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Abstract

A complete set of non-equivalent kinematic electron diffraction patterns corresponding to the main zone axis
orientations, {1 0 0>, {1 10>, {11 1) and {1 12> have been calculated for most members of the homologous series
of binary anion-deficient, fluorite-related higher oxides of the rare earth elements, whose structures are currently resolved
or postulated on the basis of the “fluorite-type module theory”. From an analysis of this set, specific electron diffraction
patterns which allow an unequivocal identification of each phase can be sorted out. A systematic approach, based on the
use of these calculated patterns, to make a reliable phase identification for any sample that contains a mixture of these
phases is presented and applied to interpret different experimental electron diffraction patterns. The detailed interpreta-
tion of a number of experimental HREM images recorded on a sample of praseodymium oxide using a match with
calculated images is also illustrated. These results and procedures provide supplementary confirmation of the fluorite-
type module theory to explain the structural features of the higher rare earth oxide phases and provide the background
necessary to characterize these materials reliably. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction theoretical and practical reasons could be argued
to justify interest in this particular topic. The im-
proved and more comprehensive knowledge con-
cerning extended defects and non-stoichiometry in
oxide phases which is reached with such studies
informs the theoretical goal. From the point of view
of applications, it suffices to recall that oxides of the

rare earths, either pure or mixed with a transition

The structural investigation of the fluorite re-
lated and oxygen-deficient phases resulting from
the reduction of the higher rare earth oxides has
been the focus of intensive research [1,2]. Both
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or a second 4f element oxide [3-5] are major com-
ponents of a wide variety of materials currently
employed as catalysts, fast-ion oxygen conductors
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or chemical sensors, among other uses. The func-
tion of the oxide in these materials stems from the
chemical activity of reduced, oxygen-deficient
phases which is intimately related to their
structures.

In the course of this investigation electron micro-
scopic techniques have been fruitfully exploited and
have allowed access to relevant crystallographic
information about some of these phases. Thus, on
the basis of electron diffraction patterns (EDPs) the
unit cell constants of the different members of the
homologous series of Ce, Pr and Tb were estimated
[6,7]. Likewise, a matching procedure between ex-
perimental and calculated HREM images was used
to derive further details about the structure of some
of these phases [8-11]. However, due to technical
difficulties such as beam tilt information or the
absence of kinematic diffraction, the reliability of
the structural models generated wusing this
approach was limited. The assumption that oxygen
vacancies should occur in pairs also restricted the
number of models proposed to explain the con-
trasts observed in the experimental HREM images,
and seriously limited the possibilities of a successful
search by image simulation.

In spite of some success in structure clarification
using electron beam techniques, the achievements
realized did not suffice to reach a complete struc-
tural determination of any of the phases. As a mat-
ter of fact, only recently have the structures of five
members of the homologous oxide series been re-
fined from neutron powder diffraction data by the
Rietveld method [12-15]. These refinements dem-
onstrated that the vacant oxygen sites occur as
divacancies, especially in the vacancy rich region,
but also as single vacancies in the oxygen-rich re-
gions. The detailed analysis of the information gen-
erated by neutron diffraction studies indicated that
the eight oxygen positions in a fluorite unit cell
have an equal a priori probability to become
vacant. Each of the possible ways vacancies can be
accommodated in a fluorite-type unit cell are desig-
nated as modules necessary to model the structure.
Any stable phase in the homologous series of
binary oxides must contain an integral number of
all the possible vacant oxygen sites. Interaction
between the vacant oxygen sites within the fluorite
matrix results in an ordered spatial arrangement of

the oxygen vacancies. The deployment of the va-
cant oxygen sites observed experimentally have
been rationalized [16-20] using a set of rules which
constitute the fundamental structural principles
underlying the family of higher oxides of the rare
earths. This rationalization is called the fluorite-
type module theory (F-TMT).

This provides an approach to understanding the
compositions, R,0,,_,,, of the currently stab-
lished phases in the homologous series of Ce, Pr
and Tb oxides and the structures of those phases
already determined by neutron diffraction. More-
over, and mostly important, the F-TMT theory
also enables a prediction of the structure of other
reduced oxides in these series, whose existence is
known from tensimetric studies and their lattice
parameters estimated by electron diffraction, but
which still await a definite refinement by neutron
diffraction or other means.

