelectric thin
high-aspect-ratio domains with crystallographically facetedilms**~*° where an analytic elastic solution derived for a
domain walls. A number of reasons have been proposed [@)nstrained film haVing arbitrary eigenstrain distributions
exp|ain the h|gh|y faceted and Crysta”ographica”y restrictecﬁnd an electrostatic solution derived for a film under differ-
ferroelectric domain walls observed in typical oxide ferro-ent film surface boundary conditions were employed. It was
electrics. These include matching of spontaneous strainghown that the phase-field approach is able to predict simul-
across walls to minimize elastic distortions, symmetry contaneously the effects of substrate constraint, electrostatic
straints, intolerance of space charge, and straioundary conditions, and temperature on the volume frac-
argument$271% In most ferroelectric systems, the axis of tions of domain variants, domain wall orientations, domain
remanent polarization is collinear with the axis of greatestshapes, and their temporal evolution during a ferroelectric
ferroelastic distortion from the cubic prototype.g.,c vs a), phase transition.
so that experimental determination of the dominant term is  This paper is organized as follows: in Sec. Il, the experi-
frustrated for most systems. One of the unique features ahental aspects of the work, including the thin film deposition
and characterization techniques, are presented. Section Il
dAuthor to whom correspondence should be addressed. Electronic maiprOVideS a theoretical model based on the phase-field ap-
yill@psu.edu proach. In Sec. IV, the theoretical and experimental results

The proper ferroelectrics Srplb,Oy and SrBjTa,Oq
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TABLE I. Crystallographic parameters and ferroelastic distortion of some oxide ferroelectrics that have 90°
domains at room temperature.

Formula

PbTIO,
BaTiO;
Bi,TizO1»
SrBi; Ta,0g

SrBi,Nb,0

Unit cell Lattice parameters  Polar Ferroelectric Ferroelastic
type (nm) axis domain morphology distortion (%)
tetragonal a=0.3904 c faceted walls 6.4
c=0.4152 high aspect ratio
tetragonal a=0.39948 c faceted walls 1.0
¢=0.40335 high aspect ratio
monoclinic a=0.54500 a® faceted walls 0.82
c¢=0.54059 low aspect rafio
orthorhombic a=0.55306 a’  curved walls 0.069
c=0.55344 granuldr
orthorhombic ~ a=0.55094(4§ al o <0.0018

c=0.55094(4)

®Reference 16.
PReference 17.
‘Reference 18.
YReference 21.
*Reference 19.
Reference 22.
9Reference 20.

"References 10 and 11.

are presented. The degree of influence of ferroelastic distofayered (NbQ)’~ octahedral sheefS, and the film twins
tion and of dielectric constants on the domain morphology isnto ferroelectric domains in which either taeor b axis of
discussed in Sec. V, and conclusions are presented ifhe room-temperature phase lies parallgl1@0]SrTiO; [we

Sec. VI.

Il. EXPERIMENTAL CHARACTERIZATION OF DOMAIN

STRUCTURES

Epitaxial (001)SrBiNb,Ogy films were grown on
(001)SrTiQ, by pulsed laser deposition, described in detailPolarization along,® and the only domain interaction along
elsewheré!3? At the growth temperature, the SgBlib,Oqg
epitaxial film is tetragonal and grows with a single orienta-proximately two-dimensiona(2D), making it an excellent

tion relationship
(001) SrBLNb,OylI(001) SITIG

[ 100]tetragonaSrBi2Nb209|| [100]SrTiO;,

and

shown schemati-

use theA setting of space groupma, (#36) when discuss-

ing the orthorhombic cell of SIBNb,Oq, so the long axis is
the ¢ axis, which is the convention in ferroelectrjc¥iews

of a unit cell down[100] and[010], shown in Figs. (b) and

1(c), demonstrate this graphically. There can be no remanent

c is electrostatic, so the Srb,O4 domain structure is ap-

to the substrate, model system for investigating ferroelectric domain mor-

phology.
Ferroelectric domains were imaged aldi0@1], perpen-

cally in Fig. 1(a). On cooling through the transition tempera- dicular to the plane containing the polar axes. These plan-
ture, however, tha andb axes of SrBjNb,Og become dis-
tinct through a noncentrosymmetric puckering of the two-polishing from the substrate side. After the final mechanical

