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The reduction of PrO, and TbO, may occur during their study by electron microscopy with the
formation of ordered intermediate phases which can be considered as superstructures of a common
prototype structure: the fluorite-type with unordered oxygen vacancies. Indeed, the different oxides
that may occur are directly or indirectly obtained by reduction of fluorite-type PrO, and TbO, crystals.
Reduction frequently ends with Pr;O,, or Tb;O,, (iota structure) to which special attention has been
devoted here. Eight orientation variants of iota could occur within a unique fluorite prototype. Gener-
ally, only two of them are observed together. This has been attributed to a possible thin layer effect.
Seven glide domains may also be present in the same iota orientation variant resulting from reduction
of the fluorite prototype structure. Such glide domains are usually observed in Pr;0O;, and sometimes in
Tb;01,. Layers occurring between glide domains have been identified as regions of different composi-
tion. Twelve different orientation variants can occur within the zeta (PryO)¢) or delta (Tb,;Ox) struc-
tures; two of them are frequently observed together. Different kinds of interfaces can be observed
between different kinds of domains. For example, interfaces are generally irregular between different
iota variants but are perfectly planar between iota and zeta phases. It is shown that the latter case must

result from the formation of strain-free (low energy) interfaces.

Introduction

Electron beam induced reactions occur
when PrO, or TbO; are imaged in the high-
vacuum column of a high-resolution elec-
tron microscope (HREM) (I, 2). Fre-
quently in these studies, the reduction was
terminated with the formation of the iota
phase (Pr;0,; or Tb;013), but the phi phase,
the cubic form of the sesquioxides, is ob-
served if the processes are continued. It
must be noted that the paths of reduction
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for PrO, and TbO, are different. In PrO,
reduction probably occurs sequentially
through various intermediate states includ-
ing the zeta (PrsOy¢) or the epsilon (PrigOys)
structures while in TbO, it occurs through
the formation of the beta or delta intermedi-
ate states (Tb;,02 or Tb;;05). However,
other compounds sometimes appear
through the reduction process. For exam-
ple, two different kinds of Tb;;05, can be
encountered. Reduction beyond the phi
phase (R,0;) is not achieved in the micro-
scope. However, it has been shown that
Pr,0; can be transformed to the hexagonal
structure by strong beam heating inside the
electron microscope, and the monoclinic
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structure can also be seen by quenching
from high temperatures. Tb,O; recrystal-
lizes giving large cubic crystals under the
same conditions (3, 4).

The reduction of PrO, and TbO, effected
by the electron beam in the normal condi-
tions of electron microscopic study fre-
quently stops at the iota stage. Hence, the
formation of the iota phase will be the focus
of our attention. The structure of the iota
phase has been determined. Iota, consid-
ered as a superstructure of fluorite, occurs
with both orientation variants and glide do-
mains. Some of each have been observed to
occur in the same sample. Here, we will
first explain why lower-oxide structures
can be treated as superstructures of a fluo-
rite prototype and what can be concluded
from this. We will then compare these
theoretical predictions with experimental
results and show the existence of orienta-
tion variants and glide domains as expected
from theoretical considerations. The mech-
anism of the formation of the iota phase
through epsilon, zeta, or delta phases will
be considered. A very striking point is the
formation of one-directional interfaces be-
tween iota, zeta, and delta phases. This can
be related to the formation of strain-free in-
terfaces. By contrast, different orientation
variants of the iota structure give rather ir-
regular interfaces. Different stacking faults
visible in the iota regions can be related to
the reduction mechanism. They have been
shown to be slices of a different composi-
tion.

A Group Theory Approach to Domain
Formation in the Reduction of the Higher
Pr and Th Oxides

All the intermediate oxides below RO,
except the hexagonal and monoclinic struc-
tures of R,0; can be described as fluorite
crystals where vacancies (here considered
a special kind of atom) replace some oxy-
gen atoms. The unordered structures which
exist at high temperature for a large range
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of composition are cubic of the fluorite
type. All of the low-temperature structures
can be treated as ordered structures coming
from the same fluorite prototype structure
(except for a small deformation of the lat-
tice that will not be taken into account
here). The group theory for ordering is then
valid and it can be used in the very simple
way used by Van Tendeloo and Amelinckx
(5). Let us consider first the case of iota.
Zeta and delta will be considered thereaf-
ter.

1. Orientation variants of iota. PrO,; and
TbO, are of the fluorite structure of the
m3m point group of order 48, while iota is
of the 3 point group of order 6. There are
then n = 48/6 = 8 different orientation vari-
ants of the iota structure obtainable from
the reduction of a fluorite-type crystal.

