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On the Energy of <100> Coincidence Twist Boundaries in
Transition Metal Oxides

D. Wolf
Materials Science Division

Argonne National Laboratory
Argonne, IL 60439

Abstract

The energies of coincidence twist béundaries formed by rotation
about a ?100> axis in stoichiometric transition‘metal oxides crystallizing
in the NaCl structure (such as NiO, MnO, and CoO) have been calculated
using the ionic-type potentials of_Catlow et al. for these materials.
From a rélaxation calculation it is found that the energies of the most
prominent coincidence twist boundaries at 36.87, 22.62, 28.07, and 16.26°

(which correspond to inverse coincidence-site densities of £=5, 13, 17,

"and 25, respectively) lie above the energy of the free [100} surface. The reason

arises from the repulsive Coulomb interactions between ions in configurations

‘close to "anti-coincidence" (anion on anion or cation on cation) which

are capable of overcoming the attractive Coulomb interactions between the

dons in coincidence configurations (cation on anion and vice versa). It

is concluded that in contrast to metals the structures of <100> twist
boundaries in oxides and alkali halides may not simply be derived from

the coincidence lattice geometry. Entropy terms are not considered.



I. g Introduction

Recent experimental evidence in support of the existence of high-
angle coincidence twist boundaries in metal oxidesl apparently similar in
nature to their metallic counterpartsz.has greatly stimulated the interest
in grain-boundary properties in oxides. Chaudhari and Charbnau? had
ﬁprgdicted the.gxistence of such boﬁndaries f;r Mg0 on ﬁhe'basis gf.

.gimple energy calculations. In contrést to metals, however, théir energies
were found not to scale with the denéity.z—l_of coincidence sites.

The unrelaxed structure, for example, of <lOO; coincidence twist
boundaries on [100] planes not only shows the usual coincidences (in
which an anion is positioned directly above a cation or vice versa)
but also a number of "almost anti-coincidences'" (in which anions or cations
rest on top of each other; see Fig. 1). The subsequent existence of
both attractive and repulsive long-range Coulomb interactions between
ions on opposite sides of the graig boundary 3uggesfs that ionic relaxa-
tion may play an important role in stabilizing such boundaries. For that
reason, in this article relaxation has been taken into account in
determining the proporties of <100> coincidence twist boundaries in metal
oxides with the NaCl structure. Since reliable interionic potentials are

. 4 . , .
available , as our first example we have chosen NiO for our calculations.

II. Method of Calculation _

A. Grain Boundary Unit Cell

The unit cell of the planar superlattice obtained by rotation‘of
two [100) faces of NaCl-type crystals by 36.87° with respect to.each
other is shown in Fig., 1, Xy5 Yy and X,y ¥, are the Cartesian coordinate
systems associated with the surfaces of two semi-infinite crystals 1 and
2 whose [100] faces have been brought in contact. Xg and Yo ‘denote the

coordinate axes of the superlattice thus obtained for an inverse coincidence-~



site density of I=5. Other boundaries examined are those for Z=13, 17,
and. 25 corresponding to rotation angles of 22.620, 28.070, and 16.260;
respectively.

A view parallel to the boundary [100] blane'P (dashed line) is shown in

Fig. 2. To later allow for relaxation of the ionic positions a variable

"number, n, of lattice planes between the two perfect crystals 1 and 2

is inserted. In Fig. 2, for example, n=4. A starting configuration for

our calculatiéns is obtained by chosing an initial sepa%ation d of the
planes on the opposite sides of P. Note that the z axis is a four-fold
rotatién axis which Substantially'redUCeé the nufber of ions for which
detailed calculations have to be performed.

