
JOURNAL OF SOLID STATE CHEMISTRY 84, 183-193 (1990) 

On the Lattice Parameter of Some Sesquioxides with 
the Fluorite Structure 

D. A. MAC DGNAILL* 

Department of Chemistry, Trinity College, Dublin 2, Ireland 

AND P. W. M. JACOBSl 

Department of Chemistry, The University of Western Ontario, 
London, Canada N6A 5B7 

Received July 24, 1989 

Lattice constants for hypothetical room-temperature fluorite forms of B&Or and rare-earth oxides are 
determined by application of Vegard’s rule to fluorite solid solutions. Analysis shows that there are at 
least two different fluorite structures for sesquioxides, thereby explaining anomalous thermal expan- 
sivity data in the literature. A general equation for the prediction of room-temperature lattice constants 
for fluorite sesquioxide solid solutions is presented. o 1990 Academic PWSS. IX. 

1. Introduction 

The a-phase of Bi203, which is the stable 
form in the temperature range 1002-1097 K 
(I), has the fluorite structure and conse- 
quently one-fourth of the anion sites are un- 
occupied at any particular time. &B&O3 
has, therefore, the remarkable high ionic 
conductivity of -1 S . cm-’ (2) making it 
among the best oxide conductors known. 
There has been considerable interest in sta- 
bilizing the fluorite structure at lower tem- 
peratures (3-22) by the addition of divalent, 
trivalent, pentavalent, and hexavalent ions, 
but these solid solutions generally have a 
lower conductivity then the pure &phase 
(9). 
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In the course of our study of Bi203, using 
both static lattice (23-26) and dynamic (27- 
30) simulation techniques, it became neces- 
sary to know the lattice parameter of 6- 
B&O3 as a function of temperature. The 
experimental data display some inconsis- 
tencies; for example, Gattow and Schroder 
(31) report a value for the thermal expansiv- 
ity constant, p, of 4.36 x 10m5 K-l, whereas 
Levin and Roth (32) found p = 2.4 x 10m5 
K-l, and Taylor (33) reports a similar value 
of /3 = 2.52 x lop5 K-r. These data were all 
based on high-temperature studies in the 
narrow range of approximately 100 K 
where the &phase is stable. We therefore 
set out to determine the lattice parameter 
a(T) as accurately as possible using crystal- 
lographic data on mixed oxides with the flu- 
orite structure. Such data exist mainly at 
room temperature, but if we could deter- 
mine the lattice parameter of the metastable 
&B&O3 at room temperature precisely, this 
could be used to fix a(T) and the expansiv- 
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ity of &B&O3 at higher temperatures. More- 
over, where Vegard’s rule is well obeyed it 
could also yield lattice constants for the hy- 
pothetical fluorite phase of pure rare-earth 
oxides. Although this phase is not observed 
experimentally such data would be of con- 
siderable value in predicting the lattice pa- 
rameter of binary sesquioxide solutions for 
which the fluorite structure is stable. 

In the course of this study it becomes 
clear that there are at least two structures 
for “fluorite” sesquioxides and this ac- 
counts for several apparently anomalous 
experimental observations. 

2. Data Analysis 

In this paper literature reports of the 
dependence of the lattice parameter of 
(MCOd)l-x(M:Of), (as a function of x), 
where M,Od was generally (3, 5, 6, 9, 11, 
12, 15-19, 22), but not invariably (34, .?5), 
Bi203, are analyzed. According to Vegard’s 
law, one expects a linear relationship and 
this was generally found to be so provided 
that no phase changes occurred. The best 
fit to a(x) was determined either graphi- 
cally, from photographic enlargements of 
the original authors’ graphs, or, where pos- 
sible, by using a linear least-squares pro- 
gram. For some data sets it proved neces- 
sary to eliminate some data points which 
clearly either involved some experimental 

error or a phase change. The lattice param- 
eters of the metastable fluorite structures of 
MCOd and MiOf at room temperature (i.e., 
x = 0 and x = 1) were then determined by 
extrapolation for those systems obeying 
Vegard’s rule and are summarized in 
Table I. 

