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The compound ZrO,_, F,, has been studied by X-ray powder diffraction and transmission electron
microscopy. It was previously described as a series of anion-deficient, a-UQ;-type *‘line phases,”” with
compositions in between resulting from unit cell scale intergrowths of the line phases. More correctly
Zr0,_,F,, is described as an incommensurately modulated structure with composition-dependent
primary modulation wave-vector, q = xb*, The underlying orthorhombically distorted a-UO;-type
parent structure has space group symmetry Cmmm (a =~ 6.44, b =~ 3.83, ¢ =~ 4.07 A). Characteristic
extinction conditions imply a superspace group symmetry of P: Cmmm:s,—1,1. The previously re-
ported crystal structure of Zr,O¢Fy, is Fourier decomposed in these terms. Crystal chemical reasons
are proposed for the very limited composition range, 0.698 = x = 0.714, observed for the title

Compound. © 1991 Academic Press, Inc.

1. Introduction

The system ZrO,-ZrF, has been exten-
sively studied previously by X-ray powder
diffraction (I—4), transmission electron
microscopy (4, 5), and single crystal X-ray
diffraction (6-8). It has been reported
that, at approximately 35 mole% ZrF,,
there exists a series of a-U,;O4-type related
compounds with stoichiometries Zr,O;F;,
Zr,O,F, and ZrO;F,; (2). The crystal
structures of these compounds like that
of a-U;0; were understood to be super-
structures of an orthorhombically dis-
torted a-UO;-type (a = 6.44, b = 3.84, c =

*To whom correspondence should be addressed.

4.09 A), with the superstructure resulting
from the ordering of anion vacancies (v,
Zr(0, F);_,) along the b direction. The crys-
tal structure of the compound Zr,O4F,, has
been refined (6) and confirmed this under-
standing.

Ceramics in the ZrO,—ZrF, system, which
include the title compound, have been stud-
ied as a possible means of immobilizing the
waste zircaloy nuclear fuel cladding pro-
duced during the reprocessing of spent fuel
from water-cooled reactors (9).

Recent work by us on the system
ZrO,—Nb,05 (10) showed that what was pre-
viously thought to be a homologous series of
compounds M,0,,.;, with fluorite-related
superstructures (1), was in fact an incom-
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mensurately modulated, fluorite-related
structure (Nb,Zr,_,0,, s 7.1 < x = 10.3)
with primary modulation wave-vector (q =
b* + ;a*) varying as a function of compo-
sition.

Early work on the title compound (2) sug-
gested that it was a homologous series
713,104, Fapnio (n = 1, 2, 3), while later
work (6) preferred to described it as a series
(Zr(O, F)aguen (O, Flygniry-2, Where 2n
represents the number of anions subtracted
from the unit cell and 3n + 1 the multiplicity
of the b parameter. All in-between composi-
tions were interpreted (5, 6) as unit cell scale
intergrowths of the members of this series.
A preliminary study of Zr;0,0,, by TEM
electron diffraction suggested that this pre-
viously reported homologous series might,
in fact, actually be an incommensurately
modulated a-UOj-related structure with
modulation wave-vector varying with com-
position, as for Nb,Zr,_,0,, ;.

For this reason, we undertook a system-
atic study of the ZrO,-rich end of the system
ZrO,-ZrF,, i.e., ZrO,_.F, , to test this hy-
pothesis.

2. Experimental

2.1 Synthesis

Initial attempts to synthesize single phase
ZrO,_.F, specimens at an accurately
known composition proved very difficult,
due to the air sensitivity of ZrF, and loss of
ZrF, upon reaction above its sublimation
temperature of ~600°C. It was decided to
circumvent these difficulties by synthesiz-
ing in the two phase region on either side of
the subject compound.

Specimens were prepared from “*ZrO,”’
(Z-Tech Pty. Ltd., >99.95% containing
2.57% HfO,) and ZrF, (Cerac Inc., 99.9%
pure) at compositions 30 and 50 mole%
ZrF,. Specimens at both compositions were
mechanically mixed and heated for variable
lengths of time at 600, 700, 800, 900, and
1000°C, in both sealed Pt tubes and in open
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(crimped) Pt tubes under 1 atm of oxygen-
free nitrogen.

The duration of reaction varied from ~15
min at 1000°C to ~3 days at 600°C in order
to reach equilibrium. Because of the com-
ments made by Papiernik et al. (4) that the
reaction product was very dependent on the
conditions of synthesis, particularly at low
temperature at the ZrF-rich end of the se-
ries, the two 600°C specimens in sealed Pt
tubes were reground and heated for a further
week at 600°C to confirm that equilibrium
had in fact been reached. Also, in response
to these comments, we chose to run parallel
syntheses under quite different p (ZrF,) and
p (0,) conditions.

