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The defect crystal structures for two phases in the praseodymium oxide system (PrsOre, 5 phase; and 
Pr4a07s, E phase) are proposed on the basis of the the results of a high-resolution transmission electron 
microscope (HRTEM) study. Dynamical n-beam electron scattering calculations are used to provide a 
more accurate and reliable interpretation of the experimental micrographs. In addition, electron 
diffraction studies reveal the unit-cell dimensions for the n = 11 member in the homologous series of 
phases in this system. The structural relationships among the related praseodymium oxide phases are 
discussed. 

Introduction 

High-resolution transmission electron 
microscopy (HRTEM) has proved to be a 
powerful technique for the characterization 
of defects, especially extended defects, in 
solids. Recently, this technique has been 
applied to the praseodymium oxides, which 
display a homologous series of intermediate 
phases with formula Pr,02n-2 (n = 
7,9,10,11,12) based on ordering of the 
oxygen vacancies in the oxygen-deficient 
fluorite structure. The results have been 
encouraging despite the fact that the fluorite 
superstructures are not ideally suited to 
crystal structure imaging for a variety of 
reasons. They do not, for example, exhibit 
large potential variations on a scale compar- 
able to the resolution limit of an electron 
microscope. Furthermore, the shortest pro- 
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jection axis, the a-axis of the superstruc- 
tures, is still relatively long (6.7 A) for the 
approximations used in the image cal- 
culations. Lamentably, for this study, some of 
the fluorite superstructures readily decom- 
pose when exposed to the high electron beam 
radiation of the microscope. 

Skarnulis et al. (I), however, have shown 
that HRTEM images of the ordered phase 
Pr70i2,, the structural prototype of the 
homologous series, correlate with images 
calculated from the refined atom positions 
(2) in this rhombohedral superstructure if 
specimen and microscope conditions are well 
defined. When viewed down the [lOO], 
direction the oxygen vacancies in L phase are 
exposed as pairs (one pair/cell) having a 
separation of 3.7 A in projection, a distance 
comparable with the point resolution of the 
HRTEM. 

The encouraging results of the image 
contrast comparison for a known structure in 
the rare earth oxides have suggested the 

OO22-4596/79/08O165-15f02.OOfO 
Copyright @ 1979 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 
Printed in Great Britain 



166 TUENGE AND EYRING 

application of this method for the investiga- 
tion of the defect structure of all of the phases 
in these systems. Various models for the 
oxygen vacancy arrangement can be tested 
by comparing the contrast of the high- 
resolution electron micrographs with that 
calculated from the structural model using 
dynamical scattering theory. This method 
has most recently been applied to the even- 
membered homolog Pr24O44 (fi phase, n = 
12) (3). The structural model proposed for 
this intermediate phase has oxygen vacancies 
occurring as pairs across alternating seg- 
ments of (135) and (153) fluorite planes 
separated by 12 such planar spacings 
based on the agreement of calculated and 
observed crystal structure images. This 
proposed structure for p phase is an exten- 
sion of the structural principle proposed 
by Kunzmann and Eyring (4) for odd- 
members of the R,OZ~-~ series of phases 
in the praseodymium and terbium oxide 
systems. 

Refined crystal structures of the other 
ordered intermediate phases in the 
praseodymium oxide system have not been 
obtained, so far. This is true in spite of the 
effort to obtain satisfactory data sets from 
X-ray diffraction from single crystals of both 
[ and E phases and total-profile neutron 
diffraction data from powders of these two 
phases (5). The most likely cause is an 
unpredictable twinning in the single crystal 
where the absorption correction for X-rays is 
very large and, in these circumstances, 
impossible to calculate accurately. In the 
case of neutron diffraction from powders the 
number of parameters to be determined was 
too large for the quality of the data and the 
resolution of the instrument. The purpose of 
the work described here, therefore, is to 
investigate via high-resolution crystal struc- 
ture imaging the structure of the remaining 
intermediate phases in the praseodymium 
oxide system-l phase (Pr90i6), E phase 
(Pr40072, n = lo), and a polymorph of S 
phase (PrB80160, n = 11). 

