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Many compounds are unstable in the beam of the electron microscope or can be made so by increasing 
the beam intensity. Observations of beam-induced decompositions of the higher oxides of the rare 
earths were made under circumstances where the details of reduction in the vacuum of the microscope 
can be examined. The 5 and L phases of praseodymium oxide (Pr,OIs, Pr,O,.J and the L phase of 
terbium oxide were observed to reduce directly to the 4 phase (R,O,), revealing the texture of 
intermediate stages of the reaction. The nature of the ZrOz-ScpOB system in the same intermediate 
composition region is also revealed and compared to the binary rare earth systems. Particular attention 
is paid to the appearance of composite crystals in these semicoherent phases during reaction. From 
these varied observations speculations on the mechanism of the decomposition are presented. 

Introduction 

It is of interest to describe the mechanism 
of solid-state reactions and transformations 
at the atomic level. An instrument of excep- 
tional power for this purpose is the high- 
resolution transmission electron micro- 
scope (HRTEM) (I -3). With this instru- 
ment selected area electron diffraction and 
structure imaging can provide a two-dimen- 
sional representation of a structure, includ- 
ing defects, undergoing reaction at a point- 
to-point resolution of from 2 to 3.5 A. With 
the aid of image calculations the contrast of 
the micrographs can be interpreted in terms 
of the positions of the atoms (I, 4, 5). This 
technique has been applied to a structural 
study of the fluorite-related homologous se- 
ries of intermediate phases in the rare earth 
oxide systems (6-9). 

* Author to whom correspondence should be ad- 
dressed. 

Any of the higher oxides of praseodym- 
ium or terbium are easily reduced to the 
C-type fluorite-related sesquioxides. High- 
resolution images of the [ 11 l] zone of these 
have been published (IO), together with ref- 
erences to discussions of their structural 
relationship with the A- and B-type rare 
earth sesquioxides. The higher oxides 
(RnOzn+ 4 % n 5 =) belong either to an 
even or an odd n series (6) and for n 2 7 the 
members in each series are structurally 
closely related. They have planes in com- 
mon at different spacings containing six- 
coordinated metal atoms. The sesquioxide 
(n = 4) is compositionally one of the series 
but, although it is cubic and fluorite related, 
when formed from the higher oxides it re- 
quires a more profound structural rear- 
rangement of the oxygen sublattice than 
that which occurs between the members of 
the odd and even series. Since the reduc- 
tion is accomplished in the vacuum of the 
microscope with moderate beam heating, it 
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is possible to observe the reaction directly 
as it proceeds. 

In this paper we shall discuss the beam- 
induced vacuum reduction of the higher ox- 
ides Pr,Olz (L phase) and Pr9016 (t; phase) to 
the C-type sesquioxide (R,06, 4 phase) or 
to an oxygen-rich C-type phase (R,06+s) 
called u. R refers to Pr, Tb, or (Zr, SC). 
These lower oxides $I (C type) and (+ 
phases are both bixbyite-type structures; 
the latter with an oxygen excess. Whereas 
most structural studies of solid-state reac- 
tions are made on bulk samples using X- 
ray diffraction techniques, the methods of 
HRTEM afford a more intimate examina- 
tion of the changes that occur at the atomic 
level. 

Experimental 

Crystalline samples of the 5 and L phases 
were prepared by the hydrothermal 
methods previously described ( 2 I ). The 
crystals were ground in an agate mortar 
under liquid nitrogen. An acetone slurry of 
the pulverized material was placed on a 
holey carbon microscope grid. The small 
crystal fragments were examined with a 
JEM 1OOB transmission electron micro- 
scope operated at 100 kV using a technique 
that has been previously described (12). 
Both selected area electron diffraction and 
lattice images were utilized in the study. 

Because of the ease of reduction of the 
samples under imaging conditions, appre- 
ciable reaction could occur unless care was 
taken during the acquisition of a through- 
focus series of images. Beam irradiation to 
induce phase reaction was achieved either 
by concentrating the beam with the second 
condenser current control (mild heating) or 
by removing the condenser aperture briefly 
(intense heating). The level of radiation was 
selected as required to achieve the desired 
product. 

