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The relationship between the ordering characteristic of the
pyrochlore structure type and that characteristic of the 99defect
6uorite:: structure type (immediately on either side of two phase
regions separating the two structure types) in a range of rare eath
sesquioxide stabilized cubic zirconias is investigated via electron
di4raction and imaging. Systematic structural change as a func-
tion of composition and relative size of the constituent metal ions
is highlighted and a multi-q to single-q 5 1/2 [111]* model
proposed for the observed pyrochlore to defect 6uorite phase
transition. Strain introduced into the close-packed {111} metal
ion planes of the defect 6uorite average structure by the local
cation and oxygen vacancy distribution is pointed to as the likely
origin of the observed behavior. ( 2001 Academic Press

1. INTRODUCTION

The crystal symmetry of ZrO
2

is monoclinic up to
&11703C, tetragonal between &11703 and 23703C, and
cubic (#uorite type) from &23703C up to the melting point
at &28303C (1). The latter, nonquenchable, cubic form of
zirconia can, however, be &&stabilized'' to room temperature
via the addition of greater than &10}20 mol% of lower
valent metal oxides (such as CaO, MgO, or the rare earth
(lanthanide) sesquioxides) followed by subsequent quench-
ing from a su$ciently elevated temperature (&14003}
16003C) (1}3). The resultant cubic stabilized zirconia (CSZ)
solid solutions typically exist over a very wide composition
range (1}3) with an average &&defect #uorite'' type structure
(see Fig. 1).

Density measurements show that the fcc metal atom sites
therein (corresponding to the vertices of the tetrahedra in
Fig. 1) are always fully occupied but that vacancies necessa-
rily occur in the oxygen sublattice (the sites at the centers of
the tetrahedra in Fig. 1). The presence of these vacancies and
the associated mobility of the remaining oxygen anions at
1To whom correspondence should be addressed.
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temperatures above &7003C give such anion-de"cient de-
fect #uorite materials important oxygen ion conductivity
properties leading to applications such as, for example, their
use as components in solid oxide fuel cells (4).

The focus of this paper is the rare earth sesquioxide
stabilized CSZ's. For the lighter rare earth elements (from
¸n"La to Gd), a typical &&phase diagram'' of these anion-
de"cient (1!x)ZrO

2
.x¸nO

1.5
systems (obtained by analy-

sis of specimens quenched from &1500 to 16003C) as
a function of increasing ¸nO

1.5
concentration (1, 2, 5}7)

shows an initial tetragonal (T) solid solution region (up to
&5 mol%) giving way (via two phase regions) "rst to a de-
fect #uorite (df ) solid solution region which in turn gives
way to a pyrochlore (P) solid solution region (centered
around &50 mol% ¸nO

1.5
, but with a strongly lanthanide

size-dependent composition width) followed by a return to
a defect #uorite region before a "nal transition to either an
A or B-type sesquioxide region at very high ('90 mol%)
¸nO

1.5
concentrations (see Fig. 2). While the A- and B-type

sesquioxide structure types are not #uorite related, the pyro-
chlore structure type is and can be described as a modulated
variant thereof. In the case of the heavier rare earth ele-
ments beyond Gd, the pyrochlore structure type is no longer
found. Instead, the defect #uorite solid solution region is
extended up to &75 mol% ¸nO

1.5
beyond which a transi-

tion to either the B- or C-type sesquioxide structure type
takes place. The former is not a #uorite-related structure
type while the latter is.