3. Discussion 

3.1 Lattice Parameter of 6-B&03 at 298 K 
The six systems (Bi203)1-JMLOf)x with 

M’ = Gd, Dy, Er, Yb, Nb, and V obey 
Vegard’s rule. The graphical analysis em- 
ployed for solid solutions with Gd203 (i) 
and (ii), Dy,03 (i), and Er203 (i) (Table I) is 
quite reliable and the uncertainties in the 
lattice parameters of the pure components 
have been estimated quite generously. Of 
these six systems the following seven data 
sets (identified by the dopant oxide) are in 
almost perfect agreement in their predicted 
values for a(Biz03): Er203 (i) and (ii), GdZ03 
(i) and (ii), Dy203 (i), Nb205 (i), and V205. 
Estimates based on Nb205 (ii) and Yb203 
show the greatest deviations while Y203 is 
known to obey Vegard’s rule rather poorly. 
Excluding these last three values the aver- 
age value for a is 

0 
(a(Bi203) = 5.568 ? 0.002 A) (1) 

The agreement between the extrapolated 
values in Table 1 obtained from the work of 

TABLE I 

LATTICE PARAMETERS OF THE Two COMPONENTS 1 = McOd AND 2 = M:Of (OF (McOd),m,(M:O,), SOLID 
SOLUTIONS) DETERMINED FROM EXPERIMENTAL DATA ON THE MIXED OXIDES USING VEGARD’S RULE 

Exptl. 
Ref. 

(3) 
(6) 

(10) 
This work 

(12) 
W-T 
This work 

1 = McOd 2 = MLOf al(A) a2 (-& u3 (x = 0.5) (A) 

B1203 GdKh (9 5.568 " O.OOl".q 5.375 2 0.001” 5.472 2 O.OOlb 
bO3 Gd203 (ii) 5.566 r 0.002a,4 5.375 k 0.002" 5.472 f 0.004" 
BlzO3 GdzO, (iii) (5.568)fJ 5.356f 5.462' 
B1203 Gd203 - (5.56Qk 5.376 2 0.075 5.472 k 0.039 
Bi203 DYD~ 6) 5.567 t O.OOl”,q 5.294 k 0.002" 5.430 k 0.002" 
B&O3 DYKA (ii) (5.568)Jk 5.316' 5.442' 
BIzO, Dy203 - (5.568)k 5.290 t 0.077' 5.429 t_ 0.040' 
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TABLE I-Continued 

Exptl. 
Ref. 1 = McOd 2 = M;O, a1 (4 

(11) 
(16) 
(10) 
This work 
(34) 
(34) 
(35) 
(16) 
(16) 
(16) 
This work 
(15) 
(15) 
(21) 
(15) 

(5) 
UO) 
(15, 21) 
This work 
(10) 
This work 
(10) 
This work 
(10) 
This work 
(18) 
(19) 
(19) 

(9) 
(22) 
(17) 
(38) 

B&O, 
B&O3 
B&O3 
B&O3 
u3os 
u3os 
ZrOz 
B&O, 
B&O3 
Biz03 
B&O, 
B&O, 
Biro3 
B&O3 
B&O, 
B&O3 
B&O3 
Biro3 
B&O, 
B&O, 
Bi203 
BiZ03 
B&O, 
B&O, 
B&O, 
B&O3 
B&O3 
B&O3 
B&O3 
B&O, 
Biro, 
Biro3 

Er& (9 
Er203 (ii) 
Erz03 (111) 
Er203 - 
Er203 (1) 
Erz03 (ii) 
Erz03 (iii) 
Yb203 (9 
Ybz03 (ii) 
Ybz03 (iii) 
Yb203 - 
y203 (i) 
Y2O3 (ii) 
Y2O3 (iii) 
Y203 (iv) 
y203 cv) 
Y203 (vi) 
y203 (vld 
y203 - 
Sm203 
Sm203 
Eu203 

Eu203 

HODS 
Ho203 

v205 

MOO, 

wo3 

NbO5 (1)  

NWs (10 

SiOz (i) 
Si02 (ii) 

5.569 2 0.002".4 
5.568 ? 0.007d.c.q 

(5.568)fJ 
(5.568)h 
5.380" + 0.001” 
5.3799 2 0.0005~ 
5.1413 ? 0.0002~ 
5.558 k 0.007d 
5:567 5 568 2 t 0.003d.I 0.012dJ' 

(5.568)k 
5.545 2 O.Olld 
5.568' 

(5.568)m,k 
(5.568)k 
5.577 f 0.002~ 

(5.568)f.k 
5.578 + 0.004" 

(5.568)k 
(5.568)fak 
(5.568)" 
(5.568)Js' 
(5.568)k 
(5.568)Jk 
(5.568)k 
5.567 2 0.0040,9 
5.565 2 0.004".~ 
5.528 t 0.004a*p 
5.569 + 0.005°~4 
5.575 2 0.001 
5.551 r O.OOlC~~ 
5.525'," 

a2 (A) a3 (x = 0.5) (A) 