Since the lanthanide oxide intermediate 
phases are most advantageously observed 

and compared in the (211)F and (ill), 
zones of the parent fluorite, only these 
zones were examined in detail. Distances 
on the electron diffraction patterns were 
converted to reciprocal lattice spacings by 
comparison with the interplanar spacings 
calculated previously for these structures 
(6). Measured lattice image fringe spacings 
were converted to direct lattice vectors by 
applying the known magnification factor of 
5 x lo5 to the original micrograph. Selected 
image photographs in which excessive in- 
terferences resulted from overlap of phases 
were examined by optical diffraction to ob- 
tain phase identification. The particular ox- 
ide phases present in the crystal, both at the 
start of the reaction and as the process ad- 
vanced, could be readily identified in the 
fluorite zone chosen for study by their dis- 
tinctive electron diffraction patterns and by 
their characteristic lattice images (4, 6-9). 

Specimens of Zr,Sc,-,O, prepared for 
this study were mixtures of ZrOz and Scz03 
of desired ratios arc-melted on a water- 
cooled copper hearth using a tungsten elec- 
trode under an argon atmosphere. 

Results and Discussion 

The Pseudobinary System Zr02-Sc203 
with High Sc203 Content 

The pseudobinary phase ZI$C~O~~ is 
isostructural with L phase Pr,Olz and Tb,O,, 
(14)) with the Zr and SC atoms occupying 
the rare earth atom positions at random 
(13). Scz03 has the C-type rare earth ses- 
quioxide structure isostructural with the 4 
phase Pr,O, and Tb203. Figure 1 shows a 
series of ( lll)F zone images of crystals 
from an arc-melted specimen with a compo- 
sition of approximately Z~,,&SC~.,~O~.~~. At 
this composition the sample should consist 
of about one-third C-type sesquioxide and 
two-thirds ZI-$SC~O~~. As shown in Fig. 1, 
the sample consists of domains of C type 
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embedded in an L-phase matrix. The images 
can be interpreted directly even in the over- 
lay regions and regardless of the location of 
the domain within the sample (i.e., whether 
the C type occurs superficially or inter- 
nally). Figure 2a shows a typical diffraction 
pattern from such a sample with many unal- 
lowed reflections resulting from dynamical 
interaction of L-phase reflections with those 
of C type. Figure 2b illustrates a con- 
structed overlay of the two phases from 
their individual images. This image, like 
that of an overlay of the two twin orienta- 
tions of L (4), is independent of the choice of 
origin. Figure lb has inverted contrast rela- 
tive to Fig. la due to a change of defocus. It 
is interesting that even such a potentially 
complex image has good contrast and can 
be interpreted directly. Many of the images 
show ill-defined regions which appear to 
result from the presence of a trace of C 
type, as if incipient phase separation had 
resulted in a thin layer of C-type material 
with the L phase. This feature is also seen 
during reduction of Pr’IO1p and Tb7012, as 
discussed later. Probably all stages from 
small (100-A diameter) crystallites to single 
unit cells of Sc,O, are present in a matrix of 
~&401, * On annealing the sample at 
1600°C for 28 hr, macroscopic phase sepa- 
ration occurred and few &-C-type bound- 
aries were observed. Figure 3 shows one of 
the few boundaries observed. This (211), 
zone image shows Sc,O, on the left, L on the 
right with a diffuse, inclined boundary re- 
gion which is an overlay image of L, and C 
type separating them. The ambiguities of 
equilibrium in ternary systems of this type 
have recently been discussed in some detail 
(15). 

In this pseudobinary system, the oxygen 
content is determined by the ratio of the 
oxides of fixed valence initially present. In 
the praseodymium and terbium oxides, on 
the other hand, the L phase can be reduced 
to the + phase, as discussed in the next 
section. 

The Reduction of L (R,Olz, R = I+, Tb) to 
C#I (R203) in the Microscope 

Many instances of reduction of L to 4 in 
the microscope have been observed. These 
are summarized here with several illustra- 
tions. A general statement can be made that 
no intermediate phase between n = 7 and n 
= 4 has definitely been observed. There 
were several cases where highly oxidized 
materials were heated in the microscope 
and a phase with a multiplicity of six was 
observed in the electron diffraction pattern 
but in each case it appeared to be a zone of 
an n = 12 oxide even though the circum- 
stances of its appearance suggested that the 
composition should have been less than 
RI&- 

Under an oxygen partial pressure of lo+ 
Torr it is expected that all of the phases 
with oxygen-to-metal ratios greater than 
1.50 can be easily reduced by beam-heat- 
ing. In fact, such reduction was both a 
curse and a blessing. It was therefore a little 
surprising to find that some regions actually 
oxidized when beam-heated. Many such 
cases are well documented, with observa- 
tions both in diffraction and imaging modes. 

