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Abstract—A neutron diffraction study was performed on (Bi;Os)os(Er;0s)02 in the temperature region of
300-1100 K. There is no long-range ordering of vacancies. It is concluded from diffuse scattering that at low
temperatures short-range ordering appears, leading to the occurrence of relatively short Ln-O distances. At
temperatures above 870 K the oxygen lattice disorders.

In the low temperature region of Bi,0s-Ln,0; solid solutions with the §-Bi,0O; structure the activation energy of
the conductivity is determined by the strength of the Ln-O band. In the high temperature region the energy
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necessary for oxygen ions to migrate through the tetrahedron planes plays a role.

1. INTRODUCTION

Bi,0; was found to be an excellent oxygen ion conductor
in the fluorite related 8-phase (fcc)[1]. This phase exists
between 1002K and the melting point at 1097K[2]). By
introduction of lanthanide oxides the highly ionic con-
ductive phase (fcc) can be stabilized at low
temperatures[3-7]. The conditions leading to the opti-
mization of the conductivity in the Bi,0;-Ln,0; systems
have been described in[6]. The highest ionic.conductivity
is found in the Bi,0;-Er,0; system for the sample
containing 20 mole% Er,O;[5]. The conductivity of the
stabilized bismuth sesquioxides is one decade or more
higher than that of the stabilized zirconias.

In the stabilized bismuth sesquioxides with low sub-
stituent concentrations a decrease in the activation
energy of the conductivity was observed at about %00 K.
This change was correlated with an order-disorder
transformation in the oxygen sublattice[6,8]. To in-
vestigate this phenomenon we started a high-temperature
neutron diffraction study on stabilized Bi,0,. The X-ray
diffraction technique is of limited use in this case due to
the small atomic form factor of oxygen.

A high-temperature neutron diffraction study on pure
8-Bi,0; was performed by Harwig[9]. No long-range
ordering was observed. It was proposed that each
oxygen site in 8-Bi,O, be replaced by four equivalent
sites displaced in the (111) directions and that the oxygen
ions occupy these sites statistically. Harwig[9} suggested
that this model of the §-Bi,O; structure may be
equivalent to a statistical description of a fluorite matrix
containing ordered microdomains.

Neutron diffraction experiments on the structurally
related stabilized zirconias (defect fluorite structure)
were reported in[10-12]. Carter and Roth[10] concluded
that the oxygen ions in calcia stabilized zirconia were
displaced in the (111) direction. Steele and Fender[11]

reported displacement of oxygen ions in the (100) direc-
tion for yttria and ytterbium stabilized zirconia. From
diffuse scattering experiments they concluded that the
vacancies are associated with lanthanide ions. Faber et
al.[12] interpreted their measurements on calcia and
yttria stabilized zirconia in terms of displacements of
oxygen ions parallel and anti-parallel to the (100) direc-
tion, resulting in wave-like deformations of the oxygen
lattice.

The object of this paper is to analyse ordering effects
in stabilized Bi,O; and to correlate these to the ionic
conductivity.

2. EXPERIMENTAL PROCEDURES
2.1. Preparation and characterization of the sample

Bi,0, containing 20.0 mole% Er,O, was prepared by
solid-state reaction. Bi,O; (Merck, very pure) and Er,0s
(Serva, 99.9%) were thoroughly mixed and prefired at
1100K for 16hr and finely ground. The powder was
poured into an alumina tube which was internally
covered with a sheet of platinum. The sample was heated
slowly to 1120 K, sintered for 72 hr and cooled down by
3Kmin™". The shrinkage of the rod permitted simple
removal from the alumina tube. The density of the rod
was about 90% of the theoretical density based on the
defect fluorite-type lattice. The composition of the sam-
ple was checked using X-ray fluorescence with a method
accuracy of 0.1% absolute. The amount of silicon and
aluminium impurities was 0.008 and 0.03 wt% respec-
tively. X-Ray diffraction showed sharp peaks (fcc) but no
diffuse scattering was observed.

Conductivity measurements were generally not per-
formed on the neutron diffraction samples, because the
latter are porous and the former must be performed on
dense ceramics. However, some of the conductivity
measurements were performed on specimens which had
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the same composition and the same thermal history as
the neutron diffraction samples. See further Section 4.3.

