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tures are reported with a hexagonal subcell. Probably 
distortion of the tellurium lattice becomes too large 
to be realized by an incommensurable modulation. 

differences in the modulation (including occupation) 
parameters for two samples prepared under rather 
different conditions (x = 0.26 and x = 0.02). 

Concluding remarks 

The average orthorhombic phase of Cu3_xTe2 is 
analogous to that of Ni3__.xTe2 and has a close 
packing of Te atoms in which partially occupied Cu H 
sites become ordered along the a direction (still 
random along b). The Te--Te distances indicate 
that, unlike in the nickel compound, there is con- 
siderable charge transfer from the Cu to the Te 
atoms. This is reflected in the modulation: the Te 
atoms are strongly displaced towards the empty Cu n 
sites. The displacements of the Cu ~ atoms follow the 
tellurium lattice. The ordering of the Cu H sites along 
a (Fig. 1) is described by the modulation wavevector 
q = 0.397a* + ~c*, incommensurable with the basic 
lattice. The ordering is determined quantitatively 
with first- and second-order harmonics of the modu- 
lation wave; probably higher-order harmonics should 
be used for a more precise description. The represen- 
tation of the occupation modulation with a shear- 
structure-like model is possible. An explanation of 
the origin of the incommensurable modulation can 
be given in terms of two competing interactions, 
between the ordering of the Cu n sites and the 
polarizability of the Te lattice. The difference 
between this case and the nickel telluride originates 
from a different interaction strength and a different 
charge transfer between the metal atom and Te. The 
homogenity range of the modulated phase seems to 
be much smaller (somewhere around x = 0.11) than 
was previously proposed, as we found only small 
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Abstract 

A comparative study of tetragonal (Y-TZP, 3 mol% 
Y203) and cubic (CSZ, 15 mol% CaO) zirconia 
powder samples was carried out to learn about a 
possible structural origin of the superior ionic con- 

ductivity of TZP at low temperatures. Structure 
refinements including anharmonic temperature fac- 
tors and oxygen occupancies as well as a qualitative 
analysis of the diffuse background revealed large 
differences especially of the anisotropy of thermal 
motion and the underlying disorder in both samples. 
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Diffusion pathways are restricted to layers in TZP, in 
contrast with a three-dimensional behaviour in CSZ. 
The structural arrangement of the tetragonal phase is 
slightly more favourable for conduction processes. 
More importantly, the higher concentration of 
oxygen vacancies in CSZ is less operative due to an 
immobilization of these charge carriers by coherent 
and incoherent microclustering at low temperatures, 
whereas the smaller number of vacancies in TZP is 
fully available for transport processes. At higher 
temperatures - as CSZ approaches the true thermo- 
dynamic stability field of the cubic structure - the 
stabilizing function of the microclusters decreases, 
the clusters dissolve and the ionic conductivity in 
CSZ becomes superior to that in TZP. No such 
processes take place in TZP. The behaviour in pow- 
dered samples differs from that in single crystals. 

1. Introduction 

Zirconia, ZrO2, doped with aliovalent oxides like 
CaO, Y203 or MgO, is of outstanding interest in 
materials science due to the intimate relation 
between its structural and physical properties. At 
ambient pressure, pure zirconium dioxide exists in 
three basic polymorphs: cubic (Fm3m, fluorite) and 
tetragonal (P42/nmc, distorted fluorite) high- 
temperature phases, and a monoclinic (P2~/c) phase 
stable at room temperature. Depending on several 
factors such as composition, grain size and material 
processing, the tetragonal or the cubic structure can 
be retained at ambient temperature. A schematic 
picture of the structural relationship between these 
phases is given in Fig. 1. 

The so-called tetragonal zirconia polycrystal 
(TZP) has excellent room-temperature mechanical 
properties (for a review see Nettleship & Stevens, 
1987) and an enhanced ionic conductivity at low 
temperatures as compared with cubic zirconia, e.g. 
CSZ (calcia-stabilized zirconia) (Bonanos, Slot- 
winski, Steele & Butler, 1984; Weppner & Schubert, 
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Fig. 1. Relationships between the unit cells of the tetragonal and 

cubic structures of zirconia. 

1988; Turrillas, Sellars & Steele, 1988), despite the 
lower vacancy concentration (1.5% in TZP and 
7.5% in CSZ in the samples investigated here). The 
stability of tetragonal zirconia (Mitsuhashi, Ichihara 
& Tatsuke, 1974) and the enhanced fracture 
toughness (Michel, Mazerolles & Perez y Jorba, 
1983) were discussed in terms of domain structures. 
It is not clear, however, whether the tetragonality 
itself, the defect structure or the microstructure of 
TZP are most decisive for the enhanced ionic con- 
ductivity. With this work we intend to clarify 
whether the structural differences between the cubic 
fluorite structure and its slightly distorted tetragonal 
modification and the defect/domain structures might 
be responsible for the different ionic conductivities 
and other material properties. 

Most of the previous studies were performed 
on quenched and annealed samples; no high- 
temperature investigations have been reported for 
TZP. Therefore, many structural questions remain 
open, as the following examples illustrate. 

(i) Are there structural differences between the real 
equilibrium phases at high temperatures and the 
quenched phases at lower temperatures? From the 
phase diagrams these stability fields exist above 
1200 K in the ZrOz-CaO system (Stubican, 1988) 
and 800 K in the ZrO2-Y203 system (Scott, 1975). 