2.2 XRD and Electron Diffraction

Specimens were examined by XRD using
a Guinier—-H4gg camera with monochro-
mated CuKe, radiation. An internal stan-
dard of Si (NBS No. 640) was used to cali-
brate the measurement of XRD films for
least-squares refinement of the unit cell di-
mensions and the magnitude of the modula-
tion vector. The material was further stud-
ied on a JEOL 100CX transmission electron
microscope.

3. Results and Discussion

3.1 Phase Relationships

The phase relationships are as reported
by Papiernik et al. (4) except that the incom-
mensurately modulated ZrO,_, F,, (0.698 =
x = 0.714) phase field is treated as a single
“‘solid—solution.”” The compositions of the
end-members of the solid—-solution field are
difficult to ascertain due to its narrow range.
Correct interpretation of the magnitude of
the primary modulation vector should, how-
ever, provide a means for determining com-
position. A discussion of the modulation
vector will be given in Section 3.8.

In accord with the results of Papiernik and
Frit (5) the fluorite-related phase mentioned
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Fic. 1. An [010] zone axis SADP of baddeleyite
(monoclinic ZrO,) multiply twinned on (100). The two
twin orientations are labeled with subscript 1 or 2.

by Joubert and Gaudreau (2) with composi-
tion ~4.2 mole% ZrF, was found not to ex-
ist. This supposed phase was almost cer-
tainly baddeleyite multiply twinned on
(100). The twinned lattice can approxi-
mately be fitted by a six-times superstruc-
ture of an orthorhombic fluorite-related unit
cell; as in baddeleyite the monoclinic angle
B* is very close to 80° and a* = c* (12)
(see Fig. 1). All the Guinier photographs of
specimens prepared at 30 mole% ZrF, could
be completely indexed as ZrO,_ F,, and
baddeleyite,

For the 50 mole% ZrF, specimens, the
second phase present was hexagonal
Zr;0,F; (8) up to and including 700°C, and
ReO;-type cubic Zr;0,F; above 700°C (4).
The phase transition temperature reported
by Papiernik et al. (4) was 710°C. No tem-
perature dependence of their unit cell di-
mensions was evident, but hexagonal
Zr,0,F; (space group P6ymc, a = 7.671,
¢ = 12.49 A) showed a high density of planar
faults perpendicular to the ¢ direction (see
Fig. 2a). The {— A, h, 0, [}* reflections in the
corresponding (110) zone-axis SADPs (see
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Fig. 2b) were always heavily streaked along
the ¢* direction unless 2 = 3n, suggesting
that the planar faults are displacement faults
with fault vector R = a, dbor ¥(a + b).

3.2 Magnitude of the Modulation Vector

The magnitude of the modulation vector
for these end member compositions was de-
termined from both X-ray powder diffrac-
tion and electron diffraction patterns. The
electron diffraction patterns showed that the

Fi1G. 2. A typical {110} bright field electron micro-
graph of hexagonal Zr;0,F; showing a high density of
planar faults perpendicular to the ¢ direction along with
the corresponding SADP. Note the heavy streaking
along ¢* of all {— A, h, 0, [}* reflections for which & #
3n, n an integer.
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Fi1G. 3. Densitometer traces from XRD Guinier expo-
sures (A = 1.5406 A) of (a) 800°C S0 mole% ZrF, and
(b) 1000°C 30 mole% ZrF, specimens. The upper trace
shows x = 0.714 in equilibrium with ReOs-type cubic
Zr0,F; (labeled C) and the lower trace x = 0.698
and baddeleyite (labeled B). A four-index notation
(h, k, I, m) has been used to index reflections. While
the subcell reflections vary little in their position, the
satellite reflections, notably 0,2,0,-2, 1,1,0,—-2,
1,3,0,-3, 1,1,0,-3, 0,0,0,2, and 1,3,1,—3, vary
markedly.

modulation vector lay directly along the b*
direction, and that it could be incommensu-
rate with respect to b* (see Fig. 6 and Sec-
tion 3.4).