5.225 L 0.003n 
5.209 + 0.015d.e 
5.2241 
5.205 t 0.079' 
5.265 2 0.001” 
5.2648 ? 0.0006" 
5.270 ? 0.001~ 
5.160 2 0.019d 
5.138 * 0.028d,h 
5.139 f O.O09d+ 
5.150 * 0.081’ 
5.304 * 0.02ld 
5.266' 
5.280" 
5.236' 

- 
5.288f 
5.249 k 0.008" 
5.247 " 0.078' 
5.504f 
5.465 + 0.073' 
5.398' 
5.406 2 0.074' 
5.294J 
5.261 2 0.078' 

- 
- 
- 
- 
- 
- 
- 

5.398 2 O.OOlfl 
5.389 2 O.Ollb 
5.396' 
5.387 " 0.041r 

- 
- 
- 

5.359 ? 0.0136 
5.353 + 0.020* 
5.353 * 0.006* 
5.359 2 0.042' 
5.425 + 0.016 
5.417* 
5.424h 
5.402h 

5.428' 
5.413 k 0.006*," 
5.408 +- 0.040*.' 
5.536< 
5.517 2 0.038"~ 
5.483' 
5.487 + 0.03Sb.' 
5.431' 
5.415 2 0.040h,r 

- 
- 
- 
- 
- 
- 
- 

a Lattice constants and estimated uncertainty from graphical analysis. 
b Calculated by interpolation from a, and a2. 
c Direct determination by experiment. 
d Lattice constants and standard deviations determined by least-squares fitting. 
e If the point a = 5.568 A at x = 0 is included along with the three points, the standard deviation is reduced to 

0.004 A. The value for a(Er,O,) is almost unaffected (5.208 A). 
f az calculated using 5.568 A for a, (this work) and data of Nasonova et al. (10). 
g Least-squares fitting of points obtained by graphical analysis. 
h With point at x = 0.2 omitted in the least-squares analysis. 
i Point a = 5.568 A for B&O, added to “anchor” the plot. 
j Same as footnote d but with the point at x = 0.27 omitted in the least-squares analysis. 
k Values in parentheses mean that value assumed in analysis. 
I Using values for x = 0, x = 0.27 only (Yz03 in ordered form). 
m Using x = 0 (this work) and x = 0.25 from Infant6 ef al. (21). 
n Data of Battle et al. (15) but with the 25% Y203 point of Infant6 et a/. (21) used in place of the apparently 

deviant data point at 27% Yz03. 
0 Quenched B&O, probably contaminated with SiOz (see (32)). 
p System does not obey Vegard’s rule. 
4 Used in the determination of a (298 K) for 8-Bi203. 
r Calculated from Eq. (2). 
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nine studies by six different authors on six 
different systems is striking and supports 
our confidence in the procedure and in the 
results obtained. The agreement of the 
result obtained from Er203 (ii) with the 
other values for a may perhaps be consid- 
ered fortuitous, since only three data points 
were used. The same might be said of the 
V205 values. However, even the most di- 
vergent values of 5.558 & 0.007 A from the 
Yb203 data or 5.575 2 0.001 A for Nb205 (ii) 
differ from the average value given in Eq. 
(1) above by only 0.01 A or less, which is 
smaller than the differences between di- 
rectly determined values at high tempera- 
tures. 

The systems (Bi20&x(Y203)x ((ii) in Ta- 
ble I) and (Bi203)1-x(Mo03)x do not obey 
Vegard’s rule perfectly yet nevertheless 
yield values for a, in good agreement with 
Eq. (1). YzOj-doped systems are well 
known to deviate somewhat from Vegard’s 
rule, e.g., Ce02-Y203 (36). Takahashi et 
al. (5) confirmed the presence of a deviation 
from Vegard’s rule in the Bi203-Y203 sys- 
tem, even at low dopant concentrations. 
However, this deviation was found to be 
very slight, and linear extrapolation by us 
yielded an estimate for the lattice constant 
of pure 8-B&O3 of 5.577 ? 0.002 A.’ This 
value is probably a slight overestimate as it 
ignores the negative curvature. By con- 
trast, the data of Battle et al. ((i) in Table I) 
(15) yields the rather low value of 5.545 ? 
0.011 A for pure 8-Bi203. In light of this 
room temperature lattice constant it would 
appear that Battle et al.‘s lattice constant 
for (Bi203)0.73(Y203)0.u is too low (Fig. 1, 
Table II) as it shows the greatest deviation 
from linearity. This deviation is much 
greater than that reported by Takahashi 

’ In Takahashi et al.‘s study of the B&O,-Yz09 sys- 
tem (5), the values for the lattice constant, a, were 
incorrectly annotated in Fig. 2, which depicted the 
lattice constant as a function of X. It was possible to 
calibrate the scale by reference to the work of Battle er 
al. (U). 

