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Powder X-ray diffraction techniques have been used to determine the crystal structures of Ti3Sc401Zr 
Nb,.5S~5.S0,2, NbSc60,1F, NbSc,HfO12, Zr,Er,O,,,and Hf3Sc4012 andtoreexaminethe structures 
of Zr3ScIOIz and ZrsYb,OBz. A11 the compounds have the same fluorite-related superstructure as 
reported previously for PrIOIz, UY601z, Zr3Sc4012, and Zr3Yb4012. Most of thecompounds exhibit 
cation ordering, a situation observed previously only in UY 6 0 12. One-seventh of the cations occupy 
a set of special sites of symmetry 3 and are octahedrally coordinated by oxygen. These cations are 
of the type that has the smallest available ionic radius. The remaining cations occupy a set of 
general sites randomly with respect to atom type and are sevenfold coordinated by oxygen. In 
Hf3Sc4012, only partial ordering of this nature occurs, while it is confirmed that no cation ordering 
occurs in Zr3Sc40,2. Some aspects of the cation order-disorder situation are discussed. 

Introduction 

Compounds of the general formula M,012 
which possess a common fluorite-related 
superstructure have been reported for various 
systems, e.g., CGA2 (0, Pr,% (4, TW12 
(4, Zr7QJ4 (4), Zr3Sc4012, Zr3Tm4012, 
Zr&r4012, Zr3Yb4012 G-71, ‘&Sc4%(8), 
WY6012 (9), WTWm WJ-GO,, (IO), 
UY6012, and ULu,O,, (II). Crystal struc- 
tures have been determined for Pr,0,,(22), 
UY,O,, (II), Zr,Sc,O,, (6), and Zr,YbdOIz 
(13). The space group is R3, No. 148 (or 
R3, No. 146). One-seventh of the cations 
are located at the special site l(u), (O,O,O), 
and the remainder in the general 6(f) 
positions. The formally vacant anion sites, 
relative to the M,O,, fluorite parent, are 
at the 2(c) positions (+,&t) on the triad 
axis; there is some relaxation of ions 
from their fluorite positions around these 
vacant sites. 

For the compound UYb0,2, the U cation 
occupies the special origin site, but for the 
other three compounds, the situation is not 
clear. Thus, for Pr7012, it was deduced that 
Pr4+ occupied the special site, while no cation 
Copyright Q 1976 by Academic Press, Inc. 
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ordering was found in Zr3Sc4012 and only a 
tendency for Zr to occupy the special site in 
Zr,Yb401z, suggesting that in the latter two 
cases the difference between the ordered 
structures and the disordered fluorite sub- 
structure lies chiefly in the arrangement of 
formal anion vacancies. This seems unlikely, 
since oxides of anion-deficient fluorite-type 
possess high anion mobility in the temperature 
range (1300-1600°C) at which the compounds 
were formed (14), so that if ordering of vacant 
sites were the only requirement for compound 
formation this should be fast and should occur 
at relatively low temperatures, whereas most 
of these ternary compounds form slowly at 
high temperatures. If the cations were ordered, 
as they are in UY,012, then the slow formation 
could be accounted for by the known very low 
cation mobilities. 

Structural studies in this laboratory (15, 16) 
have shown that complete cation ordering 
occurs in other fluorite related compounds, 
and SO it was of interest to examine some of the 
M,012 compounds to determine whether or 
not they exhibit cation ordering also. The 
compounds studied were Zr,Er,0,2, 
Zr,Yb4012, Zr3Sc4012, Hf,Sc,O,,, Ti3Sc4012r 
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Nb1.5Sc5.5012, NbSc,O,,F, andNbSc,HfO,,; 
the last three have not been reported pre- 
viously. The structure determinations of 
Zr3%O12 and Zr,Yb,Olz were repeated 
because it was felt that the earlier studies 
contained unsatisfactory features, particularly 
in the choice of weighting scheme. 

