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Annular bright field scanning transmission electron microscopy, which has recently been established to

produce directly interpretable images with both light and heavier atomic columns visible simultaneously,

is shown to allow directly interpretable imaging of the oxygen columns within the S13 ½1 2 1 0�ð1 0 1 4Þ

pyramidal twin grain boundary in a�Al2O3. By using information in the high-angle annular dark field

image and annular bright field images simultaneously, we estimate the specimen thickness and finite

source size, and use them to explore in simulation the issue of dark contrast in the vicinity of the grain

boundary in the annular dark field image.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

High-angle annular dark field scanning transmission electron
microscopy (HAADF STEM) has been established as a direct and
robust imaging mode for determining the location of heavy atom
columns within grain boundaries [1,2]. However, light elements are
usually not visible in HAADF STEM. Structural analysis using the
observed positions of only the heavy elements as reference points to
compare with candidate structure models, perhaps determined by
molecular dynamics or first principles calculations, has had some
success. For instance, simulations in an a�Al2O3 S13 grain bound-
ary show an oxygen-terminated trial structure to be consistent with
the experimental HAADF image while an aluminum-terminated
structure is not, even though the oxygen itself was not imaged [3].
High voltage electron microscopy [4], negative Cs imaging conven-
tional TEM [5] and exit surface wavefunction reconstruction [6]
have all been used to image oxygen within grain boundaries and
defect structures. However, these approaches are not yet routine,
requiring very thin specimens and detailed simulation for inter-
pretation and analysis [7]. By contrast, for bulk crystals, annular
bright field (ABF) STEM imaging allows for direct image interpreta-
tion with both light and heavy atom columns simultaneously visible
over a wide range of thicknesses [8–10]. In this paper we
ll rights reserved.
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demonstrate that this property extends to the case of light atoms
in a defect structure, specifically a grain boundary.
2. Experimental results

Our case study will be the pristine S13 ð1 0 1 4Þ pyramidal twin
grain boundary in a�Al2O3, which has been studied previously in
high resolution TEM experiments [12,13], STEM experiments [3] and
first principles calculations [3,11,14]. STEM imaging was carried out
on the JEOL ARM-200F, operated at 200 keV with a probe-forming
aperture semiangle of 22 mrad. HAADF images were taken with a
90–170 mrad detector, ABF images with a 11–22 mrad detector.
Representative HAADF and ABF images based on these imaging
conditions are shown in Fig. 1 for bulk a�Al2O3 [15]. The known
structure is overlaid on the images. Inspection reveals that there are
two types of oxygen column: those in close proximity to an adjacent
aluminium column and those approximately equidistant from the
aluminium–oxygen column pairs. In the HAADF image, the oxygen
columns of the aluminium–oxygen column pairs are not resolved,
though there is some directional elongation of the signal from the
aluminium column of the pair. There is a hint of contrast visible at
the isolated oxygen columns in the HAADF image, but it is not very
clear. In the ABF image, however, oxygen columns are much more
visible. The isolated oxygen columns are clearly resolved. The oxygen
columns in the aluminium–oxygen column pairs are less clearly
resolved, but are evident in the asymmetric contrast of the column
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Fig. 1. HAADF and ABF images of a�Al2O3 (bulk) viewed along the ½1 2 1 0� zone

axis. The known structure is indicated, and simulated data is overlaid on the

experimental images. The experimental images have been filtered using the radial

difference filter released by HREM Research Inc [16].
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pair to a much greater extent than was the case in the HAADF image.
Simulated images are overlaid on the experimental images in Fig. 1.
The simulations assume the experimental parameters listed above, a
381 Å specimen thickness and a finite effective source size of 0.37 Å.
As discussed in Section 3, these values offer a particularly favourable
comparison with these experimental images, but the robustness of
the imaging mode is such that good qualitative agreement between
simulation and experiment is obtainable even if the specimen
thickness cannot readily be determined [10].

