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Abstract 

A crucial first step in understanding the effect that internal interfaces have on the properties of 

materials is the ability to determine the atomic structure at the interface. As interfaces can contain 

atomic disorder, dislocations, segregated impurities and interphases, sensitivity to all of these 

features is essential for complete experimental characterization. By combining Z-contrast imaging 

and electron energy loss spectroscopy (EELS) in a dedicated scanning transmission electron 

microscope (STEM), the ability to probe the structure, bonding and composition at interfaces with 

the necessary atomic resolution has been obtained. Experimental conditions can be controlled to 

provide, simultaneously, both incoherent imaging and spectroscopy. This enables interface 

structures observed in the image to be interpreted intuitively and the bonding in a specified atomic 

column to be probed directly by EELS. The bonding and structure information can then be 

correlated using bond-valence sum analysis to produce structural models. This technique is 

demonstrated for 25", 36" and 67" symmetric and 45" and 25" asymmetric [Ool] tilt grain 

boundaries in SrTiO,. The structures of both types of boundary were found to contain partially 

occupied columns in the boundary plane. From these experimental results, a series of structural 

units were identified which could be combined, using continuity of grain boundary structure 

principles, to construct all [Ool] tilt boundaries in SrTiO,. Using these models, the ability of this 

technique to address the issues of vacancies and dopant segregation at grain boundaries in 

electroceramics is discussed. 
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1. Introduction 

Internal interfaces are known to play a dominant role in determining the overall bulk mechanical 

and electrical characteristics of many materials. The framework around which any understanding 

of this role must be built, is a knowledge of the atomic structure and any change in composition 

and bonding, relative to the bulk, that occurs at the interface. There are various techniques in 

transmission electron microscopy to study these atomic scale effects at interfaces experimentally. 

Both conventional transmission electron microscopes (TEI'v€) [ 1-41 and scanning transmission 

electron microscopes (STEM) [5,6] provide the capability of imaging interface structures on the 

atomic scale. Using a spectrometer to filter the scattered electrons by energy loss, composition 

changes can also be imaged on the nanometer scale [7-91. Additionally, recent developments in 

detection schemes [ 10,111 for dedicated electron energy loss spectroscopy (EELS) have permitted 

bonding and composition fluctuations to be measured on the atomic scale [12,13]. 

In characterizing interfaces it is useful to classify them into one of two groups; homophase 

(grain-boundaries in single phase materials) and heterophase (composite interfaces such as metal- 

ceramic interfaces). In addition, in each of these groups the interface can be either clean, have 

segregated impurities or contain a different phase from the bulk (interphase). Characterization of 

these interfaces presents a range of experimental problems. For instance, heterophase interfaces 

and homophase boundaries with high segregant concentrations and large interphases (>1 unit cell) 

represent relatively straightforward systems to characterize. Distinct composition changes at these 

interfaces can be mapped with sub-nanometer spatial resolution utilizing EELS [14-163. 

Composition changes can be correlated with high-resolution E M  images [17,18] to determine a 

\ 

composition gradient and width of the interface, which in turn can be related phenomenologically to 

the macroscopic properties of the material. While such spatial resolution is often sufficient for 

these interfaces, at the other end of the characterization scale are clean homophase boundaries and 

homophase and heterophase interfaces with low concentrations of segregants and small 
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interphases, These types of interface can also have a profound effect on the properties of materials, 

yet changes in composition, bonding and structure can be very subtle. These changes can occur 

abruptly at the interface [I21 or occur gradually over a few unit cells either side of the interface [5 ] .  

It is therefore essential to be able to observe the atomic structure at interfaces and know the exact 

crystallographic location from which an energy loss spectrum is acquired in order to fully 

bharacterize the whole range of interfaces that are of importance for materials science. 

In this paper a direct experimental technique for obtaining the atomic structure at internal 

interfaces is presented. This technique utilizes the unique capabilities of the dedicated STEM to 

obtain simultaneous, incoherent, atomic resolution Z-contrast. images and energy loss spectra. This 

detection scheme has the advantage that the 2-contrast image can be used to accurately position the 

electron probe over an individual atom column or plane [12,13]. The energy loss spectrum that is 

obtained can therefore be related to a known atomic location, permitting the bonding and 

composition information in the spectrum to be correlated with the atomic structure. The sensitivity 

of the Zcontrast image to heavier elements, coupled with the highest EELS cross-sections for 

elements of low atomic number, means that these two techniques can provide complimentary 

information on multicomponent compounds. This information is combined by means of bond- 

valence-sum analysis [20,21] to produce structural models for interfaces. 

The use of this technique is illustrated by the study of clean homophase [Ool] tilt grain 

boundaries in SrTiO,. Experimental results have been obtained from 25", 36" and 67" symmetric 

and 45" and 25" asymmetric grain boundaries in commercially produced bicrystals. All of these 

structures were found to contain partially occupied columns in the boundary plane. Additionally, a 

series of structural units were identified from the experimental results which could be combined 

using the principles of continuity of grain boundary structure [22,23] to predict a l l  other [OOl] tilt 

boundaries in SrTiO,. These boundary structures illustrate the variation in atomic structure that 

exists along homophase grain boundaries and highlight potential locations for the incorporation of 

dopant atoms 
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2. Experimental Techniques 

The electron optics in the dedicated STEM are designed to produce a beam of electrons that 

illuminates a small area on the surface of the specimen. Typically this “spot size” or “electron 

probe” is 2.2A FWHM for the VG HB501 STEM operating at 100kV. An image is formed by 

rastering the probe over the surface of the specimen and collecting the transmitted electrons in a 

variety of detectors (Figure 1). The integmted output from these detectors is then displayed on a 

TV screen scanning at the same rate as the probe. 

For crystalline specimens aligned in a zone-axis orientations, it has been noticed that the 

coherent STEM probe forms narrow spikes around the atomic columns [24,25]. This behavior can 

be explained by the Bloch wave description of the propagation of a coherent incident probe through 

the specimen [26,27]. The Bloch states resemble molecular orbitals for axial illumination and can 

be assigned with s-type and ptype natures. Integration over the coherent incident probe causes the 

s-type states to add constructively while the p-type states interfere destructively. Therefore, if the 

atomic co~umn spacing is larger than the 2.2A probe size, an atomic c o ~ u m n  can be illuminated 

individually on the surface of the specimen, and this individual column illumination is maintained 

through the specimen by the probe channeling effect. This result holds even in thicker specimens 

where dynamical diffraction effects would be expected to significantly broaden the probe. 

Electrons scattered out of this incident beam are typically collected in two imaging detectors, 

bright-field and dark-field (Figure 1). The bright field detector collects the small angle scattering 

and produces an image similar to that of a conventional TEM, while the dark-field detector collects 

electrons scattered in the range 40-150 mrad where the dominant contribution to the scattered 

intensity is thermal diffuse scattering [26,27]. The large angular range of this detector averages 

any transverse coherence effects between neighboring columns. This transverse incoherence 

results in a straightforward interpretation of the image, with a “bright spot” corresponding to an 

atomic column. Interpretation of the intensity of the atomic columns, however, is not as simple, as 
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the detector geometry does not destroy coherent effects between atoms in the atomic column, Le. 

parallel to the beam direction. To understand how this coherence affects the image, the nature of 

thermal diffuse scattering must be considered. 