2.2. Neutron diffraction

Neutron diffraction powder data have been collected
at room temperature, 673, 773, 973 and 1073 K using the
powder diffractometer at the HFR reactor at Petten.
Neutrons of wavelength 2.5903 A were obtained from the
(111) planes of a copper crystal. Pyrolytic graphite with a
thickness of 10 cm was employed{13] as a second order
filter. Soller slits with a horizontal divergence of 30’ were
placed between the reactor and monochromator and in
front of each of the four >He counters. The sample was a
rod having a length of 6cm and a diameter of 1.1cm
placed within a cylindrical quartz ampoule filled with
oxygen (10 Torr). The ampoule is described in[9]. To
prevent contact between the sample and the quartz am-
poule, platinum caps were fitted at the ends of the rod.
As absorption of the sample was not negligible (uR =
0.797) the data were corrected for this effect.

Peaks due to diffuse scattering are usually transformed
to a radial distribution function according to:

47r*(p(r) - po) = gJ‘s -i(s)sin rs ds (1)

p(r) is the atomic density as a function of the distance 7,
po is the average atomic density of the sample, s =
(47 sin 6)/A, A is the wavelength and 4 is half the scattering
angle, i(s) is the normalized intensity corrected for the
scattering of the average cell. Use of the Fourier in-
version method requires good intensity data up to large
values of sin 6/A. Our preliminary diffuse scattering data
did not permit us to carry out detailed calculations. The
distances r; between pairs of atoms were calculated
using a simplified equation:

p() =15 i(s) sinrs - As. @

3. COMPILATION OF THE CONDUCTIVITY DATA

Figure 1 shows the Arrhenius plots of the conductivity
of two samples in the Bi,0;-Er,O; system. For the
sample containing 20 mole% Er,0; a bend is observed at
Ts =873 K. Below Tp the activation energy is (114.6 =
0.5)kJ mole ™! and above the bend (62 = 3) kJ mole™"[5].
At a higher concentration of lanthanide, i.e. 35 mole%
Er,0s, no bend in the Arrhenius plot is observed. This
bend is also reported for Bi,O; stabilized with other
lanthanides at relatively low substituent
concentrations[3,4,6,7], for the lanthanide stabilized
zirconias [14-17] and the lanthanide substituted cerias[18].
No changes in the symmetry or long-range ordering
could be detected by X-ray diffraction techniques.

Figure 2 shows the activation energy E, and pre-
exponential factor o, of the conductivity o(o = g0 exp—
(E,/JRT)) as a function of the composition x for lan-
thanide stabilized Bi,O;[3-6]. It appears that there are
two different dependencies which can be related to
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Fig. 2. The activation energy and log o, of the Arrhenius plots of
the conductivity for the (Bi;0s);—x(Ln,0;), systems as a function
of x. A: samples showing no bend in the Arrhenius plot and the
low-temperature parts of the conductivity curve of samples
showing a bend in the Arrhenius plot; B: high-temperature parts
of the conductivity curve of samples showing a bend in the
Arrhenius plot; V: Ln=Er; A: Ln=Dy; O: Ln=Y; 0: La=
Gd.

different defect structures. For the high-temperature
parts of the conductivity curve for samples showing a
bend in the Arrhenius plot, E, increases with increasing
x whereas log o, is independent of x (lines B). The
values of E, and log o extrapolated to x = 0 come close
to the values of §-Bi,05. This suggests a defect structure
analogous to 8-Bi,O,. For the samples showing no bend
in the Arrhenius plot E, is independent of x and log g,
decreases linearly with increasing x (lines A). For the
samples showing a bend in the Arrhenius plot the same
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holds for the low-temperature parts of the conductivity
curve. This means a quite different defect structure
compared to 5-Bi,0s. Previously the hypothesis was put
forward[8] that in this region the oxygen ions are ordered
and this will be further investigated and discussed (Sec-
tions 4 and 5).

In the low-temperature region there is a maximum in
the conductivity of (Bi,05);_.(Ln,03), at about x = 0.20-
0.25 as shown for Ln=Er[5], Y and Yb[7]. Above Ty
the conductivity decreases with increasing lanthanide
content[3-7]. The conductivity of (Bi;O3)0.6s(Ln>03)o.3s
increases with increasing ionic radius of the
lanthanide[6].

