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Some solid state chemical reactions such as a change in the degree of oxidation can occur without a
great displacement of the atomic positions of one kind of atom in a structure. When praseodymium and
terbium oxides are reduced, the rare earth atom movement is less than the cation crystallographic
distances in the fluorite-related structure. This means that the chemical transformation occurs without
a great change in the framework of one kind of atom. The relative positions of these atoms are
nevertheless slightly modified as in a diffusionless phase transition. In the Pr and Tb oxides the
deformation changes both the volume and the shape of the structural unit. A displacement tensor can
be defined for these chemical transformations. Interfaces between the two phases can be found as in
ferroelastic or martensitic phase transitions by satisfying the condition of a strain-free interface. No
general solution exists under these circumstances but approximate solutions exist for thin layers which
give needle-like domains. The great number of glide defects in only one direction that occur in the iota
phase of praseodymium thin layers obtained by reduction of the zeta phase can then be related to the
chemical transformation itself. Similar results are obtained in bulk material but the transformation

mechanism is not yet completely settled.

Introduction

Since material transport is essential in a
solid state chemical reaction large displace-
ments of atomic positions might be ex-
pected. However, some chemical reactions
occur without much change in the position
of one kind of atom except for a general
strain in the crystal. If, in this event, the
other types of atoms are extremely mobile,
such transformations can resemble a diffu-
sionless phase transformation inside a
monocrystal. Strain would then be de-
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veloped between domains of different com-
positions due to the change in shape and
volume. As the reaction proceeds a minimi-
zation of the total free energy can be ex-
pected by the formation of strain-free inter-
faces as in martensitic or ferroelastic phase
transitions. In the Pr and Tb oxides studied
here, chemical transformations occur in-
side a monocrystal without a great change
in the atomic positions of the rare earth
atoms but with a global deformation. Nu-
cleation and growth of the new compounds
with well-defined interfaces have been ob-
served.

A search for a general solution for strain-
free interfaces was undertaken. A strain
tensor was defined, and possible strain-free
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interfaces that could occur during chemical
transformation were sought. It was found
that no general solution (for strain-free in-
terfaces) exists, but that special solutions
which are the source of the needle-like
domains of Pr;O; (iota) inside PryO6 (zeta)
when the latter is reduced can occur. Fi-
nally, glide domains, usually found in
Pr;0,,, have been related to the chemical
transformation itself. The case of terbium
oxides is discussed in much less detail.

Experimental

Experimental Evidence of a Common
Rare Earth Atomic Framework in the Pr
and Tb Oxides

The higher oxides of the rare earths that
occur in ceria, praseodymia, and terbia that
can be represented as R,0,,-, are all fluo-
rite-related as clearly indicated by their
X-ray and electron diffraction patterns. The
structure of Pr;O,, has been determined by
neutron diffraction (I) and Ce;O,; and
Tb,0,, have been shown to be isostructural
(2, 3). The structure of PryO;s has been
proposed (4) from high-resolution electron
microscopy (HREM). The structure of
Pr;0,; consists of ordered vacancies of all
oxygen positions along parallel strings in
one [111]¢ direction of the fluorite subcell.
The tetrahedrally coordinated cations
about each vacant oxygen position move
away by about 0.18 A maintaining their
tetrahedral relationship. This results in a
slight rhombohedral distortion of the still
fluorite-like structure. This structure can be
considered as consisting of slabs of Pr;0,;
composition containing {135}¢ planes of
six-coordinated rare earth atoms associated
with contiguous parallel layers containing
seven-coordinated cations. These Pr;Oy
slabs, when separated by parallel stoichio-
metric layers of RO, of varying thick-
nesses, become members of the series
R,0;,-2, where n is an odd integer greater
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than or equal to 7. In this way PryOQ;s may
be represented as

Pr;0,(slab) + 2RO,(slab) = PryO¢

or, similarly, the delta phase in terbia
(Tb,;04y) would be

Tb7012(slab) + 4R02(slab) = %1102().

A consequence of this structure is that the
slabs of various members of the series can
intergrow coherently across these {135}
planes. Although the odd integer members
of the series tend to have this layer-like
structure the even integer members tend to
twin at the unit cell level to give monoclinic
unit cells that have the {135}z planes
buckled to make a chevron-like pattern (5).
This latter case is typical of stress—strain
phenomena that usually occur in marten-
sites. This buckling is due to different
strains from the cubic-like structure that
occurs for different compositions, as can be
seen by the parameters of the pseudo-cubic
cell of all these oxides (6). The strain can be
rather different from one oxide to another
but it is never very great (generally less
than 1%).