(ii) The defect structure of CSZ is not fully under- 
stood and is still a subject of controversy in the 
literature: Neder, Frey & Schulz (1990) and Proffen, 
Neder, Frey, Keen & Zeyen (1993) interpreted the 
diffuse scattering observed with neutrons in single 
crystals by two types of coherent correlated micro- 
clusters, while Rossel, Sellar & Wilson (1991) 
deduced coherently intergrown microdomains of the 
so-called q~ type from their electron-microscope 
studies. This latter phase, CaZr409, emerges after 
long annealing of bulk crystals or sintered material 
at high temperatures. An analysis of the averaged 
structure of CSZ (15 mol% CaO) at high tempera- 
tures (Lorenz, Frey, Schulz & Boysen, 1988) clearly 
shows a superposition of static and dynamic dis- 
ordering. 

(iii) Are there indications for microdomains in 
TZP too and, if so, are these domains coherent or 
incoherent? It may be worth recalling that any kind 
of static or dynamic disorder, i.e. deviation from a 
strictly periodic arrangement of the atoms, gives rise 
to diffuse scattering. This includes statistical disorder 
(positional, occupational), short-range order, micro- 
domains or clusters, segregations, amorphous 
regions etc. In the case of coherence with the lattice 
of the surrounding crystalline matrix, this disorder is 
also found in the average structure, which is 
obtained by projecting the contents of all individual 
unit cells into a single unit cell and which can be 
determined from an analysis of the Bragg reflexions 
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alone. On the other hand, incoherent segregations 
give rise to diffuse scattering only. 

(iv) Concerning the concentration and distribution 
of oxygen vacancies: are they responsible for the 
enhanced low-temperature conductivity and how do 
they influence the defect structure? 

Crystal structure determinations on tetragonal 
(undoped) ZrO2 have been performed using X-ray 
and neutron powder diffraction between 1470 and 
2230 K by Teufer (1962) and between 1100 and 
1900 K by Frey, Boysen & Vogt (1990) and Boysen, 
Frey & Vogt (1991), respectively. Further structure 
investigations of yttria-stabilized TZP (Y-TZP) were 
carried out at room temperature by Michel et al. 
(1983) using X-ray powder diffraction and by 
Howard, Hill & Reichert (1988) using neutron 
powder diffraction. CSZ samples have been analysed 
from both X-ray and neutron data at various tem- 
peratures by Carter & Roth (1968), Faber, Mfiller & 
Cooper (1978), Morinaga, Cohen & Faber (1979), 
Lorenz et al. (1988) and Neder et al. (1990). 

2. Experiments and data analysis 

The stabilization of tetragonal zirconia depends on 
factors such as grain size, composition, density and 
firing treatment. Single-phase tetragonal material is 
obtained only under well defined preparation condi- 
tions. The pure tetragonal polycrystalline zirconia 
crystals used here were two specimens containing 3.0 
and 2.5 mol% Y203 as stabilizer (provided by MPI- 
Stuttgart). They were made by pressing the powder 
into the desired shape and size for neutron diffrac- 
tion (a cylinder of diameter 1 cm) followed by sinter- 
ing for 2 h at 1400 K. The pure tetragonal phase is 
only obtained within the concentration limits of 2.5- 
3.0 mol% Y203. Since the two samples showed no 
significant differences, only the one with 3 mol% 
stabilizer is described in the following. The cubic 
specimen was prepared by grinding a single crystal 
with 15 mol% CaO, grown by the skull method 
(provided by Djevahirdjan Company, Switzerland). 

Diffraction data of all samples were collected on 
the neutron powder diffractometer MAN I at the 
reactor facility FRM in Garching, Germany. The 
high-temperature scattering furnace has a niobium 
heating element and provides temperatures up to 
1400 K with a stability of A T =  + 1 K. The speci- 
mens were contained in a niobium can. Measure- 
ments were made between room temperature (r.t.) 
and 1400 K for TZP and at r.t. and 770 K for CSZ. 
The data were recorded under monitor control at 
intervals of A(20) = 0.1 ° over an angular range 20 _< 
104 °, with a wavelength of h = 1.075 A. The scat- 
tering lengths used for Zr, Ca, Y and O were 7.16, 
4.9, 7.75 and 5.805 fm, respectively. The least- 
squares structure refinements were performed with 

the Rietveld-program version of Thomas & Bendall 
(1978), extended for anharmonic temperature factors 
by Boysen (1992). Further data evaluation (prob- 
ability density function maps, potentials) was per- 
formed with the (single-crystal) program system 
P R O M E T H E U S  (Zucker, Perenthaler, Kuhs, 
Bachmann & Schulz, 1983). For a discussion of the 
significance of anharmonic thermal parameters from 
powder patterns, see Boysen (1992). The strong 
modulated background was defined manually. Nb 
was treated as a second phase during the fits and has 
poor agreement, as shown by the deviations in the 
difference plots in Fig. 2. Gaussian profile functions 
that best represent the actual instrumental resolution 
function of the diffractometer were employed 
throughout. Examples of observed and calculated 
neutron powder diffraction patterns and their 
difference curves are given in Fig. 2.* 

In this work, essential information is drawn from a 
temperature-factor analysis of the Bragg data. Gen- 
erally, the temperature factor T(h) is the Fourier 
transform of the probability density function 
p.d.f.(u), which describes the space- and time- 
averaged distribution of the displacements u = x - xj 
of the atoms around their equilibrium positions xj, 

Tj(h) = fp .d . f . j (u )exp(2~r ih 'u )dV.  (1) 