Experimental 

I. Materials 
Zirconium carbonate paste from Mag- 

nesium Elektron Ltd., containing some 2 
wt o/0 HfOz, was dissolved in analytical grade 
nitric acid to form a stock solution. 

Pure HfCl, from Wah Chang was hydro- 
lyzed and dissolved in dilute HCl. 

Sc,OJ (99.5 %) from Amdel, and Er,O, and 
Yb,O, from Atomergic Chemetals, although 
stated to be free from other rare earths, never- 
theless contained some unknown material 
that prevented the preparation of pure com- 
pounds. The oxides were purified by dissolu- 
tion in nitric acid, followed by precipitation 
with oxalic acid in acid solution. The oxalates 
were calcined to decompose them to oxides, 
and the process was repeated. 

NbzO, (99.5 %) from Koch-Light Ltd. was 
calcined at 1000°C for 16 hr and used without 
further treatment. 

2. Compounds 
Zr,Sc,O,,, Hf3Sc4012, Zr,Er,Olz, and 

ZrJYb4012 were prepared by coprecipitation 
as hydrated oxides from acid solution with 
ammonia. Precipitates were washed, calcined 
at lOOO”C, and pelleted. The compounds 
Zr,Er,O,z and Zr,Yb,Olz were formed by 
heating at 1400°C for 3-4 days, and Hf,Sc,O,, 
was formed by heating at 1200°C for several 
weeks. 

In the case of Zr,Sc,Olz, different specimens 
were heated for periods up to many months 
at temperature of 850,1000,1200, and 1350°C. 
The compound formed very quickly, e.g., 5 
min at 12OO”C, and was the same no matter 
what heat treatment was used. 

NbSc,HfOlz. A coprecipitate of hydrated 
oxides containing 1Hf:SSc was prepared as 
above, ignited at 8OO”C, ground under acetone 

with the required amount of NbzOs, pelleted, 
and heated at 1400°C for 1 week. 

iVbSc6011F. The compound NbO,F was 
prepared by evaporating to dryness a solution 
of Nb,O, in 40 y0 HF and heating the residue 
at 270°C for 5 hr (17). An X-ray powder 
pattern showed lines of the required product 
only. Weighed quantities of Scz03 and NbOzF 
were ground together and loaded into a gold 
tube, which was welded shut under vacuum 
and heated at 1000°C for 2 weeks. 

Nb1.5Scg.5012. Weighed amounts of con- 
stituent oxides were ground together under 
acetone, pelleted, and heated at 1280°C for 
10 days. 

Ti3Sc4012. A coprecipitate of hydrated 
oxides was prepared using ammonia and an 
acid solution of Sc3+ and Ti3+ (from TiCI,). 
It was fired at 1280°C for 1 week. 

The course of superstructure formation 
could be followed by examination of Guinier 
photographs (see below): For all compounds 
except Zr,Sc,O,, and Hf,Sc,O,, the fluorite 
subcell lines were sufficiently widely split to 
allow detection of any disordered fluorite 
material remaining in the specimen. 

3. Diffraction Studies 
X-ray powder photographs of all com- 

pounds were taken with a HIgg-Guinier 
focusing camera of diameter 100 mm, using 
copper Kal radiation and thoria (a, = 5.5972 
A) as internal standard. Unit cell dimensions 
were evaluated from about 20 lines by a least- 
squares procedure. 

In all cases, the symmetry, R5 or R3, was 
checked by examination of electron diffraction 
patterns of a single crystal fragment. These 
patterns were obtained using a JEM 200 
electron microscope fitted with a tilting stage 
and operated at 200 kV. 

Intensity data for copper Ka radiation were 
obtained on a recorder chart using a powder 
diffractometer fitted with a scintillation 
counter and a graphite monochromator, and 
scanned at a”/min in 28. Preferred orientation 
effects were not expected with these pseudo- 
cubic materials and were shown in fact to be 
negligible in the case of Nb1.5ScS.5012 and 
N~SC~O~~F by the procedure of dilution 
with the organic glass poly(ethylenephthalate). 
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Partially overlapping peaks on the recorder 
chart were separated where practicable, and 
the peak areas were measured with a plani- 
meter. 