Figure 3 shows densitometer traces from
Guinier films of (a) 50 mole% ZrF, 800°C
and (b) 30 mole% ZrF, 1000°C specimens.
Both traces show a second phase to be pres-
ent; ReOs;-type cubic Zr;O,F; (labeled C)
in the 50 mole% ZrF, 800°C specimen and
baddeleyite (labeled B) in the 30 mole%
ZrF, 1000°C specimen. While the parent
unit cell reflections (h, £k, I, m; m = 0)
vary little between specimens the satellite
reflections shift dramatically, particularly
the higher order harmonics, e.g., 0,2,0, —2;
1,1,0,-2; 1,3,0,—3; 1,1,0,-3; 0,0,0,2
and 1,3,1,—3. From these films q/b*
was accurately derived using the 0,2,0,—2;
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1,1,0,-1; 1,1,0,-2; 1,3,0,-3; 2,2,0,—3,
and 2,0,0,1 satellite reflections (see Section
3.4 for indexing notation). The value of
q/b* derived from the X-ray powder data,
while in complete agreement with the
value obtained from electron diffraction
patterns, could be determined with higher
precision. A plot of g/b* vs temperature
of synthesis is given in Fig. 4 for samples
synthesized (a) in sealed platinum tubes
in air and (b) in unsealed platinum
tubes under an atmosphere of nitro-
gen.

Within the uncertainty of the calculation
of g/b* from the refined Guinier data for
each specimen, there is complete agreement

1100
a Sealed Pt
1000
900
_‘
o 800
(@]
700
600
500 4‘
0.690 0695 0700 0705 0710 0715 0720
q/b*
1100
b Unsealed Pt - Nitrogen
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900
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700 e
600 ———
500
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FiG. 4. Plot of XRD-determined g/b* versus temper-
ature of synthesis for ZrO,__F,, in the two series of
specimens. Within experimental uncertainty there is
complete agreement between results for specimens
with the same starting composition and temperature of
synthesis, despite other conditions being different.
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between the results for specimens with the
same starting composition and temperature
of synthesis, despite other conditions of
synthesis being quite different. From this
result we conclude that the magnitude of
the modulation vector for the end member
compositions is dependent only on tempera-
ture. This result is surprising given that the
parent unit cell dimensions are dependent
on the conditions of synthesis as discussed
below.

3.3 Unit Cell Dimensions

The C-centered orthorhombic parent unit
cell dimensions of the end members of the
solid—solution field were determined using
a least-squares refinement of data out to 54°
20 for CuKa, . These are presented in Fig. 5
with the data from the two series, sealed Pt
tubes and unsealed Pt tubes under 1 atm N,,
on the same plots.

For all the cell dimensions of both the 30
and the 50 mole% ZrO, specimens there is
approximate agreement between the data
for each series, with the a and ¢ dimensions
in greatest agreement. The b dimension,
which corresponds to the modulation direc-
tion, shows the greatest disagreement be-
tween the equivalent specimens from the
two series.

When comparing the 30 mole% ZrF, data
with the 50 mole% ZrF, data the difference
in magnitude of ¢ is most striking. The ¢
dimension is consistently 0.25% greater in
the 30 mole% ZrO, specimens. As afunction
of increasing temperature ¢ increases and a
is approximately constant for both the 30
and the 50 mole% ZrO, specimens, whereas
b shows poor agreement between spec-
imens.

Itis interesting to compare the cell dimen-
sions of specimens with the same q/b* as
shown in Fig. 4. First, let us compare the 50
mole% ZrF, 1000°C specimens, sealed Pt
and N, series, with the 30 mole% ZrF,800°C
specimens, all of which have g/b* = 0.706.
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The sealed Pt series subcell dimensions
agree quite well but the N, series dimensions
do not. Second, if we compare the 600°C
specimens for each series, all of which have
q/b* = 0.714 (= 3) there are quite significant
differences between specimens whose
wave-vector magnitude is, within error, the
same.

Careful remeasurement of many of the
Guinier films confirmed these results. In ad-
dition the two 600°C specimens which were
reannealled for a further week in sealed Pt
tubes showed no change in either q/b* or
the parent unit cell dimensions.

From these results and the plots of q/b*
as a function of temperature of synthesis
and starting composition we considered it
necessary to invoke another variable to ex-
plain the apparent lack of a one-to-one rela-
tionship between q/b* and unit cell dimen-
sions. This proposed variable is anion
disorder and is discussed further in Section
3.7 below.

3.4 Electron Diffraction Patterns

Figure 6 shows (a) and (b) [100], (c) [010],
(d) [001], and (e) [2, 0, — 1] subcell zone-
axis convergent beam patterns (CBPs) typi-
cal of the ZrO,_ F,, solid solution field. A
four-index notation (h, k, I, m) = ha* +
kb + le* + mq, where a*, b*, ¢* corre-
spond to the cell dimensions of the recipro-
cal lattice of the underlying Cmmm parent
structure (see Fig. 7) and where the pri-
mary modulation wave-vector q = 3b*, can
be used to index any given reflection. Fig-
ure 6f shows a typical selected area elec-
tron diffraction pattern (SADP) taken close
to the [001] zone-axis. In this case q =
#b*. In general, it is difficult to distinguish
between parent and satellite reflections due
to the large amplitude of the first few
modulation harmonics. Notice the charac-
teristic satellite extinction condition F (0,
k, I, m) = 0 unless m = 2n in Fig.
6b. The corresponding superspace group is
P:Cmmm:s,—1,1 (I13).
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Fi1G. 5. Plot of refined parent unit cell dimensions versus temperature of ZrO, _,F, versus temperature
of synthesis. Filled circles represent specimens from the sealed Pt tube series and open circles from

the open (crimped) Pt tubes under 1 atm N, series.