(b) (©
99
Q& Biox OO
L
QP O

FIG. 1. Schematic of the epitaxial orientation of SiBb,Oq in this study.
The tetragonal unit cell, relevant at growth temperature is outlinéa) irib)
and (c) show the orthorhombic unit cell of Srib,Oq (relevant at room

temperaturedown the[100] and[010] zone axes, demonstrating the distor-

view TEM samples were prepared by thinning and dimple

polishing step, specimens were annealed for 5 min at 550 °C
in order to cycle through the transition temperatioeCurie
point, T.~440 °C(Ref. 39], renucleate the ferroelectric do-
mains, and alleviate mechanical sample preparation artifacts.
Specimens were then argon ion thinned on a liquid nitrogen-
cooled stage at 5 kV, at incidence angles from 12° to 20°.

A Philips CM-30 TEM was operated at 100 and 300 kV
using a room-temperature sample stage. Kinematically-
allowed 120 reflections were used for two-beam dark-field
imaging. Simulated001] electron diffraction patterns of two
90° domains are shown in Fig. 2, with the 120 reflections
arrowed in each. The 120 reflection is weak, but the two-
beam dark-field technique provides sufficient intensity, and
also simplifies image interpretation because the crystal is ori-
ented so that only the planes of interest are strongly diffract-
ing.

Samples were tilted away from th@01] zone axis about
the [210] [i.e., parallel to thg120 planeg to a clean two-

tions that result in remanent polarization without significant distortion of thebeam dark field condition, wits=0 to maximize intensity.

lattice parameters.

This required a tilt of about 35° away from the zone axis, due
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FIG. 2. Simulated001] zone axis electron diffraction patterns of ortho- (b)

rhombic SrBjNb,Og, showing the location of the 120 reflectiofasrowed
for each of the two remanent polarization-axis variants.

to the complexity of the crystal structure and the weakness of ©
the 120 reflection. Exposures lasting at least 200 s were re-
quired to obtain images with adequate intensity, with expo-
sure times limited by mechanical drift in the instrument.
Images were acquired and processed in a manner that 7 ilm

allows visual comparison of the images with a one-to-one ¢=4,
spatial correspondence. The large tilt introduced foreshorten-

ing in the images, so in order to compare the two 90° ferroFIG. 3. Schematic illustrations ¢&) a thin film coherently constrained by a

substrate. The polar axes of the ferroelectric form of @B, Oq lie parallel

electric domain structures dlreCtIy’ Image correction was refo x; andx,. (b) A film under the electric displacement surface boundary

quired. The axis of foreshortening for each image wasondition; and(c) a film under specified electric potential surface boundary
determined by comparing a rotation-calibrated diffractioncondition.

pattern and a dark-field image taken at the same two-beam

condition. A digital version of the image was then anisotrop-

ically stretched until sample-edge features matched those im. PHASE-FIELD MODEL

a [001] zone axis reference image of the same region. A _ _ _ _

caveat of this technique is that it introducesthickness In this section, we describe the phase-field model for
X sin @ uncertainty(about 10 nm for a typical TEM speci- Predicting domain structures in SEBIb,O films. We con-
men in the direction of the foreshortening axis in each im- Sider the heteroepitaxial (001) SgBib,Og film with its long

age, slightly distorting the appearance of image features. fetragonal axis normal to the film/substrate interface as
also causes the images to appear slightly astigmatic. shown in Fig. 1a). Below the transition temperature, the