HAADF and ABF images of the grain boundary region are shown
in Fig. 2. As seen in Fig. 1 for the bulk region, the oxygen columns are
not visible in the HAADF image in Fig. 2. Similar to previous images
of this grain boundary, the structure in the boundary region is
obscured by the dark band of contrast [3]. In the ABF image,
however, oxygen columns in the bulk and, moreover, in the grain
boundary are visible. The structural model for the oxygen-termi-
nated grain boundary determined by first principles calculations
[3,11] is overlaid on both images. The agreement, particularly with
the ABF image, is generally very good, though we note that in
the enlarged portion of the ABF image the oxygen columns in the
grain boundary appear to be slightly displaced to the left as
compared with the symmetric structural model reference. There
is also a suggestion that the troughs corresponding to the oxygen
columns in the grain boundary in the experimental ABF image are
slightly wider than those in the bulk, though against the scan noise
in the image it is difficult to tell if this perception is statistically
significant.

The dark region in the vicinity of the grain boundary, a common
observation in such experiments, is not reproduced in the simula-
tions based on the structure determined from first principles
calculations. Reasons for this—such as that the first principles
structure model does not include preferential milling, vacancies or
the possibility of co-existence with meta-stable structure—have
been suggested previously [3]. All these possibilities fall under the
general area of defect structures, and indeed by standard defini-
tions the grain boundary is a defect structure all by itself. The clarity
of the ABF image, which shows only a very weak variation in the
contrast in the vicinity of the grain boundary region, demonstrates
that ABF is the more robust technique for identifying column
locations within defect structure while HAADF is the more sensitive
technique for indicating the presence of the defect itself, as was
previously predicted in simulation [10].
3. Simulation results and the dark contrast at the grain
boundary

One factor hindering attempts to understand the reduced
contrast at grain boundaries is the difficulty of measuring elemen-
tary specimen parameters like thickness. Preferential milling in a
highly localized region could be a plausible explanation if the
specimen thickness was such that the change seen in the contrast
represented the loss of only a couple of atomic layers, but not if it
implies, say, 5 Å wide but 50 Å deep grooves in the specimen. In our
experiment, ABF imaging was realized using a bright field detector
and a beam stop, a geometry which precluded simultaneous
recording of a low-loss spectrum which might otherwise have
provided some information on specimen thickness and perhaps its
possible variation near the interface. The robustness of HAADF
imaging works against us in attempting to determine the thickness
from the HAADF image alone, and the image contrast also depends
significantly on the effective source size (spatial incoherence) [17],
another parameter which is difficult to measure directly. The
specimen thickness and finite source size cannot be determined
simultaneously from a single experimental image, but here we have
two: the HAADF and ABF images. We can therefore try to determine
these two unknowns by matching to the contrast in both HAADF
and ABF images simultaneously. (Contrary to earlier suggestions
that STEM suffers from a contrast problem similar to that reported
in conventional TEM [19], on the basis of recent work [18,20,21] we
take it as given that comparison between the simulated and
experimental contrast is both possible and meaningful.)

To this end, boxes ‘A’, ‘B’, ‘a’ and ‘b’, positioned away from the
interface region to be more representative of the bulk material, are
used to obtain the projected scans shown at the right in Fig. 2. Such
projection avoids the worst effects of noise and image distortion,
but reducing all the image detail to a single number is fairly crude:
identical contrast need not imply identical images. The projected
scans have sinusoidal appearance and least squares fitting to the
form axþbþc cosðdxþeÞ was applied. In this expression, ax is a
linear term allowing for a slow variation across the image, b gives



Fig. 2. Experimental HAADF and ABF images of the S13 ð1 0 1 4Þ grain boundary in a�Al2O3 viewed along the ½1 2 1 0� zone axis. The images were smoothed by a smoothing

filter incorporated in DigitalMicrograph, Gatan. The area in the dashed rectangle is magnified below the images. The arrows indicate the location of two of the oxygen columns

which are clearly visible in the grain boundary region. The first principles determined structure [3,11] is indicated. The plots at the right show the signal resulting from

projection in the vertical direction of the regions in boxes marked ‘A’, ‘B’, ‘a’ and ‘b’. The dashed lines show the least squares fit to the form axþbþc cosðdxþeÞ (see the

discussion in Section 3).