Structure Refinement 

Structure refinement was carried out using 
the least-squares program POWDER, deve- 
loped in this laboratory, which treats over- 
lapping or coincident reflexions as single 
observations, and which refines in terms of 
intensity. The quantity minimized is ~:w(I,,~~- 
Zcalc)‘, where w = K/(I,i, + lobs), Imin is an 
intensity about equal to the smallest observ- 
able, and K is a multiplier reflecting a subjec- 
tive assessment of the relative accuracy of 
any particular intensity measurement. 

The residual R used here is $[~w(Z,~~- 
Ica,c)Z/~~ Z,6J+ which is comparable nu- 
merically to the weighted residual R" common- 
ly used in single-crystal structure refinements 
based on F (26). It was found that for a well- 
refined structure, the standard deviations 
of refined parameters were at a shallow mini- 
mum for some reasonable value of I,,,,“, 
and these are the parameters reported here. 
The value of R was not the lowest obtainable : 
A lower value could be obtained by changing 
the weighting scheme, e.g., to unit weights, 
but then the estimated standard deviations 
of refined parameters increased markedly. 

Scattering factors for neutral atoms (28) 
were used, together with corrections for 
anomalous dispersion (19); the latter are 
particularly important in the case of rare- 
earth atoms and copper radiation. A weighted 
mean of scattering factors was used in those 
cases where more than one atom type occupied 
a site. 

An overall isotropic temperature factor of 
zero was used in all cases. It was found that 
isotropic temperature factors of individual 
atoms, when refined, were all about that value 
with large standard deviations. The value is 
not unreasonable, considering the refractory 
nature of the materials, the low-angle data 
used, and the consequences of surface rough- 
ness in the specimens. 

In the triply primitive hexagonal represent- 

ation of the space group R3, a fluorite-related 
structure with cell contents M2,036ve (V = 
anion vacancy) has three cations located at 
the equipoints 3(a) (O,O,O) and the remainder 
at a general 18cf) set of positions, anions at 
two sets of 18(f) positions, and anion vacancies 
at the 6(c) set of positions. 

Some difficulty was experienced in finding a 
suitable trial structure. A model with atoms in 
ideal fluorite positions cannot be used because 
of degeneracy (all structure factors are extrema 
or zero), while simple perturbations did not 
allow refinement to proceed satisfactorily. 
Finally, a model was used for which (i) cations 
were ordered in the sense that one atom type 
occupied the special 3(a) site, and the others 
occupied the general 18(f) site randomly (or 
in two groups on 9(b) sites in the noncentro- 
symmetric space group R3) ; (ii) anion 
vacancies were located on triad axis at 
(O,O,$); (iii) anions adjacent to the vacant sites 
had relaxed toward it by 0.25 A, a condition 
found in other fluorite-related structures (15, 
16) so as to form the vertices of a regular 
octahedron centered on the 3(a) cation; and 
(iv) cations adjacent to the anion vacancy had 
moved away from it by 0.2 A, as also found 
in other structures. 

Refinement of this model resulted in low R 
values and acceptably small estimated stan- 
dard deviations of refined parameters. Further, 
in contrast to earlier attempts mentioned 
above, a real minimum had been reached in 
that perturbation of any parameters, followed 
by refinement, returned to the original results. 
The various ordered arrangements of cations 
were tried in the model. Variation of cation 
occupancies during refinement also indicated 
the cation arrangement in most cases, and as 
well, the refined value for the occupancy of an 
oxygen atom on the nominally vacant site was 
close to zero. Thus it was felt that a correct 
structure had been arrived at. 