Sample preparation and TEM work were conducted withtetragonal paraelectric phase transforms tq a .ferrpelectric
extreme care, to avoid altering the domain structure. Th@rthorhombic state. The spontaneous polarization is along
final 30 um of mechanical polishing were conducted using ath€ & axis of the orthorhombic cell, correspondingly parallel
cloth dimpling tool, rather than the stainless steel tool typi-to the [110], [110], [110], or [110] axis of the high-
cally employed. The TEM work in particular was very care- temperature tetragonal cell. We define an orthogonal coordi-
ful. During tilting, a convergent beam was used to obtainnate Systemx=(x;,X,Xs) at the film/substrate interface
Kikuchi lines as a guide to tilting. In order to minimize With X3 outward_normal to the film surface, and andx,
beam-sample interactions during this step, a very low bearglong[110] and[110] axes of the high-temperature tetrago-
current(i.e., small spot sizesetting was used, and an area hal cell, respectivelysee Fig. 83)]. If P=(P,P;,P3) is the
near but not coincident with the area of interest was used fopolarization vector,,,0,0) and (0P,,0) describe the ferro-
tilting in diffraction mode. A liquid nitrogen-cooled stage electric orthorhombic variants of (001) SgBib,Oq films in
was used for some work, but these imaging attempts werthe coordinate systemx=(Xy,X,,X3). Therefore, P
unsuccessful due to the increased mechanical drift of suck (P1,P2,0) describes all possible ferroelectric states in the
stages. The dark-field studies were conducted over a peridd®01) SrByNb,Oq film. The temporal evolution of the polar-
of several sessions, and the domain structure was not ofization fieldP=(P1,P5,0), and thus the domain structure, is
served to vary with repeated exposures to the electron bearéiescribed by the time-dependent Ginzburg—Lan@dGL )

It can be argued that this great care taken in preparingguations,
and examining TEM samples was not necessary, due to the P, (x,t) SF
low influence of elastic strain on ferroelectric domain mor- =— ,
phology in this material. In other words, mechanical stresses o oPi(x,1)
from sample preparation might Hesslikely to alter the  whereL is the kinetic coefficient related to domain-wall mo-
ferroelectric domain structure of SeBib,Oq than for other  bility, and F is the total free energy of the system.
ferroelectric materials, depending on exactly where in theSF/5P;(x,t) is the thermodynamic driving force for the spa-
continuum of elastic interactions SeBlb,Oq falls. tial and temporal evolution o®;(x,t).

4=4,

(i=1,2), 1)
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The total free energy of a film includes the L_andau bulk &, =Q1P?+Q1,P3, €2,=Q1;,P3+Qq,P3,
free energyF i, domain wall energy~,, elastic energy

Feiass and electrostatic energygec, i.€., €35=Qua(P1+P3), (6)
F=Fpu(Pi) + Fuai(Pi j) + Fead Pi  €i)) T Feied Pi,Ei) €2,= €9,=QuaP1P2,  €3,= €3,=0, €35=€3,=0, (7)
where Q;; are the electrostrictive coefficients. We assume
=f fvf [Fbu(PD) + fuwan(Pij) + Teiad P €if) that the interfaces developed during a ferroelectric phase
transition are coherent. Elastic straigs will be generated
+ foed Pi  Ei) 1A%, (2 during the phase transition in order to accommodate the

whereV is the volume of the filmgd3x=dx,dx,dxs, and  Structural changes. They are given by

P, j=dP;/dx;.* We assume that the strain fieg) and the ej=ej— €, (8)
electric fieldE; are always at equilibrium for a given polar-
ization field distribution, i.e., the elastic strain and electric
fields of the film are functions of the polarization field.

where €;; are the total strains. The corresponding elastic
strain energy density can be expressed as

