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Abstract

A direct-space refinement method is described based
on the procedure of placing a digitized electron-
microscope unit-cell image in the frame store of an
image-simulation computer to permit an iterative
calculation. The material under investigation is
Rby; 5 Nbss,O46, previously refined by X-ray
single-crystal diffraction, which has tunnels with non-
stoichiometric ionic occupation. It is concluded from
this study that for problems where the major part of
the structure is known the weak-phase-object
approximation is adequate for the inversion com-
ponent of a refinement provided only the x, y coordi-
nates of the missing ions are required. An improved
procedure which could allow refinement of the inter-
atomic potential is suggested, incorporating the
assumption that the structure consists of spherical
atoms.

1. Introduction

It is now almost universally accepted that high-reso-
lution lattice images require matching with an N-
beam simulated image before a structural interpreta-
tion can be made. It is this acceptance that has allowed
high-resolution images of inorganic oxides to be inter-
preted in terms of the structure instead of just the
lattice, and has led to the term ‘structure imaging’
replacing that of ‘lattice imaging’ when the right con-
ditions are met (Cowley, 1981, ch. 13). It is in prin-
ciple impossible to invert the image-simulation pro-
cess and drive the experimental image consisting of
the intensity distribution y*, resulting from an N-
beam-dynamic scattering process, back to a model
structure. Approximate inversion procedures do exist,
however, for very thin periodic and aperiodic struc-
tures, where it might be assumed that the kinematic
or thin-phase-grating (Cowley & Moodie, 1959)
approximations are valid. These are the ‘weak-phase-
object approximation’ (Cowley, 1981), the ‘projected-
charge-density approximation’ (Lynch, Moodie &
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O’Keefe, 1974), the ‘thick-phase-object approxima-
tion’ (Cowley & Moodie, 1962) and the ‘pseudo-
weak-phase-object approximation® (Li, 1987; Li &
Tang, 1985). The first two of the above have been
used in light-atom-organic-structure image interpre-
tation (Grinton & Cowley, 1971) and for interpreta-
tion of unit-cell-size surface step structures (Lynch
et al., 1974), respectively.

In the commonly occurring situation where a struc-
ture is under study by both single-crystal X-ray
diffraction and high-resolution electron microscopy,
it is very likely that the average structure will be
derived from the X-ray data, possibly over-
symmetrized because of the limitations imposed by
Friedel’s law, and that the local and aperiodic struc-
ture will be solved by the microscope study. This
procedure dates back to the beginning of structure
imaging, from Allpress, Hewatt, Moodie & Sanders
(1972) with respect to aperiodicity, and Cowley &
lijima (1972) with respect to the real-space-symmetry
observation. Acceptance of the above developments
leads to the possibility of digitization of the above
process, and hence of a refinement cycle, since a
difference, AI = Iy, — I, if small, may be invertible
in some approximation. Under these circumstances,
a refinement procedure can be constructed with some
parallels to the difference-synthesis refinement
methods of X-ray diffraction, but in direct space
rather than reciprocal space.

In this paper we present results in which the above
procedure is used to determine the x, y coordinates
of ions in the non-stoichiometric tunnel structure
Rb2; sxNbsas O a6

2. Earlier study

The Rb,; s, Nbs,s, 046 structure has been the subject
of previous high-resolution electron-microscope
studies (Olsen, Goodman & McLean, 1983; Good-
man, McLean, Wilson & Olsen, 1984). From these it
is known that the symmetry of the local structure is
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This fact is perhaps only made obvious when direct
digital subtraction is employed. When a single unit-
cell image is digitized, this still contains information
from ten unit cells in projection and we are forming
an average in depth. We can expect spatial variation
in the micrographs to have at least three causes: (a)
crystal surfaces formed by fracture may not be
smooth, causing refractive variations; (b) there may
be a real random variation in atomic coordinates
between unit cells, which must be the case since
tunnel-ion density is less than 1 per cell; (¢) beam
heating may cause higher than allowed for thermal
vibrations.

Clearly we need to look at the next step to be taken
in order to overcome the limitation encountered with
the simple WPOA iteration. For the sake of com-
parison on this matter, the ‘projected charge-density’
approximation (PCDA) was tried, as a means for
converting the distribution A7 into a potential correc-
tion AV. In this case a Fourier-transform equivalence
was used to invert Poisson’s equation, so that

AV (FT) [ f(u)/(u” +07)],

where f(u) is the Fourier transform of AI, w and v
are the reciprocal-space coordinates and (FT) ' rep-
resents the inverse Fourier transform. The resulting
distribution, shown in Fig. 8(c), contains only low
frequencies and demonstrates the inadequacy of the
PCDA at the magnification of high-resolution imag-
ing. At least the WPOA offers a chance to refine the
structure at the atomic level, even though it lacks any
of the damping offered by a lens function and con-
sequently has an excessive amount of termination
error.

