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MICRODOMAINS IN MAGNETIC OXIDES AND SUPERIONIC CONDUCTORS 
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RbumC. - Quand on examine des cristaw: grice aux puissantes techniques modernes de I'analyse 
des structures, on trouve frkquemment qu'ils consistent en sous-structures cohkrentes et submicro- 
scopiques qui ont des compositions, des structures ou des orientations legerement differentes. De 
nombreuses propriktes physiques des solides sont determintes par la creation et la propagation 
d'anomalies de structure et peuvent par consequent, &tre influencees et contr81ees par des micro- 
domaines et des defauts Ctendus. Cela est particulierement vrai pour les proprittts magnttiques qui 
sont des phtnomenes cooperatifs et sensibles aux tailles et aux joints entre les regions cohkrentes. 
Cela peut aussi se verifier pour la conductivitk superionique oh de grandes concentrations de porteurs 
de charges diffusent sur de nombreuses distances interatomiques. Le principal travail, dans cet article, 
sera de discuter I'importance des microdomaines dans les oxydes pour lesquels il est prouve que les 
propriettrs magnetiques ou de transport de masse sont influencies par des domaines ou des parois de 
dornaines. On prendra des exemples essentiellement parmi les minkraux, structures de type fluorite, 
perovskite et alumine f l  qui ont ete ttudikes par rayons X et par diffraction de neutrons, par micro- 
scopie electronique et optique, completCes par des mesures de conductivitk, de susceptibilitC magnC- 
tique et des spectres de resonance magnttique nucltaire. 

Abstract. - When crystals are examined with the powerful techniques of modern structure ana- 
lysis they frequently are found to consist of submicroscopic, coherent substructures that have slightly 
different composition, structure or orientation. Many physical properties in solids are determined 
by the creation and propagation of structure abnormalities and therefore may be influenced and 
controlled by microdomains and extended defects. This is particularly true for magnetic properties 
which are cooperative phenomena and sensitive to the sizes and boundaries between the coherent 
regions. It may also be true for superionic conductivity in which large concentrations of charge 
carriers diffuse over many interatomic distances. The principal task of this paper will be to discuss the 
importance of microdomains in oxides for which there is evidence the magnetic or mass transport 
properties are influenced by domains or domain walls. Examples will be selected principally from 
rock salt, fluorite, perovskite and beta alumina type structures that have been studied by X-ray and 
neutron diffraction, electron and optical microscopy, supplemented by measurements of conduc- 
tivity. magnetic susceptibility and nuclear magnetic resonance spectra. 

I .  Introduction. - The use of electron microscopy 
for investigating structures at the submicroscopic level 
has made it evident many crystalline solids, formerly 
considered to  be homogeneous, are comprised of 
coherent microdomains which have different structure, 
composition and crystallographic orientation [I]. 
Many properties in solids are determined by the 
creation and propagation of structure abnormalities 
and therefore will be influenced by microdomains and 
extended defects. The direct lattice imaging technique 
has established the importance of microdomains and 
shear structures in compounds with extended ranges 
of composition but relatively little information is 
available about their effect on physical properties. The 
principal task of this paper will be to discuss some 
effects of microdomains and extended defects on 
magnetism and ionic conductivity, and what can be 

learned about defects and disorder from magnetic 
and conductivity measurements. 

There are many relationships between magnetic 
interactions and lattice properties of solids because the 
orderly arrangement of atoms has its counterpart in 
an orderly arrangement of atomic spins. Neutron 
diffraction on spin-ordered crystals shows that spins 
order in magnetic structures, comparable to crystal 
structures, and there are similar variations in the 
degree of long-range and short-range order [2]. 
Discontinuities in the magnetic structure, as well as in 
the crystal structure, will influence magnetic and other 
physical properties. There are elements of similarity 
between crystal and magnetic domains, but since 
spins are characterized by direction, magnetic domains 
result from changes in orientation of spins, as well as 
magnitude and position. The behavior of magnetic 
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domains is observed indirectly by their effect on lattice 
properties, by techniques such as X-ray diffraction, 
electron microscopy and optical birefringence, and 
directly by techniques which respond to the magnitude 
and direction of the spins, such as neutron diffraction, 
magnetic susceptibility, Faraday rotation and neutron 
topography. 

