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The polymorphic transformation of TbZ40u, p(2), to Tb48088, p(3), and the probable reduction to lower 
oxides in the thinnest regions of a crystal is followed by high-resolution electron microscopy. The 
mechanism by which p(2) is observed to transform to p(3) is via a partially disordered intermediate 
characterized by wavy fringes into which nuclei of the transformed polymorph, p(3), grow. Wavy 
fringes of narrower spacing persist at the thin crystal edge, suggesting further reaction of this thin edge 
to more reduced compositions. Alternative explanations of the origin of the wavy fringes observed are 
considered. Q 1989 Academic press, Inc. 

Introduction 

Most of the intermediate oxides of ter- 
bium can be represented as Tb,02,-2 where 
n is an integer, 4 5 n 5 ~0. These oxides 
have been studied by high-resolution elec- 
tron microscopy (HREM). Their unit cells 
have been confirmed (1) and a structural 
principle proposed (2). All the known inter- 
mediate oxides may be considered as su- 
perstructures of a basic fluorite structure. 
The superstructures arise from the ordering 
of vacant oxygen sites. The relationships of 
the TbO, phases to other anion-deficient 
fluorite-related oxides is considered else- 
where (3). The compositions are the same 
but the oxygen vacancy arrangements are 
different. 
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When n = 12 (in Tb,02,-$ two poly- 
morphs exist, Tb24044 and Tb480ss, desig- 
nated p(2) and p(3), respectively (2). Both 
of these structures have been observed re- 
peatedly and even nucleate and grow within 
a specimen whose composition is changing 
(3) but until now the transformation of one 
into the other has not been documented. 

Recently our attention has turned to 
transformations among the rare-earth ox- 
ides during their observation under the in- 
tense beam of the electron microscope (4- 
7). In the present work the polymorphic 
transformation of Tb2404 to Tb480ss has 
been observed to occur during HREM ob- 
servation. 

Experimental 

Crystals containing the polymorphs 
Tb24044 and/or TbdsOgs can be prepared by 
leaching the intermediate oxides with acid 
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or by a hydrothermal synthesis at high oxy- 
gen pressure. The specimen used here was 
prepared by leaching TbllOzo . Very small 
crystals were mounted on a holey carbon 
film supported on a microscope grid. 

HREM observations were made using 
the JEOL 200CX microscope equipped 
with a top-entry double-tilting specimen 
holder. Images were usually taken at 
Scherzer focus. 

Results 

The typical crystal from which the illus- 
trations for this paper were obtained had a 
thin region that was essentially a 90” fan- 
shaped sector. The development of the 
polymorphic transformation was uneven 
for various reasons including the extent to 
which various areas were exposed to the 
electron beam. Figure la is an early (11O)r 
image of the material in which a well-or- 
dered structure is apparent at the bottom 
with a region at the top exhibiting wavy 
fringes approximately parallel to and of ap- 
proximately the same spacing as the peri- 
odic white spots in the ordered region. Fig- 
ure lb is an optical diffraction pattern from 
the ordered region. The diffraction pattern 
is identified as coming from the [iOl]pc2j 
zone parallel to the [Oll]r fluorite zone. 

Another region of the crystal, approxi- 
mately at right angles to that from which 
Fig. 1 was made, was observed, in a series 
of images, to transform from p(2) to p(3). In 
Fig. 2a a rather ordered region of p(2) is 
clearly discernable in the lower right-hand 
corner. Wavy fringes of approximately the 
same spacing occupy the remainder of the 
figure but have a different aspect below and 
above the platelet nucleating across the 
central region of the figure. In the upper, 
thinner edge (above the platelet) the fringes 
are of slightly narrower spacing and are 
tilted more steeply with respect to the pri- 
mary fringes of p(2). 