Notice also the characteristic diffuse in-
tensity present in Figs. 6a, 6¢c, and 6e.
There seems to be three distinct types of
diffuse intensity present. The first consists
of diffuse sheets of intensity perpendicular

to ¢* and running through the G * jc*
reciprocal space positions (horizontal
arrows in Figs. 6a, 6¢c and 6e). The strong
azimuthal intensity variation displayed by
this type of diffuse distribution in wider
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Fi1G. 6. Shows (a) and (b) [100], (c) [010], (d) [001], and (e) [2,0, — 1] subcell zone-axis convergent
beam patterns (CBPs) typical of the ZrO,_,F,, solid solution field. Note the characteristic diffuse
intensity distributions arrowed in (a), (c), and (¢). A four-index notation (4, k, [, m) = ha* + kb* +
Ic¥ + mq, where the primary modulation wave-vector, q =~ %b*, can be used to index any given
reflection. (f) Typical selected area electron diffraction pattern (SADP) taken close to the [001] zone-
axis. In this case q =~ o,
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F1G. 7. The (slightly orthorhombically distorted) a-
UO;-type underlying parent structure essentially re-
sponsible for the (h, k, I, m = 0)* reflections along
with the anion vacancy ordering found by Holmberg in
Zr,04F 4 (for Zr;04Fy , Holmberg could not distinguish
between O and F). The space group symmetry of the
underlying parent structure is Cmmm (a = 6.44, b =
3.84, and ¢ ~ 4.09 A) and there are four independent
sites per primitive unit cell—Zr at 0,0,0; A, at 0,0,3; A,
at £,0,0; and A; at £,0,0.

angle [100] (Fig. 6a) and [010] (Fig. 6c)
CBPs requires displacive shifts along the
¢ axis to be responsible. This will be dis-
cussed in more detail in Section 3.7. Ap-
other weak type of diffuse consists of rods
along the ¢* direction which appear to run
through the satellite, but not the parent,
reflections (vertical arrows in Figs. 6a and
6¢). Finally there is another type of diffuse
distribution which occurs in [4#0/] zone-axis
SADPs (sloping arrows in Fig. 6e) and is
more wavy in appearance. In spite of the
very sharp subcell and satellite reflections,

THOMPSON, WITHERS, AND KEPERT

there is clearly scope for compositional
and displacive disorder.

3.5 Fourier Decomposition of the
Zr,04Fyy Crystal Structure

Given the continuous smooth variation of
q/b* with composition and temperature, it
is clear that any generally applicable crystal-
lographic description of this system must be
based upon a superspace group approach
(13) rather than upon conventional crystal-
lographic refinement at rational values of
g/b*. The underlying parent structure (see
Fig. 7 and (6)) can be taken to be a slightly
orthorhombically distorted «-UO;-type
structure. This structure is essentially re-
sponsible for the (A, k, I, m = 0)* reflections.
Its space group symmetry is Cmmm with
a~6.44,b~3.84,and ¢~ 4.09 A. There are
four independent sites per primitive parent
unit cell—Zr at 0,0,0; A, at 0,0,3; A, at 3,
0,0;and A, at £,0,0. For Zr,O4F,,, Holmberg
could not distinguish between O and F.
Hence we will simply refer to anion sites as
A. The parent structure of Zr,O,F,, has § of
an anion at each of the A, and A, sites on
average, 1.€., the average atomic scattering
factor of the A, and A, sites, f,;, = f43 =}
f4). On the other hand, the A, site is fully
occupied,i.e., fi; = f4.

The extinction conditions characteristic
of this incommensurately modulated phase
(see Fig. 6b where F (0klm) = O unless m =
2n) imply a superspace group symmetry of
P:Cmmm:s,—1,1. Complete specification
of such a structure consists of determining
the above parent structure plus the atomic
modulation functions (AMFs) (see Perez-
Mato et al. (14, 15) describing the composi-
tional fluctuations and displacive shifts
away from this underlying parent structure
as a function of q - T, where q =~ $b* and
T = ma+ nb + pc + gia+ b)y(m, n,p,
g all integers) labels the different cells of
the parent structure. The above superspace
group severely constrains the form of these
AMFs.
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FiG. 8. Plot of the compositional AMF characteristic
of the A, site (8 f,;) of Zr,;OsF,, (obtained by fourier
decomposition of the reported crystal structure) as a
function of q - T.