Thermal diffuse scattering has been traditionally descrjbed by the Einstein model [28,29], 

whereby each atom is considered to be an independent source of thermal diffuse scattering. For 

this purely incoherent model, the scattered intensity into the dark-field detector approximates to the 

Z2-dependence of the Rutherford scattering cross section. However, a more precise d e l  for 

thermal diffuse scattering has been developed by Jesson and Pennycook, based on the work of 

Warren[30], that includes all orders of phonon scattering [31]. Here, coherent effects are found to 

be important for 2-3 neighboring atoms along a column. For columns shorter than this, coherent 

effects dominate the image, but for longer columns, the Z2dependence in the Einstein model is 

only modulated by the residual correlations in the 2-3 atom packets. These residual correlations 

only become important in cases where the atomic spacing is different in adjacent columns, as for 

two dissimilar species columns of the same spacing, the correlations simply provide an overall 

scaling of the image intensity. To a good approximation, therefore, the Z-contrast image can be 

considered to be incoherent with the dominant factor controlling image intensity being the atomic 

number of the elements present in the specimen. 

For the high-angle signal, the specimen can therefore be considered to consist of an array of 

independently scattering atomic columns (Figure 2(a)). Associated with each of these atomic 

columns is a probability of a scattered electron reaching the detector, or scattering power (Figure 

2@)). The resultant image, created as the probe is scanned across the surface of the specimen, can 

be described by a simple convolution of the probe intensity profile with an object function for the 

scattering power from the columns into the dark-field detector (Figure 2(c)). 

I(R,t)=O(R,t) @ p, (R) 
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This incoherent image formalization allows the maximum entropy image processing technique 

to be used to recover the object function [32,33]. Maximum entropy is a statistical technique, 

based on Bayesian probability theory, that is designed to produce the object function which, when 

convoluted with the microscope probe, gives the best fit to the experimental image. An example of 

the processing technique applied to SrTiO, is shown in figure 3. The only assumption made by the 

program in generating the object function is that it consists of an array of point scatterers (an 

assumption which seems valid when comparing the 0.lA width of the atomic potential for high- 

angle scattering with the 2.2A probe size). The accuracy of this technique is limited by the 

statistics of the image and local tilt effects which invariably occur at interfaces in real specimens. 

However, from studies of perfect crystals it is expected that the atomic column positions can be 

determined to an accuracy of 4 . 2 A  134,351. 

While this technique can determine the atomic column positions to high accuracy, the coherent 

effects along the atomic columns still prevents accurate compositional quantification. From the 

image shown in figure 3 it can be seen that the contrast between the strontium (Sr) columns (E38) 

and the titanium-oxygen (Ti-0) columns (intensity roughly proportional to + Z2,> is 

presewed in the maximum entropy object function (Le. the Sr columns are all brighter than the ?i- 

0 columns). However, at interfaces, where vacancies and defects are more prevalent, the 

distinctions between neighboring atomic columns of different composition are less clear. As well 

as the previously mentioned problems, other second order effects such as a change in the atomic 

vibration amplitude for atoms in the interface plane, disorder scattering and dechannehg due to 

surface relaxation of strained regions near the interface can all affect the scattering power of the 

column. To characterize interfaces further it is necessary to combine Z-contrast imaging with other 

experimental techniques such as EELS. 

As can be seen from figure 1, the Z-contrast detector does not interfere with the low-angle 

scattered electrons used for electron energy loss spectroscopy (EELS). The Z-contrast image can 

therefore be used to position the probe for EELS to be obtained from individual atomic columns. 
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Energy loss spectroscopy has two traditional uses in microanalysis [36]. The integrated intensity 

in the characteristic energy loss edges is proportional to the number of atoms present, allowing 

detailed compositional analysis to be performed. However, arguably the most important feature of 

the energy loss spectrum for interface analysis is its sensitivity to local electronic structure, 

Changes in coordination and oxidation state are known to have strong effects on the shapes of 

core-edges [37-401. This means that when combined with the 2-contrast image, the structure at an 

interface can be directly correlated with the local electronic environment, and hence the bonding, on 

the atomic scale. 

For complete correlation between the spectroscopy and the structural image on the atomic scale it 

is necessary for the inelastic image to have the same incoherent form, i.e. with an object function 

peaked on the atomic columns. Then, provided the localization of the energy loss process is d e r  

than the interatomic spacing of the material under study, beam channeling will again occur and atomic 

resolution spectra can be obtained from relatively thick specimens. The optical equation for 

incoherent imaging with inelastically scattered electrons has been derived by Ritchie and Howie [41]. 

The derivation follows similar lines to that for elastic scattering [31] and gives an image intensity, 

when all scattered electrons are collected, which can be written in the same form as equation 1, but 

now with an inelastic object function O'(R) r42-441, 

I(R,t)=O' (R,t) @ p', (R) (2) 

Ritchie and Howie showed that the matrix elements in this inelastic object function may be 

calculated in the semiclassical approximation, i.e. assuming no deflection of the fast electron 

trajectory, which was convenient for their study of the excitation of surface plasmons. For 

elemental quantification and ease of interpretation of spectral features, the core-loss region of the 

spectrum represents a more attractive area of study for the majority of materials applications. In 

this case, the hydrogenic model developed by Maslen, Allen and Rossouw for the object function 

is more appropriate[45-49]. Object functions calculated using this hydrogenic model show that for 
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all K-shells within the range 0-2kV (Le. Si, 0, Cy Be, Li) the FWHM is less than 1A [44], 

implying atomic resolution is achievable. As no analytical expressions exist for the Fourier 

components of L and M-shell cross sections, this model has to be applied with caution. However, 

using the K-shell model at energies appropriate for the silicon L-edge (1oOeV) and the cobalt L 

edge (78OeV) produces results consistent with recent experiments. For the silicon L-edge a 

FWKM of 4.9A is calculated, which is consistent with the sensitivity of the experimental spectrum 

to movements of one to two atomic planes away from a Si-SiO, interface ~131. The 2.0A FWHM 

predicted for the cobalt L-edge is in good agreement with the 86%-7% drop in intensity observed in 

moving a single plane across a CoSi,-Si (1 11) interface [ 121. As a generaI rule, atomic resolution 

spectroscopy is most favorable for light-elements where the edge occurs well into the core loss 

region of the spectrum (>3OOeV). For this energy range, the ability to obtain atomic resolution 

spectra is indicated simply by the ability to obtain an atomic resolution image. 

Using the 2-contrast image to position the probe for energy loss spectroscopy has certain 

advantages for crystalline materials. The Z-contrast image is much more intense than a core-loss 

energy filtered image or spectrum image [7-91, allowing exposure times to be kept at a minimum 

and greatly reducing the number of spectra. Additionally, it is well known that spectroscopy from 

crystalline materials in zone-axis orientations can lead to quantitation errors [50]. However, if the 

probe is placed in the same crystallographic location, say in exactly one unit cell steps across the 

interface, these errors are eliminated. A linescan across a crystalline interface that does not position 

the probe in increments of the atomic column spacing will result in different channeling conditions 

and hence quantitation errors. Another advantage is that the Zcontrast image can be use to locate 

likely dopant or segregant sites. Focusing the beam down to an individual column in principle 

enables very small doping levels to be observed as the area being probed by the beam is ody one 

atom wide and -50-100 atoms thick [51]. 