Fig. 3. Simulated contrast in projections over (a) HAADF and (b) ABF images as a function of specimen thickness and finite effective source size s. The contour line shows the

contrast determined from the plots in Fig. 2. (c) The thickness–s dependence of the isocontours in agreement with the experimental data. The two plots on this graph do not

intersect, but the cross indicates the point deemed to constitute the best agreement. (d) HAADF and (e) ABF experimental images, as per Fig. 2, with overlaid simulations for the

thickness–s combination indicated by the cross in (c).
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the mean offset, and c gives the amplitude of the sinusoidal
oscillation with spatial frequency d and lateral shift e. Including
the linear term improves the fit, but the linear term is relatively
small and we neglect it in taking the Michelson visibility—

(Imax� Imin)/(Imax+ Imin)—definition of contrast, giving c/b. This
gives the following contrast values: A, 0.151; B, 0.159; a, 0.072; b,
0.067. The differences in values across the interface may indicate
differences in tilt, but are quite small. HAADF and ABF images for
the bulk material as a function of thickness and finite source size,s,
were simulated using the experimental parameters given above
and including temporal incoherence assuming a chromatic aberra-
tion coefficient of Cc¼1.63 mm and a full-width-half-maximum
energy spread of 1 eV. For some thickness–s combinations, pro-
jected scans of the simulated data display more structure than does
the experimental data. Therefore, contrast was defined using the
maximum and minimum values of the projected simulations
directly, without fitting to a sinusoidal form. The resultant contrast
surface plots are shown in Figs. 3(a) and (b), with the contour lines
indicating the contrast from the experimental images (averaged
across the two sides of the interface).
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Fig. 3(c) shows the relation between thickness andswhich agrees
with the experimental data. Given that contrast is a crude measure,
we were not guaranteed to get a unique intercept, but in fact we get no
intercept at all. The success of recent quantitative comparisons
between STEM experiment and simulation gives us confidence that
the simulations are not deficient in what they explicitly include
[17,18]. There has been some suggestion that characterizing the
parameters of aberration-corrected microscopes well enough to allow
for these sorts of comparisons is more demanding than in the
uncorrected case [22]. Moreover, not all imaginable effects are
included in these simulations. The simulated HAADF images for the
smaller thicknesses only match the experimental contrast for large
values ofs, for which the resolution in the simulations is clearly lower
than that in the experiments. This suggests the experimental HAADF
contrast is lower than ideally expected, perhaps through mis-tilt or
Fig. 4. (a) HAADF and (b) ABF experimental images with overlaid simulations for a specim

bottom surfaces at the grain boundary. (c) HAADF and (d) ABF experimental images wi

boundary. The region of modified material is indicated by the dashed vertical lines on
the presence of amorphous layers (a carbon layer coating had been
deposited on the present sample).

Attempting to include additional, uncharacterized effects would
put us back in the position of trying to constrain too many unknowns
with too few images. Instead, let us take a good compromise thickness
�s combination, 381 and 0.37 Å respectively, as indicated by the
cross in Fig. 3(c). Figs. 3(d) and (e) are overlaid with simulations for
these parameters and using the first principles determined oxygen-
terminated interface structure model. Away from the interface these
simulations are in good agreement with the experiment, though close
inspection suggests the distinguishability of columns in the adjacent
aluminium–oxygen pairs in the ABF image may be slightly greater in
the experimental data than in the simulation. One might also, on the
basis of Fig. 3(c), have considered the thickness–s combination of 191
and 0.47 Å as a good compromise. However, while this gives a
en modelling preferential milling by removing 38 Å of material from both the top and

th overlaid simulations for artificially distorted columns in the vicinity of the grain

the plots. All simulations use the thickness–s combination determined in Fig. 3.
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similarly good match by the single measure of contrast, the larger
source size produces an image in which the resolution is notably
poorer than the experiment, and we discard this parameter combina-
tion on those grounds.