Results and Discussion 

Lattice parameters for the various com- 
pounds are shown in Table I. The values agree 
with those previously published, where avail- 
able, but it may be noted that effectively 
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TABLE I 

UNIT CELL DATA 

Rhombohedral 

a (A) a 0 a C-Q 

Hexagonal 

c 6) 

Ti3Sc4012 
Nb~.&db 
NbSc601,F 
NbSc,HfO,, 
Hf,Sc,O , z 
Zr3Sc401z 
Zr3Ybdh 
Zr3Er4012 

5.9701(6) 99.13(2) 
6.0830(g) 99.12(4) 
6.0931(7) 99.12(4) 
6.1036(7) 99.20(4) 
6.1395(6) 99.29(l) 
6.1544(S) 99.52(3) 
6.3351(7) 99.32(2) 
6.371 l(7) 99.29(2) 

For cubic, a = 99.59” 

9.0880(7) 
9.2590(13) 
9.2746(11) 
9.2964(10) 
9.3710[7) 
9.3960(10) 
9.6570(X) 
9.7102(g) 

8.5443(11) 
8.7083(18) 
8.7224(9) 
8.7185(12) 
8.7060(S) 
8.7200(20) 
9.0235(10) 
9.0804(11) 

611.1(2) 
646.5(2) 
649.8(2) 
652.5(2) 
662.1(l) 
666.7(2) 
728.8(2) 
741.5(2) 

Relationship to cubic subcell: 

(z)=(-i i -i)(i) 

doubled c parameters have been listed for a 
number of M,O,, compounds, including some 
of those discussed here (8, 24). No evidence 
is given for this: Indeed, indexed powder 
patterns of Zr3Yb4012 (8) and Hf,Sc,O,, 
(20) show all hkl to have I even. The single- 
crystal electron diffraction patterns obtained 
in the present study confirm the unit cell to be 
as tabulated above. 

The results of the structure determinations 
(hexagonal axes) are shown in Tables II and 
III. Atomic coordinates agree in general with 
those of published structures of this type, e.g., 
Pr,Olz (12) and Zr,YbdOlz (13), although 
the x and y coordinates in the latter publication 
must be interchanged in order to agree with 
the data presented there and with the results 
obtained here. 

For all compounds except Zr,Sc,O,, and 
Hf,Sc,O,,, the cations exhibit a form of 
ordering related to that observed in UY,O,, 
(II), viz., one atom type, Ml, occupies the set 
of special sites 3(a), while the remainder 
occupy a set of general 18(f) sites randomly, 
so that they behave in diffraction as a single 
atom type, M2. In the particular case of 

NbSc6011F, cation ordering is complete and 
is the same as in UY,O,,. 

The essentially equal scattering factors of 
Ti and SC precluded direct demonstration of 
cation ordering in Ti3Sc4012, but it was 
judged to be present because (a) the distortion 
of the cubic subcell is of similar magnitude 
to that observed in those compounds where 
cation ordering does occur, and (b) calculated 
interatomic spacings are much closer to the 
values expected from tabulated ionic radii 
(21) if ordering is assumed. 

The result for ZrsYb4012 differs from the 
earlier report of only partial cation order in 
this compound. It is possible that the dis- 
crepancy is due to the particular specimens 
studied: As will be discussed below, the state 
of cation order for this material can depend 
on the conditions of preparation. 

Partially ordered cations were found for 
Hf,Sc,O,,. The distribution was obtained by 
refinement of the cation occupancies, with 
subsequent adjustments to the scattering 
factors. Calculated intensities of low-angle 
reflections were quite sensitive to small 
variations in cation occupancy, so the cation 
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distribution could be defined reasonably 
closely. The variations in cation occupancy 
noted in Table 11 represent limits beyond 
which standard deviations of atomic para- 
meters began to be appreciably larger. In 
particular, those distributions representing 
either complete cation disorder or such cation 
order as found in Zr,Er,O,, were readily 
rejected. The cation distribution could be 
accounted for if it were assumed that the 
sample consisted of cation-ordered Hf3Sc40i2 
mixed with disordered fluorite material, but 
this model also could be rejected on the basis 
of refinement results. 

Specimens of Hf&,O,, that had been 
annealed at 1100, 1150, 1200, or 1250°C for 
1 month showed no differences in lattice 
parameters or in diffraction intensities, in- 
dicating that no variation in cation distribution 
occurred under these conditions. 