Crystallographic methods have had relatively little 
success studying conductivity since the small number 
of diffusing ions contributes only weakly to the diffrac- 
tion patterns. In superionic conductors [3] the concen- 
tration of ions carrying current is large and it is 
possible to use diffraction to investigate the structures 
and defects responsible for ion transport. Solid 
electrolytes may be classified into three types, based on 
their transport parameters [3]. Type I are conventional 
conductors characterized by a small concentration of 
defects and activation energy similar to the binding 
energy in solids. Type I1 also has large activation 
energy, but the concentration of carriers is large. 
They are called extended defect conductors because 
the defects have coalesced into coherent substructures. 
Type 111 are liquid-like conductors, characterized by 
large concentration of current carriers and small 
activation energy. Microdomains influence conducti- 
vity in extended defect conductors, and probably 
are important in liquid-like conductors. 

To understand ion conduction in solids requires not 
only knowledge of the average structure, determined 
by conventional methods, but also how the structure 
changes with time. The time coordinate introduces a 
new dimension into the structure analysis. To interpret 
disorder, which contains dynamic and static com- 
ponents, the information obtained by Bragg scattering 
must be supplemented by other kinds of physical 
measurement, such as incoherent scattering of X-rays 
and neutrons, infrared and microwave conductivity, 
and nuclear magnetic resonance. 

2. T and S antiferromagnetic domains. - The sim- 
plest domains are those formed by slight departures 
from structures of higher symmetry without change in 
chemical composition. Examples are the antiferro- 
magnetic domains in MnO, FeO, COO, and NiO. The 
magnetic structure of the transition metal monoxides 
are similar, differing only in the spin directions [4]. 
The moments are ferromagnetically aligned in (1 11) 
sheets and the spin directions in adjacent sheets are 
antiparallel (Fig. 1). At T > T,, temperatures above 
the Nee1 temperature, the phases are paramagnets and 
the crystals are cubic; at T < TN the structures 
distort, MnO and NiO are rhombohedral with a > 90°, 
FeO ihombohedral with a < 900, and COO tetragonal 
with c/a < 1. The coordinates refer to a pseudo-cubic 
magnetic cell with a,  (magnetic) = 2 a, (nuclear). 

The antiferromagnetic domains are distorted ver- 
sions of the NaCl arrangement and are accommodated 
as coherent components in a pseudo-cubic lattice. 
The domain structures and their consequences have 

FIG. 1. -- Magnetic structure of MnO, FeO, COO and NiO. 
Cation-large circle ; oxygen-small circle. The antiferromagnetic 
NIel temperatures and magnetization directions are MnO : 122 K, 
( 1 1 I ) ; F e O :  198K,[111];CoO:291 K, [11~] ;NiO:523K,(111) .  

been investigated in NiO. The principai imperfections 
are antiferromagnetic T (Twin) and S (Spin) 
domains [5]. When NiO is cooled from the parama- 
gnetic state, T > 523 K, T-domains nucleate and 
grow with contraction axes parallel to 'any of the 
< 11 1 ) directions of the original cubic structure. The 
result is a pseudo-cubic matrix of coherent micro- 
domains of rhombohedral NiO. The distribution of 
T-domains in as-grown crystals is variable and depends 
on the defects and impurities introduced during 
crystal growth. 

Many defects that nucleate and immobilize T- 
domain walls are removed by annealing at high 
temperature (Fig. 2). The T-walls in annealed crystals 
are mobile and require pressures as small as 240 d/cm3 
to overcome the energy dissipated by spin rotation 
as the wall sweeps through the.crysta1 [6]. They are 
easily displaced by stress and magnetic fields. 

Single T-domain crystals are prepared by applying 
a stress parallel to a selected [ I l l ]  direction in an 
annealed crystal. The d ~ m a i n  character is established 
by observing domain walls on the crystal surface and 
by neutron diffraction. For example, in a crystal 
heated at . l  500 O C  then stressed along [I 111 neutron 
diffraction established 98 % of the spins were perpen- 
dicular to the stressed direction [5] .  

The identification of antiferromagnetic domains by 
optical properties depends on the associated inhomo- 
geneous distortion of the lattice, and not to sublattice 
magnetization. Direct observations of antiferroma- 
gnetic domains in NiO recently were made by neutron 
diffraction topography using magnetic reflections to 
image one type of domain at a time (Fig. 3) [7]. The 
results are in excellent agreement with neutron 
diffraction topographs made with nuclear reflections, 
which confirm the conclusions arrived at by indirect 
methods. 
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response to a magnetic field can be obtained from 
magnetic anisotropy, neutron diffraction, and optical 
birefringence [8,9]. In the absence of a magnetic field 
the distribution of S-domains in (111) is random. 
The S-walls are displaced by fields less than 3 kOe, 
and return to their previous random configuration in 
the absence of the field. S-domains were not seen by 
neutron topography, probably because the domains 
were smaller than 60 pm, the resolution limit deter- 
mined by the poor crystal perfection 171. 