In summary, in the intermediate phases
in the Tb and Pr oxides the metal atoms are
essentially in a face-centered cubic arrange-
ment with oxygens occupying the tetrahe-
dral interstitial positions in an ordered way.
In the intermediate oxides, a strain from the
cubic-like structure occurs. Furthermore,
and this is very important, the oxygen
substructure is extremely mobile.

The Reduction of PryO (Zeta) to Pr;0y
(lota)

The zeta to iota chemical transformation
has been studied by HREM. Figures la~1c
record a progressive chemical transfor-
mation of zeta crystals whose surfaces are
close to their (211)r planes which in turn
are perpendicular to the a; axis. The new
iota structure appears as needle-shape do-
mains. All the domains have the same ori-



FIG. 1. (a) A needle-like domain of iota appearing by reduction of a zeta thin layer inside the electron
microscope. It is only a few nanometers thick and more than 100 nm long. It has grown in epitaxy
within the zeta structure. The plane of the zeta thin layer is close to the (211) plane. The ¢, axis and
the a, axis are parallel, as indicated in the figure. (b and ¢} The same region as (a) at intervals of a few
minutes. Other similar needle-like domains of iota are formed during reduction of the zeta thin layer.
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FiG. 2. The plane of the thin layer is close to the
(211)r plane and the electron beam is parallel to the
[211] axis. a, and _a; are parallel to this direction. a/
and c; are in the (153)r plane about 10° off the (85111
direction in the (211)¢ and (153) planes.

entation such that the (010), plane is parallel
to the (010), plane which is the plane of the
Pr;0;, slabs inside PryO;s, and moreover,
the a and ¢ axes of each structure are
respectively parallel. This is possible be-
cause a; is close to a,, c; is practically the
same as a,, and S; is close to a,. The ur},it
cell parameters for zeta are a = 6.70 A,
b=2866A c=6T3A, a=097.8 8=
99.9°, y = 75.9° and for iota they are a =
6.74 A and a = 99.3° (Fig. 2). The interface
observed in the thin samples that have been
studied is always the (010), plane (Figs. 1
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and 3). Only a small strain may occur in the
common direction corresponding to a; and
a, with slightly different parameter values.
This direction is generally perpendicular to
the thin samples used for electron micros-
copy so that no long-range stress occurs in
a direction parallel to the thin dimension.

All the observations clearly show that the
transformation occurs from a well-ordered
PrsO to a well-ordered Pr;O;, with a
well-defined epitaxial growth pattern and
yielding a well-defined interface so that this
chemical transformation occurs exactly in
the same way as does a cooperative phase
transition between different structures of
the same compound. As previously shown
(7), different orientation variants of Pr;Oy,
should occur if it were created by vacancy
ordering; however, this is not the case here.
The formation of only one Pr;O,; variant is
clearly a consequence of the direct growth
of iota into zeta.

As indicated before, the basic framework
of rare earth atoms is unchanged in the zeta
to iota reaction, but their position is slightly
altered because of a slight strain resulting
from the chemical reaction. This change in
position consists of (i) a global deformation
and (ii) a small atomic rearrangement. Both
of these changes in position occur with very
small cationic movement, a distance much
less than interatomic distances. In this re-

FiG. 3. Faulted structure of iota obtained by reduction of a zeta thin layer. Straight lines mark the
projection of the (010) planes of zeta and iota. Layers of PrOy4 occur between the P;O;; slabs.
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spect they are similar to the general class of
cooperative (diffusionless) phase transi-
tions. The distinction is that in this oxide
system, (i} we deal with a chemical reaction
and not simply a phase transition, and (ii)
only one of two kinds of atoms moves small
distances and the other is very mobile.
Such chemical reactions can be said to be
partly diffusionless. A framework exists
where one kind of atom, although strained,
is conserved in the transformation. There-
fore, most of the properties of cooperative
phase transitions must be expected, espe-
cially the existence of strain-free interfaces
between domains of different composi-
tions. We will see that in the present case
we are close to these conditions. A strain
tensor can be defined for such transfor-
mations and one can search for strain-free
interfaces just as in the case of diffusionless
transformations.

