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New elements of a symmetric [001] 67.4◦ SrTiO3 near �13 tilt grain boundary are identified
by a quantitative analysis of lattice images, reconstructed electron exit waves, and HAADF
images. The analysis reveals local, geometrical variations of structural grain boundary
units that relate to the presence of defects introduced by a tilt deviation of 0.65 + 0.02
degrees from the perfect �13 geometry. Sr and TiO columns are discriminated in HAADF
images while the reconstructed electron exit wave reveals all oxygen columns in addition.
Both methods depict the crystal and boundary structure directly while lattice imaging with
a high voltage instrument requires image simulations to link the image intensity to
structure. For the first time we observe a Sr column splitting by 90 pm that supports
theoretical predictions. An inhomogeneous, preferential etching at the grain boundary is
attributed to local charge variations and hampers a quantitative investigation and local
stoichiometry. The near �13 boundary forms a dense and compact structure with
chemically identical columns in close proximity. Therefore, it is different from the relaxed,
bulk like configurations described in previous reports. C© 2005 Springer Science + Business
Media, Inc.

1. Introduction
SrTiO3 crystals (STO) are suitable substrates for the
fabrication of high-Tc superconducting films and de-
vices because of a favorable dielectric constant ε =
277 and a good lattice match to YBa2Cu3O7−δ [1].
Bicrystalline STO substrates are used as templates for
the fabrication of Josephson junctions to investigate
fundamental properties of high-Tc films [2–4] where
knowledge of the grain boundary (GB) structure is es-
sential for a control of intrinsic junction characteristics.
Therefore, the atomic structure of GB’s in STO was
examined in great detail. High Angle Annular Dark
Field (HAADF) imaging in combination with Electron
Energy Loss Spectroscopy (EELS) are now more fre-
quently used to investigate grain boundaries in STO and
related materials to complement direct imaging with
phase contrast microscopy [5, 6]. Specifically, a 25◦�
85 (920), a 36◦�5 (310), and a 67.4◦�13 (320) [7–10]
symmetric tilt boundary as well as a 58◦[001] tilt GB
[11] were examined.

Structure refinements by bond valence calculations
lead to models that are both charge neutral and sto-
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ichiometric [8]. In the bulk of the material, the Sr
atoms are dodecahedrally coordinated. In contrast, the
Ti atoms exhibit octahedral coordination with oxygen
atoms. Both static [12, 13] and first principles calcula-
tions [14] of a �5 (310) GB predict a compact, dense
GB structure with oxygen deficiency near the core. Sr
based units are calculated to be more stable than the
TiO ones [15]. If Sr columns reside in close proximity,
they should be half occupied and oxygen vacancies are
expected to segregate to the GB [16]. Closely spaced
TiO columns would lead to an excess of Ti atoms [15]
since Ti occupies all available sites. In this case, an
oxygen deficiency would decrease the Ti valence [11].
All configurations lead to negatively charged GBs.

Attempts were made to describe symmetric GBs with
the SU/GBD (Structural Unit/Grain Boundary Disloca-
tions) approach [17, 18]. This GB description was ex-
tended taking into account the equivalence between the
two sub-lattices centered on Sr or on TiO columns [16].
For example, the Fig. 1 shows the units S and S′ that are
basic units of the �1∗(110) GB, a periodic arrangement
of A and A′ units that defines the �5(310) GB, and the
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Figure 1 Structural units in SrTiO3 grain boundary (courtesy of G.
Dusher [16]). Units S and S′ correspond to the crystal, units B, B’,
A and A’ correspond to the cores of primary dislocations.

units B or B ′ that describe the �5(210) GB, depending
on the coincidence of Sr or TiO columns at the inter-
face. An experimental observation of a �5(210) GB
would be useful since its units are expected to be part
of the �13 (320) GB if the model extension is generally
applicable.

