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We describe the use of bond—valence analysis to investigate sitional and electronic structure fluctuations can also be impor-
the segregation of calcium atoms at an MgO [001] tilt grain tant. Using analytical techniques, such as energy dispersive

boundary. For small deviations away from the equilibrium X-ray spectroscopy (EDS)and electron energy loss spectros-
metal-oxide bond length, the bond—valence parameter ap-  copy (EELS)}*these fluctuations can be quantified and a more
proximates well to a Born—Mayer-type pair potential. complete analysis of the boundary obtained. Furthermore, the
Therefore, by starting with a structural model determined recent development of electron holography techni¢fupsr-
from an atomic resolution Z-contrast image, compositional mits any electrical barrier formed at the grain boundary to be

and cation valence state information obtained from elec- directly imaged. There is, therefore, a wealth of experimental
tron energy loss spectroscopy (EELS) can be incorporated  information that can be acquired from any individual grain
into a comprehensive model for the grain boundary. For boundary. However, to understand the structure—property rela-

the boundary under investigation here, it is found that spe- tionships on the fundamental atomic scale, we must combine
cific sites for preferential segregation can be identified, re- all of this information into a single model for the boundary.

sulting in 0.3-0.4 monolayers of calcium in the boundary While this is usually accomplished by the use of theoretical
plane. calculations, many of the computational methods are limited to

the study of boundaries with short repeat lentjth’ This type
of boundary is usually not prevalent in materials used for tech-
nological applications, leading to a gap between what can be
reasonably computed and what really exists in materials. To
bridge this gap, we need to develop a more general theoretical
and highT, superconductors.Although varied systems are method that allows us to deal with all boundary structures.
being utilized for each application, they are all linked, either by _ !N this paper we describe the use of bond-valence sum
¢ analysis to develop atomic-scale models of grain boundaries,

accident or design, to a fundamental issue: the formation o g . .
atomic-scale defects, such as lattice vacancies, dislocations®n Which the understanding of the structure—property relation-

stacking faults, and grain boundaries, during fabrication. The SNiPS can be based. The bond-valence methodology is derived

effects of most of these defects can be modeled by considering™oM Pauling’s rules: These basic concepts have been devel-
their equilibrium distribution within the bulk.Grain bound- oped further by Brow#f to produce an equation for the bond
aries, however, inherently contain a concentration of defects far strength between two atoms in the form
in excess of equilibrium distribution in the bulk of the mate- P
rial.® This excess of defects results in the boundary having a S= exp(”—0> (1)
different atomic arrangement to the bulk and, in many cases, B
radically different properties. Hence, although grain boundaries ) ) ) )
account for only a small fraction of the material, they can have Wherer,is a reference bond length for a given pair of atoms (in
far-reaching consequences for the overall bulk-scale electrical@ given oxidation state) ariéla constant (0.37) determined by
and mechanical properties. To fully develop the desired tech- fitting to a wide range of crystal daf&:** The formal valence
nological application of a particular material, it is therefore State of an atom is then simply the sum of the contributions
necessary to achieve a fundamental understanding of the propfrom each bond\{( = %.5). A further refinement of this analysis
erties of grain boundaries. states that all of the bonds should be as equal as pos8ible

The usual methods of investigating the structure—property form of this function is essentially the same as a Born—Mayer-
relationships of grain boundaries are either phase contrast im-type potential for small distortions away from the equilibrium
aging—° in the transmission electron microscope (TEM) or Pond lengtf? Using bond-valence as a simple pair potential,
Z-contrast imagin—12in the scanning transmission electron We are, therefore, in a position to incorporate the experimental
microscope (STEM). While both of these techniques allow a quantification of the structure, composition, and valence state
structural model to be determined, they do not necessarily al- @t grain boundaries into a single model.

low us to formulate the properties of the boundary, as compo- _ The use of this analysis is demonstrated here for a 27° [001]
tilt grain boundary in MgO. In this case, although the Z-

contrast imag® shows that the boundary is atomically abrupt,
the presence of segregated calcium impurities in the boundary
plane is detected by EELS. Using the bond—valence technique,
the most likely atomic sites in the boundary plane for calcium
segregation are located. Additionally, the analysis predicts that
0.3-0.4 monolayers of calcium at the boundary are necessary to
" Manuscript No. 190363. Received February 20, 1998; approved May 26, 1998,  Stabilize the structure in the form observed in the image, con-
Supported by U.S. Department of Energy under Grant No. DE-FG02-96ER45610. sistent with experimental EELS results. Furthermore, analysis
Member, American Ceramic Society. of the fine structure of the energy loss spectrum from the region