The establishment of these structural founda-
tions opens new possibilities for electron micro-
scopic investigation of these and possibly other
oxides, particularly for high-resolution electron
microscopy. Thus, using adequate modeling tools
like those provided by the RHODIUS software
package developed at UCA [21], the unit cells
corresponding to any member of the homologous
series can be built up and, therefore, its behavior in
a particular electron microscope characterized.
With calculated EDPs and calculated HREM im-
ages available, the nanostructural characterization
of materials based on rare earth oxides, like those
cited in the previous paragraph, can be accomp-
lished. Such studies should unveil the details neces-
sary to understand the correlation between their
structure and the macroscopic properties. More-
over, because of the stable face centered cubic array
of the metal atom substructure, it is not difficult to
envisage samples where microdomains of different
composition and crystallography coexist within the
same microcrystal. In such cases, electron micro-
scopic techniques will be unique to provide the
localized information required to describe precisely
the nature of this texture.

In this contribution, a systematic investigation,
by simulation, of some of the reduced phases whose
structures are currently known or postulated has
been carried out. EDPs corresponding to the main
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zone axis of each phase have been calculated and
compiled in the form of a phase-orientation atlas.
From the analysis of the whole set of EDPs con-
tained in this atlas, those orientations which allow
an unambiguous identification of each phase can be
determined. These characteristic EDPs can be used
as fingerprints of a given phase, hence constitute
extremely useful information when a complex
sample containing a mixture of structures including
polymorphs is being analyzed. From the discussion
of this atlas, those particular orientations whose
images require a detailed analysis by image simula-
tion, in order to avoid misinterpretations, can also
be identified. The interpretation of a series of ex-
perimental EDPs and digital diffraction patterns
(DDPs) corresponding to HREM images recorded
on a sample of praseodymium oxide partially re-
duced is accomplished to show, by example, how
the phase-orientation atlas can be exploited.

A central point addressed in this paper is the
possibility of matching the contrasts observed in
experimental images with those calculated for par-
ticular structural models. The results obtained
could test the validity of the F-TMT.

2. Experimental procedure

The EDPs and HREM images presented in this
paper correspond to samples of prasecodymium ox-
ide. Sample preparation and activation procedures
have been described elsewhere [22]. This informa-
tion was recorded using a JEOL4000-EX micro-
scope operating at 400 kV. The electron optical
parameter values of this equipment used as input
for the calculation routines have been gathered in
Table 1.

The simulations of electron diffraction patterns
and HREM images have been done using different
routines of the 3.3 version of the EMS package [23]
running on an INDY4400SC SG Workstation. The
unit cells employed as starting models for these
simulations have been built using Fortran-coded
routines developed at the University of Cadiz
(UCA) for this specific purpose. The UCA pro-
grams allow calculation of the unit cell parameters
and fractional coordinates of the asymmetric unit
for any reduced R, O,, _,,, phase, starting from the

Table 1
Values of the electronoptical parameters employed for simula-
tions microscope JEOL4000EX

HV? Ap® Cs® A4 0°
(kV) (nm~1Y) (mm) (nm) (mrad)
400 13 1.0 8.0 0.6

*Operating voltage.

®Aperture diameter (in reciprocal space units).
°Objective lens spherical aberration coefficient.
9Defocus spread.

¢Electron beam semiconvergence angle.