Experimental Procedure 

Specimen Preparation 

Single crystals of PrOz generally between 
0.1 and 0.5 mm in each dimension were 
prepared by the hydrothermal method 
described by Lowenstein et al. (6). The oxy- 
gen content was adjusted to those values 
corresponding to the intermediate phases in 
the series Pr,02,-2 with n = 9,10, and 11 by 
treatment of the crystals on a Cahn micro- 
balance under the following conditions: 
Pr01.778 was annealed at 507°C and 10 Torr 
oxygen pressure for 7 days, then cooled to 
room temperature while the oxygen pressure 
was adjusted in order to maintain constant 
composition. PrO1.aO was annealed at 450°C 
and 10 Torr oxygen pressure for 10 days and 
subsequently cooled to room temperature at 
constant weight. Cooling was accomplished 
in these two cases in 5 min. Pr01.ai8 was 
annealed at 450°C and 10 Torr oxygen pres- 
sure for 5 days, then cooled for 8 min. to 
room temperature without maintaining 
constant weight. Laue and precession X-ray 
diffraction techniques and a Syntex Pi 
autodiffractometer were used to investigate 
crystals of Prg0i6 and PrioOis (5). 

Electron Microscope Examination 

In preparation for examination the crystals 
were ground in an agate mortar containing 
liquid nitrogen. The fragments were moun- 
ted on a holey carbon support film and 
examined with a modified JEM-100B 
transmission electron microscope. Electron 
diffraction patterns and images were 
obtained from thin parts of the fragments 
which projected over the support film after 
alignment with desired crystal zones as 
described by Iijima (7). 

Calculations 
Crystal structure image contrast was cal- 

culated taking into account the dynamical 
scattering of electrons using the n-beam 
multislice method described by Allpress et al. 
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(8) and O’Keefe (9), derived originally by 
Cowley and Moodie (10). The computer 
program FCOEFF (I) was used to calculate 
the structure factors of each reflection using 
the atomic scattering factors for electrons 
obtained from the International Tables (II ). 
The electrostatic potential projected in a 
particular crystal direction and the dynami- 
cal scattering amplitude of each reflection at 
various thicknesses were calculated using a 
modification of the program DEFRACT, 
which is itself a modification of 
DEFECT (I), to include the effect of partial 
coherence of the objective aperture illu- 
mination. The image resulting after scatter- 
ing through any number of slice thicknesses 
was calculated and displayed using the 
program IMAGER, a modification of the 
routine DISPLAY (I), which uses either an 
overprinting routine on a line printer or a 
halftone method on a graphics terminal. 

Results and Discussion 

5 Phase-Pr9016 

The unit cell for the 5 phase of Pr90i6 has 
been determined by electron diffraction (4) 
as triclinic, having the fluorite axial relation- 
ships: 

a = aF+ibF-& 

b = ;bF + $cF, 

On the basis of the similarity of the C- 
phase and b-phase unit cells (5 has two 
$2111F axes in common with L), Kunzmann 
and Eyring proposed that the arrangement of 
oxygen vacancies along these axes could be 
the same in both phases. This model would 
thus produce vacancy doublets parallel to the 
a-c plane stacked in the b-direction and 
separated by the b-axis length. There is, 
however, an array of oxygen vacancies 
almost identical to the proposed structure in 
which the vacancy pairs along the (21i)r axis 
are inclined at 84.4” to the (135)F plane 

instead of at 73-O” as in L. In this alternate 
structural model the 6-coordinated cations 
occur in strings in the [ 11 l]r direction, as 
they do in the L phase. The two models for 
the structure of 5 are shown projected in 
both the [loo] and [OOl] directions in Fig. 
l(12). 

Numerous crystals of f phase were 
examined by single-crystal X-ray diffraction. 
Crystals obtained from different prepara- 
tions often contained multiple orientations. 
those that were single displayed rather 
diffuse spots for both sublattice and super- 
lattice reflections as observed on Laue pho- 
tographs, indicating that these crystals were 
substantially disordered (5). 