In those cases where a pyrochlore solid solution phase
does occur, there is usually a high temperature phase
transition from pyrochlore to the defect #uorite phase be-
fore melting. The temperature of this phase transition is
lowest for ¸n"Gd (&15303C) and increases systematically
with ¸n size until ¸n"La where the phase transition no
longer takes place and the pyrochlore phase is stable all the
way up to the melting point. The extent of the pyrochlore
solid solution region has recently been found to be strongly
¸n size dependent (5}7) with a lowest composition width
0022-4596/01 $35.00
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FIG. 1. The defect #uorite average structure of (1!x)ZrO
2
. x¸nO

1.5
CSZ's shown tilted slightly away from a S110T projection. The representa-
tion shown uses oxygen-centered OM

4
tetrahedra with the fcc metal ion

array (M"Zr, ¸n) occupying the corners of these tetrahedra.
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((&2 mol% width at 15003C) for ¸n"La (5), which in-
creases systematically with reducing ¸n size (&17 mol% for
¸n"Sm at 15003C) (6).

Oxygen mobility and hence ionic conductivity is known
to be strongly a!ected by this pyrochlore to defect #uorite
phase transition as well as by aging and dopant concentra-
tion within both the defect #uorite and pyrochlore solid
solution "elds (8}13). This suggests the importance of order-
FIG. 2. Summary of the phase relationships of (1!x)ZrO
2
.x¸nO

1.5
sy

lanthanide ionic radii (taken from Table 1 of Ref. (32)). The data points rep
ing and associated structural relaxation and spurred the
initial structural investigation of these materials (14}17). As
well as the strong Bragg re#ections of the underlying defect
#uorite type average structure, labelled G in what follows, it
was rapidly discovered that the reciprocal lattices of these
cubic stabilized zirconias (CSZ's) invariably contained addi-
tional, composition-dependent (and often highly structured)
di!use scattering (14}26; see also (4) and references con-
tained therein).

Despite numerous investigations over a long period
of time into the implied metal ion and oxygen vacancy
ordering patterns and accompanying structural relaxation)
associated with this additional di!use scattering, signi"cant
consensus is still far from being reached (2, 4, 7}8, 12}27).
One approach interprets observed di!use intensity in terms
of small microdomains of ordered #uorite-related super-
structure phases embedded within an undistorted #uorite
type matrix (15, 20}22). Another emphasizes short-range
local order and hence tends to use the language of short-
range order parameters (18, 25, 26) while a third (in the case
where the observed di!use distribution appears to be closely
related to the pyrochlore structure type * see below) em-
phasizes the importance of antiphase boundaries separating
pyrochlore microdomain regions (14, 20, 24, 27). A "nal ap-
proach uses the language of modulated structures (4, 7, 26).
Some or all of these various approaches have been discussed
in (4, 13).

The focus of this paper is the relationship between the
ordering characteristic of the pyrochlore structure type and
that characteristic of the defect #uorite structure type im-
mediately on either side of the two phase regions separating
the two structure types (see Fig. 2) as well as the dependence
of this ordering upon the relative sizes of the ¸n3` and Zr4`
stems quenched from high temperatures (&1500}16003C) as a function of
resented by the various symbols are largely taken from Refs. (6, 7, 22).



TABLE 1
Ideal d(O+M) Bond Length within a Hypothetical OM4 tetra-

hedra (See Fig. 1), for a Range of Rare Earth and Other Cations
M, Calculated Using the Bond Valence Parameters (R0:s) Given
by Brese and O:Kee4e (33)

Ion M R
0
(O2~}M) d(O2~}M) d(M}M)

La3` 2.172 2.428 3.965
Pr3` 2.135 2.391 3.904
Nd3` 2.117 2.373 3.875
Sm3` 2.088 2.344 3.828
Gd3` 2.065 2.321 3.790
Tb3` 2.049 2.305 3.764
Dy3` 2.036 2.292 3.743
Ho3` 2.023 2.279 3.722
Y3` 2.014 2.270 3.707
Ca2` 1.967 2.223 3.630
Zr4` 1.937 2.196 3.586

Note. The corresponding ideal d (M}M) tetrahedral edge lengths are also
listed to give some indication of the local strain introduced into the close-
packed M111N metal ion planes of the defect #uorite average structure by the
local cation distribution.
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ions (1, 2). Rare earth sesquioxide stabilized cubic zirconia
systems provide a very useful family of materials within
which to investigate such systematic change as a result of
the ability to virtually continuously vary the relative size of
the constituent ¸n and Zr metal ions and hence the local
strain in the &&defect #uorite'' average structure (see, for
example, Table 1).