The Z-contrast image can also be used as a monitor for beam damage and surface damage 

caused during the thinning process. As the Z-contrast image is controlled by the probe at the 

I 



surface of the specimen, to get an image the surface must be clean and crystalline. This is of 

crucial importance for the study of interfaces where fine structure changes in the energy loss 

spectrum will be shielded by surface layers. As interfaces tend to mill faster than the bulk, 

performing composition profiles without knowing the structure at the interface can lead to results 

which may be more of an indication of the decomposition profile of the interface rather than 

representative of the bulk. Interfaces can also be subject to density changes relative to the bulk 

which can affect the background of the edge under study. By using the Z-contrast image to 

determine the structure, the spectrum can be used to determine changes in bonding and 

coordination. This eliminates the need to quantify the energy loss spectrum and thus eliminates the 

problems associated with density changes. 

3. Bond-Valence Structural Models 

Having defined a technique for obtaining the structure, composition and bonding at an interface 

on the atomic scale, the question becomes how to combine the two sets of data to produce a 

structural model. For reasons mentioned in the previous section, quantification of both the image 

and the energy loss spectrum to measure differences in atomic concentrations of the order of a few 

atoms is beyond the detection limits of current microscopes. However, the 2-contrast image does 

give the heavy element column positions to an accuracy of 4.2A, and the energy loss spectrum 

gives information on the coordination of the light elements surrounding these columns. Using the 

image of the heavy elements as a base model, the light elements can be arranged to obtain a 

structural model consistent with the energy loss spectrum. To do this on a quantitative basis, 

bond-valence-sum calculations can be used [20,21]. 

Bond-valence sum calculations utilize a concept proposed by Pauling [52] in which a Fraction 

of the formal valence of an atom can be assigned to each of its bonds. The contribution of each of 
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these individual bonds, S, to the formal valence of the atoms involved in the bond is governed by 

the bond length through the expression 

where ro is a constant characteristic of the elements in the bond, B is a constant which is 

assigned the value 0.37 by fitting to experimental data from a wide range of materials and rij is the 

bond length [20,21]. 

It should be noted, as is pointed out by Jansen and Block [53], that bond-valence sums are 

empirical calculations that can be derived from the Born-Mayer model for ionic solids, and are only 

accurate to -10%. Additionally, their use is only strictly valid for perfect crystal structures. 

However, for electron microscopy applications, the atom column positions can only be determined 

to -0.2A, making the errors in the bond valence calculations a second order effect. As such, the 

main use of bond-valence sum calculations in this paper is to validate interface structures by 

eliminating any structure in which there are significant changes away from the expected formal 

valence. Such a formalization does not attempt to predict a minimum energy structure for an 

interface, but shows that the atom positions determined by Zcontrast and the light elements 

positioned in accordance with the EELS spectra do not violate crystal chemistry principles. 

As an example of the type of problem that can be investigated by bond-valence sum 

calculations, shown in figure 4(a) is a schematic of what may be observed in the Z-contrast image 

of the [Ool] projection of a 4x4 unit cell block of SrTiO,. The outer atoms in the block are in the 

expected latrice sites (SrTiOg has a cubic perovskite structure (space group Pm3m) with a lattice 

parameter of 3.905A), while the atoms inside are displaced from their lamce positions by an 

average of0.2A (consistent with the error expected from the maximum entropy technique). Using 

our knowledge of the perfect crystal structure, oxygen atoms can be placed in positions between 

the metal atom columns (remembering that this is a 2-D projection of a 3-D structure and the 

oxygen atoms are on the same plane as the titanium atoms, separated by 1.9525A in the [Ool] 
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direction from the plane containing strontium). The average valences and standard deviation from 

the expected value of the atoms in the structure can be calculated using equation 3. For the 

structure in figure 4(b) these are Sr=+2.1333.12, Ti=+4.27kO.35, 0=-2.13M.27, compared to 

the values expected for the perfect structure of Sr=+2.11, Ti=+4.14, 0=-2.08. Additionally, at 

certain positions in the structure the valence of individual atoms varies by as much as f l  from the 

expected formal valences (Note that the standard deviation for the strontium atom is less than for 

the other elements as the majority of the atom positions are on the edge of the structure. Outside of 

the structure atom columns are assumed to be in their bulk lattice sites). 

For the perfect unit cell Structure, the occurrence of lattice sites where the valence is +1 away 

from the formal valence of the element is unlikely. However, we know that the heavy element 

column positions in the structure are subject to an experimental error of &0.2A. Therefore, if we 

allow the column positions to move within the experimental error, we can check to see whether a 

structure exists in which the formal valences of the elements agree with the expected values. 

Effectively we are performing a minimization of the bond-valence sum for all elements in the 

stn~cture within the boundaries controlled by the experimental results. The aim of the minimization 

is to obtain the structure which contains the smallest deviation away from the expected formal 

valence of the elements, and can be performed using an application program in the standard 

Microsoft Excel spreadsheet [54]. The simplicity of the b n d  valence function allows the 

minimization program to run a structure of up to 200 atom column positions in a few hours on a 

standard Power Macintosh computer. Minimizing the structure in figure 4(b) gives the structure in 

figure 4(c) where no individual atom position is greater than 0.lA removed from the crystal lattice 

site and no valence is more than fo.l from the expected values (Sr=+2.13fo.O4, Ti=+4.15+0.03, 

0=-2.0933.02). While the minimization does not produce the exact crystallographic lattice for 

SrTiO, without significantly more processing time and user control of movement parameters, the 

removal of sites where the valence is greatly away from the expected value is routine and 

reproducible for all starting conditions within the 0.2A average error. 
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The bond-valence sum technique is also useful for identifying errors in atomic column 

composition. For example, if in the structure in figure 4(c) one of the titanium columns is 

mistakenly identified as a strontium column, then the resulting minimization produces the structure 

in figure 5(a). The average valences for the structure are Sr=+2.27M.19, Ti=+4.15M.15, 0- 

2.08s.  18 and by simple counting of the atomic columns present, the structure is charge neutral. 

However, if we look at the individual atomic columns, in the region of the mistaken column the 

valences can differ by as much as +1 from the expected values (shown by the shaded circle in 

figure 5(a)). This points directly to the offending atomic column, which has the greatest deviation 

from the expected valence, and suggests that an alternative starting structure should be used. The 

same behavior is observed if one of the strontium columns is labeled as titanium (figure 5(b)). It 

can also be seen that the presence of the mistaken columns in the structures destroys the 4-fold 

symmetry of the final bond-valence sum model. This feature is caused by the nature of the bond- 

valence minimization. The structures shown here, and in the remainder of this paper, are the result 

of a single minimization, i.e. a single minimization moving the atom with the biggest discrepancy 

and moving on to the next worst atom column position etc. As has been stated previously, the 

accuracy of this result could be increased by more iterations and by starting from several different 

trial structures to obtain the lowest valence discrepancy. However, while these are standard 

techniques for detailed theoretical modeling of atomic structures at interfaces, their use is not 

warranted for our bond-valence sum minimizations. It is not clear whether the accuracy of the 

bond-valence sum calculations can permit the determination of a single model with high 

confidence. In our work, we use bond-valence minimizations only to test whether the 

experimentally determined structures obey crystal chemistry principles, and not to derive a structure 

from first principles. 