0-c 
2 5.50 

5.45 

FIG. I. Lattice parameter a of (BizO&, (Y20& as a 
function of x; 0, this work; A, Battle et al. (15); 7, 
Infant6 et al. (21). See Table I for details. 

et al. (5). Moreover, the lattice constant 
determined by Infant6 et al. (21) for 
(Bi203)o.75(Y203)o.2s deviates much less from 
Vegard’s rule (Fig. 1, Table II). Removal of 
the apparently erroneous point for 27% 
doped B&O3 from the data of Battle et al. 
yields an estimate for pure &B&O3 of 5.568 
A (from the remaining two points), in per- 
fect agreement with the value obtained 
above from solid solutions obeying Ve- 
gard’s rule. Alternatively, if we replace the 
lattice constant for 27% doped B&O3 by that 
of 5.496 A for 25% yttria doped B&O3 deter- 

TABLE II 
LATTICE PARAMETER 

DATA ON GWd-x (y,o,), 
SOLID SOLUTIONS ATROOM 
TEMPERATURE 

Reference x a (4 

(15) 0.27 5.4784 
ua 0.34 5.4650 
(W 0.40 5.4469 
(20 0.25 5.496 
This work’ 0.27 5.490 
This work 0.00 5.568 

(1 Determined by extrapo- 
lation of the x = 0.25 lattice 
parameter from reference 
(21). a (x = 0) was taken as 
5.568 A. See Fig. 1. 
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mined by Infant6 et al. (21), an estimated 
lattice constant for pure &B&O3 of 5.578 + 
0.004 A is obtained. This latter value is in 
excellent agreement with that obtained 
above from the data of Takahashi et al. (.5), 
which, as previously argued, is probably a 
slight overestimate. 

An estimate of 5.565 +- 0.004 A for room 
temperature B&O3 was obtained from the 
(Bi203)1-x(Mo03)x system by extrapolation 
of the line through the two data points at 
x = 0.075 and x = 0.1 (Table I). This result 
is also in agreement with that obtained from 
systems obeying Vegard’s rule. 

Other systems, however, yield values 
which differ greatly from 5.568 A (Table I). 
The Bi203-W03 and Bi203-SiOz systems 
yield much smaller lattice constants for 
room-temperature Bi203, close to the val- 
ues reported by Sillen (37) and Schumb and 
Rittner (38) (Table I). Thus while most evi- 
dence suggests a room-temperature lattice 
constant of 5.568 A there is evidence of an- 
other structure with a = 5.525 A. 

3.2 Evidence for Phase Changes in 
Fluorite Bi203, Er203, and Y,O, 

Conductivity plots for (Bi203)1-x(Er203)x 
(for x = 0.2 and x = 0.25) show a bend in 
the Arrhenius plot at approximately T = 
870 K, TB , corresponding to a change in the 
activation energy and pre-exponential 
terms (II). Similar knees in the conductiv- 
ity plots have been reported for the Bi203- 
YzO3 (5), Bi203-Dy,O3 (12), Bi203-Gd203 
(6), and Bi203-Nb205 (9) systems. This 
change in the activation energy for oxygen 
migration reflects an order-disorder transi- 
tion in the oxygen sublattice (14) and is as- 
sociated with an expansion of the lattice 
constant from one fee form to another. The 
lattice constant of (Bi203)0.8(Er20&.2 has 
been measured as a function of temperature 
by Verkerk et al., using neutron diffraction 
(14). From plots of the lattice parameter 
against temperature we calculate expansivi- 
ties of 4.4 x 10e6 K-r for T < Ts and 3.8 x 

low5 K-i, T > Ts, with a discontinuity in 
a(T) at TB associated with an expansion in a 
of 0.01 A or 0.18%. Direct measurements 
gave expansions at Ts of 0.17% using neu- 
tron diffraction (14) and 0.15% from 
Guinier measurements (II, 14). However, 
crystals of (Bi203)1-x(Dy20& with x = 
0.25-0.35 also show changes in slope of the 
conductivity plots which are not associated 
with measurable changes in unit cell vol- 
ume (12). A lattice expansion from one 
fee phase to another in the case of 
(Bi20&,(Y20& is also observed but it is 
too small to be measured accurately (II). 
We conclude that a change in slope 
(“knee”) in the Arrhenius conductivity 
curve is associated with a lowering in oxy- 
gen order with increasing temperature but 
that this does not necessarily result in an 
accurately measurable change in structure. 