The contrast in the vicinity of the grain boundary in the HAADF
image differs notably between experiment and simulation. As
found previously [3], relaxations near the grain boundary in the
first principles structural model are not enough to account for the
dark contrast. In fact, the aluminium–oxygen column pair nearest
the boundary is brighter in the simulation than those further away.
This can be understood from the structural model. The relaxed
structure reduces the spacing between these columns near the
grain boundary, and the increased intensity in the simulation is a
simple consequence of the greater overlap of these two columns.
The simulations assume the Debye–Waller factor for aluminium
and oxygen atoms in the grain boundary is the same as for those in
bulk. This is probably not true, but the simulations are insensitive
to modest variations in these values.

Let us take the agreement in the images away from the boundary
as being encouraging that our thickness–s estimate is reasonable.
Using these values we can ask what degree of preferential milling
would be required to produce the change in contrast seen in the
experimental image. Figs. 4(a) and (b) again show extracts from the
experimental HAADF and ABF images, and the overlaid simulations
are based on a structure which crudely mocks up preferential milling
by removing 38 Å of material from both the top and bottom surfaces
in the vicinity of the grain boundary. Line scans projected along the
direction of the interface are shown below each figure. It seems that
there is little effect on the ABF image, while the intensity in the
HAADF image is reduced. However, while the average intensity
reduces by about the necessary amount, this is a reduction in the
‘‘background’’ signal. The height of the column pair signal above the
background has not been significantly altered, in contradiction to
the experimental data. So the images seem inconsistent, and anyway
removing 38 Å of material from an area of about 10 Å width via ion
milling without chemical etching is a little hard to believe. It does not
rule out such milling as a partial contributor, but suggests against it
being the entire explanation. That simulations even with this milling
overestimate the local column contrast suggests that the columns
are more distorted and/or vacancy-ridden than our idealized model
suggests. Without providing a specific physical justification, but
following from previous explorations in simulation [10], let us assess
the effect of introducing random static displacements into the
columns in the vicinity of the grain boundary. We apply a random
lateral displacement to each atom along the column independently
by an amount such that the displacements follow a normal
distribution with a 0.3 Å standard deviation. The result is shown
in Figs. 4(c) and (d).

The appearance of this simulation is more in keeping with the
experimental data. We have confined the displacements to the
layers nearest the boundary, though the experiment suggests that
the effect extends out to the second and third layers with
decreasing magnitude. It must be admitted that displacements
with a standard deviation of 0.3 Å are larger than can realistically
be anticipated by strain alone. However, it has been shown that
vacancies have a very similar effect in HAADF and ABF images to
that of such random displacements [10], and the presence of
vacancies would additionally produce significant local distortions.
That vacancy formation is easier in the S13 a�Al2O3 grain
boundary than in the bulk has already been demonstrated [23].
4. Conclusion

In summary, two points are particularly significant. First, being
able to see the location of light element columns in the grain
boundary is important for detailed analysis and gives us increased
confidence in the first principles calculated structure. Second, ABF is
more robust than HAADF for imaging column locations within
defect structures, whereas the HAADF intensity is more sensitive
than that of ABF to the presence of the defect structures. The current
technique does not, as some previous analyses do [4–6], enable us to
quantitatively assess an oxygen vacancy distribution at the bound-
ary. But it does enable a direct identification of the presence and
location of the oxygen columns in the grain boundary, without the
need for simulations, largely irrespective of the specimen thickness.
It would be too much to say that we have conclusively established
the cause for the dark contrast in the grain boundary region of the
HAADF image, but the evidence here strongly supports vacancy-
induced strain as the dominant mechanism. Regardless, ABF has
been seen to be less sensitive to defects than HAADF and therefore is
the more robust technique for determining column locations in the
vicinity of the grain boundary. Having a simultaneously recorded
ABF image gives both a clearer picture of the grain boundary
structure and also an additional handle to pin down some other
quantities which affect the interpretation of contrast but are often
difficult to measure directly.
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