Figure 2 shows an experimental [lOOI 
orientation electron diffraction pattern of a 
crystalline fragment of [ phase. The 
reflections are indexed and the position of 
the 40-Frn objective aperture used for 
imaging is indicated. The scattering ampli- 
tude of each reflection out to the 12th order 
was calculated dynamically by the multislice 
method for both vacancy models. The inter- 
action of 585 beams was included in the 
calculation. The slice thickness was the a- 
and c-axis lengths (6.5 A) for both the 
[lOOI and [00119 direction projections. 
The amplitude and phase obtained for the 
central beam, a sublattice reflection, and a 
superlattice reflection are represented as a 
function of thickness up to 3 12 8, in Figs. 3a 
and b for the vacancy model shown in Fig. la. 
The amplitude of the 000 beam initially 
decreases with increasing thickness, reaching 
the first minimum point at a value of 65 A, 
where the first equal-thickness contour will 
appear in the image. The 000 beam and the 
intense 012 sublattice reflection roughly 
form a two-beam case resulting in periodic 
scattering intensity up to at least 300 A. The 
computed images are often more sensitive to 
the diffracted beam phases than to their 
amplitudes. Figure 3b shows that the phase 
difference between the central beam and the 
diffracted beams is approximately the same 
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FIG. 1. The possible structures of [ phase (Pr9016) projected down both the [ 1001 and [OOl] directions. 
l ,6-coordinate cation; Cl, anion vacancy; l , cation. 

as at zero thickness and relatively constant in thickness, taking into account defocusing 
the thickness intervals O-50, 130-170, and conditions. The experimental parameters of 
240-280,&, where good structure images the electron microscope used in the cal- 
should be obtained. culation were: spherical aberration constant, 

Images were computed for the structural C’s= 1.8 A; half-width of depth of focus, 
models of [ phase over the range of crystal Gaussian, A = 120 A; and beam divergence 

FIG 2. An experimental electron diffraction pattern of 5 phase in the [lOOI9 orientation. 
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b 

FIG. 3. (a) The amplitude and (b) the phase for the central beam, a sublattice reflection, and a 
superlattice reflection. 

angle, 13, = 0.9 mrad. Figures 4a and b show a 
series of [lOOI and [00119 projection images, 
respectively, calculated for the vacancy 
model of 5 with oxygen vacancy pairs 
inclined at 73” to the (13$ planes (Fig. la). 
The atomic positions used for this model are 
listed in Table I. The metal positions were 
obtained by comparison with refined posi- 
tions in L phase (Pr7012), and the oxygen 
positions were not altered from their ideal 
fluorite sites. It is evident by comparison with 
the projected structure that for thin crystals 
(up to 52 A) at -900 A defocus, rows of 
oxygen vacancies aligned parallel to the 
electron beam are imaged as white spots, 
while those of occupied oxygen and 
praseodymium are included in the dark area 
and are not distinguished. The calculations 

TABLE I 

ATOMIC POSITIONS FOR THE PROPOSED STRUC- 
TUREOF~PHASE (Pr9016) SYMMETRY Pi 

Atom No. X Y .z 

Prl 0.000 0.000 0.000 
Pr2 0.238 0.109 0.586 
Pr3 0.468 0.234 0.107 
Pr4 0.873 0.468 0.234 
Pr5 0.667 0.333 0.667 
Oxygen vacancy 0.139 0.194 0.222 
02 0.250 0.750 0.000 
03 0.306 0.028 0.889 
04 0.472 0.861 0.555 
05 0.639 0.694 0.222 
06 0.806 0.528 0.889 
07 0.972 0.361 0.555 
08 0.083 0.917 0.333 
09 0.417 0.583 0.667 



170 TUENGE AND EYRING 

Defocus 
A 

Thrckness it 

130 182 234 ?8b 

-900 b 

a 

Defocus Thickness i\ 
A 

52 104 156 208 260 312 

b 

FIG. 4. (a) Calculated (1OO)9 lattice images of proposed model of 5 phase (PrQO& (b) Calculated 
(001)9 lattice images of proposed model of 5 phase (Pr90&. 

also show a periodic occurrence of the thin 
crystal image at 130-150 and 234-260 A at 
defocus values increasing to -1100 A. At 
other crystal thicknesses the contrast is 
modified and no longer corresponds to the 
projected potential of the structural model. 
The projection of the unit cell, however, can 
be seen for any thickness calculated at any 
value of defocus. This is of great importance 

in the unambiguous identification of any 
phase in crystals of uncertain thickness. 