Extrapolation from the data of Verkerk 
et al. (II) for (Bi203)1-x(Er203)x gives an es- 
timate for a = 5.525 A for the metastable 
fee Erz03. Nasonova et al.‘s (10) lattice 
constant for B&O3 * Er203 in combination 
with the value for &B&O3 calculated in this 
work together yield yet another estimate 
for Er203 of 5.224 A. From the data of Bat- 
tle et aE. (16) the slightly lower value of 
5.209 A is obtained, although the values 
agree within experimental error. However, 
the analysis of studies of (U308)1-x(Er20& 
(34) and (Zr02)1-x(Er203)x (35) using Ve- 
gard’s rule yield lattice constants of 5.265 
and 5.270 A for Er203, respectively (Table 
I). This suggests the existence of two meta- 
stable fee phases for Er203 with lattice con- 
stants of 298 K of 5.225 and 5.265-5.270 A. 
The larger lattice constant represents an ex- 
pansion of 0.8% (0.765-0.861%, Table III) 
over the smaller lattice constant. 

The Bi203-W03 system yields an esti- 
mate of a = 5.525 A for pure &B&O3 (Table 
I). Studies by Sillen (37) and Schumb and 
Rittner (38) also yield lattice constants of 
5.525 A (Table I) for B&O3 (apparently con- 
taminated by Si02 (32,38). It .would appear, 



188 MAC Di)NAILL AND JACOBS 

TABLE III 
LATTICECONSTANTSOFTHEORDEREDANDDISORDEREDFORMS 
OF HYPOTHETICAL ROOM-TEMPERATURE FLUORITE SESQUIOX- 
IDES 

Ordered lattice Disordered % 
Sesquioxide parameter lattice parameter Expansion 

B&O3 5.525 5.568 0.78 
ErLh 5.225 5.2675(1 0.81 
-fz@ 5.236 (iv)b 5.280 (iii)b 0.84 

a Average of (i) and (iii) (see Table I). 
b Notation refers to Table I. 

therefore, that there are two B&O3 phases 
at room temperature. Sillen (37) reported 
(111) ordering of oxygen vacancies. This 
model was supported by an electron dif- 
fraction study by Zav’yalova and Imamov 
(39) of Bi202.7-2,8 (a = 5.45 A). Darbyshire 
and Cooper (40), also using electron diffrac- 
tion, reported a yet smaller lattice constant 
of 5.425 A, but it may be presumed that this 
was due to oxygen deficiency. A compari- 
son of calculated and observed X-ray dif- 
fraction patterns by Medernach and Snyder 
(42) appears to confirm the Sillen model. 
Thus there would appear to be some rea- 
sonable evidence for the existence of an 
ordered fee phase with a (111) oxygen va- 
cancy arrangement. The lower lattice con- 
stant pertains to the more ordered system. 
The disordered fee phase with the larger 
unit cell (a = 5.568 A) corresponds to an 
expansion of 0.78% over the phase with the 
smaller unit cell (a = 5.525 A). This coin- 
cides exactly with the expansion accompa- 
nying the order-disorder transition be- 
tween the two proposed phases postulated 
for fluorite Erz03 above (Table III). 

Verkerk et al. (II) report an anomalous 
expansion from one fee form to another in 
the Bi203-Y203 system, although they 
found it too small to measure accurately. 
As was shown above (Section 3.1) the lat- 
tice constant for (Bi203)o.73(Y2030.27 of 
5.4784 A reported by Battle et al. (1.5) devi- 

ates too much from Vegard’s rule. Using 
Infante et al.‘s (21) value for the lattice con- 
stant of (Bi203)o.,s(Y203)o.*s (Table II), and 
a = 5.568 8, for pure 6-Bi203, and neglect- 
ing small deviations from Vegard’s rule, a 
“corrected” lattice constant of 5.490 A is 
obtained for (Bi203)o.7~(Y203)o.27, which 
corresponds to an expansion of 0.21%. For 
a 20% doped system the equivalent expan- 
sion would have been 0.16% which is re- 
markably close to the order-disorder ex- 
pansion observed for (Bi203)&Er203)0.2 of 
0.15-o. 17% (14). The corresponding expan- 
sion for pure Y203 is 0.84% which matches 
almost exactly the order-disorder transi- 
tion expansion calculated for the pure, 
metastable, fluorite phases of both Er203 
and B&O3 (Table III). It seems likely there- 
fore that the 27% yttria-doped B&O3 stud- 
ied by Battle et al. (15) had undergone a 
disorder-order transition (in its Y203 com- 
ponent) and had contracted accordingly, 
whereas the 34 and 40% Y203 samples re- 
tained the disordered structure. 