TUniversity of lllinois. N T .
*Oak Ridge National Laboratory. of the calcium segregants indicates that the electronic structure

I. Introduction

Ome materials are currently being developed for such di-
verse electronic applications as varistbifgrroelectrics’,
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is consistent with the formation of CaO at these locations. Such
analysis suggests that even on the atomic scale, the properties
of the grain boundary can be interpreted in terms of the pres-
ence of CaO precipitates in the boundary plane.

II. Experimental Results

The use of the Z-constrast imaging technique to determine
the structure of the 27° [001] tilt grain-boundary plane in a
bicrystal sample has been discussed previously in detail by Yan
et al?® Figure 1 shows the schematic structure of the boundary
that was developed from the image. Energy loss spectra ob-
tained from the region of the grain boundary are shown in Fig.
2. These spectra are acquired using the spatial difference tech+
nigue* and show the presence of calcium segregants at the
grain boundary. By comparing the intensity of the calcium
L-edge with the oxygerK-edge using the areal density
method?® the concentration of calcium in the boundary is de-
termined to bé10.3-0.4 monolayers. The oxyg&aedge spec-
trum obtained from the region of the boundary shows no sig-
nificant changes from the bulk. This experimental result

ounts (arb. units)

implies there should be only minor changes in the oxygen 520

coordination at the boundary (see Discussion). As calcium has
only one formal valence state, we can assume that the segre-
gants at the boundary do not cause any local charge imbalance
(magnesium and calcium have a 2+ valence state). No trace of
other impurities at the boundary are found using EELS or EDS.
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(a) OxygenK-edge and (b) calciurh-edge spectra from the
bulk and boundary.

The aim of this paper is to demonstrate a means of incor-
porating the structure, composition, and cation valence state
determined experimentally into a single model for the grain

boundary. While there are many ways of doing this, pair po-
tentials are commonly used to investigate the structure—

@ vo () MgO shift 1/2 plane

property relationships of materidfs®” in order to avoid the
high-symmetry requirements and computational time of band—

structure calculation®:17One of the more frequently used pair

Fig. 1. Schematic of the 27° [001] tilt grain boundary in MgO. Inthis  Potentials is the Born-Mayer tyge(which is particularly ap-
orientation of the rocksalt structure, the columns of atoms contain propriate here considering the ionic nature of MgO), which is

magnesium and oxygen with a nearest neighbor distance of 2.1 A. given by
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whereB;;, C;, andp; are adjustable parametétsletermined
by fitting to an experimentally observed structugeandg; the
charges on each of the ions, andthe separation of the ions.
The first term in the potential is the electrostatic interaction,
which is repulsive for like ions and attractive for unlike ions.
The second term is the repulsive interaction caused by the Pauli
exclusion principle, and the third term is the van der Waals
attraction between two atoms.

In this paper, we chose to use the more simple bond-valence
parameter defined by Brow#?.In using this as a potential, it
has the following form for a given interaction between two ions

B ri —To V]Z V
(I)(I’ij) = 6X[{<T> * N:| =+ N 3)

whereV is the formal valence\ the coordination numbeB a
constant (0.37P-21determined by fitting to a large crystal data e b o e
set,r, an equilibrium bond length for a given ion pair, and 0 1 2 3 4 3 6 7
the separation of the ions. Although this formulation is meant Radius (A)
to be used primarily for the interaction between cations and
anions, it is possible to define an interaction parameter for like Fig. 3. Comparison of a Born-Mayer-type potential for MgO with
ions by fitting anr,, value for each structure type. In the same the bond-valence parameter. Bond-valence parameter has been scaled
manner as the Born-Mayer potential, we can therefore dealt© the Born-Mayer potential to show the similarity in the shape of the
with attractive and repulsive interactions. potential in the region of the equilibrium bond length.