The pyrochlore structure type is characterized in real
space by correlated M111N metal ion and oxygen vacancy
ordering and (in reciprocal space) by the presence of sharp
G$1

2
S111T* type satellite re#ections (where G corresponds

to the strong Bragg re#ections of the underlying defect
#uorite type average structure). We therefore focus on those
regions of the (1!x)ZrO

2
.x¸nO

1.5
defect #uorite solid

solutions where strong di!use intensity is likewise localized
near G$1

2
S111T* regions of reciprocal space (primarily

those regions immediately surrounding the two phase re-
gions separating pyrochlore and defect #uorite phase "elds;
see Fig. 2).

2. EXPERIMENTAL

The synthesis of the (1!x)ZrO
2
.x¸nO

1.5
specimens

used in this study is described in Refs. (5}7, 22). Electron
microscope samples were prepared by crushing and dispers-
ing onto holey carbon-coated copper grids, which were
subsequently examined in JEOL 100CX, JEOL 4010, and
Philips EM430 Transmission Electron Microscopes
(TEM's). The high-resolution transmission electron micro-
scope (HRTEM) images were obtained using a JEOL 4010
TEM (C

4
"0.7 mm; structure resolution limit"1.4 A_ ) op-

erating at 400 kV. The HRTEM images were captured
on Kodak SO-163 electron image "lm, and these images
were subsequently digitized using a LeafScan 45 negative
scanner.

3. RESULTS

That the metal ion and oxygen vacancy ordering charac-
teristic of the pyrochlore structure type also exists on the
defect #uorite side of the two phase regions separating the
two structure types is apparent from the S110T

F
(F for

#uorite) zone axis Electron Di!raction Patterns (EDP's)
shown in Fig. 3. The "rst three EDP's are from (a)
a 25 mol% PrO

1.5
specimen, (b) a 35 mol% SmO

1.5
speci-

men, and (c) a 50 mol% GdO
1.5

specimen (quenched from
above the pyrochlore to defect #uorite phase transition at
&15303C). These "rst three materials are all in defect
#uorite regions of their respective phase diagrams (see
Fig. 2) although with quite di!erent compositions. The
EDP shown in Fig. 3d, by contrast, is from a 50 mol%
LaO

1.5
specimen and is representative of the pyrochlore

structure type itself with sharp satellite re#ections at all
G$1

2
S111T* positions of reciprocal space.

Additional scattering is also present in each of the "rst
three EDP's at, or very close to, the same positions of
reciprocal space, i.e., at the G$1

2
S111T* regions of recipro-

cal space. Such intense G$&1
2
S111T* type &&di!use scatter-

ing'' is characteristic of all defect #uorite CSZ's for regions
of the relevant phase diagram immediately surrounding the
corresponding P#df two phase regions (see Fig. 2). It
de"nitely does not only occur for compositions near the
nominal ideal pyrochlore composition of 50 mol% ¸nO

1.5
.

(A rather similar EDP to those shown in Figs. 3a}3c has
also recently been published for an &62 mol% SmO

1.5
defect #uorite specimen (see Fig. 3c of (6)). This composition
is still very close to the P#df two-phase region (see Fig. 2)
but now on the other side of the pyrochlore phase region to
the 35 mol% SmO

1.5
specimen. Intense G$&1

2
S111T*

type di!use scattering, however, still occurs.)
Note furthermore the systematic change in the sharpness

and shape of the G$&1
2
S111T* type &&satellite re#ections''

(fairly sharp in the case of (a), slightly smeared out in (b), and
even more smeared out in (c)) as a function of ¸n ion size
(Pr3`'Sm3`'Gd3`) and the fact that the smearing is
largely perpendicular to the local S111T* reciprocal space
direction. Clearly the metal ion and oxygen vacancy order-
ing pattern responsible has a fairly long correlation length
along the corresponding S111T real space direction but
a rather shorter correlation length in the orthogonal M111N
plane, particularly in the case of the 50 mol% GdO

1.5
specimen.

