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Ab initio calculations of rigid-body displacements at theX5 (210) tilt grain boundary in TiO ,
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Through extensiveb initio total energy calculations of thE5 (210 grain boundary in TiQ (rutile), the
remarkably large rigid-body contractions found by high resolution electron microsco@+ematrast imaging
are explored. Unlike previous calculations, this work emphasizes the importance of the displacements of the
two halves of the bicrystal towards one another. Previous experimental work suggests that the stochiometry
and ionic charges at the boundary are preserved at their bulk values and therefore vacancies and impurities
within the grain boundary core were not considered. The calculations predict no significant rigid-body con-
traction or expansion. The implications of this result for both computational and experimental studies of
rigid-body displacements at grain boundaries are discussed.

It is well known that the grain boundaries in polycrystal- large degree the stochiometry and ionic charges at the
line materials have a profound effect on their electronic andoundary are preserved at their bulk values. Further, the
vibrational properties, but the exact nature of these defects i&-contrast image of the grain boundary in Ref. 11 agrees
not well understood even in Si, the most studied electroniavith the HREM result¥ in that a large rigid-body contrac-
material. Transition metal oxides have many physical proption is indicated. In addition, it is clear from th&contrast
erties that are important for such diverse applications asmage that some of the projected Ti-Ti distances across the
catalysist? electronic deviced and electrochemical celfso  grain boundary are significantly contractéd—18 % com-
name a few. One of the most widely used transition metapared to the bulk. In the work described here, we explore the
oxides is TiQ, a semiconducting ceramic used in catalytic structure at the grain boundary through very extensibe
processing of organic wasteghotovoltaic cell$ protective  initio calculations, with particular emphasis on the relative
coatings and paintsand gas sensofsMany other techno- stabilities of grain boundary structures that include rigid-
logically important materials have the rutile and similar body shifts of various magnitudes.
structures. In these materials, as in Si, it is essential to un-  Structural calculations have generally proceeded by two
derstand grain boundaries on the atomic level, where thapproaches. One uses semiempirical methods such as the
electronic and vibrational states are determined and to relashell model developed by Dick and Overhadééor the cal-
this structure to the various physical properties. culation of phonon dispersion curves, while the other uses

From a fundamental perspective, Ti®as become of first principles calculations, perhaps augmented by semi-
great importance because well characterized bicrystals of @mpirical consideration’s’ In this work only first principles
can be readily grown and studied by a variety of powerfulcalculations are used. It should be noted that a paper by
experimental techniques such Zsontrast scanning trans- Dawsonet al’* employed techniques quite similar to those
mission electron microscop(STEM), electron energy loss used here to study the same grain boundary in, i@ with
spectroscopyEELS), and high resolution electron micros- a few significant differences as discussed below.
copy (HREM). Unfortunately, on the theoretical side, TiO Our calculations, like many others, are based on density
like all oxides, is difficult to work with because of the O ions functional theory using the local density approximation com-
whose electronic structure is quite sensitive to the crystallindined with nonlocal, norm-conserving pseudopotentials and
environment(the G~ ion is unstable in free spaceThis  plane wave expansiort3 The calculations used the band-by-
problem becomes potentially severe near surfaces and intdpand conjugate gradient technique to minimize the total en-
faces where the crystalline environment may differ greatlyergy with respect to plane-wave coefficients. Pseudopoten-
from that of the bulk material. It was found by Dahman tials of the Kleinman-Bylandé? representation were
et all° using HREM that the lattice around tHE5 (210 generated in real space using a well established optimization
TiO, grain boundary igontractedthrough a rigid-body shift scheme. The O potential was generated using the reference
by a remarkably large amoufit-1 A). This result has defied atomic configuration 822p* for the s and thep angular mo-
theoretical explanation in terms of eithab initio or semi-  mentum components. For tiiecomponent, 8'2p*7%3d%%
empirical calculations, leading Dahma al. to attribute it was used. For all three components, the core radii were 1.8
to defects(a loss of oxygenand/or nonstochiometriexcess  a.u. The Ti potential useddd4s? for thes andd components
Ti with a +3 valence. But the subsequent EELS measure-and 3d24s%"%4p®2° for the p component. Core radii of 2.5
ments of Walliset al!* gave details about the oxidation a.u. were used for all three components. Brillouin-zone sam-
states at cation sites and the atomic structure around anigaling used the lowest-order set bpoints!’ After extensive
sites from multiple scattering theory. It was found that to aexperimentation, a plane-wave cutoff of 1000 eV was used.
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(a) (b) Initially, the connectivity in thec direction was the same
as in the bulk but subsequently the two sides of the grain
boundary were displaced relative to one another algrap
described below. The ions on the outer extremities of the
slab were fixed and all others were allowed to relax. The
very lengthy calculationgcarried out on an Intel Paragon
supercomputerwith this structure gave results so similar to
those of Dawsoret al. that they will not be discussed further
here. While the grain boundary structure is quite similar to
the experimental images, reproduced in Figo).lthe large
inward rigid-body shift could not be obtained. Although
FIG. 1. TheS5 (210 grain boundary in TiQ: () sixty-six-atom thgase calculations, like t.hose of Ref.. 14, were .unsuccessful in
unit cell used in the preliminary calculations where the lines indi-thiS réspect, they provided some important insights. It be-
cate the unit cell boundaries afid) Z-contrast image. came clear that only those ions in the immediate neighbor-
hood of the grain boundary plane undergo significant dis-
The energy per unit cell was converged to 0.001 eV/atonplacements during relaxation. In contrast, other ions near the
(0.066 eV/unit cell and residual forces on the ions were lessgrain boundary plane moved only slightly and still more dis-
than 0.1 eV/A. tant ones hardly at all. This implied that some other approach
Before the grain boundary calculations, a bulk Ji@it  would have to be taken if the large observed contraction was
cell was allowed to relax and the results are as follows:  to be obtained.
The results of Ref. 10 suggest that one side of the grain
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Theory Theory Experiment  boundary is simply rigidly displaced toward the other while