FIG. 3. - Magnetic nzutron diffraction topographs o_f an annealed 
NiO crystal. Left- Ill-magnetic reflection ; Center- 111 magnetic 

reflection ; Right 11 1 magnetic reflection. Scale mark 1 mm. 

I- u I- 
FIG. 2. - Examples of antiferromagnetic T-domains in NiO 8 
observed with transmitted polarized light. The crystals are about 
1 mm wide, 20-50 p thick, and had been annealed at 1 500OC. 
The domains are formed by contraction along ( 111 ) directions 

Crystals which appear homogeneous frequently 
are discovered to contain substructures when observed 
by a different technique. This is true in NiO. Crystals 
which are composed of a single T-domain still contain 
regions called S-domains which are defined by different 
magnetization-direction. The magnetic axes in the 
ferromagnetic (1 11) sheet can be parallel to any of 
the ( 112 ) directions which leads to the possibility 
of three orientations of S-domains within each T- 
domain. Information about the S-domains and their 

. . - . . . , . . . . , . . . . . . . (111 )  : i - 
. . ..... . . . . . . . ,-x, .. .. .. . ..-.., .. . ; . . . . . . .  \,.,, ;.' . " " 

+. .: --. : .." "%. , ,---T -.-- .\.. : T--+---,--&-.q 
<---- -..,.. --- . ... 

FIG. 4. - Evidence for S-domains in N s  from rotational torque 
when a magnetic field is rotated in (112), (1 10) and (11 1) planes 
of a single T-domain crystal. The S-domains are randomly dis- 
tributed in (1 11) below 3 kOe. S-walls are displaced at H > 3 kOe. 
The anisotropy at high field in (111) is partially due to crystal 

shape. The (111) torque is measured at 1.0, 3.0, 4.5, 10.0 kOe. 

perpendicular to the ferromagnetic sheets. - 
0 180 360 

CRYSTAL ANGLE 

3. Magnetic clusters and domains. - The residual 
defects in annealed NiO are Ni3+-vacancy pairs. The 
concentration of point defects is small but their 
magnetic consequences are appreciable because they 
pin and immobilize S-domain walls. The interaction 
between defects and S-walls was measured by observ- 
ing the rotational spin viscosity when crystals are 
rotated in magnetic fields [2] (Fig. 5). Hysteresis 
losses of 375-1 600 ergs/cm3-cycle develop at a few 
kOe, due to irreversible reorientations of the magnetic 
moment on the defects as the antiferromagnet follows 
the rotating field [4]. 

The deviation from ideality in NiO is small. FeO is 
highly non-stoichiometric with composition Fe, -,O 
where 0 < x < 0.1. The defects interact and coalesce 
into coherent extended defects and the structure can be 
represented by a continuous oxygen sublattice contain- 
ing clusters of ordered Fe3+ and Fez+ ions in the 
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H (KILO - OERSTEDS) 

FIG. 5. - Interaction of Ni3+-vacancy defects with S-domains. 
The defects pin S-walls and result in an energy loss in a rotating 
magnetic field. The hysteresis increases with defect concentration 

from (a) to (e). 

tetrahedral and octahedral sites [lo]. Cohen established 
by single crystal X-ray diffraction the defects were 
clusters of about 13 vacancies and 4 iron intersti- 
tials [ll].  The magnetic consequences of the domains 
were studied by powder neutron diffraction and 
magnetic susceptibility [12]. The results are consistent 
with a model in which the spins in the domains are 
ferromagnetically coupled but the domains are so 
small they behave as superparamagnetic islands 
at T > 77 K (Fig. 6). At 4 K the ferromagnetic- 
antiferromagnetic exchange interactions across the 
domain-antiferromagnetic interface are sufficient to 
overcome the disordering effects of temperature and 
develop a magnetic remanence and displaced hyste- 
resis loop [13]. 