It now appears that this apparent oxida- 
tion is a local effect produced by chemically 
pumping oxygen from a thicker, hotter part 
of the crystal. The equilibrium oxygen pres- 
sure is therefore higher in these areas and 
oxygen is pumped to the cooler edges of the 
crystal. Since the edges are the regions 
from which both diffraction patterns and 
images are obtained, it is only the localized 
oxidation which is observed, although the 
sample overall is undergoing reduction. 
One such edge of a Pro, crystal was seen to 
undergo the series of transformations 

L(7) + P(12) + E(10) + E(lO) 
+ P(12) + LPSS + C(9) -+ E(lO), 

where LPSS is a long-period superstructure 
with the spots always present as satellite 
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pairs, and the number in parentheses is n in 
Rn02a--2. On successive heatings the oxy- 
gen content of the crystal edge obviously 
fluctuated erratically, indicating that oxy- 
gen was sometimes pumped into the edge 
faster than it was expelled and sometimes 
the reverse. With each composition change 
the crystal reordered. Most often, however, 
these erratic fluctuations did not arise and a 
unidirectional reaction occurred. 

The environment of the microscope is 
hostile to any of the higher oxides being 
studied. However, these compositional 
changes were induced under conditions 
more severe than those generally used in 
this type of study. Nevertheless, such pro- 
cesses were probably occurring to some ex- 
tent in all crystals of the higher oxides ex- 
amined. Specimen behavior generally fell 
into two categories: those which showed no 
disorder and were extremely unreactive, 
virtually independent of their constitution, 
and those which were initially disordered 
and extremely reactive. Almost invariably 
the particular fluorite zone of the specimen 
before reaction was preserved in the 
change. A new set of superstructure spots 
heralded the reaction. 

Now to continue our discussion of the 
redution of L phase by beam-heating. Se- 
lected area electron diffraction patterns 
(SAED) of R,Olz are observed to fade as 
those of R,03 increase in intensity until 
only reflections from 4 phase remain as a 
strong pattern. At the same time good im- 
ages of R,012 become disordered (reduced) 
and the nuclei of Rz03 appear and grow 
rather isotropically, impinging on each 
other to give a mosaic of Rz03 domains 
which reflect a rather regular nucleation in 
the parent phase. There are some apparent 
exceptions which will be illustrated. 

The final result of this general sequence 
of events is illustrated in Fig. 4. In this case, 
a crystal of irradiated Pr,Olz yields SAED 
patterns in the sequence Figs. 4a, b, c and 
d, in which the superstructure spots charac- 

teristic of Pr7012 dominate the pattern in 
Fig. 4a and are virtually absent in Fig. 4d, 
while the reverse is true for the 4 phase. 
SAED patterns in Figs. 4b and c, where the 
phases have more nearly the same degree of 
scattering, show interesting dynamical ef- 
fects. Figure 4c, for example, shows scat- 
tering of the diffracted beams from 4 and L 
and vice versa, yielding a multiplicity of 7 
between spots from n = 4 and a multiplicity 
of 4 between spots from n = 7. The image in 
Fig. 4e is of a thin region of the crystal in 
the early stages of the overall reduction but 
where the reaction is locally almost com- 
plete. It was taken between the diffraction 
patterns shown in Figs. 4a and b. 

If one considers a projection of the 
fluorite structure along the threefold [l 1 llF 
axis, the metal atoms project as columns in 
a hexagonal array. The [ 11 I] r is also a three- 
fold axis in both the L and 4 phases, but the 
spacings are different. The L and 4 phases 
are shown superimposed on [ill], in Fig. 
2b. In this figure the large solid circles rep- 
resent the occurrence of register of the 
threefold axes in the three structures based 
upon the origins chosen. A study of this 
figure will reveal that the $J phase can nu- 
cleate in an L matrix in four-and only 
four-distinct ways to yield an array of im- 
age spots where the pattern is shifted one- 
fourth the spacing of the hexagonal array of 
the C-type phase (see arrows). 