Parameter (this work) (Ref. 19 (Ref. 18 maintaining essentially the bulk distances within each half of
the bicrystal. Thus, all atoms on one side of the bicrystal
a(A) 4.603 4.603 4.594 must undergo large displacements relative to those on the
c(R) 2.976 2.976 2.956 other side. Obviously, then one cannot fix one or more layers
Ti-O (shorh (A)  1.953 1.961 1.949 of ions on both sides of the grain boundary, as is sometimes
Ti-O (long) (A) 1.989 1.978 1.980 done, and expect to find the observed result. To implement

this rigid displacement constraint in our calculations, the

It should be noted that the calculations in Ref. 14 used a 506umber of atoms in the unit cell was reduced to forty-eight.
eV cutoff rather than the 1000 eV cutoff used in this work. This simplification, which appears well justified in view of

Figure Xa) shows the grain boundary structural modelthe results for the sixty-six ion calculation, made it possible,
used in the initial calculations. The large unit cell of thesethough computationally still extremely intensive, to carry out
calculations is enclosed by the solid lines. The grain boundthe series of calculations discussed next.
ary structure was generated by matching the two halves of It should be emphasized that, with the exception of the
the bicrystal at one of the O sites in the bulk unit cell, car-rigid-body displacements of the two sides of the grain
rying out the necessary rotations to get ¥ecoincident site  boundary relative to one another, the atoms at the slab/
lattice and removing all ions that were within 0.5 A of one vacuum surfaces are held rigid throughout the calculations.
another. The large unit cell contains sixty-six ions and isThis is because the slab is cut out of, and is meant to mimic,
electrically neutral for formal valences ef4 and—2 for Ti  a bulk TiO, material. The surface states are the same for
and O, respectively. We also constructed structural modeleach structure considered and it is assumed that their effect
by taking the match points at the Ti ions, but this generatedn the relative stabilitiesshould be negligible. Some evi-
only symmetric boundaries that did not agree with the mi-dence for this is that the relaxation of grain boundary core
croscopy results unless an additional translation along thatoms in the sixty-six atom unit cepvith more rigid “bulk-
boundary was introduced, as othi@rsave noted. like” atoms between the grain boundary core and the surface