In this paper we address the structure of a �13 tilt GB
by direct imaging with different methods: lattice imag-
ing with a high voltage microscope, reconstruction of
electron exit waves (EWR), and HAADF imaging. The
approach exploits specifics of each imaging technique
accessing a maximum of structural information while
simultaneously highlighting the strength’s and limita-
tions of the applied methods. It will be shown that it is
crucial to address each structural grain boundary unit
separately since defects induce local strain—(and ev-
idently) local charge variations that prohibit any aver-
aging along the length of the boundary. Thereby, novel
structural units are discovered and it is demonstrated
for the first time that sub Ångstrom resolution can be
achieved with a mid voltage instrument by imaging a
non-periodic structure. A quantification of the oxygen
content at the boundary is limited by sample prepara-
tion techniques that commonly create steep grooving at
the interface itself.

The paper is organized in the following manner. Sec-
tion 2 describes experimental details. Thereafter, results
are described in detail in Section 3 that are discussed in
Section 4.

Figure 2 (a) HAADF image (Tecnai F20); (b) High voltage TEM lattice image (ARM); (c) Phase of the reconstructed electron exit wave (CM300).
The scheme of SrTiO3 unit is superimposed in c ( a = 0.3905 nm).

2. Experimental details
The investigated �13 (320) tilt GB was fabricated join-
ing two pre-oriented STO single crystals by local melt-
ing of the interface region. The deviation from the coin-
cidence orientation was determined by LACBED. We
utilized a comparison of simulations with experiments
to reach a high degree of angular accuracy [19]. A
tilt deviation from the ideal �13 geometry of �θ =
0.65◦ ± 0.02◦ gives rise to a misorientation angle of
68.05◦.

Samples for TEM observation were prepared by tri-
pod polishing. The thickness of the foils was a few
100 nm thereafter. Such samples are thin enough for
HAADF imaging. For lattice imaging and exit wave
reconstruction the foils were additionally thinned in a
low voltage ion mill operated at 500 eV together with
sample cooling to avoid contamination. Thereby we
obtained 40–200 Å thin samples.

Classic HRTEM imaging was performed along [001]
zone axis with a Jeol ARM operated at 800 KV that ex-
hibits a Scherzer point resolution of 1.6 Å. Phase and
amplitude images of the complex electron exit wave
were reconstructed from 20 lattice images recorded
with a CM300 FEG/UT instrument that allows for
sub Ångstrom resolution because of a 0.8 Å informa-
tion limit [20, 21]. HAADF images (HAADF) were
recorded with a Tecnai F20 Ultra twin STEM/TEM
with a smallest beam size of 1.4 Å.

The image simulations were performed by multislice
calculations utilizing the McTempas and Crystal KIT
software packages [22]. They were applied to interpret
the HRTEM lattice image and the reconstructed elec-
tron exit wave. Simulations of the HAADF image were
omitted since the large and undetermined crystal thick-
ness limits their validity.

The considered images of the grain boundary are
shown in Fig. 2. A significant contrast or pattern change
at the boundary reveals that the samples are grooved,
which in case of the HAADF image makes an identi-
fication of structural GB units challenging. Therefore,
the HAADF image was processed for a separation of
the image pattern from the rapidly varying background
signal that obscures recognition of the pattern at the
interface as shown in Fig. 3.
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Figure 3 Experimental HAADF (a) original image; (b) background subtracted image; (c) background image.

A closer inspection of the signal (Fig. 3c) uncovers
a quasi-periodic intensity fluctuation along the bound-
ary. We argue that the GB is sensitive to the chemo-
mechanical thinning process applied during the tripod
preparation procedure. The classic solution for the fi-
nal polishing is a base of 7 < pH < 11. Since this
etch is not charge neutral, it is likely that a negatively
charged GB will be subject to locally varying etch rates
if the charges are distributed unevenly. Such doping re-
lated etch rates are common to solutions with pH > 7
and were investigated in doped semiconductors [23].
The observed contrast change at STO GB’s is found
in most investigations. In fact, it seems that most sam-
ple preparation techniques cause boundaries grooving
in STO. This effect is currently subject of ongoing re-
search since it possibly provides a direct map of the
charge distribution with nanometer resolution.