The reduction from the fluorite structure
to iota occurs such that the threefold axis of
iota is parallel to a (111)g direction (index F
refers to the fluorite structure) and the a, b,
¢ directions of iota are parallel to the (211)g
directions. Twelve different {211)r axes oc-
cur and each axis of a variant is paraliel to
three (211)r axes so that each (211)F axis is
parallel to n = 8x3/12 = 2 axis of two
different variants (Fig. 1). Domains of iota
are related by the missing symmetries of
the fluorite structure. In this case the miss-
ing symmetry operations make a variant

F11)g
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F1G. 1. A projection of the unit cells of the two iota
(R;0,;) variants onto the (211)r plane parallel to the
[211] axis. The (100), axis is parallel to the [211]¢ di-
rection. These two variants are related by a (011) plane
of symmetry perpendicular to [211]¢ and containing
the [111] direction.
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generating group (VGG) : 4mm. For exam-
ple, 4mm is a subgroup of m3m of order 8
“without a common element with 3 (except
for the identity), and the product of the or-
der of 3 (6) by the order of 4mm (8) is equal
to the order of m3m (48) so that 4mm is a
possible VGG for the different orientation
variants of iota. This VGG is made of the
following elements [E], [C?], [C), Cil, [my,
m,], Im{', m;'] where the elements have
been indicated by class, and where m; and
m;, represent symmetry operations about
{100}r planes and m," and m," about {110}
planes. It must be noticed that the two vari-
ants named ¢ and ¢’ corresponding to the
same [211]r axis are related (see Fig. 1) by
symmetry operations about the (017)g
plane. They are then related by an m’ oper-
ation. Each of them is related to the six
others by the six other symmetry opera-
tions (except for the identity). Let us notice
that 422 and 42m of order 8 would also have
been possible VGG’s (but not 4/m because

a [T11)g
| IOZE]F
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of the inversion). When looking along a
[211]f axis for the two orientation variants
(¢ and "), the electron beam is parallel to an
a or b or ¢ axis of iota. These two variants
will be imaged in a similar way, but the
other variants will be imaged differently.
This point will be treated later.

2. Orientation variants of zeta or delta.
Zeta occurs in Pr oxides (PryO;¢), delta in
Tb oxides (Tb;;0y), but since they have the
same point group, 1, the same general
mathematical treatment applies to both.
Fluorite being m3m (order 48) and zeta or
delta T (order 2) the number of equivalent
orientation variants is n = 48/2 = 24, The
43m is the only possible VGG in this case.

Epitaxial growth occurs such that a and ¢
are both parallel to (211)r axes so that
each of the twelve (211)r axes is parallel to
n = 24x2/12 = 4 edges (a or ¢) of delta or
zeta phases of different orientation variants
(Fig. 2). All the orientation variants have
the same probability of being initiated in the

b [T11g . . .
l023]¢

Fi1G. 2. (a) A projection parallel to the [211] axis, onto the (211); plane, of the unit cells of the four

" zeta (RyO6) variants that have an axis (a or ¢) parallel to the [211] direction. (b) A projection paraliel
to the [211] axis, onto the (211) plane, of the unit cells of the four delta (R;,05) variants that have an
axis (a or ¢) parallel to the [211] direction.
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bulk material. The four different variants
that have an axis (a or ¢) parallel to one
[211]F axis are indicated in Fig. 2; they are
different for zeta (Fig. 2a) and delta (Fig.
2b). The image of these four different orien-
tation variants will have a superstructure
and the others will not, as will be seen later.

3. Glide domains for iota, zeta, and
delta. The ratios of the volumes of the unit
cells of iota, zeta, and delta, which are
primitive, to the volume of the unit cell of
the fluorite prototype, which is face cen-
tered cubic, are 7/4, 9/4, and 11/4 so that
the relative ratios of the volumes of primi-
tive unit cells are, respectively, 7, 9, and 11
and as many glide domains can occur in
each case.

Experimental Results and Discussion

The iota structure is relatively stable un-
der the conditions inside the electron mi-
croscope so that many experimental results
have been obtained for this structure.
Among these results are many showing the
domain structure (orientation variants and
glide domains) formed by the reduction of
zeta (for Pr) or of delta (for Tb). Three as-
pects will be reported independently, first
the existence of orientation variants, then
glide domains, and finally the formation of
the structure itself by reduction.