In figure 5 it is relatively straightforward to see that there is an error in the structure even 

without the bond-valence sum minimizations, as the strontium (figure 5(a)) and titanium (figure 

5@)) spacings are too close. However, at interfaces where the composition contrast is masked by 
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the second order effects described earlier, this assists in the identification of the atomic columns in 

the interface plane. In particular, in cases where atomic columns appear to be too close together 

and partial occupancy is assumed, this feature enables different compositions to be tested (see later 

sections). 

4. Experimental Characterization of [OOl] Tiit Grain Boundaries 
in SrTiO, 

The study of grain boundary structures was performed with bicrystal samples, purchased in 

bulk form from Shinkosha Ltd, Tokyo, Japan. Specimens, with the boundary parallel to the beam 

direction were thinned to electron transparency by mechanical dimpling and ion-beam milling. The 

ion milling procedure was carried out at liquid nitrogen temperatures, at an angle of 15', with an 

accelerating potential of 6kV and 0.5 mA current until perforation, at which point the accelerating 

potential was reduced in steps to a minimum of 2kV as the angle was increased to a maximum of 

30'. This increase in angle accompanied by a decrease in accelerating potential was found to 

significantly decrease the amount of ion-milling damage to the specimen. 

4.1. Symmetric Grain Boundaries 

Figure 6 shows the maximum entropy object function for a 25' ( E 8 S )  symmetric (920) 

boundary in a SrTiQ bicrystal [35]. Energy loss spectra taken from the bulk and boundary are 

shown in figure 7. Energy loss spectra were acquired in 4A steps across the boundary to give a 

profile of the changes in local coordination and formal valence with single unit cell resolution. The 

spectrum acquisition times were limited to <S seconds and acquired in the linescan d e  of the 

microscope to reduce beam damage. In this d e  the microscope probe is rapidly scanned in a 

line, the length of which is determined by the magnification of the microscope with the width king 
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defined by the probe diameter. As for this study, the interest is in the changes in local coordination 

and formal valence perpendicular to the boundary, this acquisition mode allows the probe to be 

scanned in a line parallel to the boundary, thus reducing the electron dose on any particular atom 

site. 

The titanium L-edge shows no change in onset position, relative intensity of the Lz and L, 

edges, or total b+b edge intensity, which is indicative of no change in titanium formal valence or 

coordination [37:40]. The oxygen K-edge shows similar behavior, with the only difference 

between the bulk and boundary being a change in the relative intensity of the IF* and a' peaks. 

This change can be interpreted in terms of a slight disorder of the linear Ti-0 chains at the boundary 

[ S I .  The scan amss  the boundary indicates that the disorder of the linear Ti-0 chains occurs over 

a 2-3 unit cell width either side of the grain boundary [56]. These results indicate that the titanium 

in the boundary has the same coordination as in the bulk. 

Using the atom column positions From the maximum entropy object function, the oxygen 

columns can be placed equidistant between the metal columns (Figure 8(a)), thus preserving the Ti- 

0 chains and the titanium coordination. The interesting feature in this structure is the occurrence of 

two strontium columns in close proximity (shaded) at regular intervals along the boundary. As the 

strontium-strontium spacing in dl materials is -4A, and the presence of these two columns cannot 

be explained by experimental factors such as tilt. The probable explanation of these features is that 

each column is not fully occupied. The simplest partial occupancy is with each column being 

alternately occupied through the thickness of the sample, as this preserves the Sr-Sr spacing at 

around 4A. An equivalent interpretation is to consider the two columns as a single column that 

alternates between the two crystals either side of the boundary in unit cell steps through the 

thickness of the sample. 

Incorporating this half column principle, and using the positions of the other columns from the 

maximum entropy object function, the bond valence sum minimization was performed to refine the 
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structure (Figure 8(b)). Consistent with the spectroscopic data indicating that the majority of the 

disorder takes place within 2-3 unit cells of the grain boundary, atom positions outside this range 

were used as fixed references for the bond-valence minimization. The average valence for each of 

the constituent atoms was determined to be Sr=+2.09M.11, Ti=+4.1M.09, 0=-2.07M.16, and 

at no position did the valence differ by more than 0.4 from the average value. Additionally, at no 

site in the structure was a metal atom column moved by more than the 0.2A positional error 

expected from the maximum entropy analysis. Also observed in the structure are positions in the 

grain boundary plane where the expected Ti-0 column is missing. Again this feature cannot be 

attributed to experimental artifacts and is consistent with the reduction in distance to the 

surrounding columns to maintain charge neutrality (Note that a 50% Occurrence of missing 

columns results in the grain boundary plane maintaining the bulk stoichiometry). 

This Same analysis has been performed for the s y m m e ~ c  36' (C-5) (310) boundary (Figure 

9(a)) and 67' (E13)  (320) boundary (Figure lO(a)). In the 36' boundary there appear to be sites 

where both strontium and titanium columns are separated by significantly smaller distances than the 

bulk values, whereas for the 67' boundary only strontium columns in the boundary plane appear 

too close. Using a similar half column occupancy argument as for the 25' boundary, bond-valence 

sum calculations can be used to refine the structure and propose a model in which the boundary is 

again stoichiometric and charge neutral (Figures 9(b) and 10(b)). The average valences were 

determined to be Sr=+2.12&0.10, Ti=+4.06_+0.10,0=-2.08&0.19 for the 36' boundary, and to be 

Sr=+2.17&0.18, Ti=+4.03_+0.09, 0=-2.05&0.19 for the 67' boundary (again at no position did 

the valence differ by more than 0.4 from the average or were the columns moved by more than 

0.2A) ~571. 
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4.2. Asymmetric Grain Boundaries 

Figure ll(a) shows the maximum entropy object function of a 45' asymmetric grain 

boundary in SrTiO3 which is faceted along the (100) and (1 IO) planes. The energy loss spectra 

showed similar results to the symmetric boundaries with the only observable change being in the 

ratio of n* to o* peaks in the oxygen K-edge [58]. Performing bond-valence minimization in the 

same manner as for the symmetric boundaries yields the structure shown in figure ll(b). The 

average valences of the constituent atoms were Sr=+2.14kO.06, Ti=+4.14&0.05, 0=-2.08kO.10, 

with again no individual valency variations of greater than 0.4 and no movements more than 0.2A. 

It can be seen in figure 1 1 (b) that there exist positions where Ti-0 columns exist too close together. 

In these positions the columns were again considered to be half occupied. Since the boundary was 

determined to be symmetric on the macroscopic scale, this microfaceting indicates that it is 

energetically more favorable for these materials to form faceted boundaries than symmetric grain 

boundaries. (This observation is consistent with those made by Merkle and Wolf [59]). By 

constructing a series of (100) and (1 10) across the grain boundary, a contraction of (0.56&0.16)A, 

normal to the boundary plane, was measured according to the method described by Merkle [60]. 

This grain boundary contraction is contained within the boundary region and was measured across 

all twelve (100)/(110) facets studied in this 45' asymmetric boundary [58]. 