A. Landau bulk free energy Fetad Pi 1 €ij) = 3Cijii 8518 = 2Ciji (€ — € ) (€1~ ),

9
We assume that the ferroelectric transition, in the ab- . L .
R . wherec;,, is the elastic stiffness tensor. The summation con-
sence of substrate constraint, is first-order, and its bulk ther- J

o . vention for the repeated indices is employed andithek,
modynamics is characterized by the Landau free energy and| take values F:)f 1, 2, and 3. Morepde¥ails on tlt1heecalcu—

fouk( Pi) = a1(P3+ P3) + ay4( P+ P3) + a1 ,P2P3 lation of the elastic straig;; and elastic energy in a film with
6 6 42 24 stress-free surface and constrained by a substrate are avail-
+an(Pi+Po)+andPiP2+PIP2),  (3)  aple in the literaturd®?
Wher6a'l, 11, A1, 111, and X112 are the dle|eCtl’IC Stlff'
ness and higher order stiffness coefficients under a stress-fr@e Electrostatic energy
condition. All of the coefficients are assumed to be indepen- . : . . . .
. S To consider the dipole—dipole interaction during ferro-
dent of temperature, except the dielectric stiffness Cons’t"j“}atlectric domain evolution, we calculate the electrostatic en-
a4, which has a linear temperatuf€ dependence based on : '
. : ergy of a domain structure,
the Curie—Weiss law,
T—¢ feied Pi Ei) = — 3Ei(€oki  Ej+ P)), (10)

a1=260C- @ where E; is the electric field component. The electric dis-
placemenD; is related to the electric field as

€,=8.85x10 12Fm™! is the dielectric permittivity of a

vacuum,C is the Curie constant, andis the Curie—Weiss Di= eoxijEj+ P, (11
temperature. where k;; is the relative dielectric permittivity of the ferro-
electric film.
Suppose there is no space charge inside the film. The
B. Domain wall energy electrostatic equilibrium equations of the film can be de-
scribed b
There are four variants of the ferroelectric phase, which Y
correspond to the polarization of+(Ps,0,0) and (O, D;i=0, (12)

*Pg,0), respectively. Variants coexist at the cost of addingyith the boundary conditions
domain wall energy into the total free energy. In the
Ginzburg—Landau model, the domain wall energy can be D3|x3=0,hf:0 (13

introduced through gradients of the polarization field, for an open-circuifsee Fig. 8)], or

_1 2 2 1
fwail(Pi ;) = 2G11(P1 1+ P32 + G15P1 1P2 21+ 5G44(P1 2 Bl—0= b1, Blagon,= b2 (14)
2 ’ 2 ’

+P2)+ %644('31,2_ P21+ 2(Gaat Gy if the electric potentials are specified &g on the film bot-

X(P% o+ P§3), (5) tom SL_Jrface a1x3_=0 ano! ¢, on the top_ surface at3=hf_
’ [see Fig. &)]. h; is the thickness of the filmp is the electric

whereG;; are the gradient energy coefficients. potential, and
Ei=—¢,. (19

Combining Egs.(15), (11), and (12) and assumingc;; =0

wheni # j, the electrostatic equilibrium equation is rewritten
The structural change associated with a proper ferroelecas

tric phase transition is described by stress-free strains, spon- 1

.tangous' strains, or transformatlon'stralns. For a given polar- K116 11+ Koo 25+ Kaah 33=— (P1 1+ Ppo). (16)

ization field, the spontaneous strains are calculated by €0

C. Elastic energy
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In order to solve Eqs(16), (13) or (16), (14), we let

¢= "+ @5, (17
A A a1

K11$ 11+ Koo 5ot K33¢’,33::0 (P11t P22, (18

Kll¢,B_‘L1+ Kzz¢?22“‘ K33¢%3: 0. (19

First, we solve Eq(18) in 3D space by employing the 3D
Fourier transform, i.e.,

soo=[ [ 7] srperae 20)
g 5P,

AO=- : (21
s €o( k1105 + Kkoal5+ K33(3)