No cation ordering was found in Zr3Sc4012, 
thus confirming the results of the previous 
structure determination. As in the case of 
Hf3Sc40i2, the cation distribution could be 
readily decided from the behavior of calculated 
intensities of low-angle reflections. A number 
of specimens were given differing heat treat- 
ments in an attempt to produce a cation- 
ordered form, but without success: All 
specimens were the same as judged from lattice 
parameters and diffraction intensities. 

In all the compounds, the formal anion 
vacancies are located on the triad axis at 
(O,O,$), and as they appear in pairs, one on 
each side of MI, the coordination of this 
cation is reduced from eight, as in the ideal 
ff uorite structure, to six. The anions adjacent 
to the vacant site relax toward it by about 
0.3 A, a value in agreement with that found 
in other fluorite-related ordered oxides (1.5, 
16), and this results in a coordination octahe- 
dron of oxygen around Ml that is compressed 
along the triad axis compared to a regular 
octahedron. The octahedron around the 
smallest cation (assumed to be Ti4+) is the 
more nearly regular, with O-MI-O angles 
closest to 90”, but the values cannot depend 
simply on the cation radius as seen from the 
compounds with Ml = Zr (Table III). 

The M2 cations have moved by up to 0.2 A 
from their ideal fluorite positions in directions 

away from the vacant anion site, resulting in a 
marked dilation of the tetrahedron of four 
cations surrounding this site, which again is 
characteristic of structures such as these. 
Each M2 cation is surrounded by seven 
oxygen atoms which form the vertices of a 
distorted cube with one corner removed (the 
vacant anion site). 

The octahedrally coordinated Ml cation, 
which may be regarded as a complex consisting 
of a pair of anion vacancies separated by a 
) ( 111 ) (fluorite) vector with the cation in 
between, is a basic feature of fluorite-related 
oxides studied so far. It appears in structures 
of relatively high vacancy concentration, as 
in the compounds described here and in 
pyrochlore (23) as well as those of lower 
vacancy concentration such as CaHf,0g(15) 
and Zr5Scz013 (6), and in the grossly non- 
stoichiometric fluorite phase of at least one 
system (25). The various fluorite-related 
structures display different packings of the 
complex, such as the isolated units in the 
structure discussed here, or associated groups 
as in Ca,Hf,9044 (15). Thus there is evidence 
that the vacancy-pair complex has marked 
stability, i.e., an anion-deficient fluorite- 
related system can achieve a lower free energy 
by adoption of this vacancy arrangement. 

For those systems where there are several 
cation types, it would be natural for the 
smallest available cation to adopt the smallest, 
i.e., octahedral coordination, and this implies 
cation ordering in a structure with ordered 
pairs of anion vacancies. This situation has 
been observed in the CaO-HfO, fluorite- 
related structures as well as in most of the 
examples studied here. It was to confirm this 
point that the compounds NbSc,O,,F and 
NbSc,HfOlz were prepared: Nb5+ is suffi- 
ciently small to be octahedrally coordinated in 
most of its relevant compounds (23). 

Cation ordering will occur when a sufficient 
lowering of the free energy can be achieved in 
a system despite the countering effect of 
configurational entropy associated with such 
ordering. This would appear to be the case 
when the cations are sufficiently different in 
size to give variation in metal-oxygen bond 
strengths. However, depending on the values of 
enthalpy and entropy involved, it could well 
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be that no effective net free energy lowering 
would occur through cation ordering, so that 
an equilibrium phase could exhibit partial 
or total cation disorder, yet still have ordered 
anion vacancies. The compounds Zr,Sc,O,, 
and Hf&,O,, may be of this type: The ionic 
radii for octahedral coordination are similar, 
viz., Zr4+ 0.72 A, Hf4+ 0.71 A, and Sc3+ 
0.745 A (21). 