Fourier decomposition of the reported
crystal structure of Zr,;O,-F,, enables specific
expressions for these AMFs to be derived.
In the case of compositional fluctuations, it
is clear that these can only occur on the A,,
A; sites. We have f,, (q - T) = $f, (1 +
8 faq - T)).

Fourier decomposition of Holmberg’s re-
finement gives:

Sfulq-T) = ~0.3250 cos Qm q - T — 7/2)
—0.3003cos(4rq-T — o)
—0.2606 cos (6w q - T — 37/2)
~ 02078 cos @r q - T — 2m)
—0.1446 cos (10r q - T — 57/2)
~ 0.0742 cos (12m q - T — 3m).

Note that § f,5(q - T) = 8 f.(q - T + 3).
This function is shown plotted as a function
of q - T in Fig. 8. In the case of Zr,O4F,
q = ’b* exactly and hence this composi-
tional modulation function is sampled at a
limited number of discrete values of q - T.
For a general x, however, all possible values
of q - T will be sampled. It is clearly strongly
anharmonic as can be seen from the above
expression. Note that when 8 f,(q - T) =
%, the corresponding site is fully occupied
whereas when 8 f,5(q - T) = — 1, the corre-
sponding site becomes vacant.
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Presumably such a modulation function
would not vary too much with q. To confirm
this, however, would require full 4-D X-ray
structure refinements at a range of g-values.
Figures 9 and 10 also show the correspond-
ing displacive AMFs for the Zr, A, and A,
sites along both the a and b directions, re-
spectively, (c-axis shifts are forbidden by
the superspace group) as a function of
q - T. The ordinate is in fractional coordi-
nates. The AMFs for the A, site are related
to those for the A, site as follows:

Uis(@'T) = -Ujih(@- T+
Uh@ ' T)=U)(@q T+3).

In the case of A, and Aj sites, there is some
ambiguity in that there are seven allowed
variables but only six equations to fit (the
missing equation results from the vacant
sites). We have fixed this unspecified degree
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Fic. 9. Plots of the displacive AMFs along the a
direction of the Zr, A, and A; sites of Zr,O,F;, (ob-
tained by fourier decomposition of the reported crystal
structure) as a function of q * T. The ordinate is in units
of fractional coordinates.



120

Y
L UZr
0-05 /\
10
000}» 4 n —_— n n

qT
-00s N4
Y
0-05 e Ui
].
0-00 2 qT
-0-05
Y
0-20 » UA?
Q10+

0-00

-010

-0-20

FiG. 10. Plots of the displacive AMFs along the b
direction of the Zr, A, and A, sites of Zr,O¢Fy (ob-
tained by fourier decomposition of the reported crystal
structure) as a function of q - T. The ordinate is in units
of fractional coordinates.

of freedom such that the amplitude of the
highest order harmonic allowed goes to
zero. Such a choice is required by the ob-
served diffraction patterns (see Figs. 6b and
6d).

3.6 Apparent Valence Calculations on
Zr,04F,, Crystal Structure

The structure refinement of Zr,O,F , from
single crystal X-ray data by Holmberg (6)
gave quite reasonable Zr-(O, F) bond
lengths and coordination polyhedra, and the
anion-anion distances were also plausible.
However, due to the similar X-ray scatter-
ing curves of O and F, being neighboring
elements, this worker was not able to deter-
mine whether O and F atoms were ordered
or disordered on each of the 10 anion sites.

By the calculation of apparent valences
(AVs) (16, 17) for this reported structure it
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is possible to identify those anion sites
which are occupied by O, those occupied by
F, and those sites occupied by a mixture of
O and F. Table I presents the AVs for all
atoms in the refined structure. By consider-
ing initially the AVs of the anions, it is obvi-
ous which anion environments provide sat-
isfactory bonding for oxygen (X(1), X(2),
and X(6)), those for fluorine (X(3), X(4), and
X(5)), and those which are midway
(X(7)-X(10)). Once these sites are assigned
(Model 1 in Table I), the AVs for all the Zr
atoms become plausible, with the possible
exception of Zr(1) and O(3), which are
slightly overbonded. The AV for O(3) can
be improved by constraining the A, sites
(X(7)-X(10)) to be (O, sF, ) and O(3) to be
(Oy.75Fg.25), which together satisfy the stoi-
chiometry Zr,OgF,, (Model 2).

