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An atomic resolution image of a symmetrical £99 ({557} <110> tilt boundary in
aluminum is compared with images simulated from models based on atomistic
calculations using pair potentials and the Embedded Atom Method. The two methods
for atomistic modelling result in very similar structures, and image simulations based

on such structures closely match the experimental results.



Recent improvements in the resolution limit of transmission electron microscopes to
below 0.2 nm allow direct imaging of the atomic structure of grain boundaries in
close packed metals and detailed comparison with theoretical predictions. This letter

describes such a study for a £99 grain boundary in aluminum.

Continuous b?crystals of aluminum deposited on <100> silicon substrates exhibit grain
boundary facets on {557} crystallographic planes with a disorientation between
grains of nearly 90° about a <110> axis [1,2,3]. The crystallographic description
specifies these as £99 (557)/(557) 89.4° [110] symmetrical tilt boundaries. An atomic
resolution micrograph of a short segment of such a boundary was taken on the JEOL
ARM 1000 at an accelerating voltage of 800 kV and a defocus of -80 nm in a region of
a foil not exceeding about 12 nm in thickness. Under these imaging conditions the
atomic columns (which were accurately parallel to the electron beam) appeared as
white dots and atomic relaxation of the crystal lattice at the boundary into structural

units {4] was clearly visible.

For comparison with the experimental image, image simulations were conducted for
rclaxed boundary structures modelled atomistically. The same boundary was studied
theoretically with two atomistic approaches: pair potential (PP) and embedded atom
method (EAM). The pair potential used was developed by Dagens et al. [5] from a
jellium reference state at the electronic density of bulk aluminum. In that work, the
interatomic potentials were obtained by calculating the perturbation to second order
in the ionic ps‘eudopotcntial. The pair potential for aluminum is such that both the
first and second ncarest ncighbor are on its repulsive side [6]. This potential form
leads to a bechavior close to that of hard spheres and an aluminum lattice that is very
rigid up to the boundary, allowing only small relaxations. This has been confirmed
in previous studies of relative displacements of annealing twins in aluminum which

were- found to be close to thosc determined on a hard sphere model [7].

-
N



L

The EAM, by comparison, does not incorporate Fermi surface effects or exact
screening, but does a more careful accounting of coordination effécts and is
explicitly a many-body potential [8]. The effective pair potential [9] which can be
derived from the empirical EAM potential used in these calculations [10] is such that
the first and second neighbors are positioned on the repulsive and attractive parts of
this potential, respectively. This form of the potential leads to larger flexibility of

the structure.

. Both computational methods proceeded by starting with various geometrically

determined candidate structures and carrying out full energy minimizations.
Several different relaxed structures were thereby produced. Muliiplicity of grain
boundary structures is a common phenomenon [11] but through an iterative
comparison with the experimental image inadequate matches with several PP
structures were eliminated and the best match readily identified. This structure was
very similar to the minimum energy structure determined by EAM. In addition to
static energy minimization this lowest energy structure was anncaled in Monte Carlo
simulations with the EAM at 800K with no change, indicating that it was indeed the

lowest-energy, stable configuration.

The EAM calculated boundary structure shown in Fig. la is clearly less 'open' than
the PP structurc in Fig. 1b, in which well-defined tunnels between the atoms are
easily identified. This is shown quantitatively in Fig. 1c where the arrows centered
at atomic positions show the difference between atomic displacements in EAM and PP
structures.  Clearly, this difference is largest (about 0.05 nm) for the two atoms
surrounding the characteristic pair that gives rise to the strong contrast in the high
resolution image (see Fig. 2b). Relaxation of these two atoms determines the
openness of the tunnels in the structure. In addition, the relative displacement

across the boundary planc is slightly different for the two structures. As seen in fig.



1c this displacement has a component parallel to the boundary plane of about 0.01

nm.