1. The Domain Structure of lota:
Orientation Variants

At high temperatures a cubic structure
exists of the fluorite form with unordered
vacancies (6). This structure exists over a
rather large range of compositions. The for-
mation of iota from this unordered struc-
ture, which is the prototype of the struc-
tures studied here, should be given by the
theoretical model already developed. How-
ever, agreement with theoretical predic-
tions suggests that iota is obtained by re-
duction of PrO, through zeta (PryO;¢) or
through epsilon (PriyOy5), or similarly for

BOULESTEIX AND EYRING

terbia, by reduction of TbO, through delta
(Tb11020).

Different orientation variants are fre-
quently observed in the same region, the
most characteristic domain structure being
obtained by reduction of epsilon (Fig. 3)
where a great number of small domains of
two different orientation variants (¢ and ¢')
of iota are visible. The same variants (re-
gions A and B) are also seen in iota ob-
tained by reduction of zeta (Fig. 4a). Notice
in region A of this figure the great number
of planar defects that will be related later to
glide domains. In each case (Figs. 3 and 4)
the lattice image is obtained when the elec-
tron beam is parallel to one of the (100) axes
of iota. As previously shown, two different
orientation variants (¢ and ¢') have one (100)
axis in common. A diffraction pattern of
these two variants is given (Fig. 4b). The
main spots are related to the fluorite struc-
ture while the others are related to the va-
cancy ordering in iota. For all of the other
six orientation variants only the substruc-
ture spots would appear in the diffraction
pattern; hence, as for the fluorite structure
itself (which is unresolved under the condi-
tions used here), no lattice image would be
visible for these other six variants. This sit-
uation occurs in Fig. 4a suggesting that the
region C, without lattice images, can rea-
sonably be considered as an iota orientation
variant which is not ¢ or «’. It must be no-
ticed that (Fig. 4a) an overlapping of the
variant without superstructure with ' ex-
ists between B and C. This would not be
unexpected since ¢ and ' are observed to
overlap. Regions without a lattice image
are, however, rarely observed in these thin
crystals. Lattice images have usually been
taken along the [001] iota axis, which
means that their surfaces are close to the
(001) iota plane. In nearly every instance
only ¢ and / variants are present together.
This could be related to an orientation of
the surface that would induce some special
orientation of iota as to reduce the surface
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F1G. 3. An electron micrograph showing an intergrowth of two orientation variants (¢ and ¢) of
Pr;0,, (iota) obtained in reduction through Pr;iOs (epsilon). Glide domains separated by stacking
faults are also apparent in each orientation variant.

energy. In this event, we would be dealing
with some thin-layer effect.

Irregular interfaces occur between ¢ and
', hence overlapping of these two struc-
tures is expected to sometimes occur paral-
lel to the surface. The overlapping of « and
' is so prevalent (Fig. 5a) that it will be
used later for the study of the glide. The
orientation of interfaces could easily
change under the operating conditions in-
side the electron microscope but they are,
in fact, very stable and do not easily reori-
ent so as to be perpendicular to surfaces.
Interfaces between ¢ and ¢’ can then be con-
sidered to be very low-energy interfaces.
The strain energy is especially low for such
interfaces. This is to be expected if we con-
sider the twin as a twin by a difference in
the vacancy ordering in a fluorite structure

without any change of size. Such an inter-
face can be considered as being strain free,
which is the source of a low surface energy.
There is, however, a small deformation of
the structure which accompanies the va-
cancy ordering (this amounts to a change of
about 0.3 ° in the value of « in the iota struc-
ture from 99.6°, the expected value without
deformation, to 99.28°) so that some strain
energy could occur at the interface. The
small value of the strain energy deduced
from the nature of the interfaces can be at-
tributed to the small extent of the deforma-
tion.

2. Glide Domains and the Use of
Overlapping Regions for Their Study

Following the reduction to the iota struc-
ture a high density of planar defects is visi-
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ble in each of the orientation variants.
These defects are generally parallel to only
one [100] direction of iota. This will be
linked later to the path of formation of iota
by reduction of zeta or delta. Figure 5a is an
enlargement of a region neighboring that of
Fig. 4a where the two orientation variants ¢
and ' overlap. A rectangular pattern of
white spots is visible with displacements in
the overlapping region as marked by black
rectangles. Figure 5b is a schematic draw-
ing of the position of the white spots and of
how the pattern is shifted in regions where
stacking fauits of « go through the overlap-
ping region. Figure 5c shows how these
white dots occur by superposition of the
two lattices of tand .’ in projection along the
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common [100] direction (this is confirmed
by image computation). A common su-
perlattice shown schematically in Fig. 5c is
formed in projection. A shift in position of
the origin of the ¢ structure from position 0
to1,2,3,4,5, 6 makes, respectively, a shift
in position of the common superlattice posi-
tion from position 0 to 6, 1, 5, 3, 4, 2 so that
is appears as an enlargement of the shift in
position of the « structure on either side of a
defect. This situation occurs along the
faulted region I of iota. The shift in position
of the common superlattice can be related
to the only defect I of «. This stacking fault
can easily be correlated to a shift of the
common superlattice from 0 to 1 (Fig. 5b)
so that it corresponds to a glide of ¢ from 0