4, NEUTRON DIFFRACTION OF (Bi,O1)a an(Ers03)s 20

SR IRON DINIRAL IV LA B WMs 55 02V )5 20

4.1. Models used for the neutron diffraction refinement

For the refinements of the diffraction data of
(Bi203)0.50(Er203)0.20 three models were evaluated: A:
Sillén model; B: Gattow model; C: Willis model.

Sillén[19] reported a simple cubic phase for quenched
Bi,O; material, which must have been a Bi/Si mixed
oxide in view of the preparation method. This simple
cubic structure is related to the fluorite structure but has
ordered defects in the oxygen sublattice in the (111)
direction, as shown in Fig. 3(a). The Bi, Er atoms were
placed in the (4c) position and the O atoms in the (6d)
position of the space group Pn3m.

Gattow and Schroder[20] showed by means of high-
temperature X-ray powder diffraction that the 5-phase of
Bi,O; has a cubic symmetry (fcc). They rejected an
ordered defect oxygen lattice and gave preference to an
oxygen sublattice with an average occupation of the sites
(occupancy factor 3), as shown in Fig. 3(b). The Bi, Er
atoms were placed in the (4c) position and the O-atoms
in the (8c) position of the space group Fm3m.

Willis[21, 22] replaced each anion in the fluorite struc-
ture by four equivalent sites displaced in the {111) direc-

® Bi,Er

@] Oxygen site

tion from the position xxx, x =5 to xxx, x =3+ 8. The
anions occupy these sites statistically (occupancy factor
3/16), see Fig. 3(c). The Bi, Er atoms were placed in the
(4c) position and the O atoms in the (32f) position of the
Fm3m space group. This model was applied to UQ,,
ThO,[21], CaF,{22], Ce0,[23], Ca,Zr;_, 0, (x =
0.1~0.2) [10] and 8-Bi,05[9]. This relaxation can be
interpreted in two ways[21, 24]. In the first interpretation
the fluorite structure is disordered, with some or all of
the anions dispiaced in the (111) directions towards the
octahedral holes at 3, 3, 3. In the second interpretation the
anion vibrates in an asymmetric anharmonic mode
around the 3, 4, 3 position towards the four octahedral
holes. The second interpretation is generally favoured
(Rouse, Willis and Pryor[24, 251).

4.2. Refinement of models

The profile method[26] using the neutron diffraction
data was applied for the refinement of the structure. The
coherent scattering lengths used are b(0) = 0.58, b(Bi) =
0.86 and b(Er) = 0.79 x 107** m. The quantity . given in
the tables and figures is defined as: y,’=
S Wil Y:(obs) — Yi(calc)/k]*/» where Y;(obs) and Y;(calc)
are the observed and calculated intensities for the ith
measured point, W; its statistical weight, k the scale
factor and v the number of degrees of freedom.

At 300K measurements were performed on two
different samples. The relative intensities of the
reflections were fairly reproducible. Figure 4 gives the
neutron diffraction pattern at 773K, together with the
calculated profile. The peak at 20=23.4° is a A2
reflection of 111, the peak at 26 = 37° is caused by diffuse
scattering from the quartz ampoule and the peaks at
20 = 66.7° and 72.5° are due to diffuse scattering from the
sample. Peak shape parameters[26] were normal, no
evidence for strain-broadened Bragg lines was found.

The measured lattice constant as a function of the

(o

Fig. 3. Fluorite related structure models for (Bi,03)030(Er;03)020. (a) Sillén model: ordered defects in the (111)

direction. (b) Gattow model: average distribution of 6 oxygen atoms about the (8c) sites of Fm3m (xxx,
Willis model: average distribution of 6 oxygen atoms about the (32f) sites of Fm3m (xxx, x

=29. (©)
+5) (after

Harwig[37]).
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Fig. 4. Neutron diffraction profile of (Bi;03)o go(Er:01)02 at 773 K.

temperature is given in Fig. 5. The broken line indicates
the temperature of the bend in the Arrhenius plot (T).
The neutron diffraction experiments suggest an increase
of 0.17% in the lattice constant at Tp. This is confirmed
by high-temperature Guinier experiments showing an
increase of about 0.15%. At Ty there is also a strong
increase in the expansion coefficient. It must be stressed
again that no changes in the symmetry or long-range
ordering could be observed.