In terms of the structure, it is evident from
either Models I or 2 that there is ordering of
O and F in the plane of the Zr, A,, and A,
layers and apparent disorder of O and F
on the 2-coordinate A, sites between the Zr
layers.

The observed ¢ dimension for the
Zr,04F, structure, and indeed the entire
solid solution (see Fig. 4), can also be under-
stood in terms of AVs of atoms bonded in
this direction. If we assume 50% O and
50% F occupying the interlayer 2-coordi-
nate sites, (O, F), and impose exact order-
ing along the -Zr-(O, F)-Zr-(0O, F)-
chains parallel to ¢, we would have
~Zr-F-Zr-O-Zr-F-Zr-O-. If we then
constrain the AVs of these 2-coordinate F
and O atoms to equal 1 and 2, respectively,
then dj, = 2.11 A and d,,_o = 1.94 A.
This gives do_g = 4.05 A, in remarkable
agreement with the observed ¢ dimension
of 4.07 A. Note that a pure ~Zr-F-Zr-F-
chain would give dyp_; = 4.22 A and pure
—Zr-0-Zr-0- chain would give dy_o =
3.87 A. Of course, such anion ordering
would imply a doubling of the c-axis. We
believe that the experimentally observed
sheets of diffuse intensity at 3c* in diffrac-
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TABLE I
APPARENT VALENCES FOR Zr,OQgF(°

AV AV
Atom All O All F (OgF,p)® Atom Model 1¢ Model 2¢
Zr(1) 4.41 3.52 3.91 Zr(1) 4.23 4.25
Zr(2) 4.41 3.52 3.91 Zr(2) 4.01 4.03
Zr(3) 4.52 3.61 4.01 Zr(3) 4.00 3.98
Zr(4) 4.43 3.54 3.93 Zr(4) 3.99 3.92
0O,F(1) 1.97 1.58 1.75 o 1.97 1.97
0O,F(2) 1.96 1.56 1.74 0Q) 1.96 1.96
0O,F(3) 1.33 1.06 1.18 F(1) 1.06 1.06
0O.F4) 1.34 1.07 1.19 F(2) 1.07 1.07
O,F(5) 1.40 1.12 1.24 FQ3) 1.12 1.12
0O,F(6) 2.24 1.79 1.99 0(3) 2.24 2.11¢
O,F(7) 1.53 1.23 1.36 0,F() 1.35 1.37
O,F(8) 1.51 1.21 1.34 O,F(2) 1.33 1.36
0O,F(9) 1.53 1.22 1.36 0,F(3) 1.35 1.37
O,F(10) 1.52 1.21 1.35 0,F4) 1.34 1.36

@R, Zr-0 = 1.937 A and R, Zr-F = 1.854 A.

b R, Zr—(0, F) = 1.893 A as (O, F) is 5F and 0.

‘R, Zr—(0, F) = 1.890 A as (O, F) is %F and 0.

¢R, Zr-(0, F) = 1.896 A as (O, F)is $ F and } O. Note that R, Zr-O(3) =
1.916 A as O(3) is deemed to be iF and 3O to give overall stoichiometry Zr;OgF,,.

tion patterns (Figs. 6a, 6¢, and 6¢) do indeed
correspond to such ordering along --Zr—
anion—Zr—anion— chains in the ¢ direction.
This is discussed in more detail in Section
3.7 below.

3.7 Interpretation of Diffuse
Intensity Distribution

As discussed in Section 3.6 the structure
refinement of Zr,O.F,, (6) did not distin-
guish between O and F on the anion sites.
AV calculations indicate the probable order-
ing of O and F on the A, and A, sites but
that, in terms of the refined commensurately
modulated structure, there is an equal prob-
ability of O and F on a given A, site.

The diffuse sheets of intensity perpendic-
uiar to ¢* and running through the G * ic*
reciprocal space positions, with their strong
azimuthal intensity variation (horizontal
arrows in Figs. 6a, 6¢, and 6e), are inter-

preted as due to exact —Zr-F-Zr-O- order-
ing in any -Zr-(0, F)-Zr-(O, F)- chain
parallel to c¢. The reason why we observe
sheets of diffuse and not ‘‘superstructure’’
reflections at 4¢* is that the —-Zr-F-Zr-O-
ordering is not correlated from one chain
to the next. Also, following from the AV
argument concerning the required d,_p and
dy_o in these chains, this ordering would
have the effect of displacing the Zr atoms
by ~0.085 A along the ¢ direction, which
is consistent with the observed azimuthal
intensity variation.