D (A — 1 A ) —1Ix-Z43
P,({)—(Zw)aj j,m J' Pi(x)e™ " ¢d>x, (22

FIG. 4.[001] selected-area diffraction pattern of the Sif, O, film stud-

I ; : B ; S ied by TEM. The superposition of the orthogonal diffraction patterns from
wherel 1. The next step is to fing”, in an infinite the two 90° domain variants leads to an apparent fourfold symmetry. 120

plate of thickness;, satisfying Eq.(19) and the boundary spots unique to the two domain variants are indicated by arrows. Image

conditions, contrast has been enhanced significantly to show these weak spots; the in-
A B tensity of major reflections is clipped.
[ — Kk3zeo(P'at ¢,3)]|x3:0,hf:0: (23
or (16), (13) or (16), (14). The total electric field can be calcu-

lated by Eq.(15). Consequently, the electrostatic energy can
(¢A+ ¢B)|X3:0: ¢lv (¢A+ ¢B)|X3:hf:¢2' (24) be obtained.

We solve the boundary value problem in E¢K9), (23)

or (19), (24) by employing 2D Fourier transforms. Applying IV RESULTS
2D Fourier transform, Eq19) becomes A. Experimental observation of domain structures
dz(})s R A selected-area diffraction pattern of the film is pre-
K33—2—(K11§§+ K29l5) pB=0, (25  sented in Fig. 4, showing the presence of the 120 reflections
dxa from both 90° domain variants. The apparent fourfold sym-

metry is the result of superposition of the twofold diffraction

patterns of the two domains with orthogonal polarization
B(L1,E0,%3) axes, rotated 90° with respect to each other. The 120 reflec-

tions used for dark-field imaging are indicated by arrows.

1 g (e % The experimentally determined ferroelectric domain
- (ZW)ZJ J:w Po(x, X Xg)e 22 dxyde . structure is shown in Fig. 5. Bright areas correspond to re-
gions with remanent polarization along the axis indicated by

(26) the double arrowsK,). These are foreshortening-corrected

where

The solution of Eq(25) is of the form images, so one-to-one spatial comparison of the two images
is valid, within the~10 nm monodirectional uncertainty in
;bB(gl \{5,X3)=C1({4 'gz)eXm/(Knéf*Kzzég)/Kaa each image due to the geometric corrections. Any positional

, , uncertainty due to foil bending is considered to be negligible;
+Cy(£q,Lp)e eV kbt rly)lkas (27)  the sign of the remanent polarizati¢h80° domainsis not

. . _resolved by the technique.
Performing a 2D Fourier transform on the boundary condi-  The two domain structures of Fig. 5 are complementary.

tion Eq. (23 or (24), the unknown coefficient@l andC, _ Bright regions in Fig. &) are dark in Fig. &), and vice
can be determined. Then, we apply the 2D inverse Fouriefersa Arrows indicate regions where the difference is espe-

. B .
transform on Eq(27) and get the solution fos", i.e., cially prominent. Close examination, however, reveals that
oo overlap is noticeable in some regions. For example, the area
¢B(X1,X2,X3):f f B(L1.05.%3)€! 0T X282d 4 d . at the bottom right of both images is somewhat bright in both

images, but less intense than in other areas. This is, however,
(29 : S . ;
entirely reasonable considering the highly irregular nature of
The sum of solutionsA and B, ¢(x)=¢"(x)+ ¢B(x) the domain structure projected along the viewing dthe c
gives the solution for the boundary value problem of Egs.axis), which corresponds to the vertical direction of Figs. 1
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FIG. 6. Two-beam dark-field TEM image of one of the two 90° ferroelectric
domain variants in the SrBNb,Oq film, showing that the domain structure
does not exhibit faceting or preferred orientations over a large length scale
(>1X1 umd).