Since in projection a missing column atom cannot be
distinguished from a surface step, there is a principal in-
ability to discriminate between a local thickness change
and the occupation of lattice sites with atoms that ham-
pers a quantitative investigation of local stoichiometry.
Therefore, the paper addresses mostly structural aspects
even though we expect the formation of native point de-
fects at the boundary and we will produce evidence for
the presence of oxygen vacancies.

Figure 4 Wiener filtered image of the background subtracted HAADF image showing periodic arrangement series of different structural units separated
by defects. The units 5 to 7 and 14 are centered on TiO columns at the GB. All the other units are centered on Sr columns. The units are drawn
schematically by segments relating columns of same nature.

3. Results
3.1. HAADF Imaging
The Wiener filtered HAADF image of Fig. 4 visualizes
a large section of the GB. The two distinctly different
intensity maxima in the bulk of the material correspond
to Sr (Z = 38) and TiO (Z = 22, Z = 8) columns in
[001] projection. They can be discriminated because the
contrast depends on the atomic number Z [24]. Oxy-
gen columns are not visible. At the grain boundary,
this chemical distinction becomes less evident since the
sample is thinner. There, an identification of Sr and TiO
atom columns can be supported assuming continuity of
the surrounding matrix towards the GB.

The GB contains 14 structural units and 4 defects that
are introduced by the deviation from the perfect coin-
cidence orientation [25]. The origin of the structural
units is chosen such that they correspond to boundary
sites common to the two crystals. These lattice sites
repeat with a periodicity of 1.4 nm. An identical peri-
odicity is found in the background image of Fig. 3c and
by comparison it is seen that preferential etching does
not occur at the origin of the structural units but rather
within the structural units themselves.

It is possible to discriminate 3 structurally different
units that are shown in Fig. 5: one unit is delimited by
TiO columns that are common to both crystals (TiO
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Figure 5 The SrTiO3 �13 grain boundary contains 3 distinctly different structural units SUTi2 (a), SUSr2 (b) and SUSr3 (c). In (a) the unit cell is
centered on TiO columns, in (b) and (c) on Sr columns. For a better visualization the background subtracted HAADF image of Fig. 3b was Wiener
filtered. The length of the unit is 1.41 nm.

Figure 6 Enlargement of Fig. 4 showing the GB defects: (a) D3, (b) D2, (c) D1.

centered: SUTi2 in Fig. 5a) and two units are delim-
ited by Sr columns (Sr centered: SUSr, Fig. 5b and c).
They differ by the addition of one Sr column in the
center of the cell (SUSr3). Neighboring atom columns
of the same chemical composition appear at the GB,
as reported before. We find 10 Sr centered GB units
(number 1–4 and 8–13) and 4 Ti centered units (num-
ber 5–7 and 14) in the field of view. The oxygen atomic
positions in the proposed models are suggested from
the EWR results (see Section 3.2).

In Fig. 4, four defects separate five regions contain-
ing a periodic arrangement of similar structural units.
Two of the defects are identical (defects D1 of same ge-
ometry but either centered on Sr or on TiO columns).
The three different defects are shown in Fig. 6. Their
Burgers vectors are determined by measuring the dif-
ference between two circuits relating two similar sites
of the structural units before and after the considered
defect [26]. Sr and TiO columns are not distinguished.
If S1 is the circuit in the upper crystal 1 and S2 the cir-
cuit in the lower one then b is given by �b = S1 − RS2,
where R is the rotation matrix between the two crystals.

The defect D1 is located between structural units
7 and 8 and units 13 and 14. Its Burgers vector is
�bD1 = 1

13 [320], perpendicular to the GB. It accounts
for the deviation from the coincidence orientation and
corresponds effectively to a unit S or S∗ of the delim-
iting � 1∗(110) GB. This partial dislocation is not a

DSC dislocation according to [25] as it should relate
two similar structural units with the same chemistry.