Figure 3 shows a comparison between the Born—Mayer po-
tential and the bond—valence potential for MgO. In the region
of equilibrium bond length, the two potentials have the same shuffling of the atomic columns in the grain boundary within a
form. Furthermore, the repulsive part of each potential is vir- very small distance (+0.2 A) to check if they are all consistent
tually identical. This should not be surprising, since both the Wwith their formal valence. This simple bond-valence parameter
Born—-Mayer and bond-valence repulsive interactions are givenon its own, however, does not ensure that we generate the
by an exponential dependence. The main difference betweenlowest energy structure in the minimization. It is entirely pos-
the two potentials is the attractive term, with the bond—valence sible in MgO, for example, to generate three short bonds and
parameter having a much shallower potential well. What this three long bonds, where the overall valence of the central atom
means for the analysis of grain-boundary structures is that weis in good agreement with the formal valence state. To avoid
cannot determine the lowest energy boundary structure withoutthis effect as much as possible, a bond length criterion is also
a priori information using the bond—valence parameter. How- added to the minimization. This bond length minimization en-
ever, this is not a concern in the application here, since we aresures that the contributions to the central atom are made up
analyzing structures for which we have an image. In the Z- equally from all the surrounding atoms.
contrast technique, it is possible to directly determine the
atomic positions to within 0.2 A2 This is well within the limit /. Developing a Structural Model for the Boundary
where the bond-valence potential is in good agreement with
the Born—Mayer potential. It should also be pointed out that, The starting structure used for the bond—valence sum mini-
although this potential deals with ions and implies ionic bond- mization is shown in Fig. 1. The aim of this minimization is to
ing is a necessity, this is not entirely the case. Every element see if the atomic environments around the atoms in the bound-
can be assigned a formal valence state, whether its bonding isary plane are consistent with their formal valence state. For
ionic or covalent, meaning that the potential can be used in all magnesium and oxygen in the bulk rocksalt structure, the bond—
cases?® valence calculations give the formal valences as +1.96 and

In the analysis of a grain-boundary structure, the bond— —1.96, respectively. (These values are used foMheterms in
valence method, therefore, allows us to check the structureEq. (3).) As a first attempt at minimizing the valences of the
observed in the image by performing a simple minimization atoms at the boundaries to these values, we assume that the
routine. The error in the positioning of the columns by the boundary contains only magnesium and oxygen atoms in the
Z-contrast technique is 0.2 A, which is the maximum move- atomic columns. The average values for the valences obtained
ment we allow for each column in the structure. As the name from this minimization are shown in Table I. Although most of
implies, the only other parameter necessary for minimization to the calculated valences are in reasonable agreement with the

Born-Mayer Potential

Potential (arb. units)

Bond-Valence Potential

proceed is the valence of the cation. (This defineg thalue.) bulk values, there are specific locations where they are con-
For the MgO boundary analyzed here, we need only considersiderably lower than the bulk values, hence the large standard
ther, values for the Mg —0?~ interaction (1.693 A) and Ga- deviation and low average valence for the result.

0?2 interaction (1.967 A¥%21 Hence, minimization allows a The presence of valences that are low in certain positions

Table I. Average Valence for the Boundary Plane as a Function of Calcium Doping

Number of calcium columns in the boundary plane

0 2 3 4 5
Mg (6] Mg O Mg (6] Mg (6] Mg O
Average
valence 1.69 1.77 1.90 1.92 1.93 1.92 1.90 1.99 1.97 2.05
Standard

deviation 0.23 0.28 0.19 0.18 0.09 0.11 0.17 0.37 0.21 0.29
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along the boundary indicates that there is a discrepancy be- N C\
tween the observed boundary structure and a composition con- N N M ‘ /
taining only oxygen and magnesium atoms; i.e., we are putting / \_/

a nominally 2+ or 2- ion into a space large enough for 1+ or ' Q ‘ O .
1- ion. This discrepancy can be overcome by substituting a ' (\ N .

different atom into the boundary site where the valence is low. -~ / ™
There are two possibilities that reduce the valence difference: {_ ) Y 1 2 (\ . (,/
an element of valence 1+ or an element of valence 2+ with a N/ ' O . ,/

longer equilibrium bond length with oxygen, i.e., a 2+ ion with . O - 4 () ‘
a larger ionic radius. The EELS results indicate that calcium is . <\/ 3

present in the boundary and that this is a 2+ ion with a longer
equilibrium bond length to oxygen than Mg—O. Placing cal- Q
cium into the sites that have a lower valence lowers the valence .
discrepancy. Table | shows the effect of putting increasing - ® >
numbers of Ca—O columns at the grain boundary. (There are C/ ' /2 7 J/) ' <
two positions in the structure that have very low valences, and, N ‘ . \

