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Structure determination of a planar defect in SrBi 2Ta2O9
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The atomic structure of a planar defect with a~001! habit plane in single crystal layered perovskite
SrBi2Ta2O9 is determined by high-resolutionZ-contrast imaging. We found that the defect forms a
structure, with two Sr–Ta–O perovskite blocks connected by a metallic Sr2 plane, rather than a
Bi2O2 layer as in the perfect crystal. This defect is expected to be an efficient hole trap and may have
important implications for the electronic properties and the ferroelectric response of the SrBi2Ta2O9

material. © 1999 American Institute of Physics.@S0003-6951~99!03039-9#
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Ferroelectric materials have received much attention
cause of their nonvolatile ferroelectric random acc
memory ~NvFRAM! applications.1–3 Recently, SrBi2Ta2O9,
a bismuth-layered ferroelectric compound, has been rec
nized as a leading candidate for NvFRAM applications
cause of its negligible fatigue, low leakage currents, and a
ity to maintain bulk characteristics when fabricated in ve
thin films.4–6 It has been suggested that fatigue in ferroel
tric materials such as Pb~Zr,Ti!O3 is a result of relatively
high pinning energies for domain walls.7,8 The absence o
fatigue in SrBi2Ta2O9 is thought to be due to the fact tha
electronic traps in this material are shallow, which results
weak pinning of domain walls so that they are more ea
depinned by an external field.8,9 Thus, factors that can influ
ence electronic trap states in SrBi2Ta2O9, e.g., impurities and
defects, are critically important to the properties of this m
terial. While most work to date has focused on thin fi
forms for nonvolatile memory applications,10–13 its basic
structure, intrinsic properties, and the effects of defects
these properties are not well understood, mainly becaus
the lack of large single crystals and well-characterized
fects. In this letter, we report a direct determination of
planar defect structure in SrBi2Ta2O9, using high-resolution
Z-contrast imaging.

SrBi2Ta2O9 single crystals were grown by a flux solutio
method using excess Bi2O3 as a self flux. Specimens wer
prepared for electron microscopy by first cutting the bu
material into~110! slices, followed by mechanical polishin
to ;100 mm, then dimpling the central portion of the spec
mens to;10 mm. Samples were thinned to electron tran
parency using a 4 kV Ar ion beam at a 13° inclination an
then cleaned at lower voltage~1.5 kV!. Finally, surface con-
tamination was removed using a Fischione plasma clea
High-resolution imaging was performed using a VG Micr
scopes HB603U STEM operating at 300 kV.Z-contrast im-
ages were formed by scanning a 1.26 Å probe across a s
men and recording the transmitted high-angle scattering w
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an annular detector. TheZ-contrast image is incoherent, wit
intensity highly localized about the atomic colum
positions.14,15 The image intensity is approximately propo
tional to the mean square atomic number~Z! in the columns.

SrBi2Ta2O9 is one of a family of Bi-containing layered
perovskite materials. Its structure has been refined by x
and electron diffraction (a55.53 Å, b55.53 Å, c524.98
Å!,16 and contains Sr–Ta–O perovskite blocks created
Ta–O octahedra inside which a 12-fold cation~Sr! resides.
These perovskite blocks are connected by Bi2O2 layers. Fig-
ure 1 shows the projected structure of SrBi2Ta2O9 along the
@110# axis. The large open circles indicate Bi, hatched circ
indicate Ta, solid circles indicate Sr, and small open circ
indicate O. The diamond shapes indicated by solid lines r
resent Ta–O octahedra. The Sr–Ta–O blocks and Bi2O2 lay-
ers are indicated in Fig. 1

Figure 2~a! shows a low magnificationZ-contrast image
of SrBi2Ta2O9 taken along the@110# zone axis, but with the
layered structure resolved. It clearly shows the stacking
alternate Bi2O2 layers and Sr–Ta–O perovskite blocks,
indicated by the letters B and P, respectively. The Ta and
columns have high intensities, the Sr columns lower inten
ties, while the pure O columns are not seen because of
low atomic number (Z58) of oxygen. The Bi (Z583) and

FIG. 1. Projection of the structure of SrBi2Ta2O9 along the@110# axis.
1 © 1999 American Institute of Physics
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Ta (Z573) columns have very little difference in intensi
because of the relatively small difference of atomic num
between them. The sensitivity is limited by surface dama
formed during ion milling, which can cause intensity fluctu
tions on the order of610%. The Sr columns show low in
tensity ~see the middle line in the block indicated by P! be-
cause of the lower atomic number (Z538). A high
magnificationZ-contrast image is given in Fig. 2~b!. Super-
imposing the structure shown in Fig. 1 on the image gives
excellent fit, demonstrating that the single crystal sample
served is of high quality despite the complex SrBi2Ta2O9

structure, which has a repeat distance along@001# of 24.98
Å.