Figure 12(a) shows the maximum entropy object function of an asymmetric (100)/(940) 

facet region in a 25' SrTiO3 bicrystal, where the majority of the boundary is symmetric with a 

(920) common boundary plane. Using the cation coordinates obtained from the maximum entropy 

analysis the (100) planes on one side of the grain boundary and a series of corresponding (940) 

planes for each unit cell on the other side of the grain boundary were calculated. A (030.2)  A 
dilatation normal to the boundary plane was measured in this asymmetric facet [58]. This is 

consistent with a dilatation of (0.6k0.2) A [35] in the symmetric portion of the boundary, and is to 

be expected since any dilatation of the short asymmetric facet is necessarily constrained by the 

dilatation of the symme~c regions predominant in this boundary. As before the cation coordinates 
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obtained from the maximum entropy analysis and the octahedral Ti-0 coordination from EELS 

were combined to construct a structure model for the 25' asymmetric grain boundary in SrTiO3. 

Figure 12(b) shows the grain boundary structural model for this 25' boundary after bond-valence 

sum calculations (The average valencies are Sr=+2.18fo. 19, Ti=+4.17&0.17, 0=-2.13&0.20 with 

the same restrictions on individual valencies and movements as for the other boundaries). 

5. Structural Units and Continuity of [ O O l ]  Tilt Boundary Structure 
in SrTiO, 

5.1. Symmetric Grain Boundaries 

From the experimental images of the 25', 36', and 67' symmetric boundaries it can be seen 

that they are composed of distinct repeating "structural units" (Figure 13). These units can be 

combined to produce structures for all [Ool] symmetrical tilt grain boundaries in the range 0-90°, 

as is illustrated in table 1 for boundaries with Cc41. The ends of the series, the A and A* units, 

correspond to a (100) and (1 10) boundary plane respectively. The BB', C and D units correspond 

to the favored boundaries in the terminology of Sutton and Vitek [22], in which the boundary is 

composed entirely of one type of structural unit, each of which represents the termination of one or 

more perfect lattice dislocations in the Read-Shockley model [61]. Such a boundary has a perfectly 

periodic dislocation spacing and thus no long range strain fields. 

For the C unit this corresponds to the (310) X=5 boundary plane and for the D unit this 

corresponds to the (210) C=5 boundary plane. Both of these units termhate two lattice 

dislocations and are thus symmetrical about the boundary plane. The B and B' units terminate a 

primitive lattice dislocation and therefore introduce asymmetry into the boundary smcture. The 

difference between the B and B' units is the presence or absence of one Ti0 column. This makes 

the B repeat unit strontium deficient and the B' unit strontium rich. However, as is observed in the 
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image of the (920) boundary, an equal mixture of both of these units results in a stoichiometric 

boundary plane. The smallest repeat structure that contains both of these units is the (410) C=17 

boundary plane, and this again corresponds to a favored boundary in which there are no other units 

present. This structure has to be considered a combination of B and B'units and not a single 

B*=BB' unit, as for a single repeat unit, continuity of grain boundary structure would dictate that 

the B and B' units be adjacent at all boundary misorientations below the 28' of the (410) 

boundary, However, as can be seen in table 1, for angles below 28' the B and B' units can be 

separated as uniformly as possible by A units. This behavior is consistent with reduction of the 

p i n  boundary energy by equal distribution of the grain boundary dislocation cores. The B and B ' 

structural units should therefore be regarded as alternative possible units. 

Over the entire range of boundary misorientations the rules of continuity of grain boundary 

structure outlined by Sutton and Vitek [22,23] are followed, Le. for boundary misorientations 

between the favored boundaries the structure is composed of a mixture of the structural units of 

these boundaries, in which each minority unit forms the core of a secondary dislocation required to 

account for the difference in angle away from the favored misorientation [57]. To illustrate this 

behavior figure 14 shows a C= 73 { 830),41.11° boundary with the sequence CDC. Each D unit 

forms the extended core of a b= YlO <31b  secondary grain boundary dislocation having again 

twice the primitive Burger's vector. Such behavior is very similar to that found for fcc metals. A 

new feature however is the appearance of significant numbers of half columns in adjacent units. In 

the C units of figure 14 half columns lie in the (310) plane either side of the boundary plane and 

must therefore be considered as half planes. Therefore two (310) planes, one from each crystal, 

become half planes at a minority D unit, combine at the next D unit to form a full (310) boundary 

plane which then terminates at the following D unit. 

Grain boundaries composed of the B and B' units contain an additional complexity. Since they 

represent the cores of primitive lattice dislocations the boundary is not microscopically symmetric 

and is better interpreted as a series of microfacets (Figure 15). The actual faceted boundary plane is 

__ 
I -  



shown as a bold line and lies along a ( 1001 plane of one of the crystals. Note that it is 

asymmetrically located with respect to the macroscopic (410) boundary plane that contains the 

coincident lattice sites (crossed symbols). This implies that all boundaries below the C= 5 { 3101, 

36.87” boundary are microscopically asymmetric. Calculations by King and Smith [62], suggested 

that the energy cost of micmfacetting might be considerable, even for small misorientations 

inducing pairs of dislocations to associate and form a straight symmetric boundary plane. 

However, using the energy of a hollow core dislocation [63], which in view of the half columns in 

our structural units may be most appropriate, coalescence is predicted for angles above 29’[57]. 

This is in good agreement with observation, although clearly the angle is very sensitive to the core 

description chosen and better estimates could be obtained through atomistic simulations. However, 

it is clear that primitive dislocations are not unexpected at s d  angles. Similar considerations can 

also be used to show that the lowest energy faceted boundary occurs when all the displaced 

dislocations lie to one side of the macroscopic boundary plane [57]. Consider reflecting every 

alternate B unit, so that the macroscopic boundary plane passes through the center of the facets. 

The component of the Burgers’ vector perpendicular to the boundary plane now has a similar strain 

energy to an array of dislocations with Burgers vector 2b and spacing 2R, and therefore has twice 

the boundary energy. 

5.2. Asymmetric Grain Boundaries 

Similar to the symmetric boundaries, three distinct grain boundary structural units can be 

identified in the experimental images of the 25’, 45’ asymmetric [Ool] tilt boundaries (Figure 16). 

The B and C units represent the termination of perfect lattice dislocations at the grain boundary 

while the A unit is (100) “spacer unit”. This number of structural units is consistent with the need 

for two types of dislocation cores to describe an asymmetric grain boundary. The dislocations 

represented by the B and C structural units are illustrated in figure 17 which shows a segment of 



the predicted grain boundary structure for the 18.4' (100)/(310) asymmetric grain boundary. From 

the figure we can see that the B unit consists of a <10> dislocation and the larger C unit can be 

considered as the combination of a <loo> and <010> dislocations. Therefore we consider the C 

unit to contain a B unit in this description. The required spacing of the <100> and &lo> 

dislocation cores are obtained from the Read Schockley model [61] as DB = l/sine and DC = l/(l- 

cos@ respectively. These spacings are given in table 2 .  