This relation holds both for dynamic and static 
disorder. Note that the usual 'harmonic' temperature 
factor corresponds to a Gaussian p.d.f. With the 
assumption that the thermal motion (oscillations, 
diffusion, etc.) of the atoms in a single-particle 
potential V(u) is independent (an approximation that 
is valid at high temperatures), Boltzmann statistics 
give 

p.d.f.j (u) = exp[-  Vj(u)/kT]p.d.f . j(O). (2) 

Significantly anharmonic p.d.f.'s and temperature 
factors are encountered in the case of large atomic 
motions, particularly at high temperatures. A pos- 
sible approximation is given by the Gram-Charlier 
expansion (Johnson & Levy, 1974), 

Tj(h) = Tj/harmon(h){1 + [(27ri)3/3!]cpqrhphqhr 
+ [(27ri)4/4!]dpqrShphqhrhs + ...}, (3) 

where Cf qr and 4 pqrs a r e  the refinable coefficients of 
third and fourth order, respectively. For more 
details, see, for example, Zucker et al. (1983). 

For static disordered structures the average distri- 
bution of the displacements may be approximated by 
the same formalism, although the Gram-Charlier 
expansion is not always the most suitable. Of course, 

* Primary diffraction data have been deposited with the British 
Library Document Supply Centre as Supplementary Publication 
No. SUP 55965 (38 pp.). Copies may be obtained through The 
Technical Editor, International Union of Crystallography, 5 
Abbey Square, Chester CHI 2HU, England. 
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the derivation of a potential, V, makes no sense in 
this case. A separation of static and dynamic contri- 
butions to the temperature factor may be attained by 
analysis of its temperature dependence: in the purely 
dynamic case and in the harmonic approximation, 
the thermal displacement parameters should be pro- 
portional to the temperature, i.e. they should extra- 
polate to zero at 0 K. Hence, a positive finite value 
obtained from an extrapolation to 0 K may be attri- 
buted to static disorder. This argument is not true at 
very low temperatures (T < ODebye), where quantum 
effects (zero-point motion) come into play. At too 
high temperatures, anharmonicity leads to a steeper 
increase with temperature and, in the absence of 
static disorder, would lead to negative values at 0 K. 
Similar extrapolations are possible for the higher- 
order terms. This widely used procedure is, however, 
subject to some uncertainties (possible temperature 
dependence of the static disorder, anharmonicity at 

Table 1. Final parameters of TZP 

( a )  H a r m o n i c  r e f i n e m e n t s  
295 K 570 K 770 K 

z(O) 0.4589 (4) 0.4578 (3) 0.4570 (3) 
/~,,(0) 0.020 (2) 0.036 (2) 0.045 (2) 
/322(0) 0.010 (2) 0.02t (2) 0.023 (2) 
fls3(O) 0.0076 (6) 0.0115 (5) 0.0149 (5) 
B ( Z r )  (A 2) 0.37 (4) 0.72 (3) 0.98 (3) 
n(O) 1.95 (2) 1.99 (2) 1.97 (1) 
a (A) 3.6067 (4) 3.6136 (3) 3.6227 (3) 
c (A) 5.1758 (8) 5.1909 (5) 5.2056 (5) 
R~p (%) 10.60 7.46 5.78 
R,~, (%) 14.03 10.90 10.33 
R, (%) 3.53 4.66 3.34 

( b )  A n h a r m o n i c  r e f i n e m e n t s  
770 K 1060 K 

z(O) 0.4566 (4) 0.4558 (5) 
/3.(0) 0.043 (2) 0.051 (3) 
/322(0) 0.024 (2) 0.027 (3) 
f13~(O) 0.0149 (5) 0.0182 (7) 

1060 K 1200 K 1400 K 
0.4563 (4) 0.4557 (4) 0.4553 (4) 
0.053 (3) 0.067 (3) 0.076 (3) 
0.026 (2) 0.025 (2) 0.033 (2) 
0.0181 (7) 0.0207 (8) 0.0234 (9) 
1.19 (4) 1.40 (4) 1.65 (4) 
1.97 (2) 1.98 (2) 1.96 (2) 
3.6359 (4) 3.6411 (4) 3.6498 (4) 
5.2257 (7) 5.2341 (7) 5.2481 (8) 
6.26 5.04 6.67 

11.71 11 .59  11 .97  
5.70 5.02 5.65 

1200 K 1400 K 
0.4549 (5) 0.4549 (6) 
0.064 (3) 0.071 (3) 
0.027 (2) 0.037 (2) 
0.0208 (8) 0.0235 (8) 

c ~33 x 103 . . . .  0.014 (8) 
c ' ' a  × 10 a -0.010 (6) -0.014 (9) -0.026 (11) -0.040 (12) 
B ( Z r )  (A 2) 0.99 (3) 1.20 (4) 1.42 (4) 1.68 (5) 
n(O) 1.96 (1) 1.97 (2) 1.98 (2) 1.96 (2) 
a (A) 3.6227 (3) 3.6358 (4) 3.6411 (4) 3.6499 (4) 
c (A) 5.2056 (6) 5.2257 (7) 5.2340 (7) 5.2483 (8) 
R,:~p (%) 5.78 6.25 5.04 6.65 
R,vp (%) 10.31 11.69 11.55 11.84 
R, (%) 3.28 5.67 4.73 5.49 
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Fig. 2. Observed (dots) and calculated (solid line) neutron powder 
patterns of  (a) TZP (3 mol% Y203) at 1400 K and (b) CSZ 
(15 mol% CaO) at 770K. Difference plots with a manually 
defined background are shown at the top to the same scale. 
Upper marks correspond to Nb, lower ones to zirconia. 