If the 4 phase were to nucleate in L at 
intervals of about 200 A and if these nuclei 
were to grow until the reaction was nearly 
complete, the mosaic pattern of the image 
illustrated in Fig. 4e would result. Notice 
that homogeneous regions of about 100 A in 
extent are misfit at their boundaries (anti- 
phase boundaries) by 2% or 4 the spacing of 
the spots correlating with different atom 
rows in the fluorite subcell. This gives a 
wavy appearance to the rows of spots when 
viewed at a low angle to the figure (i.e., 
parallel to the straight line). 

If one observes the same reaction in the 
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[21i], zone an analogous behavior is dis- 
played. Figure 5 is an image of a crystal, 
largely Pr7012, down the [21i], zone. Re- 
gions of quite different contrast may be seen 
over the surface of the crystal. These 
darker regions are characterized by having 
well-defined moire fringes showing the per- 
fect overgrowth of the C/I phase on the un- 
derlying L parent. Figure 6 shows the basis 
of the “beat” pattern of the two structures. 
Outlines of the projected unit cells are 
shown and the obvious pattern of register 
corresponding to the two types of regions 
can be seen. One set of fringes is along 
(23!),, (OOI), and the other along (102),, 
(011)‘. These fix the observed register of 
the structure at four times the L spacing 
along (001)‘ and (OiO), . 

The reduction of L phase in this zone is 
obviously not uniform, but there is nucle- 
ation and growth in certain areas in what are 
probably very thin patches at this early 
stage of reduction. Further evidence that 

. . . . . .:..-. . . *. . . -, . . . . . . . . . . . 

FIG. 6. A diagram showing the register ofoverlays of 
I#J and L phases. Dots mark columns of metal atoms in 
the 121 1lF zone of the fluorite substructure common to 
both phases. Open circles mark the projection of L 
phase along its a axis in this zone. The projected cube 
outlines the I#I phase in this zone. It has a volume eight 
times that of the fluorite subcell. The face-centered 
face of the subcell is one-fourth that of the + cell face. 
The larger-sized open circles mark the positions of 
register of the ideal supercells. The directions of the 
solid lines outside the central rectangle mark directions 
of striations in the overlay (P--L images. 

this is an early state is that the thin edge is 
not yet completely reduced. As reduction 
proceeded the $I phase continued to in- 
crease in intensity in the diffraction pattern 
with the appearance of double diffraction 
again when the two phases were of approxi- 
mately equal intensity. Furthermore, there 
is a great deal of streaking in the diffraction 
pattern along [Oil],, [315], which appears 
as a general growth of C#I irregularly on its 
(102) planes. The streaking shows a prefer- 
ence of four times the (135), spacing (Fig. 
5). 

The reduction of Tb,O,, appears to pro- 
ceed in much the same way as that of 
Pr,OIZ, although it has not been observed as 
frequently. A crystal of hydrothermally 
grown TbO, with oxygen content greater 
than Tb01.833 was heated in the electron 
beam of the microscope and successive im- 
ages and diffraction patterns were taken. 
An interesting series was obtained in the 
[ 11 llm zone as the crystal reduced incom- 
pletely from Tb,OIZ to Tb203. 

Figure 7 illustrates a partially reduced L 
phase. Notice a behavior quite analogous to 
that suggested for the Pr6011-Pr203 reac- 
tion. Domains of 4 approximately of the 
same size are intergrown coherently in a 
matrix of L. At the thin edge (bottom right) 
of the crystal the domains have grown to- 
gether more completely and they are fur- 
ther apart as the crystal becomes thicker. 
Although the cross-sectional areas of the 
domains vary by about a factor of 4, the 
absence of very small nuclei or nuclear 
cores is striking. Rather, there is some evi- 
dence at the region marked A in Fig. 7 of a 
cooperative emergence of $I in L. 

This suggests that oxygen is lost from the 
surface of the crystal from a substantial 
area (the nucleus is very shallow) followed 
by a cooperative rearrangement into do- 
mains of I$ of approximately the same size. 
These domains are observed to grow later- 
ally, in successive images, until impinge- 
ment is complete. At the impingement in- 
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terface there is the same lack of register of 
the 4 domains, being offset by ?$ and f the 
inter-net spacing, and at the 4-6 interface 
register occurs at every fourth L fringe. This 
behavior is entirely compatible with that of 
the reduction of Pr,O,, described above 
(Fig. 4a). 