The diffuse rods along the ¢* direction
appear to run through satellite reflections
(vertical arrows in Figs. 6a and 6¢) but ap-
parently not through subcell reflections.
This suggests some sort of disordering or
lack of correlation in the phasing of the
AMPFs from one layer (normal to the ¢* di-
rection) to the next. It is difficult, however,
to be more specific. The third type of dif-
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TABLE II

MobELs oF ZrO,_,F,, (0.0 = x = 1.0) BASED ON a-UO,-TYPE PARENT STRUCTURE WITH DISTANCES (A)
CONSTRAINED TO SATISFY THE VALENCE REQUIREMENTS OF ZR AND A,

Formula: Zr;05F¢ Zr;05F Zr,OgF ° Zr;04F, Zr,0,F, Zr,OF, m-ZrO,
x 1 1 $ 3 H 0
A o 0y0F 1 Oi2F1p O12F1n 0o 0o
Ay, A; F O1/aFy4 O37Fy; 012F 1 O12F1n 0
dgeean 1.94 2.03 2.03 2.03 1.94 1.94
Coordination 2+6 2+6 2 + 5% 2+5 2+ 4 24+3 7
dze-az.49) 2.26 2.20 2.13(10)° 2.15 2.15 2.09 2.16(8)°
AV (F) 1.00 1.18 — 1.34 1.34 —
AV (0) 2.00 1.48 — 1.68 1.68 2.00
dig_n° 2.26 2.20 2.514 2.53 3.04 3.62 2.584
Vol. (AY 51.4 50.9 50.3 48.7 46.6 439 35.6

4 Observed Zr,OgF;, structure (6).

¥ Observed baddeleyite structure (12).

¢ Mean observed dz,_snion) With standard deviation.
4 Shortest observed dg_g).

¢ Distance upon relaxation about a circle of radius dz, 4 43).

fuse, while similar to the above-mentioned
rods in that it appears to run through satellite
reflections only (Fig. 6e), is less easily inter-
preted because it occurs along relativeiy mi-
nor directions of reciprocal space.

In Section 3.3 it was considered necessary
to invoke anion disorder to explain the ap-
parent lack of one-to-one relationship be-
tween q/b* and unit cell dimensions. Given
the clear electron diffraction evidence that
disorder is endemic in this material it is not
unreasonable to conclude that conditions of
synthesis would have a significant effect on
the degree of disorder. While the magnitude
of the modulation wave-vector is deter-
mined by the composition of any given spec-
imen (see Section 3.8), the unit cell dimen-
sions are also dependent on the degree of
disorder. Attempts to observe differences
between specimens in the diffuse intensity
distribution as a measure of disorder by
electron diffraction, however, proved in-
conclusive.

3.8 Relationship of q = q/b*
to Composition

In his discussion of series (MA)ys,.
Ayan+1-2, Holmberg (6) derived the ‘‘mul-

tiplicity”” of the parent structure for these
phases as being 3n + 1)b, n being an
integer. Our superspace group approach
to describing the solid-solution ZrO,_,F,,:
0.698 = x = 0.714 allows a single descrip-
tion for all observed compositions, thereby
circumventing the problem of » having
to be an integer in Holmberg’s series and
the consequent need for invoking unit-cell
scale intergrowths or ‘‘chemical twinning.”’

As discussed in Section 3.5, we treat the
underlying parent structure as a-UQO;-type.
For a given composition of ZrO,_,F,, the
average structure has (1 — x)/2 of an anion
at each of the A, and A, sites, i.e., the
probability of an anion vacancy on the A,
and A; sites in the ‘‘ideal”” ZrA, parent
structure is 3(1 — x). This does not, how-
ever, of itself fix gq. Reasonable physical
constraints need to be imposed in order to
do this. The constrains we have imposed
is that the b-component of anion vacancy
separation must never be less than b and
never greater than 3b (in order to relieve
anion crowding—see Section 3.9 below).
Under the assumption of an idealized
square wave compositional modulation
function, such a constraint requires g to
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equal either x or (I — x). Experimentally,
however, it is clear that g = x rather than
(1 — x) (see the SADP in Fig. 6f). An
additional constraint which would force
this result is that vacancies separated by
3 must belong to the same string type,
i.e., to either an A, or an A, string but not
one to each. Both these constraints are
obeyed by the refined structure (x = 3
Zr,0,F, (6). Thus we believe that stoichi-
ometry and primary modulation wave-vec-
tor are directly related via the formula
q/b* = x.

3.9 Why x = 3 in ZrO,_,F,,

In this section we attempt to broadly
explain why x = 3 in ZrO,_,F, , why this
compound possesses such a narrow com-
position range (0.698 = x = 0.714), and
why the composition range shifts to lower
values of x with increasing temperature of
synthesis.