high temperatures). Instead, more reliable conclu- 
sions may be drawn from the temperature depen- 
dence of the derived potentials (Bachmann & Schuh, 
1984), which should be practically independent of 
temperature in the purely dynamic case. The 
dependence will become steeper with increasing tem- 
perature in the presence of static contributions 
because the relative amount of the latter becomes 
less important compared with thermal motion.* 

3. Results 

TZP 

To analyse the temperature dependence of the 
structural parameters of Zr0 .94Y0 .o601 .97  , refinements 
up to 1400K were carried out in space group 
P42/nmc (origin at centre of symmetry) with the Zr 
and O atoms in special positions 2(a) and 4(d), 
respectively. Several models were examined, includ- 
ing harmonic and anharmonic temperature factors 
for O and harmonic ones for Zr. The latter turned 
out to be isotropic in all cases. The thermal 
displacement parameters were refined together with 
lattice constants, the positional O parameter z(O) 
and, as an important extension of former analyses, 
the site occupancy of the O atoms n(O). The refined 
parameters are presented in Table 1. 

* To stress the applicability of (harmonic or anharmonic) tem- 
perature factors to both static and dynamic disorder, the term 
'atomic displacement parameters' instead of "thermal displacement 
parameters" has been advocated in the literature (see, for example, 
Kuhs, 1992). However, to avoid confusion with the displacement 
of the equilibrium position of an atom (e.g. with temperature or 
during a phase transition) we will continue to use 'thermal' (mean- 
square) displacement parameters in the following. 
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The temperature dependence of the lattice con- 
stants shows no deviation from a linear behaviour. 
The O site occupancy was constant for all tempera- 
tures, n(O) = 1.97 (2), in agreement with the stoichio- 
metric ratio (charge balance). The value of z(O) at 
r.t. is close to that of former investigations on the 
same material (Michel et al., 1983; Howard et al., 
1988). It decreases slightly with increasing tempera- 
ture. Together with a slight increase of the c:a ratio, 
this means an increase of the 'tetragonality'. The 
same tendency was found for pure ZrO2 (Boysen et 
al., 1991), however, with lower z(O) values (Az  = 
0.008) and larger c:a ratios (by about 0.8%). There- 
fore, TZP is less 'tetragonal' than pure t-ZrO> 

It should be mentioned that a slight increase of the 
linewidths with temperature was observed. A rough 
analysis in terms of particle sizes and strains gave no 
clear result. Instead, a fit with an additional cubic 
phase with a phase amount of up to 8% at the 
highest temperature was possible, yielding slightly 
improved R factors, 'normal' half-width parameters 
and practically no change of the parameters of the 
tetragonal phase. The error bars for the parameters 
of the cubic phase were, however, so large that no 
definite conclusions may be drawn with the present 
resolution of the instrument. Such a cubic com- 
ponent would, however, be compatible with the 
phase diagram (Scott, 1975). 

The extrapolation of the harmonic B o. (=  87"/'2(u2tj>) 
values to 0 K (Fig. 3) shows small static contri- 
butions for O between 0.10 and 0.35 A 2, but almost 
none for Zr. There is a significant anisotropy: B1~ > 
B33 > B22. Since the static part is not very different 
for the three components, the anisotropy is mainly 
due to dynamic effects. The same anisotropy was 
found for t-ZrO2 (Boysen et al., 1991) and was 
explained by shallow potentials in connection with 
the t---,m phase transformation. However, together 
with the third-order terms of the temperature factor, 
they may be indicative of possible diffusion pathways 

+ 
/ 

/ 

~ ........ 

°O " 200 400 600 800 1000 1200 1400 
T[K] 

Fig. 3. Temperature dependence of the harmonic temperature 
factors of Zr (o, Biso) and O (0, B~,; D, B22; •, B33) in TZP. 

as discussed below. Out of the three symmetry- 
allowed third-order coefficients ¢333, C113 and c 223, 
only c !~3 becomes significant above 700 K and C333 
becomes significant at 1400 K. The corresponding 
p.d.f.s are discussed below. 

The background does not show strong modula- 
tions. Hence, there are no indications of any corre- 
lations, precipitations etc. It is, however, quite large, 
thus indicating statistical disorder (monotonic Laue 
scattering) - presumably statistical relaxations of the 
atoms around vacancies. This confirms the static 
contribution derived from the temperature-factor 
analysis above. 

C S Z  

Previous neutron measurements on the same 
material were carried out on single crystals at 1170, 
1370 and 1570 K (Lorenz et al., 1988) and on 
powder samples at 1300 and 1550 K (Marxreiter, 
1989). This means that all experiments were carried 
out either at r.t. or in the high-temperature region, 
where cubic Zro.85Ca0.150~.85 is close to or in its 
thermodynamic stability field. The aim of the present 
powder experiments at r.t. and 770 K was to check 
whether the disorder analysis performed previously 
for temperatures above 1200 K is also valid in the 
low-temperature regime (770 K). This point is of 
particular interest since static disorder phenomena 
like microclustering are assumed to be the limiting 
factor for the low-temperature conduction properties 
of this material (Neder et al., 1990). 

Refinements of the r.t. and 770 K measurements 
were performed first in space group F m 3 m  with the 
Zr and O atoms in special positions 4(a) and 8(c), 
respectively. Three cubic models were examined for 
the O atoms: harmonic (isotropic by symmetry) tem- 
perature factors, split positions along (100) [spe- 
cial positions 24(e)] and anharmonic temperature 
factors up to the fourth order. Refinement agreement 
(R) factors and results are presented in Table 2(a). It 
should be mentioned that a (111) split model as 
suggested by Carter & Roth (1968) for zirconia of 
the same composition has also been tried. Their 
value of the x parameter (0.277) is in remarkable 
agreement with the value found here (0.270). How- 
ever, here the (100) model is clearly favoured by a 
better fit, in agreement with the findings of Faber et 
al. (1978), although their x parameter (0.206) is in 
disagreement with our results. The latter authors also 
report an increasing O order with annealing time, 
which they interpret as a tetragonal distortion of the 
lattice (see below). 