The defect 2 is seen between the structural units 4
and 5 of the HAADF image. Its Burgers vector is �bD2 =
1

13 [2̄30] in the upper crystal. It creates a 0.27 nm high
step.

The defect D3 is located between structural units 1
and 2 and corresponds to a translation vector of the
GB since the associated structural units are similar. Its
Burgers vector is �b=

D3
1

13 [510] = �bD1 −�bD2. The related
step height is again 0.27 nm.

The number of structural units between the dislo-
cations containing a �bD1 component is 6, which one
would expect from the tilt deviation of the coincidence
orientation. Their periodic arrangement is highlighted
in dark field imaging shown in Fig. 7.

HAADF imaging is characterized by a good discrimi-
nation between Sr and TiO columns and little sensitivity

Figure 7 Dark field image of the grain boundary showing the intrinsic
dislocation array and some extrinsic dislocations.
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Figure 8 (a) Phase image from exit wave reconstruction; (b) amplitude image fit for 40 Å thickness.

Figure 9 Exit wave phase (a) and amplitude (b) variations (CM300) as a function of the thickness. TiO and Sr show the same behavior; (c) Exit wave
phase variation (ARM) at 800 kV. In the range of 4–10 nm one can distinguish Sr and TiO atomic columns. The thickness values are in Å on the
graphs.

to intensity changes with thickness except for the thin
crystal areas at the grooved boundary. Oxygen columns
cannot be detected. Further, our attempts to measure lo-
cal lattice displacements from the HAADF image were
of insufficient accuracy because of the present noise
levels. Displacements are addressed later by measure-
ments from phase contrast images.

3.2. Exit wave reconstruction (EWR)
Amplitude and phase of the GB’s electron exit wave
are reconstructed from a focal series of 20 lattice im-
ages and shown in Fig. 8. Here the grooving at the grain
boundary required a local signal optimization that was

performed by an established procedure that maximizes
the phase signal (or minimizes the amplitude signal)
while propagating the exit wave in steps of 0.5 nm with
the TrueImage software package [27, 28]. It is seen
from Fig. 8 that a large pattern change reflects the steep
thickness change at the boundary. Fig. 9a and b show
calculations of amplitude and phase intensity maxima
that mark Sr, TiO, and O columns. It is seen that Sr
and TiO columns cannot be distinguished if recorded
with a 300 kV microscope because of an accidental in-
tensity degeneracy that, however, can be removed by
utilization of other acceleration voltages as shown in
Fig. 9c. This calculated result is verified in the experi-
ment and explains why Sr and TiO columns cannot be
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Figure 10 (a) Experimental exit wave phase image issued from the reconstruction with the scheme of the units. A dislocation defect D1 is located
between unit 2 and unit 3; (b, c and d): simulation of the phase image of the structural units SUTi2, SUSr3 and SUSr2 corresponding respectively to
unit 1, 3 and 6.

distinguished in reconstructed exit waves but in lattice
images recorded in a high voltage instrument.

The intensities oscillate with sample thickness and
the oscillation period is 12 nm for the degenerated
Sr/TiO columns but 52 nm for the O column. In thin
crystals (<6 nm) they increase almost linear with sam-
ple thickness and intensity ratios can be used to deter-
mine the sample thickness if full occupancy is assumed.
Alternatively, such graphs allow for a determination of
the occupancy if the sample thickness is locally known.

The Fig. 10 shows the recorded boundary with su-
perimposed structural units that reveal the presence
of the defect D1. Clearly, it is not possible to extract
from the image whether or not the individual units are
Sr or TiO centered at the origin. If we assume a situa-
tion identical to the one shown in Fig. 6c, TiO centered
structural units would extend to the left of the defect
and Sr centered units are on its right side as shown in

Figure 11 (a) Experimental exit wave phase image issue from the reconstruction for unit 3. The geometrical atomic model is superimposed. (b) Profile
intensities along the [100] Sr-O profile line (top) and across the GB (bottom) as underlined on the line profiles of Fig. a.