B. Interionic Potential

The interionic potential of Catlow et alfa-includes loﬁg—range
Coulomb, and short-range Born-Mayer and dipole-dipole Van~-der-Waals

contributions. For simplicity, terms arising from the polarizability

.of the ions which have been included in Catlow et al.'s potential via

the simple shell model have beeﬁ dropped in our calculations. This
simplification reduces the calculated'cohesive energy per ion from

Uo = 41.01 eV to 40.94 eV, 1In spite.of their simplicity theée simple
potentials were found to reproduce the ideal-lattice and defect properties
of NiO, MnO, Co0O, and FeO rather well.4

C. Energy Calculation

While the calculation of the short-range interaction energy of a

givén ion is trivial, the summation over the long-range Coulomb inter-

action potential is rather involved. The Coulomb energy of an ion in

the unit cell may be decomposed as follows (see Fig. 2):



Coul _ ' q Iy '
Uj = Uj'—l + Uj_2 + z T?Tl- _ (1)

where Uj—S denotes the interaction energy of ion j with the semi-infinite
) . o . Coul \
crystal B(B=1,2). The third contribution to Uj represents the inter-
aCtion'energy of j with all other ions in the boundary layer in which
3 ) 3 . : - 3 . ] i ‘ . . -). -}
relaxation is considered. qj is the ionic charge of ion j while rj—rm
denotes an interionic vector.

According to Lennard-Jones and Dent5 s for the interaction of j

“with a [100]-faced semicrystal

49,4,
U, Gy, = Z T @i
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where x,y,z are the coordinates of ion j (in the unit cell) with respect

to the surface of crystal 1 with an ion of charge 43 at the origin.

As -seen from Fig. 2, q, = —ql; hence
Uj_z(X,y,Z) = -Uj_l(xay:zo—z) ’ 4 (3)

where zé denétes the distance between crys£als 1 and 2.
The self energy of ion j in a thin plate of finite thickness was
determined by meéns of a modification of Ewald's three-dimensional
method for the limit in which the unit cell is pefiodically extended
in x and y only but not in z. Following Tosi's6 terminology and desc;iption

of that méthod one can show that for a thin plate of finite thickness
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where A=a  (see Fig. 1) is the area of the unit cell in the x-y plane.
For <100> twist boundaries a/dn = Vi/2. kg represents the set of two-
dimensional reciprocal lattice vectors associated wiﬁh the unit cell and

4 R :
its periodic extensions which are characterized by the vectors r Finally,

I
the summation over n involves all ions in the unit cell while & denotes
a parameter associated with the width of a two-dimensional Gaussian charge

distribution. It is to be chosen such that the sums in Eq. (4) converge.

D. Method of Relaxation

Starting from Eqs. (2)-(4) and the appropriate short-range potentials,4
the energy, forces, and second derivatives may be calculated for every
ion by the method described above., The total energy Uj(¥5) may be
developed about its unrelaxed position ;jo as follows:
=+ 20 +0, , > 20 1 -+ -0 20, >
U.(r,) = U,(xr,) - F.(r)(r.-xr.) + 5 (r.-r,;) W.(r])(r
J(J) J(J) J(J)(J J) 2(J J) =J(J)(

j-?§) s (5

where fj denotes the force on ion j while !j is the symmetrial second-

rank tensor of the second derivatives at the site of ion j. At equilibrium,

> >
du,(r.)/dr. = 0. Therefore
j( J)/ J e »

>
r

; 0 , =1,2%0, * ,20 : (6)
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may be used as the basis for the iterative minimization of the energy -



of the ions in the grain boundary.. !j-l(;g) determines the amount by
whicﬁ ioﬁ j is to be displaced in the direction of its force component§
in order to reduce its energy and force. This relaxation method involving
the second derivatives has the advantage of fastef convergence over the
simpler and more widely used gradient method in which the proportionality
factor by which the ions are displaced in the direction of their forces
is the same for all ions in a given relaxation step..’

III.- Results

The energy of a twist boundary may be defined as

Ugb= Z (UJ.-—UO)/A R D
J
(unit
cell)

* where Uo is the cohesive energy per ion in the ideal crystal (see Sec. IIB).

i ) ' A. Surface Energy

To test the rélaxation procedure described above, Ugb was calculated
for a hypothetical I=1 boundafy which one obtains for 8=0. The energies
thus obtained as a function of d (see Fig. 2) are shown in'Fig. 3.