To emphasize further the systematic nature of the struc-
tural changes occurring as a function of deviation from the
relevant P#df two phase region (by, for example, varying
¸n3` ion size at a "xed composition in stabilized zirconia
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systems), consider the S110T
F

and S112T
F

zone axis EDP's
of the 50 mol% TbO

1.5
specimen shown in Fig. 4. Instead

of additional scattering smeared about the G$1
2
S111T*

positions of reciprocal space as for the 50 mol% GdO
1.5

specimen, fairly sharp di!use rings of intensity surrounding
the G$1

2
S111T* positions of reciprocal space now occur

(9, 24, 26). Intriguingly, this fundamental change in charac-
ter of the additional intense di!use scattering correlates with
the disappearance of the pyrochlore structure type itself
from equilibrium phase diagrams, at least for compositions
close to 50 mol% ¸nO

1.5
(see Fig. 2).

Such strong &&smoke ring like'' di!use scattering is also
characteristic of a range of other stabilized zirconia systems
(Zr

0.61
Y

0.39
O

1.805
and Zr

0.875
Ca

0.125
O

1.875
(26), for

example) as well as of other related defect #uorite type
phases (4, 27). For all such systems exhibiting smoke ring
FIG. 3. S110T zone axis electron di!raction patterns (EDP's) typical of (
from above the pyrochlore to defect #uorite phase transition in this system)
like di!use scattering, however, just as for the (1!x)
ZrO

2
.xTbO

1.5
system, there is no longer a stable pyro-

chlore phase in the relevant phase diagram; i.e., when the
size di!erence of the dopant cation from Zr4` becomes too
small (see Table 1) then the pyrochlore structure type itself is
destabilized. Clearly, strain induced by the local metal ion
distribution (see Table 1) plays an important role in deter-
mining the form of the phase diagram (see Fig. 2).

It is known that the radii of these di!use circles around
1
2
S111T* di!er for di!erent stabilized zirconia systems and

furthermore correlate strongly with the di!erence in size of
the constituent metal ions (24). Indeed, Miida et al. (24) have
proposed that the di!use rings arise from a distribution of
antiphase boundaries (APB's) in (111) planes whose role is
to reduce the accumulation of local strain arising as a result
of metal ion ordering along the orthogonal [111] direction.
a) 25 mol% PrO
1.5

, (b) 35 mol% SmO
1.5

, (c) 50 mol% GdO
1.5

(quenched
and (d) 50 mol% LaO

1.5
specimens, respectively.



FIG. 4. Typical S110T and S112T zone axis EDP's for a 50 mol%
TbO

1.5
specimen.
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They propose that the separation of these APB's in the (111)
planes determines the ring radius and is directly related to
the di!erence in size of the host and guest cations. A similar
suggestion that the smoke ring like di!use arises as a result
of a compromise between local attractive forces trying to
force pyrochlore-like ordering and longer range strain for-
ces constraining the lateral extent of any such ordering has
also recently been proposed by Welberry (28).

It would seem that strain associated with the essentially
close-packed metal ion sublattice (mediated by the ¸n3`/
Zr4` metal ion distribution itself as well as the underlying
oxygen vacancy distribution) is playing a crucial role and
that the distribution of metal ions and oxygen vacancies
should be such as to minimize the resultant strain in the
metal ion sublattice, particularly in the close-packed M111N
metal ion planes.