Fig. 4 shows the B values as a function of tem- 
perature together with results of the high- 
temperature measurements of Lorenz et al. (1988) 
and Marxreiter (1989). In contrast with the con- 
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Table 2. Final parameters of CSZ 

(a) Cubic refinements 
295 K 

Anhar- 
Harmonic Spl i t  monic 

z(O) 0.25 0.237 (4) 0.25 
f t . (O)  0.031 (1) 0.076 (9) 0.073 (5) 
/~22(0) -- 0.022 (2) - 
fl23(0) 0.026 (6) -- 
c '23 x 103 - - 0.043 (9) 
d'"' x 10 ~ - - 0.37 (9) 
d nz2 x 10' - - 0.09 (2) 
B(Zr) (A 2) 1.17 (6) 1.24 (6) 1.30 (5) 
n(O) 1.83 (3) 1.90 (3) 2.12 (4) 
a (A) 5.1289 (8) 5.1292 (8) 5.1291 (8) 
/~,p (%) 5.09 5.12 5.11 
R~p (%) 12.78 12.44 12. I I 
GOF,~, 2.51 2.43 2.37 
Rt (%) 6.85 6.13 5.07 

770 K 
Anhar- 

H a r m o n i c  Spl i t  m o n i c  
0.25 0.224 (6) 0.25 
0.035 (1) 0.063 (12) 0.051 (6) 

0.023 (2) -- 
0.023 (6) -- 
- 0.043 (7) 
- 0.11 (5) 

0.02 (1) 
1.79 (6) 1.89 (6) 1.93 (6) 
1.77 (2) 1.80 (3) 1.87 (5) 
5.1520 (8) 5.1523 (7) 5.1523 (7) 
6.04 6.02 6.01 

I 1.90 11.03 10.98 
1.97 1.84 1.82 
6.42 4.64 4.05 

(b) Tetragonal refinements 
295 K 770 K 

Anhar- Anhar- 
monic Split monic Split 

z(O) 0.462 (2) 0.5 0.470 (3) 0.5 
B , ( O )  0.067 (7) 0.046 (3) 0.069 (7) 0.052 (4) 
•22(O) 0.114 (11) 0.111 (11) 
fl~(O) 0.065 (4) 0.056 (6) 
c m x 10 ~ -0 .58  (7) - 0 . 39  (9) 
c ''3 x 10 ~ -0 .17  (2) - 0 . 20  (2) - 
z(O') 0.396 (14) 0.410 (19) 
B(O') (A 2) 7.0 (1.3) 7.0 (1.6) 
B(Zr) (A 2) 1.32 (5) 1.25 (5) 1.96 (6) 1.85 (6) 
n(O) 2.02 (3) 1.40 (7) 1.89 (3) 1.36 (9) 
n(O') 0.59 (7) 0.52 (10) 
c (A) 5.1290 (7) 5.1288 (7) 5.1523 (7) 5.1520 (8) 
R~p (%) 6.19 6.20 7.20 7.20 
R,p (%) 12.98 13.33 12.31 13.00 
GOF,~, 2.10 2.15 1.71 1.81 
Rt (%) 6.38 6.76 4.65 6.67 

tinuous increase of B(Zr) the B(O) values show a 
bend in the temperature dependence, which does not 
occur for TZP (cf. Fig. 3). A crude extrapolation of 
the two points below 1100 K suggests a very large 
B(O)stat = 3 A2; for higher temperatures this part 
seems to decrease. Again, the static disorder is evi- 
denced by the large diffuse background, which is, 
however, strongly modulated in this case, in contrast 
with TZP. These modulations indicate the strong 
correlations between the defects in CSZ. 

The refinement with anharmonic terms up to the 
fourth order leads to a significant reduction of the R 
factors. This is, however, accompanied by an over- 
occupation of the anion sublattice of n(O)= 2.12 (4) 
for the r.t. measurement, whereas the 770K 
refinement shows a value of n(O)= 1.87(5) in 
agreement with the 'stoichiometric' value 1.85. An 
overoccupied anion substructure (or an under- 
occupation of the cation substructure?) seems, of 
course, to be unrealistic. We will consider below that 
this effect might be (partly) a consequence of an 
incoherent decomposition at lower temperatures. It 
should be admitted, however, that these results might 
also be an artefact of the refinement: a very complex 
disordered structure may be insufficiently described 
by the anharmonic expansion type used here (trun- 
cation effects!). To check this question further, the 
diffuse background of a powder pattern has to be 
analysed quantitatively. 