thickness of the film is taken as;=20Ax. Suppose the
(001)SrBpNb,Oq film is grown on (001) SrTiQ (lattice pa-
rametera=0.3905 nm or\/§a=O.55225 nm at room tem-
perature with a coherent interface. The average constraint
strain imposed on the film by the substrate is abeyt
=€,,=2.4X10"3, €,,=0.0. We assume the heterogeneous
displacements are zero ag=—hg=—12Ax in the sub-
strate. This is because the deformation in the substrate occurs
FIG. 5. Two-beam dark-field TEM images of the two 90° ferroelectric do- gver a distance similar to the film thickness if the heteroge-
main variants in the SrBNb,Q, film. Comparing the images directly one peity in the film is of the order of the film thickness. Previous
with another, it is clear that the two domain structures are largely comple- . . . . .
mentary. Bright regions ife) are dark in(b), and vice versa; especially clear calculations showed little Change in the simulation results
areas are indicated by arrows. whenh takes a larger valu®.
The Curie constant and the Curie—Weiss temperature for

_ o SrBi,Nb,O, are taken to be C=0.55<x10°°C and
and 3 of Ref. 9. The lack af-axis remanent polarlzatlon and »—390 °C3 respectively. The spontaneous polarization aris-
the apparent tolerance of space charge by B0, result 4 4t the tetragonal to orthorhombic transition temperature
in some points of §001] viewing-axis TEM sample contain- ;¢ P,=0.148Cm?2 (P,=0228Cm?2 at room

ing both types of domains through the foil thickness. Thus, inemperaturd. From these data, the higher-order dielectric
projection(i.e., a TEM imagg a single point may contain  gittness coefficientsty, and a;,; are determined to 5&
contrast from both domain types, resulting in this apparent

overlap. These results also agree with the simulated domain o T—0
structures presented in the next section, for example in %11~ — e.CP2 (29
. 0 c
Fig. 7(a).
The domain structure on a larger scale is shown in Figand
6, a dark-field TEM image of one of the two 90° ferroelectric T 0
domain types in the same film shown in Figs. 4 and 5. No 1= ¢ (30)

domain-wall directionality or faceting of the domain struc- 26,CPE
ture is apparent in this-1x1 um? area. The highly varied

them very difficult to observe experimentally. coefficientsa;,= — 10ay; and ayp=2ayy;

5. Phase-field simulati We choose the gradient energy coefficients as

- Fhase-ield simufations G11/G11=1.2, G12/G11=0.0, and G,,/G110=Ghy/Giro

In the phase-field simulations, we numerically solve the=0.6. At T=25°C, the width of a domain wall is about

TDGL Eg. (1) by using the semi-implicit Fourier-spectral 2.5Ax. If Ax=1y, lo=+G110/ag, andag=|a|1-25-¢, the
method for the time-stepping and spatial discretizatfoA. domain wall energy density is evaluated to be about
model size of 128xX 128Ax X 36Ax is employed, with pe- 1.48a0I0P§ for 90° domain walls. Suppodg=1.0 nm, then
riodic boundary conditions applied along theandx, axes. G;;0=3.75x10 °C 2m*N, and the corresponding do-
Ax is the space between any two nearest grid points. Thenain wall energy density is about 0.0289 N'n
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(a) (b)

\ \

FIG. 7. Simulated domain structure of a $jBb,0q film dictated by  FIG. 8. Simulated domain structure of a $s8b,Oq film dictated by
Laudau free energy and gradient enexgy,with elastic energy(b) without L audau free energy and gradient energy, and electric energy awitto0
elastic energy. Shading represents the polarization direction in these and glhder(a) short-circuit¢o=0 and(b) open-circuitD ;=0 conditions, respec-
subsequent simulation results: whit€?,,0,0), light gray=(—P,,0,0), tively.

dark gray=(0,P,,0), and blacks(0,— P,,0).

are sufficient to result in faceted domains. Therefore, we also
incorporated the electrostatic energy contribution. In the
simulation, the dielectric constants were takenkag= ko

= k3g= k=190, from bulk crystal value¥. Experimental
easurements indicate that $fBb,0Oq films have a dielec-

ic constant similar to that of the bulk cryst:*The open-
CII’CUI'[ electric boundary condition, Eq13), and short-
circuit electric boundary condition, Eql4) at ¢,= ¢,