At low temperatures, an increase in the 
driving force for cation ordering is likely be- 
cause of the decrease in the effect of entropy, 
but kinetic factors may be of importance. 
It has been observed that order-disorder 
processes in Zr3Er40i2 and Zr3Yb401z are 
slow at 1600°C (see below). Similar processes 
would be even slower if Hf,Sc,O,, and 
Zr3sc4012; the former could be prepared only 
below 1280°C and by comparison with other 
corresponding HfOz- and ZrO,-based 
systems, cation ordering in the latter would 
be expected to occur at about 1000°C. How- 
ever, no evidence has been obtained here, 
or presented in the literature, to show that at 
relatively low temperatures cation ordering 
occurs or is enhanced in these two compounds. 

The compound Zr,Yb,O,, also has been 
prepared as a cation-disordered superstructure 
(13) ; here the octahedral cationic radii are 
more disparate (0.72 and 0.87 A). During the 
present study, this particular form of 
Zr,Yb,O,, was confirmed by following the 
stated method, viz., rapid cooling of a melt 
formed in an argon arc, with a subsequent 
short (half-hour) anneal at 1000°C to restore 
the correct oxygen content. The structure was 
not investigated in detail, but it was noted 
that Guinier patterns of this material and of 
Zr3sc4012 showed marked similarity in 
intensity relations of the lines and in the 
evidence for very small subcell distortion. 
Conversion to the cation-ordered form 
occurred on annealing at 1400°C for 7 days. 

Cation-ordered Zr3Yb401z from coprecipi- 
tated material, when heated above 1600°C 
and quenched, gave Guinier patterns at room 
temperature that showed only the lines 
expected for the fluorite structure. The effect 
of subsequent anneals at lOOO-1400°C was 
to restore the cation-ordered form in the upper 
half of the temperature range. The order- 

disorder process was slow; conversion to the 
fluorite phase took 1 to 2 days at 1600°C 
while the reverse transition required about 
4 days at 1400°C. 

Parallel experiments with Zr3Er40,z pro- 
duced no evidence for a cation-disordered 
superstructure, but a sluggish transition from 
superstructure to fluorite-type phase occurred 
at 1500°C. The octahedral radius for Er3+ is 
0.89 A compared to 0.87 A for Yb3+, so that 
if cation size is important for the formation 
of the cation-disordered superstructure, a 
well-defined limit can be assigned. 

The evidence above shows that the cation- 
disordered superstructure in Zr3Yb4012 is 
metastable, and the equilibrium phases have 
the cation-ordered superstructure below 
1600°C and the fluorite structure above this 
temperature. Its formation during rapid 
cooling of the fluorite phase is a consequence of 
the stability of the vacancy-pair complex 
allied with favorable cationic radii, high 
anion mobilities, and low cation mobilities. 

The effect of annealing this phase at or 
below 1600°C would be to allow cation order- 
ing to proceed, and it would seem likely that 
the structure with partially ordered cations 
observed previously represents an inter- 
mediate state in this process. The crystal used 
in that study was prepared by annealing arc- 
melted material. It has been observed fre- 
quently in this laboratory at least, that the 
rate of ordering processes in fluorite-related 
systems can be severely retarded in specimens 
which have been melted, as compared to 
specimens prepared from coprecipitates or 
from reaction of mixed powders: Grain size 
and the nature of grain boundaries presumably 
influences the rate at which the distortions 
accompanying the ordering process can be 
accommodated. For example, formation of 
ordered Zr3Er4012 at 1400°C took about 4 
days for coprecipitated material, but several 
months in the case of arc-melted specimens. 
The effect was not so marked in Zr3Yb401,; 
nevertheless, it could be a factor influencing 
the formation of the structure under con- 
sideration. 

A detailed study of the order-disorder 
transition of these compounds, involving such 
techniques as high temperature diffraction 
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and conductivity measurements, would be of 
some interest. There is the possibility that the 
transition from ordered structure to the 
fluorite phase may involve separate transition 
points for anions and cations, but perhaps 
more importantly, information could be 
provided on the conditions of stability of the 
ordered phases and on the structure of the 
grossly nonstoichiometric fluorite phase. 
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