The Strain Tensor from lota to Zeta and
the Search for Strain-Free Interfaces

For crystal deformation, diffusionless
phase transformations, and also for the
present case of a chemical reaction occur-
ring in a partly diffusionless way, a strain
tensor can be defined as

dui/ax; duy/dxy Ouy/dx;
Aus/dx; s/ 0x2 auz/ax3 ,
au3/6x1 6u3/6x2 8u3/ax3

where u is a small displacement of a point
M having the coordinates x;x,x;.

This tensor (8) corresponds to a pure
rotation represented by an antisymmetrical
part plus a pure deformation represented by
the symmetrical part. We will consider only
the symmetrical part of the tensor which
represents the pure deformation. It can be
named the ‘‘pure deformation tensor”
(PDT) such that

el €12 é€n3
(PDT) = |en e en
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with e, = du./dx, + Ouy/dx,. The expres-
sion of this tensor must be given in a
Cartesian coordinate system. It can easily
be deduced from the parameters of the iota
and zeta pseudo-cubic cells (6). Con-
sidering the iota to zeta transformation (for
iota a. = 5.51 A, a = 89.63°, and for zeta a.
=548 A, b.=548A,c. =550A,a=
90.15°, B = 90.50°, v = 90.91°) the strain
tensor deduced from the pseudo-cubic co-
ordinates of each structure is

~57x107* =11 x107% =7.6 x 1073
~11x10% —-5x 1072 —-4.5x%x 1073
~76 % 107> —4.5 x 1073 =2.5 x 1073

This tensor is rather similar to the deforma-
tion tensor used for ferroelastic phase tran-
sitions but the change in volume at the
transition cannot be eliminated in this case
because it is as important as the change in
shape itself. From this it is deduced that the
strain tensor is not traceless. It is well
known that in all diffusionless transfor-
mations such as martensitic transfor-
mations, interfaces between different struc-
tures occur so as to be strain-free. Recent
results show that a similar situation exists
in ferroelastic phase transformations (9).
All previous results indicate the importance
of strain energy in the vicinity of the inter-
face in effecting diffusionless phase transi-
tions. Since the reduction considered here
occurs in a similar way the same phenome-
non should be expected.

Strain-free interfaces will be defined such
that a point M taken on the interface of
coordinate r (xyz) will be in M’ of coordi-
nater' =r+ Ar(x + Ax,y + Ay, z + Az) at
the same distance from the origin, O, after
the transformation (as we deal with small
deformations so that Ar is small compared
tor); i.e.,

Ar-r=20 I
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for a small Ar, where Ar is the displacement
due to the pure deformation. A rotation of
Ar/r will then occur to superimpose r and r
+ Ar. Relation (1) can also be written

Ax
Ay | = 0.
Az

(xyz)

But (AxAyAz) and (xyz) are related, not
taking rotations into account, by the rela-
tion (AxAyAz) = (PDT) (xyz) where (PDT)
represents the pure deformation tensor.
Equation (1) can then be written

X

yl=0. )
b4

(xyz) (PDT)

Equation (2) being homogeneous of the
second degree is the equation of a cone
with the apex at O. Not only must M(r) or
or M’(r’) be equidistant from the origin, O,
taken on the interface after transformation,
but also the same restriction applies to M
and M’ to make the interface strain-free.
This last condition is not satisfied by (2) in
the general case, but it is satisfied when no
special point like the cone apex occurs, i.e.,
when the cone has degenerated into a pair
of planes. This degeneration occurs for

A=0, 3)
where A is the determinant associated with
the strain tensor. Condition (3) gives a
general solution for strain-free interfaces.
In the present case condition (3) is not
satisfied and no general solutions occur.

In the reduction reaction being con-
sidered we deal with crystals for which the
[211])f axis is parallel to the electron beam
(except for tilting possible up to about 10°)
so that such thin crystals_have surface
directions close to the (211)g plane. An
approximate solution (9) can exist if the
cone and the (211)r plane intersect. This
gives, for solutions, two directions:
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A:[1, -0.92, 1.08]
B: [1, —3.03, —1.03].