Table 1 gives a survey of the results of the refinements
and shows that y,” for the Sillén model is not satis-
factory. Long-range ordering of the oxygen vacancies in
the {111) direction should be clearly indicated by the
presence of the 110, 211, 310 and 321 reflections, which
should have a significant intensity. These reflections are
absent in our experimental data. We conclude that no
long-range ordering of the oxygen vacancies appears in
(Bi,03)0.80(Er203)o.20.

Table 1 also gives the results of the refinement of the
Gattow model. Below Ty the temperature factor of Bi,
Er and O are temperature independent whereas above Tp
they increase strongly with the temperature, see Table 1.
It should be noticed that the temperature factors of Bi,
Er and O are very high. Malros[27, 28] found at room
temperature that for a single crystal of a-Bi,Os Bp; = 0.6
and By = 1.0.

Table 1 shows that the values of x,” for the refinement
of the Willis model are satisfactory. The Willis-
parameter § is not a function of temperature and is about
0.04. For §-Bi,0, at 1047 K Harwig[9] found & = 0.066.
The x,*-value for the refinement of the Willis model is
only slightly. lower than the y,’-value for the refinement
of the Gattow model. Using the Willis model there is one
extra parameter. Applying Hamilton’s test{30] to the

x.-values we found that on the basis of the y,’values
we cannot decide which of the two models is the better.
When' refining Harwig’s[9] neutron diffraction data of
5-Bi,0, (1047 K) we arrived at the same conclusion[31].

To evaluate the significance of the Willis parameter we
investigated the sensitivity of x,” and the temperature
factors to changes in the values of the oxygen position. It
appears that y,” at 300K is almost constant for x =
0.21~0.30 and at 1073K for x =0.20~0.31: Bg; g, is
practically constant over these ranges whereas B, shows
a parabolic dependence with the maximum at x = 0.25.
However, the values of the temperature factors remain
too high.

We also examined the possibility in which the oxygen
vacancies cause displacements of cations and/or anions
in the (100) directions[11,12,32,33]. For oxygen ion
displacements Bg; . is almost constant whereas B,

05584 F
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Fig. 5. Lattice constant of (Bi;O1)gs0(Er204)p20 as a function of
temperature measured by neutron diffraction. The broken line
indicates the temperature of the bend in the Arrhenius plot.



Structure and ionic conductivity with lanthanide oxides 1133

Table 1. Refinement of (Bi;0s)o.s0(Er:03)p.50 for the Sillén model (A), Gattow model
(B) and the Willis model (C). By, g, and B, are the temperature factors for bismuth,
erbium and oxygen respectively

T(K) Model Busdd)  ByA) X 5
300 At 0.5(2) 10.9(5) 130
B 2.7(1) 11.6(2) 42
C 1KY 7.5(5) 35 0.041(3)
673 B kRt 11.7Q) 38
C 3.6(0) 7.5(4) 3.2 0.041(3)
773 B 3.2(1) 11.%2) 5.7
C 3.5(2) 8.9(8) 5.6 0.036(4)
973 B 4.1(1) 12.8(2) 2.7
C 4.8(2) 8.2(5) 23 0.043(2)
1073 B 4.9%1) 13.93) 36
C 5.3(3) 11(D) 3.5 0.037(6)

{This refinement was performed on diffraction data collected on a powdered

sample in a steel holder.

shows a parabolic shape with a maximum at x =0.25,
For small displacements of cations By, 5, can decrease to
reasonable values. These results may be an indication
that there is a positional disorder in the cation sublattice
or that the cations are displaced due te ordering. A more
elaborate treatment of these displacement studies is
given by Verkerk[31].

4.3, Diffuse scattering

Peaks due to diffuse scattering are observed in the
neutron diffraction pattern, as shown in Fig. 4. The
changes of these peaks with temperature is shown in Fig.
6. At temperatures above Ty the intensities of the peaks
(corrected for background) decrease by at least a factor
of two. At Tg the peak at 66.7° (28) shifts to 68.9° (26).
The position of the second peak at 72° (28) scatters in the
region 71-73° (26).

The data of Fig. 6 were reproducible: if several
different specimens were cooled down slowly
(0.5K min™") from sinter temperature to room tem-
perature, they showed the same diffuse diffraction spec-
trum. Due to experimental difficulties it could not be
checked whether the phenomena were reversible during
thermal cycling around 870 K. This is a point for future
investigation. However, conductivity measurements on
compositions having a “knee” in their conduc-
tivity/temperature curve show that this bend is reversible
during thermal cycling without hysteresis. This suggests
that the related ordering phenomena are reversible and
consequently in our opinion the same holds for the
diffuse scattering spectra.