Two other observations should be men- 
tioned. (1) Structural disturbances at the +- 
L interface in all cases extend only a fraction 
of a unit cell, suggesting almost perfect co- 
herence. (2) Hexagonal moire nets resulting 
from an overlay of 4 on L phase are rare, 
suggesting that the penetration of the 4 
phase occurs rapidly and entirely through 
the crystal once the domain is formed. 

The experience with specimens prepared 
and annealed in the composition range be- 
tween L and 4 and then examined in the 
microscope was somewhat different. As 
mentioned above in the ZrO,-Sc,O, system, 
annealing produced macroscopic phase 
separation and crystals examined tended 
not to show interface regions (see Fig. 3). In 
the PrO, system attempts were made to 
produce and observe diphasic samples in 
this composition region. While powder X- 
ray patterns of these annealed preparations 
were always diphasic, individual crystal- 
lites observed in the microscope were al- 
most invariably either L or 4 (c) only. 

Diphasic electron diffraction patterns and 
images were obtained from only two crys- 
tals of the many observed. In Fig. 8 an 6-4 
interface is seen in a Pro, crystal. The C 
type has apparently formed from a single 
nucleus or from several with the fortuitous 
event of perfect register. In this case the 
two regions of the imaged crystal are rela- 
tively macrocrystalline and the interface re- 
veals the same lack of register as in the 
radiation-induced reduction. Every fourth 
row of spots of the L phase is in register 
with the 4 phase. It should be noted that the 
obvious disturbance of the structure does 
not extend beyond one unit cell of either 
crystal in the interface. 

The other diphasic case is illustrated in 
Fig. 9, which shows a (11 l)F lattice image 
of a a-phase sample with an obvious fault. 
More importantly, the banded appearance 
perpendicular to the crystal edge is believed 
to result from a composition fluctuation of a 
a-type phase. It is not yet clear whether 
these fluctuations reflect structurally differ- 
ent regions or only lattice parameters which 
fluctuate. This is the only case of coherent 
intergrowth of two “phases” observed in 
the composition interval Pr01.5-Pr01.714. 
The lack of such coherent intergrowth of L 
and m praseodymium oxides apparently 
results from their structural dissimilarity, 
underlining the fact that Prz03 is composi- 
tionally but not structurally n = 4 of the 
homologous series. The ability of the L and 
I#J phases to be semicoherent could result 
from the ability of the # phase to accommo- 
date a considerable composition variation 
and hence lattice parameter change, making 
the fluorite subcells nearly the same dimen- 
sions at the interface. 

The Reduction of 5 (PrgO16) to C#I (Pv203) 
in the Electron Microscope 

Many observations have been made of 
radiation-induced vacuum reduction of <- 
phase praseodymium oxide to the 4 phase 
in the electron microscope. It is intended to 
imply that under strong radiation heating 
this reduction occurs without the appear- 
ance of the intermediate L phase in the ex- 
periments to be described. In another paper 
the reduction of 5 to L phase under milder 
conditions will be presented. 

In the [ 11 l]r zone the growth plane com- 
mon to both phases is most easily dis- 
cerned. By application of the transforma- 
tion matrices (6) the [ il l]r transforms into 
a (IlO), and remains [ill],. It is apparent 
that the direction (llO),-the plane in 
which oxygen vacancies are prevalent in 
the 5 phase-is common to that of (1 IO),. 
Other low-index planes of the two cells 
form an angle with each other. It is also 
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apparent that four 5 unit cells exactly regis- 
ter with three unit cells of 4. 

The unannealed final reduction product 
as observed in the [ll l] zone is shown in 
Fig. 10. The hexagonal array of spots is 
typical of the images of the 4 phase. In this 
case domains with triangular cross sections 
roughly about 100 8, in altitude form a mo- 
saic with interfaces mismatched by %+ or & 
of the inter-row spacings. This mismatch 
represents one or two metal atom row spac- 
ings in the fluorite substructure. The final 
product is very similar to that obtained 
when L is reduced under similar conditions. 
In most cases the boundary transition is 
sharp, i.e., the domain interface boundaries 
have displaced spots only one or two atoms 
deep. But in a few instances curved rows 
suggest a less sharp transition. The inter- 
face compositions could differ significantly 
from that of the bulk sample. 