For d>>do, U converges towards the surface energy 0. For the unrelaxed

gh
surface we found 0=428 erg/cm2 while after relaxation we obtained o % 375
erg/cmz. These results were obtained by considering the relaxation of

the six lattice planes closest to the [100] surface. A larger number of
1ayers did not change the reSulfs. It was found that ;he‘cations in
the-éurface layer relax by ébout 1% of dé into the surface while the

anions relax by a similar amount out of the surface. Both cations and
anions on the second layer were observed to relax towards tﬁe free surface.
The relaxation was found to extend as far as the fourth layer below. the

surface. The magnitude of the surface and relaxaticn energies as well

as the characteristics and magnitude of the ionic relaxation are in



general agreement with Tasker's surface energy calculations for many
alkali halides.7

B. Grain-Boundary Energies

For all four coincidence orientations considered grain-boundary
energies larger than the free-surface energy ¢ were obtained. They
are shown as functions of d in Fig. 3. 1In spite of different partially
relaxed starting configurations chosen) it was found impossible to
reduce Ugb to Qalues below the surface enérgy. In fact, for d>dO it
was not even possible to reduce'Ugb below its vglue for the unrelaxed
-configuration sketched in Fig. 2. However, by increasing d a lower-
energy configuration was obtained in all cases. Note that the values ofv
Ugb in Fig. 3 scale with I.
IV, Discussion

The physical reason for the instability of the <100>'coinéidence
twist boundaries éonsidered is clésélj related to tﬁe‘nature of the
Coulomb interaction. With the exception of the ions at the coiﬂcidence
~sites, many ions change their ‘total Coulomb ihteraction with the cfystal
on the other side of the boundary from being attractive'(for 8=0) to
being repulsive (for finite values of 8). For example, the unit cell
for =5 (see Fig. 1) contains eight pairs of ions in "almost anti-
“coincidence" configurations but only two pairs of ions in coincidence
configurations. The situation is even less favorable for- larger I
values; hence the even larger energies in fig. 3.

In spite of the recent observationl of the I=5 and I-13 boundaries
in MgO, the following observations §trongly support the validity of the
résults presented: |

1. For all values of Z, U converges towards the same surface energy

gh

0 which was determined independently.



2. The surface energy and structure as well as the magnitude of .the
surface relaxation agree rather well with the general findings
for the alkali halides.7

3. The unrelaxed energies and forces for the ions at the grain
boundaries do not depend on the number of lattice planes chosen
in which the ions may relax. This suggests that the Coulomb-

.gﬁérgy.célculation acqérding té'Eqs. (i):(éﬁ i;.;oérect;

This leads us to conclude that the structures of <100> coincidence
twist boundaries in oxides and alkali halides cannot simply be derivcd
from the coincidence geometry. This is also suggested by some of the
difficulties with which these boundaries have finally been manufactured.
Instead, the structure of theée boﬁndaries may'involve (1)'large displaée—
ments of ioné from the coincidence geometry of the unit cell,-(2),point
defects in the grain boundary, or (3) serrated non-planar boundary planes
on an atomic séa]e.i Unfortu;ately a comparison ovf our results Qith those
lof Chaudhari and Chérbnau3 is not possible since for some incomprehensible
reason their cohesivg energies per ion are lower in the crystal with the
grain boundary than in a single crygtal. This mékes the validity of these
resulfs rather dubious. In our opinion their error arises from the
'improper calculation of the Coulomb energy. Although their free-surface
energy calculation appears to be correct, their expression for the
in;efaétion_energy of an ion aboye a [100] surface with the semi-infinite
rigid single crystal below does not égree with that‘of_Lennard—Jones and‘
Dent5 (see Eq. (2)).
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Fig. 1.

Fig. 2.

Fig. 3.

Figure Captions

Supérlattice formed by rotation of two thO] surfaces of NéCl—
type crys;als by 6=36.87 degrees about the <100; axis. The
central square shows the ion distribution in the unit cell of
the superlattice of this I=5 boundary.

Separation of the rigid ideal semi—infip;tg.crys;a}s 1 and 2
5& ; variable number of lattice planes in Whicﬁ the ions may
relax. The ion arrangement sketched is that for the I=5
boundary the structure of which in the x-y plane is

shown in Fig. 1. P indicates the boundary plane.
Grain-boundary energies as function of the separation d

of nearestfneigthring layers at the boundary plané. The values
for I=13 (which were omitted from the figure for clearity) lie

between those for I=5 and I=17.
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Figure 2.
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