The angle between A and B is 65°. B is far
from any important crystallographic direc-
tion of zeta or iota, A is close (13°) to the [8,
-5, 11]g direction which, in the fluorite
notation, is the projection on the (21Df
plane of both ¢ directions of iota and zeta
which are experimentally found to superim-
pose. From this we conclude (i) that only
one of the possible strain-free directions is
found experimentally to give a real inter-
face and (ii) the direction experimentally
found is 13° off the strain-free direction and
is a very important crystallographic direc-
tion for both structures. Moreover, it is the
intersection of the plane of the Pr,0,, slabs
inside PryOy¢ with the plane of the thin
layer. If strain-free conditions were the
only important consideration both strain-
free directions would be expected to occur.
It is significant that only the one corre-
sponding to an important crystallographic
direction occurs and 13° off the real strain-
free direction. This is different from ferro-
elastic phase transitions for which only the
condition of strain-free interfaces is impor-
tant. This can be explained in the present
case by the rather small strain existing at
the transformation so that the lowering of
interface energies is obtained as much by
common dense atomic rows which fit with
important crystallographic axes as by
strain-free interfaces.

What predictions can be made from these
results for bulk materials for which there
are no experimental data? No two-dimen-
sional strain-free interfaces can occur in
bulk since for this case Eq. (2) has no
general solution. Planes of the Pr,O; slabs
could be interfaces between Pr;O;, and
PrgO¢¢ but with an important strain at the
interface along the common a direction or
with the formation of interfacial dislo-
cations. A priori, in the case of three-
dimensional crystals, it is impossible to be
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sure of the existence of such a planar
interface, the more so as needle-like do-
mains of iota with the ¢, axis parallel to the
¢, axis could also occur with less strain
energy but with larger interface energy.
Iota obtained from three-dimensional zeta
crystals and crushed in thin layers has been
examined inside the electron microscope
(Fig. 4). A great number of defects occur
parallel to only one of the a axes of iota but
this could be due to planar interfaces paral-
lel to the Pr;0,; slabs as well as to needle-
like domains of Pr;O;, so that it is not
possible to come to a conclusion in the case
of bulk material. Finally, when iota is ob-
tained by reduction of zeta a very highly
faulted structure is obtained in only one
direction in the case of bulk material as well
as in the case of the reduction of a thin
layer. In both cases, stacking faults that can
exist throughout the thin layer as planar
interfaces appear and, as previously
shown, they fit imperfectly together caus-
ing regions of a different composition (7),
but this does not completely settle the
question of what occurs in the bulk ma-
terial.

ddddsidd i ELEE

ddddssdsssdiiii
B3 FF] ’

BOULESTEIX AND EYRING

The analogous reaction, when the delta
phase is reduced to iota in terbium oxide, is
sometimes observed with a well-defined
interface between iota and delta. However,
more often the delta—iota boundary is inco-
herent indicating that the condition of low-
energy interfaces is not satisfied as well in
this case as in that for praseodymium ox-
ide. With no exact values of the unit cell
parameters available, it has not been possi-
ble to make an exact calculation of the
strain-free directions.

Conclusions

In thin layers of praseodymium oxide,
the iota phase grows from zeta with very
well-defined interfaces in one direction,
growing needle-like domains. The bound-
aries of these thin domains are effectively
stacking faults that are accompanied by a
compositional change. The origin of these
needle-like domains is the near coincidence
of dense atomic rows parallel to the Pr;0y;
slabs in PrsO; and strain-free directions
along the interface of iota and zeta. Con-
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F1G. 4: A faulted structure of bulk iota obtained by reduction of zeta crystals, then crushed for
observat:oq. Note the well-ordered remnant of zeta imbedded in iota. The faulted structure is similar
to that obtained in the case of a thin layer (see Fig. 3). (Image taken by D. J. Smith on the JEOL 400 kV

4000 EX microscope.)
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trary to what is observed in ferroelastic
transformations, the direction of the needle
axis is determined as much by preferred
dense atomic rows as by strain-free direc-
tions. A possible strain-free direction that is
far from any dense atomic row direction
does not result in a viable interface. Similar
intergrowth forms have been found to oc-
cur in fragments obtained from crushed,
partially reduced crystals, but this does not
completely settle the problem of the trans-
formation in the case of bulk material, and
it is not clear whether planar interfaces
pdrallel to the Pr,Oq, siabs in ProO¢ really
occur.
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