hence, the first attempt at minimization replaces these two ‘ 8

columns with Ca—0.) There is a lowest valence difference con- C) . N

dition where 3/8 or 3/9 of the boundary sites contain calcium D

(Fig. 4). It should be noted that it is impossible to define C

11
exactly the fraction of atom sites occupied by calcium from a - . Q . ()10 . O . <>

single image of this boundary, as it is an irrational tilt bound- I 13 /) .
ary. The schematic in Fig. 4 shows that there are alternately one ) ‘ 5 12 . \
and two columns between the dislocation cores. However, the \D @ ‘ 15

quantified result is in excellent agreement with the quantified Vs - N
EELS measurement from the boundafyNow, however, we ‘ Q ' 14 ‘ C/ ‘

have located the calcium atoms at specific sites in the interface
and progressed from the basic structural Z-contrast image to a
three-dimensional model of the grain boundary that contains
compositional changes.

V. Interpreting Electronic Structure

O -
Now that we have a structural and compositional model for ‘ C
the boundary structure, we can start to investigate the effect of

these compositional modulations on the local electronic struc-

ture. One means to do this is through multiple scattering analy-

sis®® of the energy loss spectrum. Although multiple scattering ‘ MgO @ Ca0O
theory was originally developed for the analysis of X-ray
absorption spectra, its application to EELS is straightfor-
ward31-34(Only the method of excitation has changed from an
X-ray to an electron). Multiple scattering calculations model
the density of unoccupied states (as measured in the experi-Fig. 4. Schematic of the boundary structure showing the positions of
mental spectrum) by considering the scattering of the photo- most likely segregation of calcium. CaO also exists in the rocksalt
electron created during the excitation process from neighboring structure, meaning that it can easily substitute for magnesium in the
atoms. The many paths that can be taken by a photoelectronboundaf_y plane. Large difference in the ionic sizes of calcium and
alter the matrix elements for a particular transition, because of Magnesium means that there is usually little intermixing of CaO and
constructive or destructive interference that occurs between theM3C In the bulk. However, in the case of the boundary, the larger

. . ; ionic size and equilibrium bond length stabilize the structure. Bond—
outgoing and returning photoelectron wave (Fig. 5). In effect, valence analysis predicts a 35% replacement of magnesium with cal-

the resultant energy loss spectrum can be described as a SImplgjym in the boundary plane, consistent with the EELS quantification.
absorption edge of hydrogenic form, due to an isolated atom,

with intensity modulations due to the atomic structure of the
solid (Fig. 5); i.e., the absorptiom(E) is given by

o Ne
®
® O

C) MgO shift 1/2 plane @ CaO shift 1/2 plane

The multiple scattering calculations shown here were per-

aE) = agB) [1 +2 X(B)] (n=2) (4) formed using commercial FEFF7 codésThese codes use the
_ . ) ] overlapping-atom prescription of Matthei8sto model the
whereay(E) is the atomic absorption ar,(E) the multiple atomic potential within the muffin tin approximation. From the

scattering signal of orden (n > 1), which contains all the  resulting potential, scattering phase shifts and matrix elements
structural informatior$> Because this description of the unoc- gre calculated. Core—hole effects are included using Zhe (
cupied density of states is based on a real space cluster of1)* approximatior3! where * denotes the excited atom. The
atoms, several unique opportunities are presented in this analy-curves shown are calibrated by alignment of the first spectral
sis. A lack of symmetry does not seriously affect the calcula- feature with experiment, and broadening of 1 eV is added to
tion, making it ideal for the study of low-symmetry defects, allow direct comparison with experimental spectra. For the
such as grain boundaries. The effects of dopant atoms can beurposes of the calculation, the atomic clusters are divided into
simply investigated by substituting atom types within the clus- shells of atoms where a single shell is composed of atoms that
ter and recalculating the scattering. Multiple scattering, there- lie between two radii about the excited site. The order of scat-
fore, allows spectral changes to be directly interpreted in terms tering is controlled simply by placing an upper limit on the
of structural changes. Using this methodology, we can, there- number of scattering events allowed.

fore, check the structural model for the boundary developed ) .

from the image and bond-valence analysis and use this struc{1) Analysis of Bulk Electronic Structure

ture to draw conclusions on the electronic properties of the Figure 6 shows a comparison of the experimental oxygen
boundary. K-edge with the multiple scattering simulations. The simula-



370 Journal of the American Ceramic Society—Browning et al. Vol. 82, No. 2

(@) N

NI AR

Counts (arb. units)
_HH_HW,H,‘{H“HHWHWHH
.

y
B

Photoelectf‘qn Path

| RN EVER I OO S SO A R

520 530 540 550 560 570 580
Energy (eV)

Fig. 6. Comparison of the simulated and experimental bulk oxygen
K-edge spectra.