modular sequence description proposed in the orig-
inal papers describing the F-TMT [16-20]. In these
calculations the dimensions of the modules have
been taken as those of the corresponding dioxide
and the coordinates of the rare earth element with-
in the modules as those in the ideal fluorite cell.
For the calculation of electron diffraction pat-
terns kinematic conditions have been assumed. In
the case of HREM images, dynamic diffraction and
a non linear imaging process have been considered.
The supercells employed for HREM image simula-
tion have been generated using the RHODIUS
programs [21] also developed at UCA. The slicing
of these supercells was adjusted to maintain valid
the basic assumptions of the multislice routines of
EMS. No slices thicker than 2 A were used. The
dimensions of the supercells were selected, within
the limits imposed by the specific crystallography
of the corresponding phase, so as to obtain accept-
able computing times using 512x512 or
1024 x 1024 samplings of the projected slice poten-
tials. Image processing has been performed using
the DOS version of the SEMPER6 + by Synop-
tics. Digital diffraction patterns (DDPs) were cal-
culated using this software as the Fourier transform
of the two-dimensional intensity distribution of im-
ages digitized using a conventional CCD camera.
Given that the structures of the reduced phases
are related to that of fluorite, two different sets of
indices can be used when naming a particular direc-
tion in direct or reciprocal space. Throughout the
paper the subscript “F” will be used to refer to the
fluorite set of axis, whereas, a Greek symbol sub-
script will be used to specify the crystal axis system.
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Very simple crystallographic transformations relate
both sets.

3. Results

In Table 2 a list of the different intermediate
phases currently established in the homologous
series R, 05, _,,, can be found. The corresponding
values of the phase designations, “n” and “m” in the
generic formula and the composition are tabulated,
so that henceforth these parameters will designate
a particular phase. Two more columns indicating
the crystal system in which each phase crystallizes
and the current state of their study using neutron
diffraction have also been added. Note that both
phases whose structures have been determined by
neutron diffraction and those that are predicted on
the basis of tensimetric and electron microscopy
investigations have been considered.

3.1. A systematic approach to the interpretation of
the EDPs of R,0,, 5, phases: need and strategy

To introduce the basic features of the recorded
EDPs of the homologous series of rare earth ox-
ides, Fig. 1(a) shows an experimental EDP recorded
from a prasecodymium oxide sample. It is clearly
seen that these patterns contain a series of high
intensity spots and additional commensurate extra
spots in between. The former arise from the parent
fluorite substructure which is common to all mem-
bers of the homologous series, as stated previously.
In this particular case the high intensity spots can
be properly indexed on the basis of a [1 1 2] zone
axis (where F stands for fluorite). The extra spots
contain information about the superstructure
which is generated as a consequence of the ordered
arrangement of oxygen vacancies within the
fluorite matrix. The number of superlattice reflec-
tions which can be counted in these [1 1 2] zone
axis patterns is related to the value of n in the
generic formula of the homologous series,
R,0,, -5, Using the very simple rules that follow,
which can be derived from the analysis of the crys-
tallographic information obtained by F-TMT
[16-20], such determinations can be easily carried
out:

1. For those phases that show superlattice re-
flections aligned with those of the fluorite sub-
cell along two different reciprocal directions,
n corresponds to the total number of spots in-
cluded within the reciprocal unit cell defined
by the basic (1 1 1) and (220) g vectors. For
these phases monoclinic unit cells can be
defined.

2. In those cases where alignment between fluorite
and superlattice spots is restricted to one recip-
rocal direction, the value of n can be directly
determined by counting the number of intervals
between two neighboring fluorite reflections.
For these phases crystallization occurs in non-
monoclinic unit cells.

The EDP of Fig. 1(a) falls into the first category.
A total of 24 reflections can be counted in the
dashed rectangle shown, and this allows us to as-
sign this diffraction pattern to the composition
Pr,,0,44. For this composition the expected struc-
ture is (1), Table 2. To confirm this assignment the
unit cell of this phase was constructed and the
EDPs corresponding to the 12 zone axes resulting
from the crystallographic transformation of the
{11 2)¢-type zones calculated. It should be men-
tioned that although in the fluorite cell itself all the
{11 2) axes are equivalent, this is not true for the
p(1) because of its lower spatial symmetry. From
the entire set of simulated EDPs shown in Fig. 2,
which corresponds to the zone axis [1 1 2], the
only one matching that in Fig. 1(a) was that from
the [100]p4, zone. Moreover, and perhaps
the most important, this result indicates that on
the basis of the models built using the F-TMT, the
geometry and superlattice features of EDPs like
this can be thoroughly explained. Further dynamic
calculations should be undertaken in order to re-
produce more closely, in the calculated pattern, the
distribution of diffracted intensity observed in the
experimental one. In such case the effect of crystal
thickness, crystal tilt and most important, the relax-
ation of atoms in the surroundings of the oxygen
vacancies, with respect to the positions in an ideal
fluorite structure, should be taken into account.