The diffuse peaks are Fourier transformed according to
eqn (2) and r;-values of about 2.77 A are obtained. This
agrees very well with the average 0-O distance in
(Bi203)osol Era0s)00. When the peaks at 773K are
transformed separately ry-values are obtained of 2.68 A
and 2.90 A.

For 5-Bi,0, there is an increase in the background at
about 68° (26). However, no peaks due to diffuse scatter-
ing are found (measurements of H. A. Harwig). Peaks
due to diffuse scattering just before the 220 reflection are
observed in many ionic conductors: ZrQ,-CaO[10],

intensity {arbitrary units)

o
1073k

1 omak|
773K

] 2o i
673K

300K

50 ) 70 80 %
28 (degrees)

Fig. 6. Diffuse peaks of {Biz0:)os0(Er;0s)e0 at different tem-
peratures. Smoothed data: each point represents the average
value of ten experimental points.

ZrO:-Y;O; “ 1 , 35}, ZI'O:'szog n n, CeO, 19 {34} and
CaF,-YF;[36].

4.4. Discussion

The present results indicate a considerable positional
disorder of the oxygen ions around the {8c) position and
of the cations around the (4c) position or displacements
of the ions due to ordering. The positional disorder or
displacements of the ions are manifest as large tem-
perature factors. On the basis of these results we can
conclude that the simplest model to describe the struc-
ture of (Biz03)os0(Era0:)o20 is the Gattow model in
which the ions are positionally disordered or displaced
due to ordering. The diffuse scattering results indicate a
fluorite matrix containing short-range ordered units or
ordered microdomains at low temperatures. This will be
discussed now.
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As has been stated before the ry-value of about 2.77 A
agrees very well with the calculated O-O distance in
(Bi.03)0.80(Fr203)0.20. We calculated from the lattice
constant at 773K the following distances (Bi, Er)-O:
239A; 0-0: 276A and (Bi, Er~(Bi-Er): 391A.
Analyzing the two peaks separately r;-values of 2.68 A
and 2.90 A were obtained. It is quite probable that these
values represent O-O distances. The distance 2.68 A
agrees well with the 0-O distance in a hypothetical “fcc—
Er,0,” in which the atoms are at the (8c) position. This
0-0 distance is calculated to be 2.64 A at 773K by
extrapolation of the lattice constant of solid solutions of
U;0¢ and Er,O, with the f.c.c. structure[38] to zero
concentration of U;Os The relevant expansion
coefficient[39] has been used to calculate all data at the
same temperature. This result means that the oxygen ions
are displaced in the direction of an Er’*-ion. Due to this
displacement some O-O distances are decreased while
others are increased as will be shown below.

On the basis of these results, together with some
fundamental structural considerations a model of an
ordered unit is proposed. In a highly defective structure
a completely random arrangement of vacancies is un-
favourable and is only possible in very small
domains[40]. A part of the proposed model for the short
range-ordered unit or ordered microdomains is given in
Fig. 7. The size of the ordered units is unknown but must
be very small because no superstructure reflections are
observed in the diffraction pattern. In order to facilitate
the discussion, the composition is taken to be
(Bi,03)0.75(Ln;05)0.2s. For this composition every tetra-
hedron consists of three Bi>*—ions and one Ln**-ion
and will be denoted as a (Bis, Ln)-tetrahedron. The
cations are long-range ordered[41] by placing the lan-
thanide ions on the corners of the unit cell shown in Fig.
3(b) and the bismuth ions in the centre of the faces.
Figure 7 shows the oxygen ions of a (001) plane at
Z =3/4. The cations above and below this plane are
indicated. The oxygen ions are displaced in the direction
of the lanthanide ions (Willis-type displacement with a
negative & towards a cation instead of a positive 8
towards a vacancy). Ordering of vacancies is not rele-
vant for our model but according to[29, 41] ordering in
the (111) direction is most favourable. From Fig. 7 it is
clear that two O-O distances have arisen. In the first place
the 0-O distance between the oxygen ions within an
“fcc-Er,0Q,” unit, which has a value of 2.68 A (measured
ry-value) or 2.64 A[38]. Secondly the 0-O distance be-
tween the oxygen ions belonging to different units and
calculated at 2.85A and 2.89 A respectively. These
values agree well with the measured r;-value of 2.90 A
Further studies are necessary to confirm this ordering
model and to distinguish between short-range order and
ordered microdomains.