Again, these grain boundary structural units can be used to predict the structure for other 

misorientations by applying the principle of continuity of boundary [58]. Consider first application 

of the technique to the 45' boundary, which need only comprise B and C units. The structure of 

the 45' boundary can be predicted simply by applying the strip method described by Sutton [23] to 

determine the correct sequence of B and C units, as illustrated in figure 18. A line is drawn to pass 

through the origin (0,O) and intercept at (1,m) where m is the ratio of C:B units calculated from the 

dislocation spacings DB and DC given in table 2 (bearing in mind that the C unit contains a B 

dislocation core). For the 45' boundary the ratio of C:B units, m4.707. A second line is drawn 

parallel to the first but separated by the length of a diagonal of the unit squares. The sequence of 

boundary units is then given by following the grid squares between the parallel lines such that a 

step along the B axis corresponds to a B unit in the boundary sequence. The segment of the 45' 

(100)/(110) boundary represented in figure 16 shows a grain boundary structure of 

BBCBCBBCBCBBCBCBCBBC ..... etc (Since the boundary is only quasi-periodic there is no 

exact repeat structure). The exact portion of the sequence of B and C units represented in figure 18 

is dependent on the position of the origin, and the sequence of the facets in figure ll(b) 

corresponds only to a small section of this boundary. 

For misorientation angles below 45', there is an additional degree of freedom, Le. the A 

unit. This means that the asymmetric grain boundaries will not show continuity of boundary 

structure over the whole misorientation range since the spacings of the two dislocation cores have 

different dependencies on misorientation. Nevertheless, it is still possible to predict the grain 
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boundary structure by applying the principle of continuity of boundary structure in two stages [58]. 

The first stage is to define a generic (1 10) unit. Since the B and C units have the same boundary 

translation vector, we can apply the principle of continuity to determine the sequence of A and G 

units. As with the symmetric grain boundaries, the A and G units represent favored boundaries 

and any boundary misorientation between these favored boundaries is constructed of a suitable 

combination of A and G units as shown in table 2. This combination we will refer to as the basic 

boundary sequence. The second stage is to convert the generic unit into B and C units in the 

correct ratio for the boundary misorientation. To do this we note that the correct average spacing of 

the B dislocations, DB, is specified by the basic sequence of the boundary. This is because each G 

unit contains a B dislocation, whether we convert it to a B unit or a C unit. Therefore, we need 

only consider how to achieve the correct average spacing of C units along the boundary. The C 

units have a larger spacing along the boundary than the B units and we define this average spacing 

as a multiple, q, of the basic sequence length where q = DCjsequence length. For the quasi- 

periodic boundaries q has a non-integer value. This non-integer value of q can be accommodated 

by the combination of two new boundary units, unit (1) and unit (2), comprising dl and d2 basic 

sequences respectively, where dl and d2 are integers closest to q, such that dl e q e d2. We place 

one C unit in each new unit and combine them using the strip method described previously to 

determine the correct sequence of units (1) and (2). 

It is perhaps easiest to illustrate this procedure with a specific example. From table 2, the 

basic boundary sequence for a 18.4' (100)/(310) boundary is AAG and q = 6.16, giving dl = 6 

and d2 = 7. We therefore define unit (l), which has a length of dl basic sequences to be 

(AAB)5(AAC) and unit (2), which has a length of d2 basic sequences to be (AAB)6(AAC). The 

correct C spacing is achieved by applying the strip method to units (1) and (2) in the ratio m, where 

m is now given by 
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The sequence of units (1) and (2), obtained from the strip method is 

11 11 1 121 11 1121 11 1121 .... etc. By substituting the units (AAB)5 (AAC) and (AAB)6 (AAC) for 

units (1) and (2) respectively, the grain boundary structure can be predicted. 

Predicted structures for other misorientations are summarized in table 2. In the case of the 

33.7’ (100)/(320) boundary, there is the possibility of structural multiplicity due to the more 

complicated nature of the basic boundary sequence, AGG. Thex are now two ways to define unit 

(l), either as ABC or as ACB which we will denote (1)‘. Similarly, unit (2) can be defined either 

as ABBABC or as ABBACB which we will denote (2)’. The predicted boundary structure is 

121221212212122122 ... etc. If we accept that (1) and (1)‘ and (2) and (2)’ are geometrically 

equivalent then we have four possibilities for the sequence (2)(1); namely 

(2) (1) ABBABCABC 

(2)’(1) ABBACBABC 

(2)’(1)’ ABBACBACB 

(2)(1)’ ABBABCACB 

We may predict that (2)’ precedes (1) since this configuration evens out the spacing of the 

C units and thus minimizes the grain boundary energy. However, in the sequence (2)(2)(1) it is 

possible to have either (2)(2)‘(1) or (2)’(2)‘(1) since they both have the same average spacing of 

the C units. It may be that in these cases involving structural multiplicity a more detailed prediction 

could be achieved by extending the strip method itself to three dimensions (corresponding to the 

three structural units A, B and C). However, it is clear that for the simpler boundaries of table 2, 

this two stage method does yield a single specific prediction for the grain boundary structure. 

Modification of the principle of continuity of grain boundary structure, for a system containing 

three grain boundary structural units, therefore enables the prediction of grain boundary structures 

for other misorientations in asymmetric [Ool J tilt boundaries of SrTiO3. However, we emphasize 



Browning & Pennycook ... 23 

that the f i n d  boundary structures do not explicitly show continuity of boundary structure since the 

spacings of the B and C dislocations have a different misorientation dependence. 

6. Discussion 

The common feature in all of the experimental and modeled grain boundaries in this paper is the 

presence of half occupied atomic columns in the boundary plane. This feature of the grain 

boundaries is inferred directly from the experimental results. Transverse incoherence in the Z 

contrast image permits the unambiguous identification of two atomic columns separated by 

distances in the range 1-2A. Incorporating the image with the energy loss spectra into bond- 

valence sum minimization routines permits the composition of the columns, in terms of atomic 

species, to be identified. In all cases the columns in close proximity to each other were determined 

to contain like-ions. Thus we have the classic like-ion repulsion problem for grain boundaries in 

ionic materials. It has long been appreciated that the solution to this problem is the incorporation of 

vacancies in the grain boundary structure [64,65], a feature which has been indicated in previous 

high-resolution "EM studies of NiO [ 11 and NiAl [a]. Here we have assumed the simplest form 

of partial occupancy, i.e. 50%. As the 2-contrast image does not pennit the exact occupancy of the 

columns to be determined, this value for the occupancy represents the least disorder to the 

structure. This does not rule out the possibility that the occupancy is 60-40 etc, but it must be 

noted that the occupancy is unlikely to be too one-sided as this would reduce the channeling effect 

in the image and cause one of the columns to fade into the background. 

In the models developed in this paper the two closest columns in each of the structural units 

were taken to be half occupied and included as such in the bond valence sum minimization. In 

reality, however, as we proceed through the thickness of the specimen, there will be planes where 

one of the half column sites will be occupied and the other unoccupied. Additionally, for the large 

asymmetric units that are illustrated in 45' boundary, there exists the possibility that the three Ti-0 
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columns in the structure are 1/3 occupied or the half occupancy shifts randomly between two of the 

three columns. In all of these cases there exists the possibility that the structure is different from 

that determined in the bond-valence minimizations. If we assume that for this occupancy the vacant 

sites will be distributed evenly, i.e. no two vacant sites next to each other, then there are eleven 

possible starting structures for the 45' asymmetric boundary shown in figure 11. Each of these 

structures can be bond-valence minimized separately. Shown in figure 19 are two representative 

structures superimposed to illustrate the relative change in atomic column positions for each 

structure. In cases where the half occupied columns are the same for each model the vacant sites 

are marked with crosses. At positions where the half occupied columns differ, the two positions 

are linked for clarity. As can be seen, there is very little movement (<O.lA) for the majority metal 

atom sites in each of the structures. Changes in metal atom occupancy are accommodated by 

variations in the positioning of the oxygen columns which are not observed in the Z-contrast 

image. The implication of this result is that by combining the Z-contrast image with EELS in the 

bond-valence sum calculations we are not sensitive to the presence of individual vacancies. The 

atomic column locations derived from the bond-valence sum minimizations in this paper must 

therefore be viewed as showing the average position of the atoms through the thickness of the 

specimen. As is probably to be expected, the columns closest to the center of the structural units 

show more variation in position through the thickness of the material, as they are directly affected 

by the half columns. It is interesting to note that the length scale over which these distortions are 

reduced corresponds well with the 2-3 unit cell width of the boundary observed in the EELS profile 

1561. 