All the phases listed in Table 2 present at least
one EDP along a specific {1 1 2> zone axis where
the complete superstructure is revealed. On the
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Fig. 1. Experimental (a) and simulated EDP (b) of the f(1)-phase along [1 1 2].

Table 2
Known phases in the homologous series R,0,,— 2,

Phase n m Formula Crystal system Neutron diff.
! 7 1 R0, (RO .714) Rhomboedral Yes
4 9 1 RyOy6 (ROy 775) Triclinic Yes
o(1) 11 1 R{10,0 (RO g18) Triclinic Yes
bis 16 1 R16030 (ROy g75) Undetermined No
M19 19 2 R;403, (ROy 750) Triclinic No
B(1) 24 2 R,4044 (RO g33) Monoclinic Yes
B(2) 24 2 R,4044 (RO, g33) Undetermined No
M29 29 3 R,405, (ROy 703) Undetermined No
M39 39 4 R3004¢ (RO 795) Undetermined No
€ 40 4 R40075 (RO 800) Monoclinic Yes
B(3) 48 4 R45053g (RO g33) Undetermined No
& 62 6 R6,0112 (RO 806) Undetermined No
5(2) 88 8 Rgs50160 (RO 818) Undetermined No
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Fig. 2. Simulated EDPs of the f(1)-phase in the {1 1 2} orientation.

basis of this unique {1 12)r pattern a successful
identification of any phase is possible. Which ones
of the 12 {1 1 2 axes will satisfy this requirement
depends on the precise relationships that are estab-
lished between the fluorite and the superstructure
crystal axes in each particular phase. To clarify this
point, Fig. 2 shows the complete set of calculated
EDPs for the (1) phase which come from the
transformation of the 12 <11 2) fluorite orienta-
tions. It can be observed that although in any of
them the high intensity fluorite spots are identical,
the number and arrangement of superlattice spots
vary significantly. Thus, for the [112]p,

[121] [112]¢ and [211]¢ zone axes (pat-
terns ¢, d, h and i, respectively), no extra spots
of significant intensity are evident. Likewise, for
others like those in Fig. 2(a), (b), (e), (g), (), (k)
or (1), the number of superlattice spots is much
lower than 24. These patterns cannot lead to a
misleading phase assignment because the corre-
sponding n numbers that are obtained from them
are, in all cases, lower than 7, which is the least
value (Table 2) for this parameter. Only the EDP
corresponding to the [1 1 2]¢ zone axis, 2(f), would
be suitable to establish the value of n, as previously
mentioned.
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Pattern [112], Fig. 2() needs further com-
ment. Fig. 2(1) shows that the superstructure spots
along [220] are the same as in Fig. 2(f), but
there are only two rows of spots along [111]
instead of four as in Fig. 2(f), therefore, the unit cell
in this orientation is just half the true unit cell.
Actually, the two vacant oxygen sites are eclipsed in
the [1 1 2] orientation of (1) making the unit cell
appear to be half its true value. One might mistake
this for an n = 12 phase, for which a f(0) phase had
been previously proposed.

This particular example points out the conveni-
ence of creating a complete set of calculated EDPs
for all the phases. From the analysis of such a set,

25

both patterns which are strictly specific to one
phase and those which could be interpreted as due
to more than one phase can be sorted out. With this
information in hand, phase identification in mater-
ials containing these oxides would certainly be
a faster task and, definitely, more reliable.