It has been reported (Carter & Roth, 1968; 
Howard et al., 1988) that diagrams of fine powders 
of cubic stabilized zirconia show an additional 
'tetragonal' peak. It is an open question whether this 
peak is due to a strongly disordered tetragonal 
minority phase or due to slight tetragonal distortions 
of cubic zirconia itself. Both the r.t. and 770 K 
measurements show a broad maximum at the posi- 
tion of the forbidden 21 l cub reflexion, which can also 
be identified as a superposition of the strongest 
tetragonal superlattice 201/102te~ reflexions. The 
enlarged plot shown in Fig. 5 demonstrates that this 
is really a peak on top of one of the broader diffuse 
humps of the background. Slightly enhanced inten- 
sity cannot be excluded at the positions of other 
strong tetragonal superlattice reflexions, although 
this can hardly be separated from the modulated 
background. Since the cubic reflexions show no line 
broadening with respect to instrumental resolution, 
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Fig. 4. Temperature dependence of  the harmonic (isotropic) tem- 

perature factor of  O in CSZ: (o) present work, (A)  neutron 
powder (Marxreiter, 1989), (~) single crystal (Lorenz e t  a l . ,  

1988), all carried out with same crystal material. Same for Zr: 
filled symbols. 
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Fig. 5. Enlarged room-temperature (solid line) and 770 K (points) 

powder diagrams of  CSZ showing the broad modulations of  the 
background and the 'forbidden' 211cub reflexion (arrow). To 
eliminate the temperature change of  the lattice constants a / d  = 
(h 2 + k 2 + 12) ''2 is given on the abscissa. 
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the extra peak indicates tetragonal short-range order 
(of a sublattice) within the strictly cubic matrix 
rather than an exsolved minority phase. The width of 
the 211 reflexion is compatible with correlation 
lengths of about 30A at r.t. and about 80A at 
770 K for these tetragonal domains. 

The possibility that cubic zirconia could indeed be 
regarded as a coherent intergrowth of small tetrag- 
onal domains was examined by refinements in the 
tetragonal space group P42/nmc but with a strictly 
cubic metric. Three further models were therefore 
considered: refinements with harmonic B factors did 
not show any significant shift of O away from 0.5, 
i.e. this is identical to the cubic harmonic model in 
Table 2(a). However, an anharmonic third-order 
refinement showed a significant improvement of the 
fit (Table 2b; C 223 w a s  again not significant). The 
corresponding oxygen p.d.f. (Fig. 6a) shows extra 
density on interstitial positions along (00z) in 
addition to the main p.d.f, peak, which is still located 
exactly(!) at the 'cubic' position (z = 0.5). Note that 
the refined positional parameter does not coincide 
with the maximum of the p.d.f. (el Boysen, 1992). 
Because of unphysically large negative p.d.f, regions, 
however, an interstitial-atom model was refined sub- 
sequently (Table 2b, Fig. 6b) and is therefore pre- 
ferred in spite of worse R factors. To separate 'cubic' 
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Fig. 6. Oxygen p.d.f, maps of CSZ at room temperature obtained 
from refinements in space group P42/nmc with (a) anharmonic 
coefficients up to the third order and (b) oxygen interstitials at 
[00z]. Dashed lines indicate negative p.d.f, regions. 

Table 3. Decomposition of  isotropic harmonic tem- 
perature factors (equivalent ones for TZP) into static 

and dynamic components at room temperature 

B,o, (A 2) B~., (A 2) B~,. (A 2) 
O CSZ 3.3 (1) 3.1 (4) 0.2 (4) 

TZP 0.7 (I) 0.2 (1) 0.5 (I) 

Zr CSZ 1.17 (6) 0.79 (6) 0.38 (6) 
TZP 0.37 (4) 0.05 (6) 0.32 (6) 

and 'tetragonal' parts, a distribution of 'cubic' (z = 
0.5) and 'tetragonal' (z ~ 0.5) oxygen sites was intro- 
duced (O and O', respectively, in Table 2). The total 
O occupation is less than in the cubic anharmonic 
model but still too large at r.t. and again reduces to 
the stoichiometric value at 770 K. The O' atoms have 
a large B value of 7 (1) A 2 and a Az shift of 0.10 (1). 
These values strongly deviate from values B(O)= 
0.7 (1) A 2 and Az(O) = 0.05 (1) for ordered tetrag- 
onal zirconia and indicate a pronounced disorder of 
these tetragonal regions. 

In summary, the two fitting approaches yield simi- 
larly good fits. Note that the R factors cannot be 
compared directly owing to the different number of 
reflexions included, although the goodness of fit 
slightly favours the tetragonal approach. Both may 
be considered as approximations to the envisaged 
real situation: a strictly cubic latice with coherent 
distortions of the oxygen sublattice with correlation 
lengths between 30 and 70 A. The unrealistically 
large n(O) may be a consequence of the fact that the 
real situation is not adequately described. New 
refinement procedures simultaneously including 
sharp and broadened Bragg reflexions and diffuse 
scattering have to be developed. 

4. Discussion 

A comparison of the average structure and the dis- 
order in the two materials reveals large differences 
between the absolute values of the structural param- 
eters and between their temperature dependences. 
These differences owe particularly to the consider- 
ably larger static disorder of the cubic phase (CSZ). 
After subtraction of the static Gaussian parts, the 
remaining dynamic parts of the thermal parameters 
at r.t. are given in Table 3. The large standard 
deviations for CSZ are arbitrary and take care of the 
problematic separation of static disorder. Clearly, 
the overall isotropic dynamic behaviour is quite simi- 
lar in the two cases. There are, however, differences 
in the anisotropy, as may be seen not only from the 
second-order terms of the temperature factor but 
also from the third-order terms: if TZP behaved as 
though it were cubic, the conditions C 223 = - - C  ! 13 and 
c 333 = 0 should hold, which is not the case (cf. Table 
1). Fig. 7 shows the significant anharmonic third- 
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order terms plotted as a function of T 2. Both coeffi- 
cients show the expected linear increase above 770 K, 
whereas the deviations below this temperature in 
CSZ again have to be attributed to static contri- 
butions. 