Figure 11 diagrams a domain structure 
very similar to that observed. The back- 
ground is the original 4 structure projected 
as small circles on the [ 11 llF zone. The tri- 
angles represent the projection of the 4 

phase nucleated at random within < and 
growing until complete impingement oc- 
curs. The nuclei are more or less homoge- 
neous over the area. This gives a mosaic 
quite similar to that observed where the 
nuclei would have been about 200 A apart. 

In one experiment, where the reaction 5 
to 4 had not proceeded very far, the micro- 
graph showed well-crystallized 6 in the 
thicker regions of the crystal with substan- 
tial reduction to 4 in the thinner parts and a 
good deal of irregular contrast with 4 over- 
lay in the intermediate regions. Figure 12 
shows part of this intermediate region. In 
the upper left is a pattern of C phase only 
slightly modified. (Compare the contrast 
with the pattern of open circles in Fig. 11.) 
Further to the right the position and spacing 
of the spots is changing in a disordered way 
to the hexagonal pattern characteristic of 
the 4 phase (the pattern of triangles of Fig. 
11). Note that in the region marked A in 
Fig. 12 the pattern of the 4 phase is quite 
clear for a few unit cells. Again, the irregu- 
lar rows of spots which show the presence 
of 4 on the right are clearly distinguishable 

FIG. 11. An illustration of the consequences of ran- 
dom nucleation of 4 in < phase with mismatched im- 
pingement, to be compared with Fig. 10. Circles mark 
the projection of the 5 phase and triangles that of 4. 
Dislocations of *a or & are emphasized by the drawn 
straight lines. 
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from those of 5 on the left side. The irregu- 
lar appearance of the 5 pattern on the right 
is a relatively minor modulation due to 4, as 
is suggested again by viewing from right to 
left at low angle. 

The same reaction has been observed in 
the [21i], zone with similar results. The 
relationship between the projections of the 
two phases in this zone is illustrated in Fig. 
13, where it is clear that again there is a 
repeat of the same overlay condition every 
four 5 cells and there are four different ori- 
gins possible. This gives rise to the wavy 
lines in the 4 phase and the modulated ap- 
pearance of the overlay regions seen in Fig. 
14. Before that figure is discussed, a com- 
ment on the appearance of the 4 phase 
along [21 i], should be mentioned. Contrary 
to the appearance along [ 1 ll]@,, where 
white dots in a hexagonal array occur, only 
fringes are observed in the [21 i], zone for 
4. This is because the [21f], direction in + 
does not have the structural significance it 
has in either 5 or L. 

Figure 14 is an image and diffraction pat- 
tern of a phase, originally 6, which is under- 
going reduction in the microscope. In the 
thin edge at the lower left are seen the wavy 

: : :. : ..’ : 

FIG. 13. A diagram showing the overlay pattern of 5 
and Cp phases. The small circles mark the projected 
unit cells of 5 and the cube of I$ in the [Zli], zone. The 
larger circles indicate the common dimensions of these 
unit cells and indicate the basis of striations in the 
images at the width of four unit cells of 5, as are clearly 
seen in Figs. 14 and 15. 

lines characteristic of a [21i], zone of 4 
phase when the source of the material is one 
of the higher oxides not annealed after for- 
mation. The waviness comes from the 
growing together of domains with a differ- 
ent core origin. Reaction is essentially com- 
plete in the thin edge. 

In the wedge-shaped crystal where the 
thickness of the reactant and product are 
comparable, the pattern shows the modula- 
tion resulting from the overlay and origin 
shift which gives a beat frequency at four 
layers of Pr9016. At the upper right-hand 
corner the effect of reduction is not very 
apparent and contrast due to 4 is dominat- 
ing the image. The diffraction pattern at the 
lower right shows principally < phase with a 
small amount of 4. 

Figure 15 shows one region of a crystal of 
4 at different times as the reduction to 4 is 
progressing. Note that reduction at the edge 
(the wavy fringes roughly parallel to the 
base) is just apparent in the left image but 
well developed on the right. The overlay 
responsible for a modulation of four layers 
of [ is not apparent on the left but definitely 
shows up on the right. The diffraction pat- 
tern in the figure was taken after the second 
image and the original plate shows only the 
faintest spots due to the 4 phase. Later 
patterns show the full development of the 
reduced phases. 