tThe observed increase of the ionic conductivity of
(Biz03)065(Lny0:)o3s with increasing ionic radius of the lan-
thanide must be ascribed to changes in E, because o is constant.
The strength of the Ln-O bond will decrease slightly with in-
creasing ionic radius. From the conductivity data we calculated:
E,(Ln=Gd)=107kI mole™" and E,(Ln=Yb)=111kJ mole™".
This difference is too small to be measured.
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At temperatures above 873K the intensity of the
diffuse peaks decreases strongly. The lattice constant
and the expansion coefficient increase due to disordering
of the ordered units. The lattice behaves “§-Bi,05-like”
in this temperature region, which is in accordance with
the value of the expansion coefficient and with the elec-
trochemical data (Sections 3 and §).

5. RELATION BETWEEN STRUCTURE AND IONIC CONDUCTIVITY

In the proceeding section a model was proposed to
account for the peaks due to diffuse scatering. The
proposed model must explain the conductivity charac-
teristics summarized in Section 3. The model proposed in
Fig. 7 combined with two plausible assumptions gives a
consistent qualitative explanation of the low temperature
conductivity behaviour. This is summarized below and is
further discussed in Sections 5.1 and 5.2. It is assumed
that the activation energy of the conductivity is deter-
mined by the strength of the Ln-O bond and by the
energy necessary to migrate through the tetrahedron
planes. In the low-temperature region the first effect is
predominant and in the high-temperature region the
second effect also plays a role. In the low-temperature
region only the oxygen ions in the (Bis;, Ln)-tetrahedron
are mobile and determine o,

5.1. Strength of the Lo-O bond and conductivity

The Ln-O bond will be much stronger than the Bi-O
bond because the stability of C-type Ln,O,, which is
structurally related to defect fluorite is larger than that of
Bi,0,. Also in the low-temperature region the Ln-O
distance is shorter than the Bi-O distance due to order-
ing effects (see Fig: 7). Migration of an oxygen ion from
one tetrahedron to the next empty one involves breaking
of the Ln-O bond and passage through (Ln,Bi), (BizLn)
or Bi; tetrahedron planes.

It is assumed now that in the low-temperature region
the activation energy will be mainly determined by the
strength of this relatively short Ln-O bond. This strength
will differ only slightly for the different lanthanides.
Therefore, the activation energy of the conductivity is
only slightly dependent on the lanthanide, as shown in
Fig. 2.t As a consequence of this picture the activation
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energy is determined by the strength of the short Ln-O
bond in the (Bis, Ln)-tetrahedra and therefore will not
change as a function of the lanthanide concentration as
long as the (Bi,, Ln) tetrahedra form a continuous net-
work built up of (Bi.Ln) and (Bi,) tetrahedron planes.
This is in accordance with the data in Fig. 2. (Bis, Ln)
tetrahedra do play a crucial role in the low temperature
region because only one single short Ln-O bond occurs.
The oxygen-ions in the (Bi,, Ln,) tetrahedra are bonded
to two lanthanide ions and for this reason hardly parti-
cipate in the conductivity process. As can be seen in Fig.
7 the concentration of (Bis, Ln) tetrahedra has a maxi-
mum at 25 mole% lanthanide. Consequently an increase
of the lanthanide concentration results in a decrease of

tha valna aof the nre.eynanential factaor g. {the concen-
i€ vaiu 01 Ine pré-CXponinua: 1aCiCr g tnc CoOndcln

tration of mobile oxygen ions) and of the conductivity,
the activation energy being constant. The observed linear
decrease of log o, with lanthanide concentration (Fig. 2)
cannot be explained at present. Decreasing the lan-
thanide content ( <25 mole%) results in a decrease in the
concentration of (Bis, Ln)-tetrahedra and an increase in
the concentration of (Bis)-tetrahedra. In our opinion the
oxygen ions in the (Bi,)-tetrahedra do not take part in the
conductivity process. In the low temperature region -
Bi,0; does not exist. Therefore the (Bi,) tetrahedra will
be distorted, probably to the rhombohedral or tetragonal
distortion which occurs when the lanthanide content is
less than the minimum concentration necessary to stabil-
ize the fcc structure{3-7]. The fcc structure is locally
destabilized and distorts locally to a lower symmetry
from which is known that the conductivity is two
decades or more lower than that of stabilized Bi,O;.

