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Abstract

The defect blocks formed in #-alumina by electron
irradiation are examined by 1 MV high-resolution
electron microscopy. In order to explain the fact that
two distinctly different types of defect images appear
even in a single 1 MV micrograph, a new structural
model is constructed in place of the two models so far
reported. In the model proposed, two spinel-like blocks
on either side of the eliminated conduction plane are
directly combined by the vectors including x,y
components to form cubic close packing of oxygen
layers in the resultant defect blocks. The arrangements
of cations in the defect block are slightly different from
those expected from the spinel structure.

Introduction

The name B"-alumina was first used by Yamaguchi &
Suzuki (1968) for the compound Na,0.5Al,0, (or
K,0.5A1,0,), because the crystal structure was
substantially similar to that of fS-alumina,
Na,0.11ALQ,. It was later found that the §''-alumina
phase is considerably stabilized by the addition of a
small amount of MgO and even single crystals have
been prepared (Bettman & Peters, 1969; Kummer,
1972). Such MgO-stabilized B"-alumina,
Na,0.MgO.5Al,0,, has the idealized crystal structure
as shown in Fig. 1(a) and (b) (Bettman & Peters,
1969). It is constructed by the alternate stacking of the
spinel-like blocks and so-called conduction planes
which consist of Na,O. The space group is R3m (a =
5614 and ¢ = 33.85 A), and the unit cell contains
three spinel-like blocks which are mutually related by
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Fig. 1. Schematic representations of the crystal structure of
MgO-stabilized f”-alumina, Na,0.MgO.5A1,0,. The space
group is R3m with lattice parameters @ = 5-61 and ¢ = 33-9 A
(a) and (b) are the projections normal to the (110) and (100)
planes, respectively. Half the unit cell is shown in each figure and
the remaining half can be derived from the operation of the
threefold screw axes shown in (c). Squares mean sodium atoms.
Empty and filled circles represent Al atoms partly replaced by
Mg ones; cations in the full circles are arrayed twice as densely as
those in the empty circles along the direction of projection. The
oxygen positions are abbreviated but their stacking sequence is
indicated at the left-hand side of (a). The (x,)) coordinates of
each atom can be read out from (c).
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56 IRRADIATION-INDUCED DEFECTS IN fS”-ALUMINA

This means that both lines of white dots corresponding
to the upper and lower conduction planes, 4, and B,,
must mutually be displaced, normal to the ¢ axis, by 3
of 4-85 A, when they are projected onto the (110)
plane. As already shown in Fig. 5, however, there are
no such displacements for P but there are 4 displace-
ments for 0, respectively. The simple contact model of
Bovin (1979) is, therefore, inadequate to explain the
real observations of the defect blocks.

According to the second model, we can explain the
image in Fig. 5 if we assume the cases where the cubic
close packing of oxygens is attained through the
minimum slide vectors. There are three such vectors, V,
(i = 1 to 3), which are schematically shown in Fig. 9.
They are also expressed as

V,~ta +4a,+V,

V,~—4a —}la, +V,
~1 _1

Vi~ga —za,+V,

where a, and a, are also the lattice vectors of
B"-alumina. V,, V, and V, are mutually related by

Fig. 9. Schematic representations of the slide vectors V, (i = 1 to 3)
which describe the movements of the upper spinel-like block (SB)
with respect to the lower one. Squares are sodium atoms in the
conduction plane (CP), which is subsequently eliminated upon
electron irradiation. Empty and solid small circles have the same
meaning as in Fig. 1. Large empty circles represent the oxygen
atoms. Upper and lower figures show the projections parallel and
normal to the [001] direction, respectively.