3.2. EDP atlas

Accepting this approach, the complete set of
EDPs for some members of the homologous series
included in Table 2 have been calculated along the
following main, low index zone axes: {10 0),
{110 <111)pand {11 2> Given that thef.c.c.
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Fig. 3. Simulated {1 1 2)>r EDPs of selected reduced rare earth oxide phases.
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symmetry is lost in the reduced phases all the
components of each zone axis type have been con-
sidered. For example [00 1], [0 1 0]grand [1 0 0]¢
patterns have been obtained for each phase. Like-
wise six and 12 directions were considered for the
{110)rand <1 1 2 directions, respectively. Figs.
3-6 show the results of these calculations. This
compilation of EDPs constitutes the basic back-
ground needed for the interpretation of both ex-
perimental EDPs and calculated DDPs following
the procedure outlined below. Before going into
this, some ideas related to the analysis of these
figures should be mentioned.

A point of interest is the absence of superlattice
spots for certain orientations and phases. Thus, in
the case of the d-phase only two from the 12 pos-
sible (11 2)g-type orientations show superstruc-
ture reflections, Fig. 3(n) and (o). The calculated
EDPs obtained for the remaining ten contain only
the spots from the fluorite subcell. Extreme cases in
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one {112 pattern, that of [100] y;9), exhibits
superlattice spots. None of the six {1 10)r EDPs
for 1, 0, or M19 show superlattice reflections These
EDPs and, consequently, the HREM images that
could be obtained from such zone axes will contain
no information about the superstructure and,
therefore, could be incorrectly assigned to a non-
reduced material. To avoid such a mistake, the
interpretation of more than one zone axis pattern
from the same crystal region would be necessary.
From an analysis of the EDP atlas presented here,
convenient EDP zone axis combinations can be
selected, as required for the unequivocal identifica-
tion of a phase.

A second question that must be addressed is
related to the possibility of multiple assignments for
a given pattern. In effect, it can be observed that
there are a number of EDPs, corresponding
to different phases, that are identical. This is
the case, for example, of the EDPs calculated

this respect are also the M(19) phase for which only for [016]s3, Fig. 3(a), which cannot be
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Fig. 3. Continued.
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Fig. 4. Simulated {1 1 0> EDPs of selected reduced rare earth oxide phases.

distinguished from those of [0 1 3], Fig. 2(a), or
[01 5], Fig. 3(s). From the point of view of the
number and position of superlattice spots all these
EDPs are equivalent. However, the dynamic scat-

tering can change the intensity distribution and
their intensities may be different. Although this
particular point will not be developed here, it is
clear that from the exhaustive analysis of
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Fig. 5. Simulated {1 1 1) EDPs of selected reduced rare earth oxide phases.

the whole set of calculated EDPs it would be
possible to sort out all the sets of equivalent
EDPs.

Finally, it is important to stress that the
atlas calculated in this work not only provides
a global view of the EDPs in this family of oxides,
which is certainly of intrinsic interest, but
also warns of problems that may arise during their
interpretation and allows strategies to circumvent
them to be defined.

3.3. Interpretation of specific examples

In this section several experimental EDPs will be
interpreted and assigned to particular reduced
phases using the information provided by the cal-
culated EDP atlas. The first EDP, recorded
on a praseodymium oxide sample, is shown in
Fig. 7(a). In this case the basic [1 1 2] substructure
can be clearly identified. On the other hand, the
superlattice framework is characterized by eight
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superstructure spots between the fluorite spots
along the [351]f reciprocal direction. After
reviewing the entire collection of {1 1 2} patterns,
the only one which presents this feature is that
corresponding to [100] ., Fig. 3(k). This pattern,
which corresponds to a phase whose structure is
established by neutron diffraction, is completely
specific for this phase in this particular orientation,
which makes this interpretation reliable without
the need for further work.

The EDP shown in Fig. 7(b) provides an example
of patterns recorded along a {1 10)¢ direction.
A total of five superlattice spots are observed in this
case aligned with the fluorite reflections along the
{22 0)f reciprocal direction. The calculated pat-
tern corresponding to [1 OT],M) is the only one
that matches the experimental one, Fig. 4(a). There-
fore, an unambiguous conclusion about the phase
giving rise to this pattern can also be reached.

Finally, Fig. 7(c) allows interpretation of an EDP
pattern recorded along a {1 1 1) direction. From

the whole set of calculations corresponding to this
fluorite orientation, the simulated pattern corre-
sponding to [110]; Fig. 5(k) is the only one that
explains the observed superlattice features.