To a "rst approximation, the various S110T
F

EDP's
shown in Fig. 3 are all quite similar. There are, however,
signi"cant di!erences between the EDP's characteristic of
the defect #uorite phase immediately surrounding the rel-
evant P#df two phase regions and those characteristic of
the pyrochlore structure type. In addition to the somewhat
smeared nature of the primary G$1

2
S111T* &&satellite re-

#ections,'' the second harmonic G$S001T* type satellite
re#ections are always much weaker if not altogether absent
on the defect #uorite side of the two-phase region, whereas
the same re#ections are clearly present in the pyrochlore
phase "eld. This is most apparent by comparison of defect
#uorite and pyrochlore type S001T

F
zone axis EDP's (cf., for

example, the S001T
F

EDP's of (a) a 35 mol% SmO
1.5

defect
#uorite specimen and (b) a 50 mol% SmO

1.5
pyrochlore

specimen shown in Fig. 5).
The clear change in the relative intensities of the second

harmonic G$S001T* type satellite re#ections to those of
the primary G$1

2
S111T* satellite re#ections is incompa-

tible with the suggestion that the existence of G$1
2
S111T*

satellite re#ections on the defect #uorite side of the two-
phase region could be due to a diphasic texture of pyro-
chlore type microdomains embedded coherently within
a #uorite matrix (20). Note that such a (nonequilibrium)
diphasic interpretation would also be incompatible with the
quite reproducible existence of two phase regions separating
the two distinct structure types (5}7, 22).

The question becomes what is the exact nature of the
structural similarities and di!erences between the two solid
solution "elds? We believe the virtual absence of second
harmonic G$S001T* type satellite re#ections provides an
important clue. In the case of potential multi-q modulated
systems, the absence of higher order harmonic satellite re-
#ections is often taken as a good indication of a single-q
state; i.e., it implies that only one of the initially symmetry-
equivalent primary modulation wave-vectors exist in any
one local region. In the current context, that would imply
that only one of the four initially symmetry-equivalent
1
2
S111T* type modulation waves is present in any one local

region.
An individual q"1

2
S111T* modulation in the case of the

pyrochlore structure type is necessarily associated with
correlated metal ion and oxygen vacancy ordering and
associated structural relaxation (as schematically shown in,
for example, Fig. 6 of (7)). Experimentally, for example, the
reciprocal space intensity distribution of the G$1

2
S111T*

satellite re#ections in the case of the defect #uorite phase
regions is rather similar to that in the pyrochlore phase "eld
(see Fig. 3) requiring that a similar ordering pattern must
also hold on the defect #uorite side of the two-phase region;



FIG. 5. S001T zone axis EDP's for an (a) 35 mol% SmO
1.5

specimen
and (b) a 50 mol% SmO

1.5
specimen. The former is typical of the defect

#uorite phase immediately surrounding the relevant P#df two phase
regions while the latter is characteristic of the pyrochlore phase "eld. Note
the virtual absence of second harmonic G$S001T* type satellite re#ec-
tions in (a).

FIG. 6. A typical satellite dark "eld (SDF) image of the 25 mol%
PrO

1.5
specimen taken using a G$1

2
[111]* satellite re#ection. A micro-

domain structure on the 100}200 A_ scale is readily apparent.
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i.e., the compositional and displacement eigenvectors (7)
associated with an individual 1

2
S111T* modulation wave are

essentially the same on either side of the two-phase region
and cannot be held responsible for the phase transition. An
explanation must be sought elsewhere. If di!erences in the
compositional and displacement eigenvectors associated
with individual 1

2
S111T* modulation waves are not the

origin of the phase transition, then it must be the correlation
between the four possible such modulation waves that is
responsible.
The cubic Fd3m space group symmetry of the pyrochlore
structure type not only determines the compositional and
displacement eigenvectors associated with an individual
1
2
S111T* modulation wave but also ties together the ampli-

tudes and phases of the four distinct q"1
2
S111T* modula-

tion waves (see, for example, Eq. (12) of (7)). (It is this tying
together of the four distinct constituent q"1