It is seen that our unit cell does not contain two grainof the slah was approximately the same as the relaxation of
boundaries of opposite orientation as in Ref. 14. Instead wgrain boundary core atoms in the comparable forty-eight
include several “layers of vacuum” before repeating theatom unit cell(with fewer “bulklike” atoms between the
structure to form a periodic slab configuration. While this grain boundary core and the surface of the slab
approach introduces surface states, it allows more atoms per Figure 2 summarizes the results of the calculations. Curve
grain boundary unit cell to be treated and eliminates the ind shows the total energy for the forty-eight ion configuration
teraction of close-lying, oppositely directed grain bound-discussed above and shown in Fig. 3 as a function of the
aries. Numerous calculations were made to study the effectigid projected displacement,,, of Ti atomsat the edges of
of varying the vacuum layer thickness. As the bicrystal waghe slabtowards and away from one another. The atoms at
expanded and contracted, the number of vacuum layers algbe edge are shifted in such a way that their relative position
increased and decreased such that the length of the bicrysialthe c direction is maintained at the level given in Figall
minus the length of the vacuum layers is constant at 5.5 AThis means that the projected distance observed by TEM is
This was done to satisfy long-range interactions of the crysshortened while keeping the4 Ti atoms fairly far apart
tal atoms and at the same time prevent orbital overlap at theince they are on different levels in tleadirection. The at-
surface edges. This approach will be discussed in detail in ams that were allowed to relax are the twenty-seven inside
later paper. and at the perimeter of the grain boundary, indicated by the
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FIG. 2. Relative stability of grain boundary structures as the two
sides of the boundary are shifted relative to one another. The two FIG. 3. The minimum-energy structure for the forty-eight-atom
curves represent structures that are shifted relative to one anotherimit cell wherex.=0. The shaded areas mark the grain boundary
the c direction as discussed in the text. The asterisk indicates g@ore where atoms were allowed to relax. Two unit cells are shown
contraction comparable to that found experimentally. for clarity.

such as half-filled columns, vacancies, or impurities that are

shading in Fig. 3. In addition to the rigid-body displacement,, . oqent at this grain boundary and not detected in the EELS
we calculated the relaxed projected Ti-Ti distance across thg . of Wallis et all® Whatever the origin of the contrac-

grain boundary. The results show no rigid-body contractionyjo, the implication for the computational side is disturbing
of the blcry.stal but there is a Iarge contraction of the Ti-Ti;, that long series of calculations for even more complex
projected distance across the grain boundary of 1@%A)  gi,cryres will have to be considered, requiring greatly in-
that does agree with thécontrast image obtained by Wallis .rea5ed computational power. However, for the experimental
et al. However, the calculations also give a projected Ti-Tigjqe the implications may be even more significant. Clearly,
distance that is 10%0.33 A) greater than the bulk on one e \whole question of the growth of bicrystals, which is still

side of the grain boundary region not seen in Zeontrast , ji5 infancy, becomes crucial. How can it be established
image. These expansions and contractions effectively cancglsi an “intrinsic” grain boundary, devoid of impurities, va-

each other out. cancies, half columns, etc. has been obtained under given

In the second series of calculations, the two sides of th%rowth conditions? The crucial need for microscopes with
grain boundary were displaced relative to one anoth@/®y  oyen higher resolution that are able to detect all the ionic

This is equivalent to interchanging the up-down positions Ofspecies in a given sample is evident. Recent progress in cor-

all ions in the bulk unit cells as the grain boundary i ecting the large spherical aberration of present objective

crossed. It also puts the 1 and 2 Ti atoms _shovyn inF@. 1 |onses promises to make such microscopes a réaft.
on the same level in the-direction. Thus, in this case the

actual and projected Ti-Ti distances are the same. The results The authors thank G. Mahan, D. Wallis, Y. Yan, S. Pan-
are shown in curve 2 on Fig. 2. The total energy-8.44 eV  telides, and E. C. Dickey for many helpful discussions. This
(0.009 eV/atom higher than that of the preceding calcula- work was supported in part by the Basic Energy Sciences
tions and the minimum again occurs at a position whereDivision, U.S. Department of Energy, under Contract No.
there is little or no rigid-body contraction of the bicrystal. A DE-AC05-960R22464. S.B.S. also acknowledges partial
smaller contraction of the Ti-Ti projected distances acrossupport from the National Science FoundatigBMR-
the grain boundary relative to the bulk of 4.3%14 A is  997685). This work was started while S.B.S. was a U.S.
predicted for this structure. Department of Energy Faculty Research Participant at Oak
The results of these calculations argue strongly that th®idge National Laboratory through the Laboratory Co-op
experimentally observed rigid-body contractions must be du€aculty Research Patrticipation program administered by the
to some phenomena not considered in these calculation§ak Ridge Institute of Science and Education.
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