Figure 5 is an experimental electron 
microscope image of l phase taken with the 
electron beam parallel with the (001) axis of 
the supercell at -900 A defocus. The dark 
contrast near the edge of the crystal (bottom 
of photograph) is due to the first equal- 
thickness contour. At least three higher 
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FIG. 5. An experimental electron microscope image of 6 phase taken with the electron beam parallel to 
the (001) axis of the supercell at a defocus of -900 A. 

equal-thickness contours can be seen in this 
image, indicating that it is not of sharp wedge 
form, characteristic of the crystalline frag- 
ments of the rare earth oxides. The contrast 
in the thin region outside the first contour is 
neither sharp nor regular. The image 
generally diplays one white spot per unit cell 
as is calculated for thicknesses of 300 A and 
greater. The narrow region between the first 
and third equal-thickness contours shows 
two white spots per cell with an arrangement 
similar to that in one of the calculated images 
shown in Fig. 4b (thickness 104 A and -900 
to -1100 A defocus). No reasonable cor- 
respondence could be made with the crystal 
structure images calculated from the other 
vacancy model (Fig. lb). 

An experimental image of a crystal of 6 
obtained with the electron beam parallel to 
the (1OO)9 axis at a defocus of -900 A is 
reproduced in Fig. 6. Generally, the contrast 
consists of two resolved white spots per unit 
cell in the same arrangement as that of the 
projected vacancies in the structural model 
proposed by Kunzmann and Eyring (Fig. la). 

Since this image was not obtained outside the 
first equal-thickness contour, it probably 
corresponds to a thickness of 130 or even 
234 A, where the thin crystal image repeats 
(Fig. 4b). The inset, a ( 1OO)9 image calculated 
at a thickness of 130 and -900 8, under- 
focus, shows the similarity. Again, for this 
zone, the images calculated from the alter- 
nate vacancy model did not exhibit any 
similarity to the experimental image. 

E Phase-Pr40072 

A number of crystals of the E phase of 
Pr40072 were examined by single-crystal X- 
ray diffraction (5). Crystals obtained from 
different preparations displayed various 
degrees of sharpness of both superlattice and 
sublattice reflections observed on Laue pho- 
tographs, some crystals producing diffuse 
spots and others extremely sharp ones. 
Refined autodiffractometer settings gave the 
lattice parameters a = 6.728(4) A, b = 
19.319(12) A, c = 15.480(10) A, and p = 
125.46(4)” which conform to the choice of 
unit cell obtained from electron diffraction 
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FIG. 6. An experimental image of C phase in the (1OO)g zone at a defocus of -900 A. The inset is the 
calculated image. 

photographs (4). A more convenient mono- 
clinic cell with a =6.728 A, b = 19.319 A, 
c= 12.800& and /? = 100.19” was later 
chosen having axial relationships to the 
fluorite structure given by: 

a =$aF-$bF+cF, 

b = % + cd, 

c =?aF+?bF+cF. 

The pattern of extinctions observed on 
precession photographs and also from 
diffractometer data appeared to be h01, I= 
2n + 1 and OkO, k = 2n + 1 which conforms 

to the space group P2Jc. This was further 
confirmed by an N(z) test (13) on the 
diffractometer data for the superlattice 
reflections which indicated a centrosym- 
metric intensity distribution. 