From the present results then, a better approach is
to retain the WPOA for initial iteration, but to send
the refined potential back to an earlier stage in the
cycle, ie. to the initial atomic model as suggested in
the block diagram of Fig. 9. This is equivalent to
making use of the information that the structure is
atomic, with spherical (circular) units in projection.
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Fig. 9. Block diagram showing the suggested improved refinement
cycle which takes account of atomization of the structure.
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Since most of the iterated noise is non-spherical in
character, such a step can only improve the
refinement. Then, only at a late stage of refinement,
when image match appears good, could any attempt
to refine interatomic potential be considered.

6. Concluding remarks

The present example has shown that in some metal
oxide studies the WPOA may usefully be incorpor-
ated in a computerized refinement cycle, provided
the aim is restricted to refining the atomic coordinates
of the projection. In the particular example chosen,
failure of the trial-and-error method of refinement
was due to an inadequate knowledge of the structure
at the unit-cell level. The problem was not simply
that of locating the tunnel sites, but also that of an
unsuspected local distortion of the framework struc-
ture. This result emphasizes the value of employing
a method incorporating a stage of image inversion to
locate the main structural errors. An improved pro-
cedure suggested by this experience is one which
would allow only the spherical-atom coordinates of
the inverted difference to be retained in the cycle.

With the present improvements in electron-micro-
scope-image recording systems, it is likely that any
future work on digitized refinement will be done on
directly recorded images from a video framestore
rather than through the intermediate stage of digitiz-
ing photographs. Because of the additional power to
check alignment and defocus, direct observation and
recording is likely to increase greatly the application
of the difference method.
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Abstract

The multislice method, pioneered by Cowley and
Moodie, has recently been adapted to simulate
annular dark-field scanning transmission electron-
microscope (ADF STEM) images. This paper pre-
sents a series of calculations using this new approach
with experimental parameters appropriate for a VG-
HB501 STEM to investigate the visibility of single
heavy adatoms on thin crystalline silicon membranes.
The tendency for electrons to channel along columns
of atoms in crystals can greatly increase the intensity
incident on an adatom on the exit surface, thereby
increasing the adatom visibility. The simulations indi-
cate that an adatom on the exit surface on a column
of crystal atoms is up to three times as visible as an
adatom on the entrance surface, and that the adatom
remains highly visible as the crystal thickness is
increased. Tilting the specimen or displacing the
adatom from the column appears to lower the visibil-
ity of the adatom dramatically. These calculations
suggest that, with the appropriate imaging conditions,
a single gold adatom may be visible on at least 235 A
of (111) silicon.

1. Introduction

Images of single heavy atoms on very thin amorphous
substrates were first produced using annular dark-
field scanning transmission electron microscopy
(ADF STEM) imaging techniques (Crewe, Langmore
& Isaacson, 1975; Isaacson, Langmore, Parker, Kopf
& Utlaut, 1976). In this situation, incoherent imaging
conditions apply (Cowley, 1976), and a simple phy-
sical model in which the intensity scattered from each
atom is added together linearly provides a description
of the conditions for visibility of the heavy adatom.
On crystalline substrates, diffraction can be a sig-
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nificant factor in the ADF signal (Cowley, 1973) and
experimental images may be difficult to interpret
(Donald & Craven, 1979). This difficulty has led to
efforts to minimize dynamical diffraction effects by
increasing the inner angle of the detector (Howie,
1979; Treacy, 1981) or by orienting the crystal away
from the strong Bragg reflections found at low-order
zone axes (Pennycook, Berger & Culbertson, 1986).
As yet no experimental observations of single heavy
atoms on crystalline substrates with ADF STEM have
been reported, though the sensitivities produced to
date suggest that one bismuth atom might have a 50%
contrast in 270 A thick silicon (110) crystals (Penny-
cook ef al., 1986).

An advantage of including diffraction in low-order
axis imaging is that it may be possible to image the
adatom and the crystal simultaneously, allowing the
determination of the adatom position with respect to
the crystal lattice. The difficulty is the image interpre-
tation. As mentioned above, the response has been
to set up experimental conditions to simplify this step,
by discarding all crystal-lattice information. An
alternative approach is to simulate the images and
use the simulations as a guide to interpretation. This
latter approach is now standard in conventional trans-
mission electron microscopy (CTEM), and has been
followed in this paper for STEM. A series of ADF
STEM image simulations of heavy adatoms on thin
crystalline silicon (111) films are presented as a guide
to possible experimental studies.

Simulations are an essential tool of electron micro-
scopy. Because image formation for crystalline speci-
mens is a complex nonlinear process, simple analyti-
cal descriptions are inadequate. Interference effects
can lead to significant misinterpretation of results
(Engel, Wiggins & Woodruff, 1974). Numerically
intensive simulations are necessary as a guide to the
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