As was mentioned above, under suitable 
conditions 5 phase reduces to $ via the 
well-characterized L phase. In most of the 
many cases of which the figures shown are 
illustrations, the + phase appeared to form 
directly without the agency of the L phase. 
In a few cases, however, the L phase did 
appear as a domain near the edge of the 
crystal. This marked departure from its for- 
mation from 5 to give intergrown planar 
inclusions of thin sections characteristic of 
the {--L reaction suggests that it was formed 
by reoxidation of the 4 phase by the diffu- 
sion of oxygen from the incompletely re- 
duced bulk crystal, as discussed above. 
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The Occurrence of Disorder in Lattice 
Images 

Apparent disorder is probably the rule 
rather than the exception in the lattice im- 
ages obtained in this study. Figure 16 shows 
examples of disorder in Z~$~C~O~~ arc- 
melted samples. Considering their thermal 
history, the occurrence of disorder in these 
samples is to be expected. It appears al- 
most certain that it results from a nonuni- 
form distribution of Zr4+ and Sc3+ ions 
which results in structural elements of adja- 
cent phases being included in the sample. 
However, since this situation is highly 
metastable and an artifact of the prepara- 
tion technique it could obviously be re- 
moved by annealing the sample. 

Other examples of disorder in the Pro, 
and TbO, systems are common. Part of this 
disorder is probably a result of the exam- 
ination techniques. As was previously 
mentioned, it is possible to both reduce and 
oxidize different parts of the sample at the 
same time, so there is little doubt that the 
observed extent of disorder is considerably 
greater than that of the equilibrium condi- 
tion. Disorder is probably a prerequisite to 
reaction in these systems. 

Conclusions 

Higher oxides, specifically R,O,, and 
Pr,O,, , were observed to reduce in the vac- 
uum of the electron microscope under elec- 
tron irradiation. These samples were ob- 
served to pass through various stages until 
their compositions were near that of the end 
member of the series, R,03. The transition 
(reaction) is reconstructive because, al- 
though the $I phase is compositionally a 
member of the homologous series RnOzn-z, 
and is fluorite related with metal atoms oc- 
cupying essentially fluorite positions as in 
the higher oxides, the oxygen vacancy ar- 
rangement is profoundly different. 

The sequence of events in this process 
may be summarized briefly as follows. The 

higher oxides show disorder, and nucle- 
ation of the 4 phase appears to occur on the 
surface of the parent phase in what is 
termed ‘ ‘cooperative emergence. ” This 
term is meant to imply that a defect layer 
related to the product spreads on the sur- 
face in a premonitory way before rapid 
growth normal to the surface produces a 
domain of 6, phase about 100 8, across. 
These domains appear to extend their 
boundaries until complete impingement oc- 
curs and a mosaic of domains reflects the 
random nucleation in the fluorite-related 
substructure. This behavior is confirmed by 
observing the reaction both in the (211), 
and the (lll),zones. 

The mosaic is semicoherent with evi- 
dence of stress accompanying the neces- 
sary mismatch. It is not known whether this 
behavior is a result of the fact that the spec- 
imens are very thin in one dimension or 
whether the same reaction occurs in bulk 
samples. Specimens prepared at equilib- 
rium outside the microscope do not show 
this mosaic pattern in their +-phase regions. 
It was also noted that the crystals of the 
materials annealed outside the microscope 
were usually unreacted or completely re- 
acted with few hybrid crystals. This sug- 
gests that when nucleation does occur, re- 
action is rapid and complete and the mosaic 
pattern quickly anneals out if, indeed, the 
mechanism of reduction is the same. Grind- 
ing during specimen preparation for the mi- 
croscope could also enhance the apparent 
phase separation by causing fracture along 
phase boundaries. 

The observations on materials annealed 
outside the microscope are interesting 
when one remembers that there is a well- 
established intrinsic hysteresis in the phase 
reaction being observed which suggests a 
coherent intergrowth of domains of the new 
phase in the old which generally were not 
observed. Another possibility is that each 
crystallite has its own free-energy surface 
and transforms under conditions dictated 
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by its state and the changing ambience. 
Once the reaction begins it proceeds rapidly 
to completion. If the same applies to pow- 
dered particles the reproducible hysteresis 
would be seen to result from the “average” 
behavior of the specimen. The reaction se- 
quence for any one particle would be unpre- 
dictable but, in aggregate, perfectly repro- 
ducible, much as a gas-phase distribution of 
molecules obey some gas law. The effect of 
domain-size distribution on hysteresis has 
recently been considered in the rare earth 
oxide systems (15). 