A set of idealized coordinates based on the 
fluorite substructure was developed for the 
second choice of unit cell in the space group 
P2Jc. The unit-cell contents of such a set of 
sites is PrkOOaO; hence two of the unique 
oxygen positions must be vacant to give the E 
phase composition, Pr40072. The symmetry 
constraints imposed by the P2J c space 
group in addition to the restriction that two 



INTERMEDIATE PHASES IN PRASEODYMIUM OXIDE 173 

POSSIBLE VACA ,NCY POSITIONS FOR E PHASE 

TABLE II 

Model Atom 

Ideal vacancy position 

x Y Z 

1 01 0.0625 0 0.1875 
014 0.1875 0.3 0.0625 

2 01 0.0625 0 0.1875 
015 0.3125 0.3 0.4375 

3 01 0.0625 0 0.1875 
016 0.4375 0.2 0.3125 

4 05 0.0625 0.4 0.1875 
016 0.4375 0.2 0.3125 

5 09 0.5625 0.1 0.1875 
010 0.6875 0.4 0.0625 

6 09 0.5625 0.1 0.1875 
014 0.1875 0.3 0.0625 

7 011 0.8125 0.4 0.4375 
014 0.1875 0.3 0.0625 

8 011 0.8125 0.4 0.4375 
016 0.4375 0.2 0.3125 

oxygen vacancies cannot lie on adjacent sites 
result in eight unique and chemically plausi- 
ble models for the structure of this phase. 
These vacancy models are presented in Table 
II. 

Crystal structure images were calculated 
for the (100)10 = (2li)F zone for all of the 
eight possible vacancy models of E phase via 
the multislice method as described pre- 
viously. In each case the four metal atoms 
surrounding each vacancy were displaced 
about 0.17 A away from the vacancy to con- 
form with the results of the neutron 
diffraction study of PrYOX (2). The oxygen 
atoms were retained on the ideal fluorite 
positions. 

A relatively low-magnification electron 
microscope image of E obtained with the 
electron beam aligned parallel to the a-axis 
of the monoclinic superstructure ((zi& 
zone) is shown in Fig. 7. This image was 

FIG. 7. Observed crystal structure image from a (100)10 zone of E phase (Pr,,,O,,). 
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recorded from a relatively thin crystalline 
fragment at a defocus of approximately 
-900 A. The first equal-thickness contour 
which occurs at about 70 A for this phase is 
right at the edge of this crystal and thus is not 
of the thin wedge shape desired for high- 
resolution imaging. The abrupt change in 
contrast approximately two-thirds of the 
distance in from the edge is probably due to a 
step. Between the edge and the step a 
rectangular array of bright spots about 13 x 
20 8, corresponding to the projection of the 
monoclinic cell along the a -axis can be seen. 
During the electron microscope observation 
of E phase the electron beam was maintained 
as low as possible in order to minimize 
structural changes caused by the interaction 
of the electron beam with the specimen. This 
phase is less stable in the beam at the 
residual atmosphere in the column than f 
phase. 

In Fig. 8 an electron micrograph of 
another thin crystal of Pr40O72 is displayed at 
a higher magnification. This image, which 
was obtained at -900 A defocus with the 
electron beam oriented parallel with the a- 
axis, consists of eight white spots per unit 
cell, The arrangement of the white spots 
corresponds quite well to the positions of the 
oxygen vacancies in vacancy model 4 (Table 
II) for the structure of the )2 = 10 member of 
the homologous series which is drawn in 
projection in Fig. 9. The filled circles, 
squares, and triangles represent 8-, 7-, and 
6-coordinated metal atoms, respectively, 
and the open circles represent oxygen 
vacancies. The relaxed metal and ideal 
oxygen positions for vacancy model 4 are 
given in Table III. In this vacancy model all 
of the vacant oxygen positions occur 
pairwise across metal atoms creating four 
octahedrally coordinated metal atoms per 
cell. 

Dynamically calculated electron micro- 
scope images obtained from oxygen vacancy 
model 4 for E phase are shown as a function 
of defocus value and crystal thickness in Fig. 

FIG. 8. Observed and calculated lattice images from a 
(100)10=(21i)F zone of Pr1901s showing vacancy 
arrangement. 