Another example is mixed valence perovskites with 
the general formula LaMnO,,, [14]. The conduction 
and magnetic properties vary with x in a remarkable 
fashion : at x = 0 the compound is an insulator and 
an antiferromagnet ; at x = 0.3 it is a semiconductor 
and a ferromagnet. At intermediate compositions the 
material appears to be single phase if examined 
microscopically or by X-ray diffraction, and a mixture 
of ferromagnetic and antiferromagnetic domains if 
examincd by neutron diffraction (Fig. 7). Alternate 
interpretations are (a) the material contains coherent 
microdomains of antiferromagnetic and ferromagnetic 
phases with similar crystal structure and (6) the 
material is single phase and the spins are canted [15]. 
Powder neutron diffraction cannot distinguish the 
alternate models but the theory for the canted spin 

FIG. 6. - Diffuse scattering and exchange anisotropy from sub- 
microscopic clusters of cation vacancies and interstitial Fe in FeO. 
At 4.2 K the magnetic moments are ordered and exchange inter- 
actions between the ferromagnetic clusters and the antiferro- 

magnetic matrix result in displaced hysteresis loops. 

ANTI CANTED FERRO 

FIG. 7. - Neutron diffraction patterns and magnetic structures 
in LaMnO,. Upper - 4.2 K, Lower-difference patterns showing 
only magnetic scattering at 4.2 and 77 K. Alternate interpretations 
of the antiferromagnetic (A) and ferromagnetic (F) peaks are spin 

canting or microdomains. 

model predicts a high field magnetic susceptibility 
independent of composition. Magnetization measure- 
ments to 140 kOe support the canted spin model [2]. 
De Gennes' theory for spin canting did not consider 
microdomains, which might also result in high 
field susceptibility. 
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4. Microdomains in defect fluorite-type oxygen 
conductors. - In contrast with the vast literature on 
domains and magnetism, few studies have been made 
on microdomains and ionic conductivity. Many sblid 
electrolytes are non-stoichiometric and probably 
contain microdomains or shear structures that deter- 
mine the.ionic conductivity. Calcia-stabilized zirconia 
(CSZ) is the best known example of a solid ionic 
conductor in which microdomains are known to 
influence conductivity. CSZ is a solid solution with 
composition CaxZr, -,02-, where x lies in the range 
0.1-0.2. The phases crystallize with anion deficient 
fluorite-like structures. The oxygen diffusion coeffi- 
cient is extremely high for a refractory solid and CSZ 
is an excellent 0'- ion conductor. Many features of ion 
transport are not accounted for by the oxygen vacancy- 
fluorite-structure model. Among these are a conduc- 
tivity maximum at intermediate vacancy compositions 
and changes in resistivity at high temperature, neither 
of which has a discernable effect on the average lattice 
structure [16]. 

The anomalous transport properties are associated 
with an order-disorder reaction which leaves the 
average fluorite lattice unchanged [16]. The disordered 
state results in diffuse scattering which is transformed 
by high temperature ageing into forbidden Bragg peaks 
that are commensurate with the fluorite lattice 
(Fig. 8). In addition to forbidden reflections, satel- 

FIG. 8. - Microdomains and ageing in calcia stabilized zirconia. 

lites about the nodes of the fluorite lattice are present 
in both aged and de-aged crystals. As a result of a 
neutron and X-ray study, correlated with conductivity, 
the forbidden reflections were attributed to increased 
long-range oxygen order and the satellites to syntactic 
intergrowths of fluorite-related structures [16]. 

Electron microscope studies and model calculations 
by Allpress and Rossell [17] and Hudson and Mose- 
ley [18] support the coherent zone concept and suggest 
the satellites are produced by diffraction from micro- 
domains with the CaHf40g structure. 

There is little doubt that domains are involved in 
oxygen transport but the atomic arrangement in 
domains and domain walls remains to be determined. 
An ana1ysis)of Bragg intensities observed by neutron 
and X-ray diffraction on single crystals show Ca2+ 
and Zr4+ ions form a perfect 3-dimensional cubic 
lattice and 02- ions are displaced 0.2-0.3 A along 
( 11 1 ) directions from the anion sites of the fluorite 
structure (Fig. 9). If CSZ is cooled from temperu- 
tures above 1 500 OC the oxygen displacements are 
uncorrelated, i.e., domain dimensions are less than 
about 10 A. An alternate interpretation is the diffrac- 
tion effects are due to 30-100 A domains of CaZr40, 
which are imbedded in a fluorite-like matrix [17, 181. 
The two descriptions are compatible if the domains 
are < 100 A and 'oxygen in CaZr40, is displaced 
about 0.2-0.3 A from idealized fluorite-like positions. 

The oxygen difft~sivity depends on the degree of 
long-range oxygen order. The resistivity of CSZ 
at 1 000 OC slowly increases with no discernable effect 
on the intensities or positions of the fluorite peaks [16]. 
Forbidden reflections appear with h, k odd and 1 even, 
which can be explained by an ordered arrangement of 
,oxygen displaced as in the disordered structure. This 
is equivalent to attributing the order to domain size. 