Consequently the conductivity has a maximum at the
same lanthanide concentration where the (Bi;Ln) concen-
tration has a peak, i.e. at 25 mole% lanthanide. This is
indeed observed{5].

At about 870K the lattice disorders, resulting in an
increase of the Ln-O distance. The strength of the Ln-O
bond decreases and this results in a decrease of the
activation energy. In the case of (Biy03)o.s0{Er203)0.20 the
Ln-O distance increases from 2.30 A to 2.40 A and the
activation energy decreases by a factor of two, see Fig.
1. At high lanthanide concentration the activation energy
is constant over the investigated temperature region, as
shown for (Bi,03)oes(Er0s)oss in Fig. 1. Hence, the
relatively short Ln-O distance, belonging to the “fcc-
Er,05” unit, exists over the whole temperature region.

5.2. Energy necessary to migrate through tetrahedron
planes

The total energy involved for the migration of an
oxygen ion through a tetrahedron plane (E,,) consists of
the Coulomb, repulsion, strain and polarization energies.

In the low-temperature region the activation energy is
mainly determined by the strength of the Ln-O bond and
E,. plays a minor role. In the high-temperature region all
the oxygen ions take part in the conductivity process and
there are no preferential diffusion paths. The experi-
mentally observed activation energy increases with in-
creasing lanthanide content, see Fig. 2. Two effects are
important. First, the number of Ln-O bonds increases and
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secondly E,, increases due to a decrease of the con-
tribution of the polarization energy. This can be con-
cluded from the work of Demonchy et al.[42,43]. They
found that the activation energy of the conductivity of
Bi,0,-PbO solid solutions at T > 870 K was equal to that
of 8-Bi,0,, whereas the activation energy in the case of
Bi,0,-SrO solid solutions increases with increasing SrO
content. Now there is a large difference in polarizability
between sz" and Sr** ions: a(Pb*)=3.6A> and
a(Sr)=09A respectively [45]. The polarizability of
Bi** is not well defined but can be estimated from the
values for TI'(3.9A% and Pb**(3.6A%, to be about
3.3 A°. This is comparable to that of Pb>* and 0*°(3 A?).

Introduction of the less polarizable Sr** ion in a
tetrahedron plane results in a less negative value of the

polarization energy of the ensemble of cations with
oxygen within this tetrahedron plane. Therefore, the
energy during passage through the tetrahedron plane is
increased. This results in a higher activation energy. The
polarizabilities of Gd**-Yb®* are in the region (1.01-
0.80) A>[46] and are comparable with Sr**. Therefore,
introduction of the less polarizable lanthanides in the
bismuth sesquioxide lattice increases the value of E,,
and, consequently, the activation energy. Detailed cal-
culations are necessary to decide whether the strength of
the Ln-O bond or the energy to migrate through a
tetrahedron plane is predominant.

CONCLUSIONS

(1) The structure of (Bi;Os)os0(Ers0s)o20 Was in-
vestigated by neutron diffraction in the region of 300-
1100 K. It was concluded that no long-range ordering of
vacancies appears. On the basis of the profile
refinements no choice could be made between the Gat-
tow and the Willis model. The anions and cations are
positionally disordered or displaced due to ordering.

(2) It was concluded from diffuse scattering that at low
temperatures two types of O-O distances are present
(2.68 A and 2.90 A respectively). This leads to an order-
ing model in which oxygen ions are displaced towards
the Ln**-ions (Willis-type displacement with a negative
). At temperatures above 870 K the lattice disorders.

(3) A model was developed for the conductivity o in
the Bi,0,-Ln,0; systems by combining the conductivity
and the neutron diffraction results. This model explains
the dependence of ¢ on composition, type of lanthanide
and temperature. Its main features are summarized
below. In the low-temperature region the activation
energy of the conductivity is determined by the concen-
tration of (Bis, Ln)-tetrahedra. In the high-temperature
region the lattice disorders and all oxygen ions take part
in the conductivity process, showing that ¢, is constant.
The activation energy of the conductivity is determined
by the strength of the Ln-O bond and the energy neces-
sary to migrate through the tetrahedron planes.
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