Figure 3~a! shows a low magnificationZ-contrast image

FIG. 2. ~a! Low magnificationZ-contrast image of SrBi2Ta2O9 taken along
the @110# zone axis; ~b! high-resolutionZ-contrast image showing the
atomic structure.

FIG. 3. ~a! Z-contrast image of SrBi2Ta2O9 taken from an area containing
planar defect lying on the~001! plane;~b! intensity profile measured from a
perfect area;~c! intensity profile measured from the area containing
defect.
Downloaded 04 Jun 2004 to 160.91.48.238. Redistribution subject to AIP
r
e
-

n
b-

of SrBi2Ta2O9 taken from an area containing a planar defe
The electron beam is parallel to the@110# axis. As indicated
by the two arrows, a defect lying on the~001! plane is clearly
seen. The Sr–Ta–O perovskite blocks and Bi2O2 layers in
the bulk near the defect are indicated. It is seen that
Sr–Ta–O perovskite blocks at the defect are connected
layer with significantly lower intensity than that of perfe
Bi2O2 layers. The intensity profiles measured along the
rection indicated by the white dotted line in Fig. 3~a! from
both a perfect region and the region containing the defect
shown in Figs. 3~b! and 3~c!, respectively. The position o
the defect in Fig. 3 is indicated by arrows. The intens
strongly suggests that the columns at the defect plane ar
columns.

Figure 4~a! shows a high magnificationZ-contrast image
of the defect from which the atomic structure can be obtain
directly, as shown in Fig. 4~b!. The large open circles indi
cate Bi, hatched circles indicate Ta, solid circles indicate
and small open circles indicate O. The diamond shapes i
cated by solid lines represent Ta–O octahedra. Superim
ing this structure on the image provides a very good fit,
shown. This planar defect presents a structure in that
neighboring Sr–Ta–O perovskite blocks are connected
by a Bi2O2 layer, as in the perfect crystal, but by a Sr–
plane. This Sr–O plane shows double the expected num
of Sr columns, compared to the Sr–O plane in the Sr–Ta
perovskite blocks. Also, the distance between the two S
Ta–O perovskite blocks at the defect is about 1.2 Å sma
than in the perfect region. The differences between the de
and the perfect crystal are clearly seen by comparing
structure of the defects shown in Fig. 4~a! and the perfect
crystal shown in Fig. 2~b!. It seems unlikely that the defec
plane can contain oxygen, otherwise we would anticip
that a double layer of SrO planes would take the rocks
structure, the supper and lower planes, matching the up
and lower perovskite blocks, with a half unit-cell displac
ment between them. The observed 1.2 Å inward relaxation
the structure also suggests that the plane is metallic. Th
atom position relative to each Ta–O octahedron is ident
to that of the Bi atoms in the Bi2O2 layer, and thus, the defec

FIG. 4. ~a! High-resolutionZ-contrast image of the planar defect;~b! the
atomic structure of the defect derived directly from the image.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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looks like a Bi2O2 layer with the central O layer removed
We note, however, that the precise composition of the2
layer cannot be obtained from the intensity profile measu
from theZ-contrast images due to the varying intensities
columns along the layer. Such effects could indicate lo
strains and/or the possible existence of vacancies in
layer. The absence of the central oxygen plane in the de
is consistent with the lower oxidation state of Sr21 compared
to Bi31. For a neutral unit cell, the Sr would be in a Sr0 state,
suggesting that the defect would act as an efficient hole t

Theoretical calculations have suggested that the
placements of Ta ions along O–Ta–O bonds in theab plane
are largely responsible for the ferroelectricity
SrBi2Ta2O9.

9 It has been suggested that the Bi–O lay
dominate the electronic response of SrBi2Ta2O9, whereas the
ferroelectric response originates from the Sr–Ta–O per
skite blocks. However, Bi displacements amplify the fer
electric dipole. The contribution could be large because
Bi displacements can be substantial, due to the weaker b
ing of the Bi–O layer. The absence of a Bi–O layer at t
defect will therefore weaken this contribution to the ferr
electricity and affect the ferroelectric response, although
overall effect should be small because of the low volu
fraction within the bulk. The effect on carrier trapping
likely to be more important. It is suggested that fatigue
fundamentally related to the trapping of electronic carrie
which then pin domain walls. In SrBi2Ta2O9, the weak pin-
ning of domain walls is considered to be the reason for
good fatigue resistance. Proposed candidates for the
states are holes trapped at Bi31 ions or electrons trapped a
Ta51.9 The appearance of planar defects with metallic2
layers would clearly act as strong hole trapping centers
increase the overall pinning effect. Thus, we propose
this defect may also have considerable effect on fatigue
sistance of SrBi2Ta2O9.

In conclusion, we have determined the atomic struct
of a planar defect in single crystal SrBi2Ta2O9 by high-
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resolutionZ-contrast imaging. The defect consists of two S
Ta–O perovskite blocks connected by a metallic Sr2 plane.
The defect is expected to be a strong hole trap, which m
have considerable effects on the ferroelectric properties
this material.
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