Scattering atoms

disorder in the structure, the greater the effect on second-
nearest-neighbor oxygen (i.e., peak B). If the coordination
changes, then the biggest effect should be seen in peak A. This
is because there are more multiple than single scattering paths
that would be eliminated, resulting in peak C. This simple
interpretation now permits us to analyze the boundary structure
shown in Fig. 4.
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(2) Analysis of Boundary Electronic Structure

To analyze the electronic structure of the boundary plane,
the clusters used in the multiple scattering analysis must be
built up for each atomic column in the boundary. For the struc-
ture shown in Fig. 4, the clusters centered on sites 3, 5, 8, 10,
] 12, and 14 represent all the unique environments in the bound-
L -// 1 ary plane. (The clusters are all centered on the oxygen atoms at
. T PR these sites.) Fig. 4 shows that, in some cases, these clusters
500 550 600 650 contain a considerable number of calcium atoms as nearest

Energy (V) neighbors. In fact, for sites 3 and 5, over half of the nearest
neighbors to the central oxygen site are calcium atoms. The
multiple scattering simulations from these sites are shown in
Fig. 7. Also plotted in Fig. 7 are the multiple scattering simu-
lations for bulk MgO and CaO. In interpreting the multiple

Fig. 5. (a) Multiple scattering calculations model the density of un- Scattering spectra from the boundary, we must bear in mind
occupied states by considering the scattering of the excited photoelec-that considerable distortion of the lattice takes place, which can
tron from neighboring atomd.(= 11 + exp(b1) + 12 + exp(®2) + 13; cause the main features of the spectrum to be washed out in
constructive interference occurs for= n\; destructive interference some cases. However, it can be seen that the sites with the
occurs forl = (n + 1/2)\). (b) Resultant energy loss spectrum can be highest number of calcium atoms in their local environment (3
described as a simple absorption edge of hydrogenic form, due to anand 5) show features that are more reminiscent of the bulk CaO
isolated atom, with intensity modulations due to the atomic structure of gty cture than of bulk MgO. In a very simple approximation, it
the solid. appears we can consider these sites as being the location of

atomic-scale precipitates of CaO.

The total grain-boundary spectrum can be obtained by sum-

ming the spectra from the individual sites. Plotted in Fig. 8 is
tions are found to converge after four shells and show very a comparison of the boundary and bulk multiple scattering
good agreement with the experimental spectrum. To interpret simulations. Figure 8 shows that the main feature of the bound-
the main features of the oxygdfredge spectrum, we follow  ary spectrum is a decrease in the intensity of peak A. As we
the analysis of Reet al3” In multiple scattering, the majority  said earlier, a decrease in this peak can be caused by a decrease
of the intensity in the spectrum results from the strongly back- in the local oxygen coordination. This decrease in coordination
scattering oxygen atoms. (Metal atoms are weak scatterers.)for some of the sites in the boundary plane can be most easily
The peaks labeled A-C can, therefore, be interpreted as resultseen for the site labeled No. 8 in Fig. 4. (The individual spec-
ing from the following interactions: peak C is the result of trum from this site is shown in Fig. 7.) Here, one of the nearest-
single scattering from the nearest-neighbor oxygen atoms, peakneighbor sites (Site 5) is significantly farther away than a com-
B results from single scattering from the fourth shell (second- parable site in the bulk. Hence, although the segregation of
nearest-neighbor oxygen), and peak A results from multiple calcium to specific sites in the grain boundary stabilizes the
scattering from the nearest-neighbor oxygen atoms. This analy-boundary structure in its present configuration, it cannot com-
sis allows a simple interpretation of changes in the fine struc- pletely preserve the bulk coordination for the surrounding
ture related to coordination and structural disorder. The more boundary sites. However, Fig. 8 shows the effect on the total

Intensity (a.u.)
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VI. Discussion and Conclusions