2
S111T* com-

positional modulation waves that gives rise to what Nyman
et al. (29) have refererred to as the &&essential pyrochlore
unit,'' i.e., the characteristic tetrahedra of Zr

4
metal ions

(or tetrahedra of ZrO
6

octahedra) which arises when the
individual 1

2
S111T* compositional modulation waves

intersect).
Satellite dark "eld images within the pyrochlore solid

solution "eld using individual G$1
2
S111T* type satellite

re#ections thus show no evidence for microdomains. Such is
not the case, however, on the defect #uorite side of the
two-phase region. Figure 6, for example, shows a typical
such satellite dark "eld (SDF) image (albeit at low resolu-
tion) for the 25 mol% PrO

1.5
specimen. (Similar SDF im-

ages have also been obtained for the 35 mol% SmO
1.5

specimen.) A microdomain texture on the 100}200 A_ scale is
readily apparent. The dark regions in this image correspond
to regions where the amplitude of the corresponding
1
2
S111T* modulation wave is necessarily zero and show that

there is a fundamental change in local symmetry on moving
to the defect #uorite side of the two-phase region. (Note that
such contrast cannot be interpreted in terms of antiphase
boundaries (20).)

This is con"rmed by the S110T
F

HREM image shown in
Fig. 7a and, more particularly, by the corresponding image



FIG. 7. (a) A typical S110T
F

HREM image of the 25 mol% PrO
1.5

specimen. (b) A power spectrum obtained by Fourier transformation of the image
in (a). The two 1

2
S111T* satellite re#ections are arrowed and the center of the pattern labeled &&0.'' The size and position of the Fourier mask used to obtain

(c) can be seen highlighted in (b). (c) The processed image using the Fourier mask highlighted in (b). (d) The processed image using the central beam and the
alternative 1

2
S111T* satellite re#ection. Identical positions are marked with the letters a to e in (c) and (d).
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processed SDF images shown in Figs. 7c and 7d and ob-
tained from Fig. 7a via fourier "ltering as indicated in
Fig. 7b. The specimen thickness in the area (as judged by the
appearance of the lattice image) is between 100 and 300 A_
while the defocus is close to scherzer (optimum) defocus.
Each SDF image is obtained by selecting the central beam
and one of the two 1

2
S111T* satellite re#ections arrowed in

Fig. 7b. The visibility of the 2a
F
/J3&6 A_ fringes corres-

ponding to the doubling of the average defect #uorite peri-
odicity along the particular [111]* direction chosen by the
fourier masks is clearly quite inhomogeneous in Figs. 7c and
7d and there are many regions where one or other of these
sets of fringes exist but not the other. In Fig. 7d, for example,
there exist fringes at points a, b, and c whereas there are no
fringes at these points in Fig. 7c. Likewise, in Fig. 7c there
exist fringes at points d and e but there are no fringes at
these points in Fig. 7d. These results are compatible with the
low-resolution SDF image of Fig. 6 and suggest that there
are domains of 100}150 A_ in size where only one of the four
potential 1

2
S111T* modulation waves is locally present.
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However, given that only two of the four potential
1
2
S111T* modulation waves can ever be excited in any one

such S110T
F

image and the fact that the boundary regions
separating these microdomain regions do not run along any
sort of crystallographic direction (so that it is never clear in
such images whether one is projecting through one or, more
likely, several such domains), it is not of course strictly
possible to prove the existence of a local single-q state from
such images. Nonetheless, there is undoubtedly a clear
change of symmetry from the pyrochlore to the defect
#uorite side of the two-phase region in this system and the
most likely explanation is a multi-q (cubic) to single-q
(rhombohedral) phase transition.