120° rotations around the ¢ axis and, therefore, they
are crystallographically equivalent because the crystal
of p"-alumina had originally threefold rotational
symmetry. The defect blocks created by the above
three slide vectors must, then, be structurally the same
except for their orientations with respect to the host
p'"-alumina lattice. The oxygen layer sequence in the
defect block thus created is

... B,[(ACBA)(CBAC)! B, ...

where j is 2, 3 or 4 depending on which one of three
vectors V,(i = 1, 2 or 3) were actually employed in
creating each defect block. If the defect block was
formed through V, (/ = 4 in above sequence), both
conduction planes, B, and B,, may be imaged as if they
have the same x,y positions when they are projected
normal to the (110) plane. In other words, the image of
type P in Fig. 5 is expected from the defect block
formed through V,. The image taken by De Jonghe
(1977) might correspond to this case. If, on the other
hand, the defect block was created through the slide
vector V, or V, (j = 2 or 3 in above sequence), both
conduction planes, B, and B, (or B, and B;), must be
imaged as if they are mutually displaced by 4 of 4-85 A
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Fig. 10. Schematic representations of the positional changes of the
white dots when irradiation-induced defects are created in
B''-alumina. Solid squares stand for the original white dots in the
image of #”-alumina projected onto the (110) plane. The signs ®
and Q correspond to the P and Q types of defect image,
respectively. The vertical scale is artificially reduced to make the
figures more easily perceived.
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when they are projected normal to the (110) plane. In
other words, the image of type Q in Fig. 5 is expected
from V, or V,. The images taken by Bovin (1979)
might correspond to this case, although he interpreted
the image based on the mutual displacements of white
dots by } of 4-85 A. Comments on this point will be
given later. The schematic representations of the
changes of the positions of white dots in the case of
each of the three slide vectors are drawn in Fig. 10. The
arrangements of white dots expected from De Jonghe’s
(1977), Bovin’s (1979) and the present models are also
presented in Fig. 11 (a), (b) and (c), respectively.

The appearance of two types of defect images, P’
and Q’, in Fig. 6 can also be explained by our model. It
is obvious from Fig. 1(c) that the positions B, and B,
cannot be distinguished for the projection normal to the
(100) plane. Therefore the image of type P’ is expected
from the defect block formed through V,. Similarly, the
image of type Q' is expected from the defect block
formed through V, (j = 2) or V, (j = 4) because the
positions B, and B, (or B, and B,) may be imaged as if
they are mutually displaced by 4 of 2.8 A when
projected onto the (100) plane.
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Fig. 11. Schematic representations of the arrays of white dots on
either side of the irradiation-induced defect blocks expected from
(a) De Jonghe’s, (b) Bovin’s and (c) the present model. The
vertical scale is artificially reduced.

The types of images expected for each of the slide
vectors are summarized in Tables 1 and 2 which show
the cases of the projections normal to the {110} and the
{100} planes, respectively.

3. Possible structure model of irradiation-induced
defects

The structure in the defect block derived from the
slide vectors mentioned above is shown in Fig. 12,
where diagrams (a) and (b) correspond to the images P
and Q in Fig. 5 and diagrams (c) and (d) to the images
P' and Q' in Fig. 6, respectively. The meaning of the
arrows drawn in the central part of each diagram will
be explained in due course.

Firstly, we calculated the image contrasts of the
defect blocks based on the structure derived only from
the slide vectors V,, V, or V. As shown in Fig. 13(a)
and (b) for the examples of P and Q', however, the
matching with the real images in Fig. 5 (for P) and Fig.
6 (for Q') is not so good. For example, the continuous
white line in the central part of the calculated Q' in Fig.
13(b) does not agree with the real observations in Fig. 6
where the white dots are observed in the central part of
Q'. We consider that the gaps between the calculated
and the real images indicate that some further atomic
rearrangements may occur especially in the central part
of the irradiation-induced defect blocks. Possibilities of
such rearrangements are also suggested from following
crystal-chemical considerations.

As mentioned earlier, two spinel-like blocks in
p'"-alumina were originally linked by Al-O—Al bridges,
forming the corner sharing of two AlO, tetrahedra.
When the mutual shifts described by the slide vectors
so far mentioned are applied to these two tetrahedra,

Table 1. The classification of the types of electron-

microscope images of irradiation-induced defects, in

terms of the slide vectors V; (i = 1 to 3) and the
projection planes (110), (120) and (210)

P and Q correspond to those shown in Fig. 5.

