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Annular bright field (ABF) imaging, whereby an annular detector is positioned within the bright
field region in an atomic resolution scanning transmission electron microscope, has recently been
shown to produce images showing both light and heavy element columns simultaneously [1,2].
Using such bright field annular detectors has precedent [3], but atomic resolution ABF proves to
have a reliability and robustness of interpretation for the simultaneous imaging of light and heavy
columns that earlier work, prior to the development of aberration correctors and assuming the phase
object approximation, did not appreciate. Fig. 1 shows a defocus-thickness map of ABF images of
TiO, [001]. The images (dark contrast at the column sites) provide directly interpretable structure
information over a wide thickness range in a narrow band of defocus values centered about zero.

A simple s-state channeling model has been used to provide a basic explanation of the form and
robustness of the ABF images [2]. However, that model is only approximate, providing some
insight but not a detailed guide to the imaging dynamics. Systematic simulations are required for a
fuller exploration of the imaging dynamics, allowing us to consider issues such as optimum aperture
sizes and the effect of intercolumn spacing and structural distortion.

Figs. 2(a) and (b) plot the on-column signal as a function of thickness in a fictitious single-column
structure assuming 22 mrad and 32 mrad probe-forming apertures respectively. There is some
overlap of signal for different elements, suggesting that ABF contrast is not a completely reliable
guide to column constituency, though greater discrimination between the elements is obtained for the
larger probe-forming aperture. However, averaging the latter signal over thickness yields a
monotonic relationship with atomic number. Fig. 2(c) plots this “signal”, the zero thickness limit
minus this average value, as a function of atomic number. The scaling is roughly z", though an
exponential fit is better. Fig. 3 shows the effect of intercolumn spacing: closer columns leads to
some displacement of the apparent column location, but the existence of the columns remains clear.
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FIG. 1. Defocus-thickness map for the ABF image of TiO, [001] assuming a 200 keV, aberration-
free, 22 mrad aperture semiangle probe and a detector collection range of 11-22 mrad.

(a) (b) (c)
1.0 1.0
> —o| > — o0 0.7
@ 0.8 ———S| @08 ——=Si  F06
o ——ca| § ——ca| &
2 e Fe| B 505
£ 06 fi ®l £06 sl @
= =0 5 04
04 b €04 -~ —- 2031y
2= \_\ i = \\\//\\\f;i(_\\_’::\’f_: s 0'2 / — 0.75-frac. int.
© 0.2 \-\"\Ll -.\:\'\/}{/'v'\.:‘.—.-. ® 02\ Q 0'1 ——- 0.147xZ%%%
LIL_ I I I_T_ . o 0.59)((1_6_2/15_5)
0.0 0.0 ‘ ‘ 0.0 Ml
0 200 400 600 0 200 400 600 0 20 40 60 80

Thickness (A)

Thickness (A)

Atomic number (Z)

FIG. 2. ABEF signal as a function of thickness with the probe on top of the column in a fictitious
single-column structure for probe forming apertures o of (a) 22 mrad and (b) 32 mrad, with ABF
detector range [o/2,0] and for the elements labeled. (c) Zero-thickness limit less the averaged ABF
signal over 300-600 A as a function of atomic number, compared with approximate analytic forms.
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FIG. 3. ABEF line scan as a function of specimen thickness for a fictitious two column (Fe and O)
structure. The intercolumn spacing given above each panel. A 200 keV, aberration free, 22 mrad
aperture semiangle probe and a detector collection range of 11-22 mrad are assumed.
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