Fig. 10b through 10d. This choice is consistent with the
arrangement of units in the HAADF image (Fig. 4). The
EWR was optimized for each unit separately in order to
account for a defocus change along the boundary. The
phase image of unit SUSr3 is depicted in Fig. 11.

In contrast to the HAADF image, the O columns are
detectable in the reconstructed exit wave as shown in
Fig. 11 that depicts unit 3 at a larger magnification with
the crystal structure superimposed. The extra Sr col-
umn in the unit’s center is directly visible and column
splitting is noticeable with a projected distance of about
0.9 Å. Column splitting was predicted but not observed
until now. Moreover, Fig. 11 is the highest resolution
image of a non-periodic grain boundary site. This ob-
servation proves sub Ångstrom resolution. Multi-slice
calculations confirm that the line trace of Fig. 11c can
be simulated by half occupied Sr columns. A further
examination of the O-, Sr-, and TiO columns is limited
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Figure 12 Graph showing the variation of the ratio D6–7/Unit length measured for each unit in the exit wave phase image. The values determined
from the high voltage HRTEM image are also shown. In (a) the scheme of the unit showing a horizontal arrow for the unit length D1–10, and a vertical
arrow for the D6–D7 distance.

because of the rapid thickness change at the bound-
ary that makes a systematic discrimination between
thickness and stoichiometry impossible. Only in spe-
cific cases such as shown in Fig. 11b one can assume
constant local thickness since the intensity of three ad-
jacent Sr columns is almost constant. In this case the
recorded intensity variation of the two O columns must
be attributed to a reduction of the O occupancy that
can be estimated. Taking the larger Sr/O intensity as a
measure of thickness, one estimates that the sample is
5 nm thick at this point by use of Fig. 9a. The oxygen
occupancy is assumed to be 1. A 1/3 signal reduction of
the adjacent O column would correspond to an oxygen
occupancy of only 66%. Such measurements give esti-
mates for possible O fluctuations within GB unit cells.

The presence of different structural units along the
grain boundary suggests that the grain boundary expan-
sion cannot be constant along its length. Measurements
of the aspect ratio (width/length) of individual GB unit
cells confirm this expectation and are shown in Fig. 12.
It is seen that TiO and Sr centered units exhibit an al-
most identical expansion if the measurements are taken
from unit cells that are separated by a few translation
periods from the defect. Close to the defect we find that
its presence alters the GB expansion normal to the GB
from expected values of 0.108 nm to a maximum of
0.184 nm and it is reasonable to find a split Sr column
in the center of GB units that are expanded most.

The reconstructed exit wave truly complements the
HAADF image: Sr and TiO columns cannot be dis-
criminated if images are recorded at 300 kV. However,
oxygen columns are now visualized at the interface and
in the bulk of the material. To our knowledge it is for
the first time that oxygen columns are resolved at a
GB in STO. A superior signal to noise ratio allows for
displacement measurements with pm precision, which
was not possible in the HAADF image because the grain

boundary expansion did not exceed limits imposed by
the noise.

3.3. High voltage lattice imaging
A magnified lattice image of the GB recorded with the
ARM is shown in Fig. 13. Structural units as defined
in HAADF image are again overlaid and they reveal
the presence of the defect D1 in the field of view. A
comparison between experimental—and simulated im-
ages reveals strong thickness and defocus variations
both parallel and perpendicular to the GB. The thick-
ness ranges from 70 Å at the GB to 120 Å at the edge
of the image and the defocus from −660 to −580 Å.
The weak sinusoidal pattern oscillation in the bulk of
the material can be related to Sr and TiO columns by
image simulations (Fig. 13c). The higher acceleration
voltage is of advantage because it lifts the accidental in-
tensity degeneration that is present in pictures recorded
with 300 kV (Fig. 9c).

As a result, the assignment of TiO centered units to
the left of the defect (1–3) and Sr centered units to its
right (4–7) is unique. The 3 different GB units can be
distinguished from simulated images (Fig. 14). How-
ever, the poorer signal to noise ratio of the experiment
makes unit identification doubtful.