It is interesting at this point to note that there exist
various modulated phases (not normally thought of as being
pyrochlore related phases), which also possess an average
#uorite-type structure and are likewise characterized by
metal ion ordering in M111N planes. Examples include the
(1!x)Bi

2
O

3
.xNb

2
O

5
, 0.06(x(0.23, type II solid solu-

tion phase (30) as well as the CaUO
4

phase (31). In the case
of the (1!x)Bi

2
O

3
.xNb

2
O

5
, 0.06(x(0.23, type II solid

solution phase, for example, the average structure is of
defect #uorite type and the (primitive) primary modulation
wave vectors again run along S111T* directions but this
time the magnitude is not 1

2
S111T* but rather e S111T* with

e&0.37 (30). Nevertheless the same phase relationship be-
tween the four q"e S111T* compositional modulation
waves as is characteristic of the pyrochlore structure type is
also characteristic of this three-dimensional incommensu-
rately modulated cubic phase. On the other hand, CaUO

4
can be described rather more simply as a rhombohedral,
single-q"1

2
[111]* modulated #uorite phase (see Fig. 7 of

(7)) of the type proposed here for the df side of the P#df
two phase region.

4. DISCUSSION AND CONCLUSIONS

The systematic changes in phase relationships, occa-
sioned either by variation in composition or by a variation
in the relative sizes of the Zr4` and ¸n3` ions at the same
composition, within these anion-de"cient (1!x)ZrO

2
.

x¸nO
1.5

systems (and highlighted in the current contribu-
tion) are important and need to be understood in local
crystal chemical terms. While such an ambitious aim is
beyond the scope of the current contribution, there are
nonetheless important conclusions that can be drawn from
the observed behavior. In particular, it seems clear that
strain associated with the essentially close packed metal ion
M111N planes (mediated by the metal ion distribution itself
(see Table 1) as well as by the underlying oxygen vacancy
distribution) is playing a crucial role and that the distribu-
tion of metal ions and oxygen vacancies are usually such as
to minimize the resultant strain in these M111N metal ion
planes.
For satellite re#ections to be localized close to the
G$1

2
S111T* positions of reciprocal space, strain must be

matched for alternate M111N metal ion planes. This will
depend upon the balance between the concentration and
distribution of oxygen vacancies and metal ions (see
Table 1). The fact that the pyrochlore structure type exists
only when the size di!erence between the rare earth ¸n3`
ion and Zr4` is large requires that oxygen vacancies must
be preferentially associated with the smaller Zr4` ion (and
hence with alternate M111N metal ion planes) in order to
compensate for the metal ion size di!erence (see Table 1).

When the metal ion size di!erence is largest (for ¸n"La),
the compositional width of the pyrochlore solid solution
"eld is narrowest. As this metal ion size di!erence decreases,
the compositional width of the pyrochlore solid solution
"eld systematically increases; i.e., the metal ion distribution
of the ideal pyrochlore structure type becomes more and
more #exible with Zr 4` ions becoming able to replace ¸n3`
ions and vice-versa. Simultaneously, the compositional
width of the surrounding df phase "eld increases. Eventual-
ly, when the metal ion size di!erence becomes too small, the
pyrochlore phase itself is destabilized altogether and a phase
transition to a single-q"1

2
[111]* df phase is triggered.

Upon reducing the size di!erence still further at the same
ideal pyrochlore nominal composition (cf. Fig. 4 with Fig. 3)
the di!use distribution in the df phase changes into &&smoke
rings'' around 1

2
[111]* as a result of the fact that strain can

apparently no longer be matched for alternate [111] metal
ion planes.

If, instead of changing the ¸n ion at the same nominal
50 mol% ¸nO

1.5
composition the composition is altered for

the same ¸n ion, then a pyrochlore to defect #uorite phase
transition is again triggered when the e!ective cation size
di!erence becomes too small (as a result of Zr4` ions replac-
ing ¸n3` ions or vice-versa; see, for example, the ¸n"Sm
portion of Fig. 2).
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