Image simulations [12] based on the two calculated structure models described above
are compared with the experimental image in fig. 2. To reduce the effect of noise the
image was averaged over five half-periods of the boundary, see fig. 2b. Only two
half-periods (identical in projection) are shown. Each structural unit has a
characteristic appearance of two well-separated strong white dots (marked) oﬁ the
boundary plane surrounded by several partially-connected weaker dots. In addition,
a lattice relaxation is apparent within a few atomic distances of the boundary. A
rigid body displacement parallel to the boundary was measured to be 0.05:t0.01 nm.
Since the foil thickness was not known with accuracy, images were simulated for a
range of realistic foil thicknesses in 0.56 nm increments. The best match for each
model was dctermined -visually by comparing the characteristic intensity in the
boundary plane with that in the experimental image. Good matches were found for a
thickness of 4.6 nm for the EAM (fig. 2a) and 10.3 nm for the PP structure (fig. 2c).
The small black dots overlaid on the two simulated images marking atomic positions
illustrate that not all white dots in an image correspond to projected atom positions
since some white dots appear at positions of tunnels in the boundary. Image
simulations are therefore always necessary before a micrograph of a defect structure

such as that shown here can be fully interpreted.

Each half-period of the experimental image (fig. 2b) exhibits the characteristic pair
of strong white dots aligned parallel to the boundary plane, framed by several white
spots of lower intensity. Halfway between the two pairs of dots on the boundary
there is a region of relatively perfect crystal. In this region the agreement between
the experimental and calculated images is best. As seen in the arrow plot of relative

displacements in fig. lc this is also the region where the two models. agree most
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closely. It is in the boundary regions immediately surrounding the pair that the two
models differ most noticeably from each other and from the image. First, the pair in
the experimental image has stronger contrast than its counterpart in the simulated
images. In addition, both models show these spots aligned at a small angle to the

plane of the boundary rather than parallel as in the image.

To maké this comparison more quantitative, a direct overlay of the simulated and
experimental images is shown in figs 2d and f. To produce these composite figures
the simulated images of the two models (fig 2a and c) were reversed contrast (small
black dots) and superimposed on the experimental image (large white dots). In the
overlaid black spot images the contrast level was enhanced in order to produce a
smaller spot size which leaves the experimental white spot image visible. To assess
the validity of this procedure, fig 2e shows an overlay of the experimental image on

itself, using the same method of contrast reversal and enhancement. It is apparent

from this figure that the black regions (relatively large due to saturation of the

emulsion) of the enhanced image appear centered on the intensities of the white
image. Hence a shift of a black intensity in figs 2d and f signifies a difference in

atom positions.

The positions of}thc image intensities are seen to be very closely matched in both
these overlays. In the PP structure (Fig. 2f) these connected intensities are
generally in the same locations and have the same shape as in the observed image.
However, they are missing immediately below the characteristic pair of spots where
weakly linked intensity is found in the experimental image. On the other hand, in
the EAM structure (Fig. 2d), the two most pronounced connected intensities are in the
same pqsitions as in the PP structure, but their shapes are different. Furthermore, in
the location below and to the right of the characteristic pair, a streaked intensity is

simulated that is not present in the observed image. A more detailed interpretation of



the connected intensities is not attempted here because of uncertainties in
experimental parameters ‘such as the thicknesses of the foil and the contamination

layer, and the lack of a through-focus series of images.

Despite the subtle differences described above, the match between the experimental
and calculated images is good for both calculated structures. Because it was possible
to discard unambiguously a number of other étructures found in the process of
computer modeling as clearly mismatched with the observation, a comparison of this
kind is an accurate measure of the quality of the match between theory and
experiment.  This is an important point since it demonstrates that the technique of
high resolution microscopy now allows the cxperimcﬁtal distinction between
different atomic boundary structures in close packed metals. However, the structures
calculatcd by the two theoretical approaches were so similar that it was not possible
within the experimental & limitations at this time to decide which describes the
observed structure more closely. The fact that in a short facet of such a high-X
bicrystal the two models appear to converge on the same structure as that observed is

an encouraging result. A full account of this work will be published elsewhere.
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Fig. 1 Comparison of the lowest energy structures calculated by the two
computational models, EAM (a) and PP (b). The displacement map (c) compares the
two simulated structures by arrows (not to scale) pointing from EAM to PP. The

longest arrow corresponds to a relative atomic displacement of about 0.05 nm.

Fig. 2 Comparison of images simulated from (a) the EAM and (c¢) the PP structure with
the averaged experimental image (b). Superposition of the images shown in (a)-(c)
in reversed and enhanced contrast over the experimental image illustrates the match
for the EAM (d) and PP (f). This type of comparison is validated by (e) where the
image in reversed and enhanced contrast is overlaid on itself (although note that due
to the response of the photographic emulsion the black spots are larger than in the

neighboring images).
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