Measurements of the grain boundary expansion
around defect D1 are depicted in Fig. 12. By compar-
ison, it is clear that expansion values measured from
the lattice image and the reconstructed exit wave agree
well. Furthermore, the identical result justifies the TiO
and Sr origin assignment that was assumed for the re-
constructed exit wave. It is evident that a similar anal-
ysis of the HAADF image should also reproduce these
findings. Indeed, we observe an equivalent tendency in
the HAADF image that, however, suffers from a lack
of attainable precision.
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Figure 13 (a) Experimental HRTEM image showing the scheme of the �13 structural units. (b and c) Intensity profiles along [110] (dashed line in
(a)) and [100] (full line in (a)). The highest peaks correspond to Ti-O columns.

Figure 14 Experimental HRTEM images for unit 1 (a), unit 7 (b) and unit 4 (c) and simulated images for SUTi2 (d), SUSr2 (e) and SUSr3 (f).

GB units 1 and 7 are separated most from the defect
and exhibit a rather small GB expansion of 14%. In
previous publications [7] larger GB expansion values of
the order of the (320) interplanar spacing were reported.
Since their aspect ratio is the same but their chemistry is
different, a comparison of column positions inside the
units is of interest. The distance D (A–B) between the
closest similar atom columns depends on their chemical
nature (Fig. 15): It is larger for TiO columns (2.30–2.36
Å) than for Sr columns (1.70–1.77 Å). Moreover, the
ratio D (A − B)/(GB unit length) is almost constant
with a value of 0.165 (Fig. 14) in Sr centered units and
0.125 in TiO centered units.

In summary, lattice imaging with a high voltage in-
strument yields similar results than extractable from
the HAADF image. The chemical distinction is, how-
ever, poorer while column positions can be pinpointed
with a better precision. In Table I we compare all three
experiments.

4. Discussion
Novel structural units of the GB are defined by a co-
incidence lattice approach and the grain boundary is
found to contain periodic arrangements of structural

units separated by defects that can be described as grain
boundary dislocations.

In this materials system HAADF imaging and
HVTEM allow for a direct identification of Sr and TiO
columns in [100] direction. A determination of col-
umn positions is feasible in case of lattice imaging by
HVTEM but lacks of accuracy in case of HAADF imag-
ing because the boundary expansion is too small (14%)
to be measured at the given noise level. In both cases,
oxygen columns cannot be detected.

Complementary, the reconstruction of the electron
exit wave enables the identification of oxygen columns.

TABLE I Table showing the complementarities of the HAADF imag-
ing and EWR techniques and the similarities between HREM and
HAADF imaging techniques

Accuracy of
Distinction Detection of displacement
of TiO and oxygen Measurements

Technique Sr columns columns ± �d (nm)

HREM@800 KV Yes No 0.006 nm
HAADF@200 KV Yes No 0.014 nm
EWR@300 KV No Yes 0.002 nm
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Figure 15 Graph showing the variation of the ratio of the D(A-B)/length for the different structural units in the HRTEM image.

A best signal to noise ratio allows determining column
positions with pm precision. The measurements are not
dominated by statistical—but by systematic errors of 1–
2 pm that relate to residual lens aberrations. Moreover,
a quantitative intensity interpretation is possible if the
sample thickness is constant. In praxis, however, grain
boundary grooving limits such interpretations to a few
specific cases. In investigated single cases a reduction
of the oxygen occupancy by 30–40% seems possible.

Improvements of sample preparation techniques
seem generally necessary in order to get a better un-
derstanding of local stoichiometry.

The defined GB unit cells can be classified by three
structural units called SUSr2, SUSr3, and SUTi2 where
Ti2 describes a unit cell centered on TiO columns while
Sr2,3 unit cells are centered on Sr columns. Sr3 contains
an additional Sr column in comparison to Sr2. The ar-
rangement of oxygen columns is the same across all
units. In each unit, closely spaced and chemically iden-
tical column pairs occur at the GB core. Four such pairs
can be found in SUSr2 and SUTi2 while SUSr3 only
contains three pairs.