In the past a diffraction pattern identical to that
shown as Fig. 3f, [11 1]p(3) was assigned as due to
a phase f(0) along [1 0 0] (o), a primitive unit cell
in the series R,0,, — 2,, with two vacancies, where
n =12 and m = 1. This cell would belong to a sub-
group with n =7, 9, 11, and 16. A second selected
area diffraction pattern from the same crystal hav-
ing a common axis was not obtained to establish
the unit cell. It is, nevertheless, possible to decide
whether the pattern could be from such a f(0)-
phase by examining the pattern for diffraction spots
arising from a higher-order Laue zone (HOLZ).
The intermediate anion-deficient, fluorite-related
oxide unit cells usually have one short axis and
two longer ones. If the pattern comes from an
orientation along a short axis the HOLZ pattern
will be relatively far from the zero-order
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Fig. 7. EDPs and calculated diffraction patterns of { and f(1)-
phase.

Laue zone (ZOLZ) pattern and there will not be
any overlap of spots. However, if the pattern is from
along a higher-index zone direction there could be
an overlap [24]. The pattern that prompted assign-
ment of a $(0) phase shows some overlap of spots
from the HOLZ pattern, hence, it must not be from
the [1 007 40, phase but is more likely from the
higher-index zone [1 1 1] 4.

The main conclusion that should be drawn from
this section is that the different examples treated
clearly indicate that the unit cells generated on the
basis of the F-TMT for this family of oxides,
explains the details observed in experimental
EDPs. Hence, these results provide further support
to the model. DDPs obtained from HREM images
can be also fruitfully interpreted, as will be shown
below using the same procedures.

3.4. HREM images

Different aspects related to the interpretation of
HREM images will be dealt with in the remainder
of this paper. Fig. 8 contains an experimental
HREM image of a praseodymium oxide sample. In
the corresponding DDP, inset in the figure, the
basic [1 1 0] spots are present. Rather intense ad-
ditional superlattice spots are also observed
between the fluorite ones, three along the
[113]g reciprocal direction and one along the
[11 1] direction.

A search in the collection of diffraction patterns
indicates that this image could correspond, to the
[0 1 0]-type orientation of any of the following
reduced phases: (1), f(3) or ¢. In these three cases,
the calculated diffraction patterns, Fig. 4(b), (f) and
(j), indicate the presence of three extra spots along
both [1 1 3] The only distinguishing feature is the
relative intensities of the superlattice spots along

Fig. 8. Experimental image of a region of (1)-phase with simu-
lation and DDP insets.
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[111]. According to dynamic calculations per-
formed for the (1) phase, from the three superla-
ttice spots that lie along [1 1 1], the one just at the
center between the fluorite spots is the most intense
whereas those at 4th and 3th present a negligible
intensity in the 0-100 nm thickness range. For the
P(3) dynamic calculations, a significant and compa-
rable intensity is found for these three spots. In
contrast, for the epsilon phase, calculations show
a very small intensity for the three extra spots along
[11 3], those at the center being the least intense.
Though the relative intensities of these reflections
could change in the imaging step, these calculations
suggest that the experimental image in Fig. 8
could correspond to [010]s,. Given that
the other two possibilities cannot be ruled just
on the basis of EDPs calculated under dynamic

10

diffraction  conditions, to  confirm  this
hypothesis models of f(1), 5(3) and ¢ in [010],
considering crystals of increasing thickness, were
built using the RHODIUS program. From these
models calculated images and their corresponding
DDPs were obtained. Fig. 9 shows the result of
these calculations, considering the electron optical
parameters of a JEOL-4000EX (Table 1), for the
p(1) phase. Note that the image corresponding to
the calculation for the 15 nm-thick crystal at
— 10 nm defocus shows a fairly good match with
the experimental image. Thus, the low-frequency
contrast modulation, commensurate with the
fluorite structure, which is clearly observed along
the [1 1 3] direction of the experimental image is
reproduced in the calculation. A portion of this
simulated image has been inset in the experimental
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Fig. 10. Comparisons between the DDP from the image shown
in Fig. 8 and those calculated for f(1)-phase.