The differences in the dynamic behaviours in the 
two systems may best be discussed with the help of 
p.d.f, maps in the planes shown schematically in Fig. 
8. It must be remembered that the p.d.f, maps of 
CSZ (Fig. 9) are strongly influenced by the static 
disorder. This is demonstrated again by the pro- 
nounced temperature variation of the pseudopoten- 
tials shown in Fig. 10(a), which contrasts with the 
behaviour of TZP, the potential of which is nearly 
independent of temperature (Fig. 10b). Although it is 
therefore difficult to extract the dynamic contri- 
butions in CSZ, some hints may be gained from the 
change of the form of the p.d.f, between r.t. and 
770 K. At the higher temperature, bulges in the (111) 
directions have developed. Such bulges become even 
more pronounced at higher temperatures, as 
reported by Lorenz et al. (1988). They were inter- 
preted as indications of the diffusion pathways of the 
anions: first along (111) through a face of the sur- 
rounding cation tetrahedron into the octahedral 

cavity (indicated by the asterisk in Fig. 9), then 
turning towards (001) and finally re-entering the 
nearest-neighbour cation site along (111). 

The p.d.f, maps of TZP (Fig. 11) show similar 
bulges pointing towards the octahedral cavity in the 
equivalent section (Figs. 1 la and 1 lb) but only in the 
lower part of the picture, while the bulges of the 
symmetrically equivalent atoms in the upper part 
point towards another octahedral cavity (obtained 
by application of the 42 symmetry axis). Therefore, a 
migration to the nearest-neighbour anion positions 
along the [001], direction seems to be improbable. On 
the other hand, a pathway between next-nearest 
neighbours along [100], or [010], in the upper or 
lower oxygen layer, respectively, seems to be likely. 
In addition, migration by next-nearest-neighbour 
jumps between these layers is also possible but, as 
shown by Fig. l l(c), only between those pairs of 
atoms that approach each other because of the 
tetragonal distortion of the oxygen sublattice (cf. 
Fig. 8). Note that in the tetragonal structure the 
puckered oxygen layers may be subdivided into two 
sublayers each approaching different layers of octa- 
hedral cavities. Therefore, diffusion is restricted to 
planar slabs formed by the two sublayers nearest to 
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Fig. 8. Correspondence of lattice planes shown in the p.d.f, maps 
(Figs• 6, 9 and 11) in cubic and tetragonal notation. The arrows 
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the cavity layer. This contrasts with the behaviour in 
CSZ, where diffusion may take place in all (100)c 
directions (or (110)c directions at low temperatures?) 
with, however, larger jump distances than in TZP. 
Note that the p.d.f, in TZP 'touches' the face of the 
surrounding cation tetrahedron. Hence, the 
enhanced ionic conductivity in TZP may be at least 
partly related to a structural origin (see below). It 
has to be admitted, however, that definite conclu- 
sions about diffusion pathways can only be made by 
the direct observation of a continuous density in the 
p.d.f, maps. Then the potential barrier along the 
pathways can be compared with activation energies 
determined by conductivity measurements. In the 
present case the temperatures are not high enough to 
allow such a comparison, since the activation energy 
for TZP (3% Y203) is too high: 0.62 eV [Weppner & 
Schubert, 1988; cf equation (2)]. 

Although the foregoing discussion suggests a par- 
tial influence of the structure itself, a probably more 
important reason for the reduced conductivity in 
CSZ is the considerably larger static disorder in this 
compound. At r.t. most of the O vacancies in CSZ 
are concentrated in microclusters embedded in the 
average cubic structure. These vacancies are then not 
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Fig. 10. Temperature dependence of  the one-particle potentials of  
oxygen in (a) CSZ and (b) TZP. Dotted line, room temperature; 
dashed line, 770 K; solid line, 1400 K. 

available for the conduction process. There are, how- 
ever, additional incoherent precipitations, which may 
be concluded from an increase of the scale factors by 
about 10% from r.t. to 770 K: this means that the 
amount of coherently scattering matter has 
increased. At the same time, the intensity of the 
diffuse background must decrease. As shown in Fig. 
5 the background remains virtually unchanged, i.e. 
the decrease is roughly compensated by the normal 
increase due to thermal diffuse scattering (multi- 
phonon background). Possibly, these incoherent pre- 
cipitations have a larger vacancy concentration and, 
as anticipated before, in turn this could explain (part 
of?) the too large oxygen occupancy found at r.t. for 
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Fig. 11. Oxygen p.d.f, maps for TZP at (a) 770 K and (b), (c) 
1400 K corresponding to sections shown on the left (a), (b) and 
right (c) in Fig. 8. Refinements in space group P4Jnmc with 
anharmonic third-order coefficients. Note that in (c) the O 
atoms do not lie exactly in the plane. 
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the average matrix structure. In any case, the micro- 
clusters seem to stabilize the overall cube lattice (by 
strains?) of the CSZ grains. This interpretation seems 
to be incompatible with the results of Neder et aL 
(1990), who concluded from the interpretation of 
the diffuse scattering of CSZ that there was coherent 
clustering around single and double vacancies. Note, 
however, that single crystals and powders of the 
same overall composition may exhibit remarkable 
structural differences, in particular different types of 
disorder. For example, the 'tetragonal' 211 reflexion 
is not present in the single crystal of even the same 
source. The coexistence of different types of domains 
(incoherent and coherent) is also discussed in the 
literature (Butler, Catlow & Fender, 1983; Osborn, 
Andersen, Clausen & Hackett, 1986). In conse- 
quence, it is not surprising that tetragonal domains 
found in CSZ powder are absent in single crystals. 
On the other hand, it cannot be completely excluded 
that part (but not all!) of the disorder in the powder 
evidenced by the diffuse background can be attri- 
buted to the same type of microclusters as in the 
single crystal or any other type, including qbl-like 
domains, as suggested by Rossel et al. (1991). A 
complete quantitative calculation of the modulated 
diffuse background, which could in principle be 
more decisive, is beyond the scope of this paper. 