3.3 Ordered and Disordered 
Fluorite Phases 

In all three substances Bi203, Er203, and 
Y203, there is clear evidence of the exis- 
tence of at least two different phases, 
namely a more-ordered phase with a 
smaller lattice constant and a less-ordered 
phase with a larger lattice constant. There 
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is an expansion of 0.8% associated with the 
transition from the ordered to the disor- 
dered phase. B&O3 exhibits a strong prefer- 
ence for the disordered phase and in almost 
all binary solutions the lattice constant ver- 
sus percentage dopant plots yielded extrap- 
olated values corresponding to the larger 
room-temperature lattice constant of 5.568 
A. Only Si and W yielded the smaller lattice 
constant of 5.525 A of the ordered system. 
The thermal expansivity calculated using 
the larger lattice constant differs little from 
the thermal expansivity reported by Taylor 
(33) or Levin and Roth (32) which were de- 
termined from high-temperature data based 
on a range of a little over 100 K (see Section 
3.5 below). ‘This strongly suggests that the 
02- sublattice structure in the larger, disor- 
dered, room-temperature phase differs little 
from the high-temperature phase. 

By contrast, Y203 and Er203 adopt the 
ordered phases much more readily, existing 
in the fluorite form only in binary solution 
with other oxides. The “phase” change is 
observed as an expansion of approximately 
0.2% in (BiZ03)1-x(M203)x, where x lies in 
the range 0.2-0.25. The BifOj component 
retains the disordered form while the M203 
component can exist in either form. Con- 
sidering the data of Battle et al. (1.5) we find 
that Y203 component prefers the disor- 
dered form, except at 27% Y203 where the 
more ordered form with a contracted lattice 
constant is found. Our analysis of the data 
of Infante et al. (21) suggests that they have 
the disordered form for 25% Y203 (Table II, 
Fig. 1). Verkerk et al. (11) reported an 
anomalous expansion in the lattice constant 
so it would appear that they, like Battle et 
al. (IS), had the contracted, more-ordered, 
form. 

In solid solution with Bi203 the rare-earth 
oxides appear to prefer the ordered form as 
reflected by the high activation barrier to 
migration. Only in a relatively narrow con- 
centration range, which varies from sub- 
stance to substance but which is generally 

centered on 20-25% rare-earth content, is a 
knee observed in the conductivity versus 
temperature curve, reflecting the order- 
disorder transition. Where such a bend is 
not observed the activation energy deter- 
mined shows that the ordered form is fa- 
vored, having the larger energy barrier to 
migration (e.g., (12)). Thus at least for the 
rare-earth oxides the ordered form is the 
more favored. The Bi20j component re- 
tains the disordered form. 

By contrast, a slight trace of Si may in- 
duce Bi203 to transform into the more or- 
dered form. This would appear to be the 
form observed by Sillen (37). The existence 
of two fluorite forms in 8-Bi203 must be 
largely responsible for the existence of an 
extensive literature of apparently contra- 
dictory analyses; contrast for example the 
work of Sillen (37) with that of Gattow and 
Schroder (31). 

There are a number of reports in the liter- 
ature which have perhaps been suggesting 
different &phases for Bi203, All studies 
agree on an fee arrangement for the Bi3+ 
sublattice and consequently any differences 
must lie in the 02- sublattice. Tsubaki and 
Koto (42) point out that the phase into 
which 8-Bi203 transforms on cooling is in- 
fluenced by the temperature before cooling 
and on the cooling rate. For example, meta- 
stable forms (p- and y-) do not appear when 
the sample is cooled from above 1163 K 
which is well into the liquid state. Clearly, 
therefore, Bi203 possesses a memory which 
is likely to be expressed as order in the 02- 
sublattice. Molecular dynamics calcula- 
tions by us (27) also confirm the existence 
of metastable 02- configurations. Harwig 
and Gerards (2) observed a sudden fall in 
conductivity in the 913-937 K region above 
the y-phase. They interpreted the phenom- 
enon as an ordering process in the defect 
fluorite structure. 

