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SCIENTIFIC ACHIEVEMENT

We have succeeded in the first experimental observation of the domain structure
inthinfilms of SrBi,Nb,O,, af erroelectric material that is fatigue-free, i.e. does
not show aloss of switched polarization with increasing number of switching
cycles. Observation of this domain structure furthers our understandng of the
contributions of elastic strain, dipole-dipole interactions, and electrostatic field
ff ects to the complex domain structures found in axide ferroelectrics.

We have shown that crystallographic defects common in SrBi,Nb,O, films (out-
of-phase boundaries, OPBs) are f erroelectrically inactive volumes of materia,
i.e.afilm with a high density of OPBs would have alower remanent
polarization than a comparable film that was free of OPBs. OPBsin
SrBi,Nb,O4 have two main nucleation mechanisms, physical and chemical.
Physical features that cause a c-direction misregistry of neighboring nuclei in a
thin film, such as stepsin the substrate surface, will nucleate OPBs.
Chemically-nucleated OPBs form after the growth of afilm, due to bismuth loss
by desorption.

SIGNIFICANCE

Little experimental or theoretical evidence exists for the relative importance of
the various energetic contributions to ferroelectric domain morphology. The
domain maps obtained in this investigation allow us to formulate a better
understandng of these various components of the f ree energy balance used to
describe domain structure.

OPBs in SrBi,Nb,O,4 (and many other complex oxides) had not been extensively
studied. We have demonstrated their impartance to film properties, and have
begun to study the details of their nucleation and growth. This knowledge
provides guidance for the synthesis of SrBi,Nb,O, and related compounds.

UNIQUE STRUCTURE OF SrBi,Nb,0Og

The orthorhambic f erroelectric phase
SrBi,Nb,Qg is structuraly very similar to
typical perovskite ferroelectrics having 90°
domains, but is unique because its ferroelastic
distortion is essentially zero, resulting in a
ferroelectric domain structure that is
independent of strain energy contributions.
Additionally, because no spontaneous
polarization exists along the ¢ axis, the domain
morphdogy along this azimuth is controlled
by electrostatic field ef fects alone.

Thismaterial has a two-dimensional
ferroelectric domain structure with the
polarization parallel to the crystallographic a-
axis.
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FERROELECTRIC DOMAIN STRUCTURE

The growth of single crystals of SrBi,Nb,O, large enough for domain structure
studiesis difficult, so we have used (001) SrBi,Nb,O, epitaxia films (c axis
perpendicuar to the substrate surface) for our domain studies.

Because of the absence of ferroelastic distortion, standard strain-based
techniquesfor imaging ferroelectric domains are not f easible with this material.
Instead, we utilized Fourier processing of high-resolution transmission electron
microscopy (HRTEM) images to f orm a series of orthogonal polar-domain maps,
generated from unique superlattice reflections associated with individual domain
orientations.

Domain wallsin SrBi,Nb,Og are f ound to be highly curved, indicating that the
highly faceted 90° domain morphdogy foundin typica oxide ferroelectricsis
dominated by strain energy. The curved walls also indicate that SrBi,Nb,Og is
fairly tolerant of the space charge associated with divergence of the normal
component of the polarization at such walls.

c-plane mor phdogy

These two images show the two 90° ferroelectric domain typesin the same area
of aSrBi,Nb,O, film. Bright areas correspond to regions with remanent
polarization axes as indicated by P, in each image. Imaging along the non-pdar
c-axis (plan view) reveals acomplementary 90° domain morphology controlled
by electrostatic and dipole-dipole interactions. Some overlap between the bright
regions exists due to through-thickness variation of the ferroelectric domain
structure, visible in theimages below.

a/b-plane mar phology

Original Image Domain Map
-

Imaging along the pdar a/b-axis (cross-section) reveals a 90° domain
morphdogy cortrolled by electrostatic interactions alone (in ¢ directior). Bright
areas in the domain map correspond to regions with a spontaneous polarization
vector perpendicular to the plane of theimage.
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Cross-section image of the full thicknessof a (001) SrBiNb,O, film, with ana/b
ferroelectric domain map superimposed over the center of theimage. Thisfilm
has a high density of OPBs, visible as wavy diagonal bands of contrast.

OUT-OF-PHASE BOUNDARY NUCLEATION MECHANISMS

OPBs are nucleated by two mechanisms in SrBi,Nb,O, epitaxial films: phy sical
and chemical. Terraces on the surface of the substrate cause c-direction
misregistry of neighboring nuclei, resulting in the generation of OPBs with

~3.9 A offsets. Bismuth desorption from an otherwise perfect film results in the
generation of OPBs with ~4.5 A offsets.

Physical - step-edge nucleation

HRTEM image of a (001) SrBi,Nb,Oy / (001) .y NdGaOj film, showing the
nucleation of an OPB by a single step edge in the substrate surface. This is
shown schematically on the right

Chemical - bismuth desor ption

These cross-sectional TEM images show a film that was thermally annealed
after growth, resulting in massive bismuth loss through evaporation. Groups of
OPBs formed “chimneys™ (left image) as the bismuth percolated up through the
epitaxial film. The HRTEM image on the right shows three individual OPBs in
the same film.

OPBs. FERROELECTRICALLY INACTIVE
VOLUMESOF MATERIAL

OPBs, visible in the cross-section
HRTEM images above, are dark in
the corresponding domain map. As
planar defects, the OPBs give rise to
streaking in the diffraction pattern.
Additionally, only certain reflections
in the diffraction pattern are streaked.
Indexing of the plane group of the
streaked regions shows that any
potential ordering at the OPBs would
not support a remanent polarization.
Taken together, this evidence
indicates that OPBs are
ferroelectrically inactive.

The direction of the streaking also
indicates a (111)croyskite subeen habit for
PBs.

GROWTH TWIN DOMAINS

We have also investigated variation in ferroelectric properties with orientation.
Films grown on differently -oriented substrate surfaces adopt non-c-axis
orientations. Epitaxy results from local continuation of the perovskite sublattice,
shown schematically on the right. The image below is an isometric montage
composited from three TEM images taken along three orthogonal viewing
directions of the same film, grown on

a (111) SITiO; substrate. This is an

epitaxial film with three orientational ﬁ ‘%I

i

variants, each identically-oriented
with respect to the cubic perovskite
sublattice of the substrate.

FUTURE WORK

Our goal is now to correlate the observed domain structures with the lack of
fatiguein this system. Of particular interest is the extent to which space-charge
and its compensation influences domain wall mobility. Future experimentsto
address these issues will be accomplished using in-situ methods to observe
polarization dynamics. T hese experiments will utilize electron microscopy, as
well as x-ray microprobe/nanoprobe techniques under development at the
Advanced Phaton Source.
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