Fic. 4. (a) An electron micrograph showing two orientation variants (¢ and ') of Pr;Oy, (iota)
obtained through PryO, (zeta) occurring together (A and B regions). In the C region the superstructure
is very weak and could be due to an overlap of an orientational variant of iota that has no superstruc-
ture with ¢’. In region A the one-directional stacking faults are very prominent. A stacking fault in
another direction is marked S.F. (b) A diffraction pattern of a region including that of (4a).
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Fi6. 4—Continued.

to 2. This is in agreement with direct obser-
vation of the high-resolution image on each
side of the defect. A shift of about 3 of a
lattice distance exists on each side of the
fault. This region contains two faults sepa-
rated by a narrow band of good crystal. A
careful study of the overlapping region
shows that the dissociation of this stacking
fault still exists inside the overlapping re-
gion and that each fault corresponds to a
glide from 0 to 1 for the position of the
white dots. Each defect, corresponding for
¢ to a glide from 0 to 1, gives on the image a
small glide in agreement with the direct ob-
servation of the lattice image (in agreement
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also with previous results because two
glides from 0 to 6 are equivalent to one glide
from 0 to 2). Each defect can now be ana-
lyzed because the glide vector is known to
be the same for each of them. Figure Sd is a
representation of stacking faults IA and IB.
The faults extend for one unit cell so that it
is possible to identify the composition of
the oxide inside this unit cell as PrgOy4. The
slab of iota between the faults consists of
three unit cells. The same result is obtained
from the direct observation of the lattice
image. Fault II is more complicated be-
cause a defect of «" also occurs in the over-
lapping region. A very careful measure-
ment of the shift of the white dots fits only
with a shift of «' corresponding to one de-
fect of PrgOy4; composition and two defects
of « of the same composition. The great sim-
ilarity in the image of defects I and II con-
firms this point of view.

3. Formation of Iota from Epsilon or Zeta
(for Pr) and from Delta (for Th)

From epsilon. In all cases the formation
of iota occurs by a loss of oxygen atoms
and by vacancy ordering. The oxygen at-
oms are very mobile in these structures (7).
Though epsilon is monoclinic, the pseudo-
cubic cell is nearly such thata = b = ¢ =
5.482 with the angles very close to 90° so
that, for our purposes, a cubic symmetry
exists in epsilon (except for vacancy posi-
tions). The deformation from the cubic
structure is also small for iota as seen previ-
ously except for vacancy ordering. It is ex-
pected then that the transition from epsilon
to iota would give domains as expected in
the transition from unordered prototype to
ordered structure. Different domains of dif-
ferent orientation are indeed obtained (Fig.
3) and numerous stacking faults are visible
corresponding to glide domains. The shape
of domains is irregular but their sizes are of
the same order in different directions. They
have probably developed from a great num-
ber of nuclei growing in different directions
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FIG. 5. (a) An electron micrograph illustrating a region of overlap of « and ¢’ giving rise, in projection,
to a large ‘supercell outlined in black for three regions on the micrograph. The shift of the supercell
positions relative to the substructure enables the determination of the glide vector for the I, and Iy
stacking faults. (b) A schematic drawing of the white dot superstructure in the overlap region of + and
i’. The dotted rectangles emphasize the shift (see (5¢)) of the supercells in projection that result from
overlap in regions where stacking faults I and II occur. (c) The supercell in projection in the overlap-
ping regions of : and .’ obtained by the superposition of the images. Iota is outlined in solid lines and
iota prime in dashed lines as indicated below the supercell. A shift in position of the origin of the «
structure from position 0 to 1, 2, 3, 4, 5, 6 makes, respectively, a shift in the position of the common
supercell in projection from positions 0to 6, 1, 5, 3, 4, 2. (d) A schematic representation of the stacking
faults labeled I, and Ig in (5b). Slabs of PrsOy4 one unit cell wide are separated by a slab of Pr;0,, three
unit cells wide.
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Fi16. 5—Continued.