= ¢, are considered, respectively. The corresponding do-
main structures from both electric boundary conditions
shown in Figs. &) and &b) have a similar morphology, i.e.,
irregular domain shapes with curved domain walls. The elec-

elasticity”**® Similar isotropic assum.ptlon of the ,d'eIECtr,'C ric surface boundary condition does not significantly affect
constants was made when we considered the dipole— d'potﬁe domain structure, largely due to the fact that the polar-
interaction. The elastic tensor components are calculateq

through Cljkl )\5” 5k|+lu’5lk5j| +,LL5|| 5jk , A= Z,U.V/(l ZV)

and E=2(1+v»)u. Based on the spontaneous strain of
SrBi,Nb,Oy being ~2.0x107° we set Q;;=0.385
x1073C2m?, Q;3=0.0,Q,,=—0.04x10 3C ?m?* and
Q44=0.05<10 3C 2m®*. We started the simulation from a Both our experimental observations and phase-field
homogeneous paraelectric phase created by assigning a zesimulations show that the SrBib,0Oq exhibits curved do-
value at each grid point for each component of the polarizamain walls. When visually comparing the domain morphol-
tion field plus a small random noise of uniform distribution. ogy of simulation and experiment, it is important to keep in
The simulation results are shown in Fig. 7 where the electromind that experiment does not resolve 180° domains. Thus,
static energy was not taken into account. In this and all simuregions in simulated images that are white and light gray
lation figures, the white and light gray shaded regions repreappear as single contiguous regions in experimental images,
sent domains consisting of typd?{,0,0) and (-P4,0,0), and likewise for dark gray and black regions. Judging from
respectively; and dark gray and black shading indicate dothe simulated domain structures, it appears likely that regions
mains of type ((®,,0) and (0;- P,,0), respectively. The do- of high negative curvature in experimental images are asso-
main morphology is represented by contours Bff ciated with 180° domain boundaries.

=|P;|/P,=0.6. It can be seen that the ferroelectric domains  There are mainly three factors that control the domain
have irregular shapes and the domain walls are highlynorphology and the domain wall orientations: the domain
curved, in excellent agreement with experimental observawall energy anisotropy, anisotropic elastic interactions, and
tions. The domain structure in Fig(&f was obtained from a electrostatic interactions. An isotropic domain wall energy
simulation including the contribution of elastic energy. It is contribution favors spherical domains with curved domain
almost exactly the same as that in Figbj7where only the walls. The minimum elastic energy is achieved if the domain
Landau free energy and the domain wall energy were conwalls are oriented along directions such that the neighboring
sidered. The two domain structures were obtained from thelomains are lattice-matched across the domain walls. Elec-
same initial noise distribution. The results in Fig. 7 indicatetrostatic energy minimization leads to straight domain walls
that the contribution of the elastic energy to the domain morwith no local space charge.

Initially, we simulated the effect of the elastic energy
resulting from the ferroelectric phase transition and the sub-
strate constraint on the domain structure in the g\iB;Oq
film. Because experimental data for the elastic constants O[T
SrBi,Nb,Oq4 are not available in the literature, we assume
that SrBpNb,Oq is elastically isotropic, and the Young's
modulus and Poisson’s ratio are taken to Be=2.87
X 10"'N'm~2 and »=0.31, respectively. Our previous simu-
lations of the domain structures of PbEi@lms showed no
significant difference by assuming cubic or isotropic

ation is parallel to the film surfadeompletely in the plane
of the film) and the film is very thin.