The already existing literature reports 
combined with this analysis of lattice con- 
stants confirm the existence of at least two 
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FIG. 2. Plot of a3 versus Rzii, for the ordered ses- 
quioxides. 

fluorite forms differing only in 02- sublat- 
tice order. 

3.4 The Lattice Parameters of 
Fluorite Sesquioxides at 298 K 

The method adopted for establishing the 
lattice constant of metastable &B&O3 at 
room temperature also yields the lattice 
constants of the metastable fluorite phases 
for a number of other metal oxides. As 
these oxides do not adopt the fluorite struc- 
ture at room temperature, the accuracy of 
these results cannot be checked directly by 
experiment. However, an indirect check 
exists, namely that of examining the linear 
dependence of a3 on the cube of the ionic 
radii of the cations. Ionic radii, R, have 
been tabulated by Shannon and Prewitt (43) 
and were later updated by Shannon (44) us- 
ing a modified procedure. R, however, de- 
pends on the coordination number and it is 
not clear whether the cations in the fluorite 
structure should be considered as 6-coordi- 
nate or 8-coordinate. Each cation is sur- 
rounded by eight lattice sites, but if the 25% 
vacancies are ordered along (111) (the Sil- 
len structure for 6-Biz03), then the time- 
and space-averaged environment of each 
metal is 6-coordinate although the symme- 
try remains characteristic of an 8-coordi- 
nate environment. Statistically, the fit is 
found to be slightly better for R$i . A plot of 
a3 against R&i is shown in Fig. 2. 

It is clear from Table I that for certain 
oxides there are many candidate choices 
for the lattice parameter. The ionic radii 
employed were taken from Shannon and 
Prewitt (43). The correlation with the up- 
dated data of Shannon (44) proved signifi- 
cantly poorer and strong deviations from 
linearity were observed. Since the purpose 
of this fitting is to provide a simple means of 
predicting the lattice constants of sesquiox- 
ide solid solutions, we therefore use the 
original data of Shannon and Prewitt (43) 
for which the linear correlation of a3 with 
R3 is excellent. In our earlier determination 
of the room-temperature lattice constant of 
B&O3 four rare-earth oxides plus V205 were 
employed. Here we use the same four rare- 
earth oxides, together with Y203 and Bi203, 
to derive a general equation for the predic- 
tion of fluorite sesquioxide lattice parame- 
ters. 

For Gd203 estimates (i) and (ii) (Table I) 
are in perfect agreement. Only the lattice 
parameter estimated from the data to Na- 
sonova et al. (iii), for which the quality of 
data is poorer, is in disagreement. Similarly 
for Dyz03, estimate (i) is considered to be 
the more reliable. 

For Er203 we have two estimates for the 
smaller lattice constant, but the quality of 
data available to us is better for estimate (i) 
which we choose over (ii). For this particu- 
lar case the estimate based on the data of 
Nasonova et al. (iii) is in agreement with (i). 
Yb203 is more of a problem. Estimates 
based on the raw data yield too low a lattice 
constant for B&O3 and would, therefore, 
potentially yield too high a lattice constant 
for Yb203 (i). By anchoring the lattice pa- 
rameter dependence on percentage dopant 
by adding the estimate for room-tempera- 
ture pure &Bi203, we get a new estimate 
for a(Yb203) of 5.139 A. 

Only one lattice parameter in the case of 
Y203 corresponds to the ordered phase, 
namely that estimated from the 27% yttria- 
doped system (Battle et al. (15)) and the 



lattice constant of B&O3 (YZ03 (iv), Table ment is generally much better than the large 
I). It is easily seen that the other larger lat- standard deviation might indicate.) 
tice constants for Y203 would lie above the In view of the good linear a3 versus R3 
a3 versus R:iii plot (Fig. 2), which reassur- dependence one might suggest an equation 
ingly serves to justify our analysis of Y203 of the form 
data. Finally, with B&O3 we use the lattice 
constant first estimated by Sillen (Table I, u3 = k * R& + c (3) 