In Fig. 2b the ordered region of p(2) in 
the lower right comer is becoming some- 
what wavy and fringe development is more 
advanced over the whole region. The plate- 
let that appears to separate two qualita- 
tively different regions has broadened and 

FIG. 1. (a) A (01 l& zone high-resolution image of a 
region of a crystal beginning to transform from Tb24O44 
p(2) to TbaOs8 p(3). Note the development of wavy 
fringes at the thin edge. (b) An optical diffraction pat- 
tern of the ordered region of (a) confirming the TbZ40U -- 
structure in the [1011flC2, zone. 
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FIG. 2. (a) Early stages of the transformation of p(2) to p(3). Below the platelets at the central region 
the wavy fringes correlate with p(2) in spacing and direction but above the platelets the fringes have a 
different aspect and general direction. (b) The transformation underway in (a) has progressed showing 
further deterioration of the order in p(2) at the bottom right with a significant development of the 
central platelets. (c) At a later time p(2) in the thicker regions has transformed to p(3) as is apparent in 
the image and the corresponding [613] pC3j optical diffraction pattern. 

is altered in appearance. Finally in Fig. 2c fluorite. Wavy fringes remain in the thin- 
well-ordered p(3) has crystallized and nest regions near the edge of the crystal. 
transformed the entire thicker region from During early observation of the crystal 
p(2) including the region of the platelet. The and before Fig. 2a was recorded the platelet 
optical diffraction pattern corresponds to nucleus was not apparent but it is clearly -- -- 
the [613] zone of p(3) or the [loll zone of seen in the middle of 2a. The development 
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FIG. 2-Continued 

of the platelet may be observed more 
clearly in the slightly enlarged images of 
Figs. 3a-3c. In Fig. 3a the features are 
clearly related to the p(2) image in Fig. 2a. 
The general directions and spacing of the 
fringes are different above and below the 
platelet. The width of the nucleated region 
has increased in Fig. 3b without changing 
its general appearance. In Fig. 3c the spot 

pattern has altered somewhat to conform 
more nearly to the pattern of p(3) in the 
same region of Fig. 2(c). 

The evolution of the wavy fringes are 
shown more clearly in Figs. 4a-4c taken 
from the general region of Fig. 1. In this 
instance the wider fringes at the top give 
way to the narrower ones at the bottom. 
The optical diffraction pattern (Fig. 4b) 
shows streaked and not quite linear super- 
structure spots that correspond to the wavy 
fringes and are quite reminiscent of the p(2) 
diffraction pattern of Fig. lb. The diffrac- 
tion pattern of Fig. 4c emphasizes the nar- 
rower and incommensurate fringe spacing 
in the same direction as in Fig. 4b. The fluo- 
rite substructure persists in both regions. 

Discussion 

From the images and optical diffraction 
patterns shown a mechanism for the trans- 
formation of p(2) to p(3) TbO, can be pro- 
posed. The direction of the decomposition 
is itself of interest. Under the conditions of 
the experiment, p(3) would appear to be 
more stable. This is not inconsistent with 
the frequency of observation of these two 
polymorphs produced thermally (I, 2). 

The wavy fringes themselves appear to 
chart the course of the transformation. In 
Fig. 2 the areas not occupied by two-dimen- 
sional patterns of ordered p(2) or p(3) are 
occupied by wavy fringes. These fringes 
persist, usually with a narrower spacing, in 
the thin regions of the crystal. It is within 
these wavy fringes that a nucleus of an or- 
dered superstructure appears and spreads 
by a rapid transformation of p(2) to p(3) 
(Fig. 2~). 

The origins of the fringes could be moire 
patterns. However, they are judged not to 
be from the following observations. (i) They 
are everywhere nearly parallel to the image 
features of the p(2) structure. Elsewhere in 
the TbO, images are patterns that are 
clearly moire fringes. (ii) The wavy fringes 
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FIG. 3. (a-c) Images showing the development of the platelets of Fig. 2 from being closely related in 
direction and spacing to p(2) in (a) to being more apparently related to p(3) in (c). 

occur in the thinnest regions also where The most likely cause of the wavy fringes 
moire fringes would not be expected. (iii) seems to be the partial and imperfect order- 
The spacing is small for moire patterns. (iv) ing of vacant oxygen sites within the fluo- 
The spacing of the wavy fringes adjacent to rite substructure corresponding to the -- 
the p(2) structure is similar to the repeat change when p(2) in the [LOilP~ = [@i]r 
distance of the ordered pattern. orientation transforms to [613],3 = [lOl]r. 
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FIG. 4. (a) An image showing the development of the fringes in the region of the crystal shown in Fig. 
1. The shift in the spacing of the fringes top and bottom is apparent, and is further confirmed by the 
optical diffraction patterns (b) and (c). (b) An optical diffraction pattern similar to that in Fig. 1 b. (c) An 
optical diffraction pattern where the narrower incommensurate spacings and misalignment with the 
substructure are apparent. 