The pseudobinary system Zr,Scl-,O, be- 
haves in a way that would be expected from 
the above experiments, that is, as a binary 
rare earth oxide in this same composition 
region if held at constant composition after 
some initial reduction. When annealed, the 
initial matrix of small domains suffered a 
massive phase separation. 

We speculate now on some details of the 
reactions observed and implied. Reduction 
appears first in the thinner parts of the crys- 
tal. This may be a reflection of the greater 
sensitivity of the technique to the presence 
of a new phase in only a few layers of the 
parent material. In all probability the re- 
duced phase is nucleated in the surface co- 
operatively and spreads both outward and 
inward as the reaction progresses. Evi- 
dence for surface growth comes from the 
irregular striations which emanate from the 
4 area into the oxidized reactant region. 
These striations probably result from dou- 
ble diffraction. The original beam diffracted 
first by the epitaxial surface-reduced layer 
is then diffracted again when it encounters 
the parent phase. Since the unit cells of the 
epitaxial phase and the parent phase are at 
an angle to each other, and since the thick- 
ness of each phase is changing (one increas- 
ing while the other is decreasing), it seems 
likely that certain thicknesses can combine 
with the angular difference to produce the 
striations. 

The striations which exhibit a repeat pat- 

tern of four fringes of the parent material 
along (1 lo), and (111) @ have a different ori- 
gin. Figures 6 and 14 show the regular regis- 
ter of the overlay of 4 and either L or 5 
phase at spacings of four unit cells of the 
latter two. This repetition pattern could 
provide beam reinforcement along the com- 
mon overlap direction, as is clearly ob- 
served. These observations suggest certain 
features caused by an epitaxial intergrowth 
of the reactant and product but gives no 
information on their spatial disposition (i.e., 
whether on or in). 

Although these features are consistent 
with a surface layer of product phase, they 
do not prove the mechanism. The 4 phase 
might start at the edge and grow into the 
center of the parent. Such a mechanism 
would be unlikely, however, in view of the 
gradient of the oxygen chemical potential, 
which increases with the depth of the crys- 
tal. Clearly, with the { phase, growth of a 
reduced phase within the interior would be 
expected to be a coherent L phase rather 
than 4. The oxygen potential in the interior 
would be thermodynamically unfavorable 
for the formation of 4 phase. 

In addition, the change of volume associ- 
ated with the reduction process argues 
against the growth of $J in the interiqr of 
either 5 or L phases. From the lattice param- 
eters (6) the volume of a unit cell of the &’ 
phase is 336.7 A3. The volume of the + 
phase is 1356.6 A3. The 4 phase unit cell 
has eight fluorite subcells and the 5 2 of 
these. From this one calculates a 13% vol- 
ume increase as reduction occurs. Further- 
more, since the 5 and (b phases match along 
their (110) planes, one can calculate the lin- 
ear increase expected perpendicular to 
(110). For 5, 4110j = 4.49 A, while for 4, 
d (11ov = 7.886 A C&o, (CT) = 7.828 A]. Since 
four cells of f must match, at a minimum, 
three cells of V, the corresponding distance 
is 19.8 vs 23.5 A, a difEerence of about 19%. 
This large increase, both in volume and in 
linear dimension, would result in a severe 
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internal pressure and would mitigate 
against reduction occurring in the interior 
of a higher oxide crystal. Indeed, it is most 
likely that the 4 (or a) phase must grow on 
the surface so that another dimension is 
available to allow for the great volume 
change. 

In comparison, the L phase has a volume 
of 293.7 A3 and $ fluorite cells-giving a 1% 
change for 4 but a 3.3% change for the I$ 
phase. In contrast the volume change in 
going from PrOz to Pr,03 is only 11%. 

In the L phase, striations again run paral- 
lel to (001) typically four unit cells apart. 
Some striations are parallel to (Oi 1). In this 
direction there is a match every other cell. 
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