Bi203-Si02, (ii)). As can be readily seen it as a means of calculating the binary solu- 
lies exactly on the a3 versus R3 plot. This tion lattice parameters (where an effective 
strongly suggests that Sill& (37) examined radius, R,B , is generated in a fashion analo- 
the ordered form of B&O3 and explains the gous to Vegard’s rule). However, it must be 
source of the disagreement with the work of remembered that this linear relation is valid 
many subsequent investigators. If the only for the ordered form of B&03, whereas 
larger lattice constant of 5.568 A of the dis- the solid binary solutions are usually be- 
ordered a-phase is substituted the regres- tween disordered Bi203 and ordered M2O3. 
sion shows a poorer fit. Thus it would 
appear that the low lattice parameter, de- 3.5 Expansivity and Structures of 6-BiZ03 

termined by Sillen, was simply due to a cat- Experimental determinations of a(T) for 
alytic effect of the Si which promoted the 8-Bi203 have been made only in a narrow 
transformation from the disordered to the temperature range around 1030 K, with the 
ordered form. Were the low lattice parame- results shown in Table IV. The scatter in 
ters due to solid solution with a significant these data can be resolved if one recognizes 
content it would be most unlikely that the that two fluorite structures are being ob- 
lattice parameters would fit the plot so ex- served in the &phase. Levin and Roth (32) 
actly. For the fluorite sesquioxides the have made sufficient measurements to de- 
room-temperature lattice constant of the termine the expansivity, p, of 6-Bi203 and 
more ordered form is given by find fi = 2.4 t 0.2 X 10m5 K-i. Recently 

Taylor (33) reported a similar value of p = 
(a3 = k . R&i + C) (2) 2.52 x 10m5 K-l. Gattow and Schroder (31), 

however, reported the much greater expan- 
Values for k and c of 75.293 + 3.051 and 

65.735 ? 3.403 A3, respectively, were de- 
sivity of 4.36 x 1O-5 K-‘. Our room- 
temperature lattice constant of 5.568 A 

termined by least-squares regression (R* = 
99.3%). The lattice constants of the room- 
temperature binary solutions may be ob- TABLE IV 
tained by application of the above equation EXPERIMENTALDETERMINATIONSOFTHELATTICE 
to generate the lattice constant of the fluo- PARAMETERAND EXPANSIVITYOF 6-B&0, 
rite rare-earth oxides followed by use of 
Vegard’s rule to combine it with the lattice Ref. T (W a (A) f3 (1O-5 K-‘) a (0 K) (A) 

constant for room-temperature Bi203. If the 1023 5.6485 1.98 5.536 
rare-earth oxide has the disordered struc- 

(15) 
(1) 1047 5.6595 2.18 5.532 

ture then the rare-earth lattice constant (45) 1029 5.644 1.85 5.537 
should be expanded by 0.8% prior to appli- (3-3 1032 5.66 2.26” 5.531 

cation of Vegard’s rule. Calculated lattice 
parameters using this fit are given in Table I 

Nore. The lattice parameters at 0 K are also shown. 

and the agreement with experimentally de- 
4 Levin and Roth (32) calculated a thermal expansiv- 

ity of 2.4 x 1O-5 K-l using only their high-temperature 
termined values is excellent. (The agree- data. 
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combined with Levin and Roth’s (32) high- (metastable 8-Bi203) at room temperature is 
temperature lattice constant of 5.66 A, 5.568 k 0.002 A. This value is well-substan- 
yields a thermal expansivity of 2.26 X lop5 tiated and may be used with confidence in 
K-‘. Thermal expansivities calculated us- analysis of future experimental data on the 
ing a variety of high-temperature lattice fluorite structured oxides (e.g., to “an- 
constants are displayed in Table IV. In all chor” a plot of a(x) and thus help to detect 
cases the thermal expansivity differs poor data or phase changes). 
strongly from that of Gattow and Schroder (d) The calculated lattice parameter of 8- 
(31). The data of Levin and Roth is that Bi203 at room temperature based on (c) and 
which agrees most closely with ours. AC: Levin and Roth’s (32) high-temperature 
cordingly we use their high-temperature lat- data provides the best currently available 
tice constant and estimate a zero Kelvin lat- estimates of a(T). The thermal expansivity 
tice parameter for &B&O3 of 5.531 A (Table is found to be 2.26 X 10e5 K-i. 
IV). (e) The lattice parameter ofOmetastable 6- 

We have already established the exis- Bi203 at 0 K is 5.531 + 0.002 A, a value that 
tence of two or more fluorite phases and it is useful in the simulation of the &phase of 
may be that Gattow and Schroder (32) mea- B1203 at 0 K. 
sured the thermal expansivity of another 
fluorite phase. The probable cause of the 
disagreement with the data of Gattow and 
Schroder (31) is the substantially differing 
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