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Modem high-cesolution scanning transmission electron microscopes are capable of forming 
electron probes beloy 2 A, sufficiently small to allow an atomic resolution Z-contrast image to be formed 
from many materials . Such images, formed with a high angle annular detector, are incoherent in nature, 
and can be described as a convolution of the probe intensity profile with an object function peaked sharply 
at the atomic sites. Unlike phase contrast microscopy, there is no phase problem associated with an 
incoherent image, and direct inversion to the projected atomic structure is possible. A quantitative method 
for structure retrieval is maximum entropy analysis, although under Scherzer incoherent conditions the 
probe tails are small, and peaks in the image intensity correspond closely to atomic positions. In such 
cases, an intuitive structure determination may be possible. Electron energy loss spectroscopy (EELS) 
may also be performed simultaneously, using the Z-contrast image to position the probe over selected 
atomic columns, providing complementary information on composition and electronic structure. On the 
theoretical side, present-day computers are now capable of electronic structure calculations that can be 
used to determine the preferred atomic arrangements in complex systems. Both first-principles and 
semiempirical approaches have been developed with complementary capabilities. Here we present several 
examples where a synergistic approach combining 2-contrast STEM, spatially resolved EELS and 
theoretical results have led to the elucidation of complex atomic structures. The ability to determine 
atomic structures experimentally to high accuracy provides both a perfect starting point for theoretical 
calculations and an ideal test of theoretical predictions. Theoretical studies can explore the new 
dimensions of time and energy. This combined approach leads to a detailed and comprehensive picture of 
complex atomistic mechanisms, including equilibrium structures, impurity or stress-induced structural 
transformations, and dynamical processes such as diffusion, segregation and precipitation. Examples of 
this synergistic approach are: 

-- The case of As immrities in Si': theory predicted that As segregation in grain boundaries and 
dislocations occurs by the formation of dimers or ordered chains in specific atomic columns. The origin 
of binding for the dimer chains is rather unusual: repulsion between neighboring substitutional As atoms 
leads to the preferred threefold coordination (Fig. 1) and stabilizes the dimers in a grain boundary or 
dislocation. Z-contrast images (Fig. 2) provided evidence for As segregation in a grain boundary in the 
form of dimers. Theory then provided an analysis confirming that formation of chains is indeed inhibited 
by kinetic constraints and entropy considerations. Theory further predicted that As segregation may 
induce a structural transformation of the grain boundary but experimental verification has not been 
possible. 

-- The case of Ca impurities in Mg03: Z-contrast images detected certain extra bright columns in 
a grain boundary (Fig. 3) and EELS dete&ned that Ca is present in the grain boundary region. The 
atomic-scale images, however, were not consistent with the widely accepted structure of MgO grain 
boundaries. Theory then determined that the widely accepted structure indeed has the lowest energy in the 
absence of impurities, but, when impurities are incorporated, the observed structure has the lowest 
energy, establishing that an impurity-induced structural transformation actually occurs. 

-- The case of vacancv-induced reconstructions of grain boundaries4: Z-contrast images of a Si 
grain boundary showed that certain columns are altered preferentially by the electron beam (Fig. 4). 
Theoretical investigations of native point defects found that vacancy formation energies are significantly 
smaller in those columns, suggesting that segregation of vacancies is responsible for the observations. 



Theory then went further to examine the stability of the structure when entire columns of vacancies are 
introduced (entire columns of atoms are removed). It was found that when two particular neighboring 
columns are removed, the system undergoes a major reconstruction and all atoms end up fourfold- 
coordinated. The overall atomic density is reduced, however, leading to low-density "pipes" that are 
particularly suited for impurity diffusion and/or segregation. 
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Fig. 1: Schematic projection showing a dimer of threefold-coordinated As atoms (open circles) in a 36" 
<001> tilt grain boundary in Si. 
Fig. 2: 2-contrast image of As in a 23" <001> tilt grain boundary in Si with schematic showing the 
segregation sites. 
Fig. 3: 2-contrast image of Ca in a 27" cool> tilt grain boundary in MgO with schematic. Arrows show 
segregation sites. 
Fig. 4: 2-contrast image of a 16" <001> tilt grain boundary in Si showing selectively damaged columns 
shaded in the schematic. 
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