In the a-UO;-type parent structure the
only significant nonbonding atomic interac-
tion is between A, and A,. If we consider
this interaction as a function of composi-
tion for selected values of x across the
composition range, while exactly satisfying
the bond valence requirements for the
atoms Zr and A,, it becomes clear why a
composition in the vicinity of x = § pro-
vides the necessary compromise between
first and second neighbor interactions.
Table II lists the various calculated para-
meters of five hypothetical structures
as well as equivalent observed para-
meters for Zr,O,F,, (6) and baddeleyite
(m-Zr0,).

Let us first consider the two extremes
of composition (x = 1.0 and x = 0.0)
where valence requirements can be satis-
fied exactly by ordering of anions or vacan-
cies. It is immediately apparent that ZrOF,
could not adopt this structure as a d_,
around the perimeter of the hexagonal bi-
pyramid would be too short, even for fluo-
rine. While d,_,, is not a problem for a-
UOs-type ZrO, this structure is necessarily
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unstable with respect to the observed 1
atm room temperature structure, namely
baddeleyite. The volume of a-UO;-type
ZrO, (CN = 2 + 3) is some 23% greater
than that of baddeleyite (CN = 7).

It follows that, as x decreases, a-UO;-
type ZrO,_ F, will become stable when
there is no longer anion crowding about
the perimeter of the Zr polyhedron. For
the x = § model, equivalent to the a-U;04
type, where the anions relax to form a
pentagonal bipyramid, di,_4 increases to
an acceptable 2.53 A. As x decreases fur-
ther this distance progressively increases,
suggesting that «-UOs-type ZrO,_,F,,
would become unstable with respect to
the efficiently packed x = % model and
baddeleyite. That the region of stability
occurs at x = # and not at x = % highlights
the crudity of this explanation and the
gross simplifications made in these calcula-
tions. For example, neither regular pentag-
onal bipyramids (CN 2 + 5) nor octahedra
(CN 2 + 4) can be packed together regu-
larly in a manner consistent with an a-
UO;-type parent. Nevertheless, by at-
tempting to satisfy both first neighbor
(bond valence) and second neighbor (anion
packing) requirements we arrive at a theo-
retical composition for ZrO,_,F,, in mod-
erate agreement with our observations.

When we consider the di,_4’s in the
Zr,Q4F,, structure, which corresponds to
the highest experimentally observed value
for x (Fig. 4), we see that, along the chains
of anions in the modulation direction b,
the anions are indeed in ‘‘contact’ (Table
HI). The shortest d_q, is 2.51 A, which
compares with 2.58 A in baddeleyite and
2.57 A in a-U;04 (8).

To explain why the composition range
is so narrow one can only suggest that the
balance between anion ‘‘overcrowding”’
and ‘“‘undercrowding’ must be very deli-
cate. This explanation, though trite, is sup-
ported by the observation that, above
800°C, the range is apparently constant
while shifting to lower x with increasing
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TABLE 111

ANION-ANION DISTANCES (A) IN Zr;04F,, (6) AND
a-U;04* (18) ALONG THE MODULATION DIRECTION b

Zr;04F a-U;04

F(3) 0(5)

2.45 2.57
0O(3) 0@3)

2.45 2.57
F(2) 0o(5)

2.43 2.57
o) 04)

2.51 3.02
o) 04

2.55 2.57
F(1) 0O(5)

2.50
F(3)

temperature. Given that the upper limit of
x is determined by the closest anion—anion
contacts it is, therefore, not surprising that
x decreases with increasing temperature of
synthesis, as this affords an increase in the
di4_4)’s required by the higher temperature
structures.

4. Conclusion

It is evident from this study that
ZrQ,_,F,: 0.698 = x = 0.714 is best de-
scribed as a single incommensurately mod-
ulated structure with primary modulation
wave vector varying with composition. The
XRD and electron diffraction observations
that the magnitude of the wave vector
varies continuously across the composition
range precludes any description which re-
quires a limited number of ‘‘line phases’
to be intergrown on the unit cell scale. It
is, however, understandable that previous
authors attempted such descriptions in the
absence of the now acceptable alternative
we have at our disposal, namely, the in-
commensurately modulated structure.

Our endeavours to explain in broad crys-
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tal chemical terms why this compound is
stable in the vicinity of x = % and over
such a narrow composition range, while
plausible, do emphasize the need for very
accurate four-dimensional crystal structure
refinements of such compounds. In the
case of ZrO,_,F, , it is essential to resolve
O, F ordering. The present authors are
currently undertaking such refinements of
this rather anharmonically modulated
structure for a range of values of x toward
a better understanding of this fascinating
material.
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