until they encounter one another. The ex-
perimental results fit with those expected
from group theory considerations but usu-
ally only two orientation variants are seen
at the same time. As indicated previously
this could reflect some thin-layer effect.
From zeta. The formation of iota from
zeta is very different from the previous
case. Stacking faults are nearly uniquely
parallel to one (100} direction, contrary to
expectations since in the structure of iota
the [100] or [010] iota directions are equiva-
lent (valid aiso inside a thin-layer crystai
whose surface should be close to the (001)
plane of iota). The observation of the phase
transition shows the origin of this phenome-
non. As suggested by a previous study (8)
iota grows in the form of needles inside
zeta. Needles of iota grow so that their
[100] direction is paralle] to the [001] zeta
direction. Why does such a well-defined
orientation of iota on zeta occur while it
seems not to occur if iota grows on epsilon?
In contrast to epsilon, zeta has a pseudocu-
bic cell rather far from the cubic symmetry:
a= 5478, b = 5.482, ¢ = 5.496, so that a
significant deformation from the cubic unit
cell occurs. A nearly cubic symmetry does
not occur for zeta even without taking into
account the vacancies as they occur in epsi-

lon. The result is that a seed of iota grows
into a needle-like domain in a well-defined
orientation relative to zeta because, as can
be shown (7, 8), only in this way can strain-
free interfaces occur. When they join, these
needles give faulted regions oriented paral-
lel to the [100] direction. If two needles
growing in opposite sense encounter, a
faulted region parallel to the [010] direction
can occur. Such a defect can be seen in Fig.
4a.

From delta. Tb,0,, obtained through
Tb104 (delta) sometimes behaves as does
Pr;0y, obtained through PryO. In both re-
actions, stacking faults corresponding to
layers of different compositions occur (re-
gion A of Figs. 4 and 6). This is to be ex-
pected if the mechanism suggested above
for the praseodymium oxides were to be
followed here (7) as well. In the case of
terbium, no direct observation of needles of
Tb,0; inside Tb;;0, has been made but in
some cases the structure of iota obtained
through Tb,;04 is exactly like the structure
of iota obtained through PryO so that the
same kind of transformation probably oc-
curs. Nevertheless, it must be mentioned
that many occurrences of Tb;0,, are ob-
tained without these characteristic stacking
faults (region B of Fig. 6). It has not been
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clarified whether the stacking faults disap-
pear by annealing or by some other mecha-
nism. Region C in Fig. 6 is an overlay of ¢’
and 3.

4. Orientation Variants for the Other
Structures

The other structures, zeta (for praseody-
mium) or delta (for terbium), can easily be
observed by electron microscopy . in the
same condition of lattice imaging (with the
electron beam parallel to a (211) axis). In
these cases, several variants can be ob-
served corresponding to different possible
orientations, each giving a superstructure
for this orientation. Large regions without
superstructure can also be seen, for exam-
ple, in Tb;,0, (Fig. 7), probably corre-
sponding to one of the four orientation vari-
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ants that gives no superstructure. Stacking
faults corresponding to glide domains
seem to be very rare in these structures.

Conclusions

The existence of different orientation
variants of R,0,,_, oxides has been shown
to occur as would be expected from general
point group considerations. In these theo-
retical predictions the R,0,,-; structures
are treated as though vacancy-ordered
structures were derived from a high-sym-
metry unordered structure of the fluorite
type. The best fit with these predictions is
observed when the formation of iota occurs
through epsilon. When formation occurs
through zeta or delta the phenomena are
more complicated because of the existence

F1G. 6. An electron micrograph showing Tb,O;, (iota) obtained from Tb; Oy (delta). Region A
consists of layers of different composition (mainly iota and delta). Region B is iota without stacking
faults or layers of a different composition. Region C is an overlay of ' and 3.
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FI1G. 7. An electron micrograph showing a region that is probably Tb;;0,, (delta) everywhere except
at the very edge of the crystal. The delta superstructure is clearly shown at A. The moiré pattern at C is
caused by an overlap of two misoriented crystals of delta. Superstructure is virtually absent in region B
where another orientation variant of delta with no superstructure is reasonably believed to occur.
(Image taken by David Smith.)

of strain at the interface of the structures
involved. The strain energy disappears by
the formation of strain-free interfaces be-
tween the different structures yielding char-
acteristic faults. Typical stacking faults in
Pr,0,, have been related, for example, to
the formation of iota through zeta and in
Tb;0y; to the formation of iota through
delta. These defects have been shown to
be, in fact, layers of different composition.
A few results have also been obtained for
the zeta and delta structures.
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