This result indicates that the structural models produced by this technique are relatively 

insensitive to changes in column occupancy. To further examine the effect of reduced occupancy 

on the bond-valence minimized structure, individual lattice vacancies can be introduced to the 4x4 

unit cell structure studied previously. The minimized structures containing individual strontium 

(figure 20(a)), titanium (figure 20(b)) and oxygen (figure 2O(c)) vacancies are compared with the 
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perfect unit cell structure. In all three cases similar statistical results to the perfect crystal are 

produced (No lattice site A O . 1  and standard deviation 4.05 for the valences). Again the majority 

of the differences between the models are directly related to the oxygen columns, with the metal 

atom positions being changed very little for all three structures. The titanium vacancy in figure 

20@) appears to have the greatest influence on the surrounding atomic column positions and this is 

probably due to titanium having the largest valency in the structure, i.e. the surrounding atoms 

have to distort more to accommodate the larger change in valence. However, Considering that an 

individual lattice vacancy in this example corresponds to a defect density of lo2' per cm3 indicates 

that the Z-contrast this technique is not going to be able to identify individual lattice vacancy 

positions even at very high densities. 

Observing lattice vacancies is therefore not possible using this combination of microscopical 

techniques. Even in setting up the experiment in such a way to optimize the energy loss signal for 

compositional analysis, the statistics of the process mean the result would only be accurate to -5- 

10%. The same is true for X-ray microanalysis, and in both cases this is well above the 

requirement to observe vacancies with the required sensitivity. It may be possible to position the 

probe over a defined crystallographic location and observe changes in the energy loss fine structure 

[38], but this would require significantly improved statistics from the experimental spectrum 

However, the density of lattice vacancies can be calculated from other techniques such as bulk 

transport measurements [67-701. The insensitivity of the models produced by Z-contrastl EELS to 

lattice vacancies means that they are ideal starting points for theoretical calculations employing more 

sophisticated techniques for structure determination [7 11. Including vacancy densities fiom bulk 

techniques with the Z-contrastEELS greatly reduces the amount of processing time by reducing the 

number of trial structures needed and eliminating false minima. The structural models produced 

also help in the interpretation of results from other microscopical techniques, such as electron 

holography, where boundary effects are consistent with a reduced density over a 2-3 unit cell width 

observed here [71]. 

. -  
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The half columns present in the dislocation cores of these models have important implications 

for both the mechanical and electrical properties of these materials. Movement of such a dislocation 

will necessarily involve lattice diffusion whether the dislocation moves in the conventional climb or 

glide direction, implying perhaps a high activation energy for grain boundary migration. It is 

somewhat misleading to regard the half columns as comprising lattice vacancies, since there is 

insufficient volume in which to place a matrix cation. However, these sites may be occupied by an 

amphoteric species, or, if we regard the structure as a single zig-zag column, then each cation 

clearly has an excess volume associated with it, and could act as a preferential site for segregation 

of a larger ionic radius cation by substitution. Additionally, the observation of two B-type units, 

with and without Ti0 columns implies that these sites could also accomrncdate small ionic radius 

impurities. 

The present study has dealt only with undoped clean grain boundaries in SrTiO,. However, it 

is well known that the electrical properties of this and other electroceramic materials can be 

controlled by the incorporation of dopants which have a tendency to segregate to the grain 

boundaries[67-76], While the techniques described in this paper are not capable of observing 

individual vacancies, they are capable of observing the presence of dopant atoms of the order of 1- 

2 atoms per atomic column. This is simply due to the nature of the techniques. To quantify 

vacancies on a large signal requires a high degree of accuracy, whereas to observe the distinctive 

shape of a “new” signal is much easier. When coupling this with the ability to pick out individual 

atomic columns, it means that likely segregant sites can be identified in the image initially, thereby 

reducing the area of study and increasing the current density on the dopant atoms. 

7. Conclusions 

Presented in this paper is a direct experimental technique for determining the atomic structure, 

composition and bonding at internal interfaces using combined Z-contrast imaging and EELS at 



Browning & Pcnnycook ... 27 

atomic resolution. The experimental conditions for both the image and spectrum can be tailored to 

give incoherent signals, a l l o ~ n g  the intuitive interpretation of the experimental results with the 

spatial resolution of the electron probe (2.2A). The analytical signal can therefore be related 

directly to the atomic structure observed in the image and, through bond-valence sum analysis, 

model structures for interfaces can be developed which obey crystal chemish-y principles. While 

such models should not be viewed as definitive structure determinations, they are derived from 

direct experimental evidence. As such the models are different from conventional TEM images that 

require simulations to interpret interface structures on the atomic scale. While TEM images can be 

compared to extensive theoretical calculations, these models start from preconceived structures 

which are limited by the ability of the operator to pick the correct initial conditions. For non- 

periodic or large repeat structures there is the added complication that computational requirements 

are beyond what is currently available. Additionally, a match with the image only shows that the 

particular structure simulated would give that image, not that the simulated structure matches that of 

the interface. The models provided by the Z-contrast/EELS technique should therefore be viewed 

as accurate starting models for incorporation into more rigorous theoretical modeling techniques as 

well as assisting in the interpretation of other microscopical results. 

The sensitivity of the technique to subtle changes in bonding and structure as well as segregants 

and interphases makes it ideal for characterizing the whole range of internal interfaces. For the 

clean homophase [Ool J tilt boundaries in SrTiO, studied here, the presence of half occupied atomic 

columns was found in all experimentally observed structures. Using the strucNfal units from these 

results, grain boundary structures for the whole range (0-90') of both symmetric, asymmetric and 

mixed structure boundaries could be derived. The half-columns in these structures represent a 

solution to the problem of like-ion repulsion that occurs in ionic grain bundaries and offer 

potential sites for the incorporation of dopants. While the technique is not sensitive to the 

occurrence of individual vacancies in the pure structure, it will be sensitive to the presence of 
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dopants at the grain boundary. Future work will investigate the effect of incorporating the dopants 

which give rise to the interesting properties of these materials into the boundary smcture. 
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Figure Captions 

Figure 1: Schematic of the detector arrangement in the VG HB501 dedicated STEM showing that 

the atomic resolution 2-contrast image and atomic resolution electron energy loss spectrum can be 

acquired simultaneously. 

Figure 2: Associated with a specimen in a zone axis orientation (a) is an object function for each 

column (b) which describes the probability of scattering to the high angle detector. The 

experimental Z-contrast image (c) is obtained from a convolution of this object fimction with the 

probe intensity profile. 