image for comparison. The DDP corresponding to
this calculated image, Fig. 10(c) agrees very well
with that of the experimental image and contains
the superlattice spots in the correct number and
positions. Note that the spots at [1 1 1] are rather
intense. Fig. 11(a) and (c¢) show the images cal-
culated for 15 nm thick crystals of (3) and e, re-
spectively. Although the modulation contrasts are
also visible in these images they seem not to pro-
vide as good a fit to the experimental HREM
image, specially in the case of the epsilon phase.
A similar conclusion is obtained from a comparison
of their DDP, Fig. 11(b) and (d) with that of the
calculated EDPs. This is an example of an experi-
mental image that requires a complete set of EDPs
to evaluate all the potential structural possibilities
and emphasizes the need for calculating such a set.

These results show that the structures generated
from the F-TMT agree with the experimental facts,
but before embracing the interpretation of the new
images some comments are in order with regard to
the modulation contrasts alluded to above. The
first one relates to the visibility of the modulation
contrasts. According to the set of simulated images
included in Fig. 9 the contribution of the superla-
ttice reflections to the image are greatly influenced
both by the diffraction and the imaging processes,
as should be expected. However, even for very thin
crystals these modulations can be imaged under
appropriate focusing conditions. Thus, Fig. 10(a)
and (d) indicate that even in the DDPs of images for
which no modulation is visible by a naked-eye
inspection, the superlattice spots can still be detec-
ted. It also seems that these reflections that result
from the low-frequency contrast modulation main-
tain a significant intensity on a wider range of
focusing conditions for thicker crystals, at least in
the thickness range considered here.

The comparison of the calculated images projec-
ted along <1 1 0>y shown in Fig. 9 with the [0 1 0]
projection of the structure of the (1) phase, Fig. 13,
indicates that the modulations observed in these
images are intimately related to the arrangement of
oxygen vacancies. A similar conclusion can be
reached from a comparative analysis of the cal-
culated images and structure for other orientations
of this phase, Figs. 12 and 13. Note how for specific
defocus and thickness values, (Fig. 12(i)-(k)), the
contrast modulations which are visible as high
intensity points, correlate quite well with the distri-
bution of oxygen vacancies in the oxide. Although
such a correlation is not so evident for the rest of
calculated images, the DDPs which can be ob-
tained from them still contain information about
the superstructure which would allow identification
of the phase.

Finally, the interpretation of a complex HREM
image shown as Fig. 14(a) will be presented. This
figure exemplifies a situation commonly encoun-
tered in materials involving reduced rare earth ox-
ide phases, namely the existence of contiguous
microdomains with different structures and/or
compositions. In this particular image three micro-
domains, marked A, B and C, can be differentiated
simply by inspection of the image. Even the domain
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Fig. 11. Simulated images and DDPs of f(3)-phase (a and b), and ¢-phase (c and d).

boundaries can be outlined simply by eye. The
DDPs of all three of these domains, Fig. 14(b)—(d),
show a common <1 10)r substructure with the
same orientation. This suggests strongly or even
conclusively that they have nucleated and grown
within the same parent crystal.

The analysis of the superlattice structure of the
DDP corresponding to the region labeled as A,
Fig. 14(b), indicates that this region could corres-
pond to a domain of f(3) phase in [6 1 0] orienta-
tion. The calculated EDP for [6 1 0]y, Fig. 4(g), is
characterized by the presence of three superstruc-
ture spots along the [1 1 1]r direction, which is
exactly the feature observed in the experimental
DDP. The calculated image, shown as an inset in
Fig. 15, for a crystal of f(3) 20 nm thick along
[6 10]4, satisfactorily reproduces the contrasts
observed in the experimental recording of this

region, hence, supports the proposed interpreta-
tion. The calculated EDP for the [310] zone
axis of p(1), Fig. 4(c), also contains three superla-
ttice spots along [1 1 1], but dynamic calculations
indicate that just the one at the center has a signifi-
cant intensity, whereas, those at 4th and 3th are
extremely weak. Thus the assignment of the experi-
mental image to [310] sy does not seem
very likely. In effect, the calculated images obtained
for this phase and orientation do not match the
experimental contrasts very well, Fig. 16(a). The
DDP corresponding to this calculation contains
only a very intense central spot but fails to repro-
duce those at 4th and 3th observed in the experi-
mental DDP.