V. DISCUSSION

phology of SrBjNb,Oq film is insignificant. This is a result In a given system, the domain morphology and domain
of the diminishingly small lattice mismatch among the do-wall orientations are determined by a balance among the
mains. three factors. For example, if we increase the values of the

In the above simulations, electrostatic interactions areelectrostrictive coefficient®Q;; , the effect of the elastic en-
ignored. Although the elastic energy contribution is insignifi-ergy becomes increasingly important. It can be seen from
cant, the question remains whether or not the electrostati€igs. 9a) and 9b), whereQ;; were increased 500 and 1000
interactions which also would favor straight domain wallstimes, respectively. The domain walls become increasingly
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0.4

(a)

0.3 -

faceted domain walls

. . . . . ~ 0.2 =
FIG. 9. Simulated domain structure obtained by using larger electrostrictive <

coefficients, greater than in SegBib,Ogy by (a) Q;,=0.385,Q;,=—0.04,
Q44=0.05; and(b) Q;,=0.193,Q4,= —0.02,Q,4,=0.025.

0.1
faceted with increasin@;; , developing a preferred orienta-

tion. A plot of domain morphology v&:; andQ, is sum- ] ’,x“

marized in Fig. 10 for fixed value€;3=0.0 and Q4 00 h22” i . .
=0.05. The dashed line represents the isotropic expansion 00 01 02 03 0.
with zero distortion. Simulated domain morphologies and 0,+90,

their corresponding symbols in the plot in Fig.(&0are
given in Figs. 10b) and 1Qc). It can be seen that domain
morphology does not change much with differing volume
expansion within the approximation of isotropic elastic
modulus, but it varies significantly with ferroelastic distor-
tion, even in the case of isotropic elasticity. When the distor-
tion is large the domains are faceted with higher aspect ra-
tios.

In the particular system, SrBib,Oq, the elastic energy
contribution is so small that it can be neglected, as shown in
our simulations. We also show that even if the electrostatic
energy which favors straight domain walls is included in the
simulations, it is not sufficiently large to make the domain
walls straight in SrBiNb,Og4. That is, the isotropic domain
wall energy dominates the domain morphology. For systems
with smaller dielectric constant, the contribution of electro-
static energy becomes increasingly important. For example,
Fig. 11 shows simulated domain morphologies with varying
dielectric constantx=20, 190, 1000, and 4000 under the
open-circuit electric boundary condition. It is easy to see that
small dielectric constant, i.e., large electrostatic energy, can
also result in domain wall facetingsee Fig. 10a), «=20].

The effect of electrostatic energy on the domain morphology
is diminished for larger dielectric constants. When4000,

the effect of the electrostatic energy on the domain morphol-
ogy can be ignored.

0 0,005 o 9,015

VI. CONCLUSIONS
. . FIG. 10. (a) Domain morphology diagram vs electrostrictive coefficients
The 90° ferroelectric domain structure of SfBb,O9  Q,; andQ,,; domain structures witfb) Q;+Q1,=0.1 and(c) Qy+Qy,

was investigated by dark-field TEM and by phase-field simu=0.3.

lation. Both experiment and simulation showed that ferro-

electric domain walls in SrBNb,Oq are highly curved, and

that the domain shapes are irregular due to the low ferroelaglistortions(strain energy minimization These results may

tic distortion of SrByNb,Og. The effect of ferroelastic dis- have implications for efforts to understand the fatigue-

tortion on the domain shapes was systematically modeledgsistance of SrBNb,Oq, SrBi,Ta,Og, and perhaps for the

and it was shown that domain walls become increasinglysearch for other fatigue-free ferroelectrics. Further study of

faceted as the ferroelastic distortion is increased. Our comnlew-distortion and low-fatigue systems should help to reveal

puter simulations also demonstrate that domain walls beeorrelations. In particular, experimental investigation of the

come increasingly faceted as the dielectric constant is deferroelectric domain structure of other ferroelectric materials

creased. having a highk, but slightly larger ferroelastic distortion
These results imply that the faceted nature of prototypiimay lead to the discovery of other oxide ferroelectrics with

cal oxide ferroelectrics is primarily the result of ferroelastic reduced geometric constraints on domain walls. Study of a
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