There is no change in composition, hence In the (110) zone of the fluorite structure 
there is a very small driving force for the the metal and nonmetal atoms are aligned 
reaction that is not inconsistent with a very separately. The pattern observed in the thin 
slow ordering of the vacancies that must region is the net of metal columns. The con- 
occur before the transition is complete. tribution of the oxygen atoms to the pro- 
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jetted potential is relatively small. How- 
ever, a partial ordering of the vacant 
oxygen sites is accompanied by a partial 
disordering of the metal atom positions 
from their fluorite positions. It is this partial 
disorder that is mainly responsible for the 
contrast fluctuations in the wavy fringes. 
This would be entirely consistent also with 
the more or less parallel alignment of the 
wavy fringes near the ordered p(2). 

The fringe spacings vary from about 
4dzz0r to about 5.5&,r and are narrowest in 
the thinnest regions. The spacing could also 
correlate with the vacancy concentration 
and would suggest a more reduced compo- 
sition in the thinnest regions. Furthermore, 
the directions of the ordered vacancy 
planes would be different in the reduced 
material and this could explain the apparent 
swinging of the wavy fringes in the thinnest 
region. 

The incommensurability of the pseudo- 
structures of the wavy fringes and the basic 
fluorite structure shown in the optical dif- 
fraction patterns of Fig. 4 (especially Fig. 
4c) strongly suggests compositional hetero- 
geneities and reduction in the thin edge 
with a composition TbOzms where 6 could 
vary continuously from about 0.7 (/3- 
phase). 

Somewhat similar modulations are ob- 
served when the vernier structures MnSiz-, 
(8, 9) and Bar+,Fe& (20-22) are studied 
under the electron microscope. In these 
compounds a compositional variation ex- 
ists where none is present in this study. A 
consideration of these possibly related phe- 
nomena is a matter of continuing study. 

Summary 

It is proposed that the transformation of 
p(2) (Tbz40U) to p(3) (Tb480s8) occurs via a 

partially disordered structure that gives rise 
to wavy fringes corresponding to local com- 
positional heterogeneities approximating 
the projected structure of p(2). Within the 
regions of the wavy fringes and parallel to 
them platelet nuclei form that evolve and 
grow to produce the p(3) structure. The 
wavy fringes that persist at the thinnest 
edge have a narrower spacing and their di- 
rection is altered suggesting reduction to a 
lower intermediate phase is occurring. 

Acknowledgment 

Support from the National Science Foundation 
through Research Grant DMR-8516381 and Grant 
DMR-8611609 for the HREM Facility is gratefully ac- 
knowledged. 

References 

1. 

2. 

3. 
4. 

5. 

6. 

7. 

8. 

9. 

10. 

Il. 

12. 

P. KUNZMANN AND L. EYRING, J. Solid State 
Chem. 14, 229 (1975). 
R. T. TUENGE AND L. EYRING, J. Solid State 
Chem. 41, 75 (1982). 
L. EYRING, High Temp. Sci. 20, 183 (1985). 
H. A. EICK, L. EYRING, E. SUMMERVILLE, AND 
R. T. TUENGE, J. Solid State Chem. 42,47 (1982). 
C. BOULESTEIX AND L. EYRING, J. Solid State 
Chem. 66, 125 (1987). 
C. BOULESTEIX AND L. EYRING, J. Solid State 
Chem. 71, 458 (1987). 
C. BOULESTEIX AND L. EYRING, J. Solid State 
Chem. 75, 291 (1988). 
R. DERIDDER AND S. AMELINCKX, Mater. Res. 
Bull. 6, 1223 (1971). 
R. DERIDDER, G. VAN TENDELOO, AND S. AME- 
LINCKX, Phys. Status Solidi A 33, 383 (1976). 
N. NAKAYAMA, K, KOSUGE, AND S. KACHI, J. 
Solid State Chem. 41, 124 (1982). 
N. NAKAYAMA, K. KOSUGE, AND S. KACHI, 
Chem. Ser. 20, 147 (1982). 
A. HOLLADAY AND L. EYRING, J. Solid State 
Chem. 64, 113 (1986). 