(110) (120) (210)
v, 0 0 P
v, 0 P Q
v, P 0 Q

Table 2. Classification of the types of electron-micro-

scope images for the cases where the defect blocks are

projected onto the (100), (010) and (110) planes of the
host lattice

P’ and Q' correspond to those shown in Fig. 6.

(100) (010) (110)
vl Qv P’ Qr
Vl P QV Ql
v3 Qv Qv P
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the result is the edge sharing of two tetrahedra. Such a
polyhedral relation is, however, known to be unstable
(Pauling, 1960), due to the electrostatic repulsion force
between two cations. Some rearrangements of these
two Al atoms are, therefore, reasonably expected.
Although there are many theoretically possible ways
for such rearrangements, we consider that the most
probable are the movements from the tetrahedral
positions to the neighbouring octahedral vacant ones as
schematically shown in Fig. 14. These Al movements
are also shown by arrows in Fig. 12(a) to (d). Here, we
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Fig. 12. The structure model of an irradiation-induced defect block
of 20-3 A width formed in 8''-alumina. In this figure, the defect
block formed through the slide vector V, is assumed. (a) to (d)
are, therefore, the projections onto the (110), (120) lor (210)],
(110) and (100) [or (010)] planes of the host 8"'-alumina lattice.
They correspond to the image types P, Q, P’ and Q' in Figs. S
and 6, respectively. Triangles represent the Al positions after the
rearrrangements in the central part of the defect block which is
shown in Fig. 14.
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Fig. 13. The results of the calculations of the defect images P and
Q'. Crystal thickness is assumed to be about 34 A. The Al
movements shown in Figs. 12 and 14 are not taken into account.
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Fig. 14. Schematic representations of the movement of an Al atom
from the tetrahedral position (C,) to the octahedral one (B,). The
defect block initially formed through V, is assumed in the figure.
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Fig. 15. The calculated images of the defect block corresponding to
P, Q, P and Q' in (a) to (d), respectively. The rearrangements of
Al atoms shown in Figs. 12 and 14 are taken into account; the
probabilities for C, —+ B, and 4, + B, movements are assumed to
be 30 and 50%, respectively. The crystal thickness is 34 A.
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remain unsolved. Such discussions may be difficult at
the present stage because even the structural defects in
original f"-alumina have so far not been satisfactorily
clarified. It is, however, our opinion that the essential
points of our results deduced from the idealized crystal
structure of f"-alumina may hold substantially un-
changed even for real, non-stoichiometric #''-alumina.

The authors wish to express their deep gratitude to
Drs A. Imai, M. Harata and T. Ohta (Toshiba
Research and Development Center) for the prepar-
ation of the sample crystals and to Drs K. Kato and Y.
Bando (NIRIM) for valuable discussions. They also
thank Messrs Y. Sekikawa and K. Sakaguchi (NIRIM)
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Abstract

As an extension of Table 7.1.5B of International
Tables for X-ray Crystallography [(1967), Vol. I
Birmingham: Kynoch Press|, the possible stacking
variants up to ten layers are arranged according to the
percentage of hexagonal stacking. A method is given
which allows one to calculate the number of possible
stacking variants for any number of layers.

Introduction

Over the last few years several relations have been
found between certain physical or structural properties

0567-7394/81/010061-05801.00

and the percentage of hexagonal stacking of the layers
or sheets for compounds which have close-packed or
derivative structures.

The following examples can be mentioned:

(@) The change in the percentage of hexagonal
stacking of close-packed rare-earth metals, R, or of
rare-earth—aluminium alloys, RAIl,, with increasing
pressure (Gschneidner & Pearson, 1968).

(b) The change of the birefringence of ZnS variants
with a change of the percentage of hexagonal stacking
(Brafman & Steinberger, 1966; Parthé, 1972).

(c) The change of the percentage of hexagonal
stacking of ternary Laves phases with valence electron
concentration (Parthé, 1974; Komura & Kitano, 1977).
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