The DDPs of regions of small dimensions in the
areca marked B, Fig. 14(e), are similar to those
shown previously in Fig. 8. It seems reasonable
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Fig. 12. Simulated images for the [1 1 2]r zone of f(1)-phase according to thickness and defocus.

therefore, to assign this zone of the micrograph to
[0 1 0]4(1). The dark band contrasts characteristic
of this orientation of (1), as depicted in the cal-
culated image of Fig. 9(j), are clearly observed in
this region of the crystal. If the image is viewed in
glancing angle, it can be observed that these dark
bands do not extend across the whole, presumably
p(1), region. Instead they have a limited extension
and shift aside from one region of the image to
another in a complex fashion. This shift effect gives
rise to the appearance of satellites close to the main
superlattice spots, in DDPs obtained from large
areas of this region, like that in Fig. 14(d). In any
case, these satellites cannot be assigned to addi-
tional superlattice spots. This effect may indicate
a variation of the vacant oxygen positions in this
region.

Finally, the third domain, whose image has been
enlarged in Fig. 17, is apparently a region of zeta
phasein the [1 1 1]; orientation. For this phase and
orientation the EDP is characterized by two super-
lattice spots along [220]g, Fig. 4(0). The DDP
obtained in this region, Fig. 17(b), clearly indicates
the presence of these superlattice spots and matches
quite well with those obtained for the calculated
images, Fig. 17(c). Given that none of the [110]
r-type patterns of any reduced phase contains this
particular feature it may be concluded that this
assignment is very reliable. In contrast with the
other domains, which corresponded to two differ-
ent polymorphs of the same chemical composition
(PrO; g33), the reduction state of the praseodym-
ium oxide in this zeta region is higher, PrO; s,
which indicates the establishment of an oxygen
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Fig. 13. Projection of the structure of f(1)-phase in two zones.

vacancy gradient within the region. The irregular
modulation contrast in the neighboring domain
may indicate the variety of vacant oxygen sites.
This heterogeneity is not unexpected since the an-
nealed sample was quenched from the non-
stoichiometric a-phase of composition PrO .

4. Conclusions

The last example illustrates the difficulties in-
herent in the structural characterization of samples
containing rare earth reduced oxides, and the
power of electron microscopy techniques to eluci-
date these complicated situations. Macroscopic
techniques may be insensitive to the existence of
a mosaic of small microdomains with different crys-
tallography and/ or chemical composition. Never-
theless, the examples presented in this paper clearly
demonstrate the capacity of HREM and ED tech-
niques to deal with these complexities. The basic
information provided by the atlas of calculated
EDPs built from the F-TMT recently proposed for
the homologous series of reduced rare earth oxides,

appears as a requirement to successfully interpret
the complexities revealed in HREM studies.

By comparing the superlattice features observed
in the calculated patterns included in the atlas
developed in this work a set of phase/zone-axis
assignments, compatible with experimental EDPs
or DDPs can be found. This set may contain only
one element, in which case no additional work is
required to define the nature of the phase giving rise
to the diffraction pattern or image. Further simula-
tion work would be focused in that case to get
a deeper insight into the complementary structure
details. In those cases where more than one
phase/zone axis is included in the set, further dy-
namic calculations and/or image simulations
would be required to reduce this primary set to
a unique, definite solution. This strategy has
been applied and discussed in detail for particular
cases.

Finally, it is of utmost importance to emphasize
that the success obtained in the interpretation of
the experimental facts presented here, provides ad-
ditional support to the model recently established
for this family of phases.
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Fig. 14. Experimental image of a quenched a-phase, PrO,, with DDPs of the regions A and (b) for (3)-phase, B and (d) for (1)-phase,
and C and (c) for {-phase.
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Fig. 15. Experimental image of f(3)-phase, with image simula-
tion and DDP insets.
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