10. These (lOO)rO = (21i)r images each dis- 
play twice the unit-cell repeat in the b- and 
c-directions. They were calculated using 
1500 beams for an objective aperture of 
radius 0.285 A-’ (59 beams in the aperture) 
and a beam divergence angle of 0.9 mrad. 
The thin crystal (26 A) image at -900 8, 
defocus represents the projected crystal 
structure of E phase as seen by comparison 
with Fig. 9 and agrees very well with the 
experimental image in Fig. 8. Also, this 
structure image repeats with thickness at 135 
and 270 A, analogous to the repeating of the 
images calculated for 5 phase. Calculated 
images based on the other seven plausible 
vacancy models for E did not exhibit contrast 
resembling that in the observed images. 



INTERMEDIATE PHASES IN PRASEODYMIUM OXIDE 175 

Model 4 

05-016 Voc 

m 0 

mm n 1 

I A n a II 

II a 0 A A 6-coordlnotcd met01 

m m 0 m n 7- coordlnoted metol 

0 8 0 n 0 6-coordinated metal 

b a 0 m II 0 oxygen vacancy 

FIG. 9. A projection of the proposed structure of E phase along the (1OO)10 zone. 

In the proposed structural model for tion &21ilF) is the same in E phase as in the 
Pr40072 shown in Fig. 9 all of the oxygen other members of the homologous series of 
vacancies occur pairwise across a body rare earth oxides. The proposed model for 
diagonal of an MOs cube as they do in the the structure of Pr40072 has octahedrally 
refined structure of Pr70r2 and the proposed coordinated metal atoms at $, 3, $; f, 6, a; 
structure of Pr90i6. Also, the arrangement 9, &, 9; and $, &, 9. The vector between the 
of the vacancy doublets in the u-axis direc- first and second pairs of positions is a 4[21 l] 

TABLE III 

ATOM POSITIONS FOR VACANCV MODEL 4 OF E PHASE SYMMETRY P2Jc 

Atom x Y Z Atom X Y Z 

Prl 0 0 0 
Pr2 0.5 0 0.5 
Pr3 0.25995 0.51059 0.25020 
Pr4 -0.01538 0.40233 -0.01070 
Pr5 0 0.3 0.5 
Pr6 0.51538 0.19767 0.50170 
Pr7 0.5 0.1 0 
Pr8 0.24005 0.08941 0.24980 
Pr9 0.25 0.3 0.25 
PrlO 0.72332 0.40420 0.25488 
Prll 0.77668 0.19580 0.24512 

Vacancy 

1. 0.0625 0.4 0.1875 
2. 0.4375 0.2 0.3125 

01 0.0625 0 0.1875 
02 0.1875 0.5 0.0625 
03 0.3125 0.5 0.4375 
04 0.4375 0 0.3125 
06 0.1875 0.1 0.0625 
07 0.3125 0.1 0.4375 
08 0.4375 0.4 0.3125 
09 0.5625 0.1 0.1875 
010 0.6875 0.4 0.0625 
011 0.8125 0.4 0.4375 
012 0.9375 0.1 0.3125 
013 0.0625 0.2 0.1875 
014 0.1875 0.3 0.0625 
015 0.3125 0.3 0.4375 
017 0.5625 0.3 0.1875 
018 0.6875 0.2 0.0625 
019 0.8125 0.2 0.4375 
020 0.9375 0.3 0.3125 
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Defocus 
A 

Thtckness A 

- 900 

-IlOO 

FIG. 10. Calculated electron microscone images for the model illustrated in Fig. 9 as a function of . - 
thickness and defect of focus. 

vector. Furthermore, if the oxygen vacancy 
pair near the metal atoms at $, $, f and $, 3, ? 
were rotated by 180” about an axis parallel to 
the b-axis, the unit cell will be one-fourth the 
volume of the observed cell and the subunit 
would in fact be the primitive triclinic cell for 
the it = 10 member of the series described by 
Kunzmann and Eyring (4). The observed 
monoclinic cell can be described in terms of a 
chemical twinning about two perpendicular 
planes; first about a (? 11)~ plane, then about 
a (11O)r plane. 