For several reasons the reordering process in CSZ 
seems to be continuous; it does not just occur 
abruptly at 1150 K, as might be suggested in Fig. 4: 
the increase of B(O) from r.t. to 770 K is unphysi- 
cally small. An explanation is that the static part at 
770 K is already smaller than that at r.t. or, in other 
words, the increase of dynamic disorder is compen- 
sated by a decrease of static disorder. The third- 
order coefficients of O remain constant for both 
temperatures; the fourth-order terms even decrease 
with temperature. This behaviour points to a general 
decrease of static disorder with temperature. More- 
over, the decrease of the O occupancy from r.t. to 
770 K is a consequence of the same ordering process. 
From these arguments we conclude that considerable 
ordering activities exist already in the temperature 
region below 1150 K. 

Following these ideas we have to interpret the 
correct stoichiometric O occupation at 770 K as a 
disordering process where the clusters in CSZ grad- 
ually dissolve. At higher temperatures the vacancies 
are no longer fixed to their environment and become 
noticeable in the averaged structure by a more or less 
free motion through the structure. This discussion is 
also plausible from the thermodynamical point of 
view: at higher temperatures the O vacancies are no 
longer the decisive stabilizing factor for the 
(averaged) cubic structure because the stablity field 
of the true thermodynamically stable cubic phase is 
approached. This interpretation is compatible with 

results from recent diffuse-scattering experiments on 
single crystals (Proffen et aL, 1993), which show that 
the diffuse scattering decreases at approximately the 
temperature at which the bend in the temperature 
dependence of B(O) was observed here. Although it 
has to be kept in mind that the behaviour of single 
crystals and powders is obviously different, the stabi- 
lity field of the cubic phase is still approached. From 
the phase diagram of Z r O 2 - Y 2 0 3  o n e  could expect a 
similar behaviour in TZP. This has not been found, 
i.e. the tetragonal phase does not form correlated 
microclusters for its stabilization. This may be 
understood, since the lower concentration of 
vacancies in TZP (larger distances between defects) 
does not lead to correlations between the defects. 

In conclusion, the enhanced low-temperature con- 
ductivity of TZP in spite of a lower vacancy concen- 
tration as compared to CSZ is partly due to a more 
favourable arrangement in the average structure but 
mostly to the immobilization of vacancies in CSZ by 
clustering. Finally, microstructural aspects like diffu- 
sion along grain boundaries, which could not be 
analysed in the present work, could play an addi- 
tional role in the better ionic conductivity of TZP. 

We thank P. Kountouros and Dr H. Schubert, 
MPI f. Metallforschung, Stuttgart, for providing the 
TZP samples. Thanks are also due to the Deutsche 
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Abstract 

Small single crystals, ca 105 ~ m  3, of two alumino- 
phosphates have been used to determine their struc- 
tures. Both compounds were synthesized with the 
aim of incorporating chromium into the framework, 
and for CrAPO-14 the X-ray diffraction results show 
that this has been achieved. For CrAPO-14, 
AIa.q6Cro.o4(PO4)4(OH).CaHIoN.H20, data recorded 
on a Rigaku AFC-5R diffractometer (Cu Ka) and, 
independently, on an Enraf-Nonius FAST diffrac- 
tometer (Mo Ka), showed the structure to be like 
that of GaPO-14 [Parise (1986). Acta Cryst. C42, 
670-673]; aluminium atoms occupy four-, five- and 
six-coordinated sites, and 4-5% of the aluminium in 
the six-coordinate site is replaced by chromium. For 
SAPO-43, AI2(POa)2(C3HIoN), data were recorded 
independently on the AFC-5R (Cu Ka) and on a 
FAST diffractometer with synchrotron radiation of 
wavelength 0.895 A; the structure is like that of 
gismondine [Alberti & Vezzalini (1979). Acta Cryst. 
B35, 2866-2869], but replacement of Al by Cr to a 
significant extent could not be established. 
Framework Al, P and O atoms are located with 
e.s.d.'s of 0.001--0.005 ~,  template atoms with e.s.d.'s 
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of ca 0.01 /~ in CrAPO-14, and larger e.s.d.'s in 
SAPO-43 where there is disorder in the template- 
molecule position. In all these respects the two 
independent determinations for each structure are in 
agreement. The effectiveness of the different methods 
of intensity-data collection is compared. 

Introduction 

The synthesis and characterization of aluminophos- 
phates and related materials with catalytic properties 
provide considerable challenges. In the synthetic pro- 
gram at Ljubljana University, materials prepared 
include aluminophosphates (ALPO's), with composi- 
tions A1203.P2Os.xR.yH20 where R is a template 
molecule (usually an amine), and further alumino- 
phosphates in which some aluminium and sometimes 
also phosphorus is replaced by silicon, known as 
SAPO's; in other materials small amounts of metals, 
usually transition metals, replace aluminium or phos- 
phorus. These chemical variations lead to a wide 
range of structure types; some can be related to 
zeolite structure types and others are new (Flanigen, 
Lok, Patton & Wilson, 1986; Bennett & Marcus, 
1988; Raji6, Kau(fi6 & Stojakovi6, 1990; Nardini, 
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