The above analysis suggests that, on a very basic level, we
can consider this particular grain-boundary structure in MgO to
be stabilized by atomic-scale precipitates of CaO. In the case of
CaO and MgO, although they both crystallize in the rocksalt

Ca0 Bulk structure individually, the difference in ionic sizes between

4 i d e e e Mg?* and C&* leads to a 14% difference in lattice parameter
for the two materials. This large difference means that together
7 they do not form a complete solid solution, with the maximum
520 530 540 550 560 570 solid solubility of CaO in MgO at any temperature being of the
Energy (eV) order of 8% This high level of immiscibility suggests that

CaO is most prevalent at surfaces and grain boundaries, where
Fig. 7. Simulations of the oxygek-edge for the atomic columns the high degree of lattice strain allows it to be accommodated.
shown in Fig. 4 and Table 1. While the majority of the spectra show ,l[th 'S,[ aI_S(_) vyell-known"thtat _small prec_:_pltgtetshforr?f |nt_a ?hatpe
features consistent with distorted MgO, the sites closest to the segre- at minimizes overall strain energy. 10 do this efiectively at a
gated calcium show distinct features comparable to the bulk Cao grain boundary, where strain is nonuniform, the precipitates
spectrum. must have a morphology that is only one or two unit cells wide

but runs through the entire thickness of the crystal. This is

exactly the behavior that is observed here, where the small
boundary electronic structure is small, and the main features ofregions of CaO relieve the excess strain that would be present
the bulk oxygerK-edge in MgO are maintained. if the boundary consisted of only magnesium and oxygen.

This analysis begs the question as to why these subtle Having seen that the boundary consists of CaO precipitates,

changes in the oxygef-edge spectrum are not observed in the we can ask what effect this has on conduction in this mixed
experimental spectrum. The reason for this most likely lies in ionic and electronic conduct8?. Whether the bulk of the
the spatial difference technique used to acquire the boundarygrains are intrinsic or extrinsic, the dominant aspect of the ionic
spectrum. Figure 9 shows the effect of the addition of various part of total conduction is the migration of magnesium vacan-
levels of bulk oxygerK-edge spectrum to the boundary spec- cies. Obviously, at the grain boundary some of the potential
trum. When the ratio of bulk to boundary is 4 to 1, the spectrum sites for the hopping of magnesium vacancies are occupied by
looks virtually identical to the bulk. In the experimental meth- calcium ions. The excess ionic size of calcium with respect to
odology used here, the ratio of bulk to boundary in the 1 nm x magnesium suggests that the calcium ions are essentially im-
2 nm area used to acquire the image is well in excess of this mobile compared to the magnesium ions. Hence, ionic conduc-
ratio. We, therefore, would not expect to be able to observe thetion at the grain boundary is reduced. Furthermore, using this
changes in the spatial difference technique and must attempt tostructure as a guide, we can deduce what the effect is of the
attain higher spatial resolution. While this is not easy for MgO, addition of donor or acceptor ions at the boundary. In the case
because of beam damage, it should be possible for other moreof donor ions, such as Al, there are no sites at the boundary
stable oxide materials. that suggest preferential segregation takes place, and the total



372

T T T

T

L e e Sy E S s S S S S St

100% bulk

Counts (arb. units)

Boundary

520 530 540 550 560 570

Energy (eV)
Fig. 9. Comparison of the boundary spectrum with the simulated
integrated boundary spectrum with (a) no bulk sites, (b) 1:1 bound-

ary:bulk, (c) 1:2 boundary:bulk, (d) 1:4 boundary:bulk, and (e) 100%
bulk.

effect on conduction in this case is limited again to the effect

on the migration of magnesium ions. In the case of acceptor

ions, such as Nacould segregate to the grain boundary. The
positions occupied by calcium ions in this structure could just
as easily be occupied by the Nians that are similar in size to
the C&* ions. In this case, the boundary is electrically active
and has a far greater effect on conduction.

In conclusion, we have shown that the bond—valence analy-
sis parameter is analogous to the Born—Mayer potential for

small distortions away from the equilibrium bond length. Using

this parameter, we can incorporate a wealth of high-resolution ¢

experimental information on the atomic structure, composition,
and valence state of the cations at grain boundaries into a singl
comprehensive model. In this study of an MgO [001] tilt

boundary, calcium segregants are located at specific location
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