The structural model proposed by Kunz- 
mann and Eyring (4) for the odd members of 
the homologous series consists of octa- 
hedrally coordinated metal atoms all lying on 
(135)r planes with every nth [where IZ is the 
subscript in the formula (R,OZn-J] contain- 
ing the octahedral metal atoms. The same 
structural principle seems to apply to the 
even members as suggested for the proposed 
model of p phase (PrZ404J (3) in which case 
the 6-coordinated metal atoms all occur on 
alternate segments of (135)F and (lsj), 

planes. The proposed structure for Pr40072 is 
consistent with this principle although the 
oxygen vacancy pairs across the octahedrally 
coordinated metal atoms are alternately 
rotated by 180”. 

The S Phase Polymorph-PrOl.81s 

Crystalline fragments of the S-phase 
polymorph (PrOI.,& were found together 
with crystals of Pr40072 and PrZ404+ Crystals 
sufficiently large for X-ray diffraction studies 
were not obtained. This II = 11 member of 
the homologous series of intermediate 
phases in the praseodymium oxide system 
has not been prepared as a single phase 
although its existence was indicated from 
tensimetric (14) and high-temperature 
powder X-ray studies (15). 

An electron diffraction pattern obtained 
with the electron beam aligned parallel to the 
a-axis of this superstructure, which is com- 
mon with that of the other members of the 
series, is shown in Fig. 11. The unit cell of this 
phase is monoclinic and can be described by 
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the cell constants a = 6.7 A, b = 42.5 A, c = The content of this monoclinic unit cell is 
15.5 A, and p = 125.2” having axial rela- Pra8016c, including 16 oxygen vacancies per 
tionships to the fluorite substructure given cell. The cell volume is eight times that of the 
by: primitive triclinic cell described by Kunz- 

mann and Eyring for the n = 11 member of 
a = aF+$bF-&, the homologous series. The primitive tri- 

b = ?(-bF- CF), 
clinic unit referred to as S phase is well 
known in the terbium oxide system but has 

c = 2(-bF- cF). not been observed in the praseodymium 

FIG. 11. An electron diffraction pattern with the electron beam along the a-axis of the 6 (2) Phase 
P~88~160. 
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oxides. The larger monoclinic polymorph 
which will hereafter be referred to as the S 
(2) phase has not been observed in the 
terbium oxides. 

This S-phase polymorph is very unstable 
in the electron beam of the microscope, 
readily disordering and also decomposing 
into E and /3 phases. Even with extremely 
low illumination during electron microscope 
imaging some disordering was observed to 
occur. Some high-resolution images, 
however, were obtained as shown in Fig. 12. 
This image was obtained with the electron 
beam oriented parallel to the u-axis of S (2) 
with about -900 A defocus. The projection 
of the monoclinic unit cell is delineated. The 
contrast is not uniform across the micro- 
graph, probably due to disordering in the 
electron beam. This image cannot be inter- 
preted intuitively in structural terms, and a 
comparison of the image contrast with that 
resulting from possible oxygen vacancy 

models was not attempted due to the size and 
complexity of this superstructure. 

It is not unlikely, however, in view of the 
relationship of the lattice vectors of the S (2) 
phase to those of the other members in the 
homologous series of praseodymium oxides, 
that the structural principle involving 
vacancy doublets may extend to this low- 
stability homolog. 

Conclusion 

The most successful method of elucidating 
the structures of the fluorite-related inter- 
mediate oxides of praseodymium has been 
HRTEM. Significant advances have been 
outlined here toward an understanding of the 
structural principle relating members of the 
homologous series where the traditional 
methods of X-ray and neutron diffraction on 
available specimens have not been success- 
ful, This is particularly significant since these 

FIG. 12. Observed image from a (1OO)11 zone of the 6 (2) phase Prs80160. 
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ubiquitous fluorite-related materials are not 
particularly well suited to HRTEM, suggest- 
ing that most thermally stable materials can 
be studied by this means. 
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