The GB expansion is small (14%) but increases to-
wards defects. We conclude that the GB is compact
and thereby unexpectedly different from models de-
rived from previous HAADF investigations [7–9] or
from calculations [10–13]. In these models, the GB
structure is closer to a perfect crystal with respect to
the atom arrangement and chemical bonding because
only two Sr atom columns are in close proximity there.
Moreover, we find bond length differences between the
Sr-Sr and TiO-TiO column pairs.

If we ignore a possible partial column filling, as ob-
served for a Sr column here and for TiO columns be-
fore [11, 14–16], the units would exhibit the following
stoichiometric deviations: The SUSr3 units would lack
an oxygen column, the SUSr2 and SUTi2 units would
be neutral but incorporate additional TiO2 and SrO,

respectively. The presence of a high number of simi-
lar columns in close proximity would lead to a highly
charged GB, which can explain the large preferential
etching at the center of the cells where the pairs reside.

In total we recorded twice as many SUSr3 units than
other units, which indicates that an additional Sr col-
umn in coincidence at the GB is of lower energy con-
figuration than one would expect. Sr column splitting
is found in cells close to defects where the aspect ratio
of GB unit cells is the largest.

In terms of the SU/GBD approach, only the SUSr3
unit can be created by combining the simpler S and
S′ units of the �1∗(110) GB with one B ′ unit of the
� 5 (210) GB (Figs 1 and 16a) that corresponds to a
dislocation core [16]. In contrast, one TiO column is
missing in unit B ′ of [16], and the calculated structure
of the (210) tilt GB centered on Sr columns contains
only one TiO column instead of three columns in the
B ′ unit [15]. Finally, one can recognize A and A′ units
of 36◦∑5(310) (Fig. 1) in the GB units (Fig. 16b).
These units also appear in the 58◦ [001] tilt GB [11],
although this �5(310) GB is not a delimiting GB for
the �13 (320) and the 58◦ [001] tilt GB’s. Here, we
have the same geometry whatever the unit of a low-
est energy configuration may be. These results show

Figure 16 The SUSr3 structural unit can be described as a combination
of �5 (B ′ in Fig. 1) and �1 ∗ (S and S′ in Fig. 1) structural units. The
unit schemed in (b) corresponds to the favored �5(310) GB structural
unitt A′
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that our near [001] �13 tilt GB contains a multiplicity
of GB unit structures. This finding questions the pre-
diction that [001] tilt GBs can be formed by a limited
number of structural units. Our boundary is probably
of high-energy configuration. The presence of localized
defects indicates a tendency to maintain a coincidence
lattice.

5. Conclusion
We have shown that electron exit wave reconstruction
complements HAADF imaging because of its unique
ability to image oxygen columns. In addition, EWR
allows for a determination of column position with
pm precision and—principally—for a determination
of stoichiometry by intensity quantification. Similar to
HAADF images, Sr and TiO columns can be distin-
guished in high voltage lattice images where the high
voltage lifts an accidental intensity degeneracy that is
present if [100] images are recorded at 300 kV.

A preferential etching during sample preparation fa-
vors GB grooving and creates periodic holes that seem
to map a charge distribution with a nanometer resolu-
tion. A further investigation of the local stoichoimetry
will, however, be necessary since the grooving severely
limits quantitative intensity interpretations. Estimates
suggest an oxygen vacancy formation on 30–40% of
the oxygen lattice sites at the boundary. Sub-Ångstrom
resolution reveals a Sr column splitting for the first
time.

We have identified 3 new structural units of the �13
GB, which are either centered on Sr columns or on TiO
columns. This grain boundary is formed by a multi-
plicity of structural units, which contain three or four
column pairs with identical elements in close proxim-
ity, probably a high energy configuration.
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