Figure 3: (a) Z-contrast image of [Ool] SrTiO3 which has a cubic perovskite structure (space group 

Pm3m) with a lattice parameter of 3.905A. In the [Ool] projection, the titanium-strontium spacing 

is 2.76A which is within the resolution limits of the 2.2A probe of the lOOkV VG HB501 UX 

STEM. Z-contrast images of SrTiO3 in this projection therefore show columns containing 

strontium (2=38) or titanium (2=22) which can be identified by their relative intensities (the 

titanium column is in reality alternating atoms of oxygen and titanium through the thickness of the 

sample and the column intensity is roughly proportional to + 2”o). Columns consisting of 

entirely oxygen atoms (258) are not observed in this detection scheme.(b) The maximum entropy 

processing reduces the image to an array of pints which can be reconvoluted with the probe for 

ease of viewing (c). The contrast in the original image is preserved in the maximum entropy object 

function. 

Figure 4: (a) A schematic of a Z-contrast image of the [Ool] projection of a 4x4 unit cell block of 

SrTiO,, with outer atoms in the block in the expected lattice sites and the atoms inside displaced 

from their lattice positions by an average of 0.2A (consistent with the e m r  expected from the 

maximum entropy technique). The arrows represent the direction of displacement with size 

proportional to displacement. (b) The structure obtained when the oxygen atoms are placed 
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consistent with the knowledge of the bulk structure (Sr=+2.13kO.12, Ti=+4.27%.35, O=- 

2.133.27). (c) Bond-valence sum minimized structure (Sr=+2.13kO.04, Ti=+4.15kO.03, O=- 

2.09fo.02. Again the size of the arrows represent the displacements relative to the perfect lattice, 

on the same scale as in (a). The atoms without arrows are within 0.OSA of the perfect lattice sites. 

Figure 5: (a) Bond-valence sum minimized structure with one of the titanium columns mistakenly 

identified as strontium ( Sr=+2.27&0.19, Ti=+4.15&0.04, 0=-2.0839.08). The surrounding 

columns outside of the circle marked in the figure are relatively unaffected (positions are still within 

0.lA of lattice sites and valences are st i l l  within M.1). For the columns within the circle, the 

distortion in valences get greater (+1) towards the center of the circle, pointing to the offending 

atomic column. (b) Bond valence sum minimization for a structure where one strontium atom is 

mistakenly identified as titanium. 

Figure 6: The maximum entropy object function for the 2S0(920) [Ool] tilt grain boundary in 

SrTiO,. 

Figure 7: Titanium L-edge spectra from the bulk and boundary (a) reveal substantially no change 

in the overall edge intensity, L$3 ratio or edge onset position indicating no change in the overall 

formal valence of the titanium atoms at the boundary. Oxygen K-edge spectra from the bulk and 

boundary (b) show only a change in the relative intensity of the TC* and o* peaks indicating that the 

octahedral coordination of the oxygen atoms at the boundary is maintained and there is a slight 

disruption of the linear Ti-0 bonds at the boundary itself. 

Figure 8: (a) A model structure for the 25'(920) grain boundary in which the oxygen columns are 

placed equidistant between the metal columns. The shaded columns in (a) cannot be explained by 

experimental factors such as tilt, and if they are assumed to be half occupied the structure can be 

refined by bond-valence calculations to propose a model which is both charge neutral and 

stoichiometric (b). Comparison with the maximum entropy object function reveals that the 
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movements of the metal columns required to produce a charge neutral structure are less than the 

0.2A accuracy of the object function. 

Figure 9: (a) The maximum entropy object function of a 360(310) [Ool] tilt grain boundary in 

SrTiO,. (b) The refinement of the structure by bond-valence calculations again leads to a model 

which is both charge neutral and stoichiometric. Comparison with the maximum entropy object 

function reveals that the movements of the metal columns required to produce a charge neutral 

structure are less than the 0.2A accuracy of the object function. 

Figure 10: (a) The maximum entropy object function of a 67'(320) [Ool] tilt grain boundary in 

SrTiO,. (b) The refinement of the structure by bond-valence calculations leads to a model which is 

both charge neutral and stoichiometric. Comparison with the maximum entropy object function 

reveals that the movements of the metal columns required to produce a charge neutral structure are 

less than the 0.2A accuracy of the object function. 

Figure 11 (a) The maximum entropy object function of an asymmetric 45' [OOl] tilt boundary in 

SrTiO3. (b) The bond-valence sum minimized structure for the boundary again incorporating half 

columns (shown hatched) (Sr=+2.14&0.06, Ti=+4.14&0.05, 0=-2.08s. 10). 

Figure 12: (a) The maximum entropy object function of an asymmetric facet in a 25' [001] tilt 

boundary in SrTiO3. (b) The bond-valence sum minimized structure (Sr=+2.18+0.19, 

Ti=+4.17&0.17, 0=-2.13+0.) 

Figure 13: Six "structural units" can be identified from the experimental boundaries. The A unit 

corresponds to a (100) boundary plane, the A* unit a (1 10) boundary plane, the B and B' together 

form a (410) boundary plane, the C unit a (310) boundary plane and the D unit a (210) boundary 

plane. 
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Figure 14: In the C= 73 (830), 41.1 1' boundary, each D unit forms the extended core of a b= 

2/10 <3 1 0 ,  secondary grain boundary dislocation 

Figure 15: At misorientations below the 28.07' of the (410) C-17 boundary, the boundary plane 

can be interpreted as a series of microfacets. 

Figure 16: The three distinct grain boundary structural units identified experimentally in the 

asymmetric [Ool] tilt boundaries of SrTiO3. The A unit corresponds to a (100) boundary plane, 

the B unit to a (1 10) boundary plane and the C unit to a (1 10) boundary plane. 

Figure 17: Schematic of the grain boundary dislocation cores represented by the B and C grain 

boundary structural units in an asymmetric 18.4' (100)/(310) grain boundary. 

Figure 18: A schematic illustration of the strip method described by Sutton [23] for the 45' 

boundary. The sequence of B and C units is given by following the grid squares between the 

parallel lines such that a step along the B axis corresponds to a B unit in the boundary sequence. 

For the portion of the 45' (100)/(110) boundary shown here the grain boundary structure is given 

as BBCBCBBCBCBBCBCBCBBC ..... etc. 

Figure 19: The superposition of two possible structures for the 45' asymmetric [001] tilt boundary 

shown in figure 11. Notice the majority of the movement comes from the oxygen columns which 

are not observed in the Z-contrast image. Additionally, the movements of the metal atoms 

decreases away from the center of the structural units in good agreement with the 2-3 unit cell 

width observed in the EELS profile. 

Figure 20: Bond valence minimized 4x4 unit cell blocks containing (a) a strontium vacancy (b) a 

titanium vacancy (c) an oxygen vacancy. 
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Table 1: The six structural units in figure 8 can be combined to compose all the [Ool] tilt 

boundaries with C<41 consistent with continuity of p i n  boundary structure models. 

Table 2: The three distinct grain boundary structural units of figure 8 can be combined to construct 

other [Ool] tilt boundaries in SrTiO3 by applying the principle of continuity of grain boundary 

structure in two stages, one for each type of dislocation. 
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