Hudson and Moseley [18] suggest the forbidden 
reflections are due to diffraction from intragranular 
volumes of pure ZrO,. A structure refinement based 
on a large data set from an aged crystal should dis- 
tinguish between the two interpretations. 

The increase in resistivity at 1 000 O C  is accompanied by shar- 
pening of diffuse scattering into forbidden peaks at h, k odd and FIG. 9. - Schematic diagram of calcia-stabilized zirconia crystal. 
1 cicn. The satellites are probably microdomains of CaZr,O,-like The cross-hatched circles-are Zr and Ca. Oxygen is located at the 
structure. The dimensions of the microdomains increase with corners of the cubes which are slightly distorted along < 111 ) 

ageing. directions in different microdomains. 
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If the structure within a domain is solved it mayAbe 
possible to account for oxygen,; conductivity. The 
observed conductivity is highef than predicted by 
activated hopping theory and results in anomalous 
pre-exponential terms, based on the activation energy 
and vacancy concentration. l&terpreting conductivity 
in terms of the phenomenological free-ion theory [13] 
the mean-free path I ,  ranges from 10-100 a ,  equal to 
jump frequencies from 10'3-10'6 s-'. The pre- 
exponential term increases rapidly with increasing 
vacancy concentration. A possible explanation of 
these observations is rapid oxygen diffusion in channels 
for distances of 10-1 00 A before reaching a domain 
wall. The effective channel length increases with 
vacancy concentration and may be related to vacancy- 
oxygen strings along ( 111 ) directions [14]. The size 
of the domains is in the range 30-100 A and are 
compatible with long mean-free path. The conduc- 
tivity in CSZ was measured at 35 GHz for evidence of 
fast diffusion over short distances. The conductivity 
at high frequency agreed with DC conductivity 
at 1 000 O C  and was much higher at lower tempe- 
ratures, consistent with conduction in channels. The 
experiment is not conclusive because many processes 
can contribute to conductivity at high frequency. 

5. Defects, disorder and domains in p-alumina. - 
In compounds with the fi-alumina type structure 
monovalent cations diffuse rapidly in planes between 
non-conducting crystalline blocks [20]. There are many 
variations in composition and structure of these 
materials, a few of which are referred to at the end of 
the section. The anomalously fast diffusion requires 
an explanation different from the usual activated 
hopping mechanism appropriate for crystals with 
small numbers of defects. Many complicated models 
are under investigation, including attempts to describe 
the fast diffusion mode by means of domains [21]. The 
suggestion of domains also originates from consi- 
derations of structure and composition. The 6-alumina 
family of compounds is highly non-stoichiometric and 
domains would account for structural irregularities 
which are difficult to ascribe to random defects [22]. 
In addition there are unexplained differences in the 
microscopic transport properties [23] which might be 
explained by domains. 

The temperature at which diffusion occurs intro- 
duces an important difference evaluating disorder 
in CSZ and p-alumina. In CSZ fast diffusion occurs 
above 1 000 O C  and the high temperature transport 
properties are interpreted in terms of the structure 
observed at room temperature, assumed to be a 
frozen-in representation of the high temperature 
disorder. Diffusion is rapid in 6-alumina at room 
temperature and crystals must be cooled to low 
temperature to achieve a frozen-in state. 

Beta alumina is an hexagonal sodium aluminate 
composed of spinel-like All, 0, , blocks separated by 
loosely packed planes of Na and 0 atoms [24]. Sodium 

is distributed among similar non-equivalent positions 
called the BR (Beevers-Ross), aBR (anti-Beevers- 
Ross) and mO (mid oxygen) sites (Fig. 10). High 
conductivity is explained by rapid interchange of Na' 
between filled and empty sites. The spatial average of 
the disorder is known from electron and nuclear 
density maps (Fig. .11). 

The disorder in the conduction plane is temperature 
dependent [25] and site occupation parameters indi- 
cate diffusion is limited by hopping from mO to aBR 
sites. The presence or absence of domains cannot be 
determined from Bragg diffraction because the data 
give spatial averages which do not distinguish posi- 

FIG. 10. - Crystal structure of Na+ 8-alumina. A single spinel 
block and conduction plane is shown. Large circles-oxygen ; 
small circles-aluminum ; shaded circle-sodium. The Na is shown 
in the Beevers-Ross site. About 1 of 9 unit cells contains a Frenkel 
defect bonded to an 'interstitial oxygen in the conduction plane. 

FIG. 1 1 .  - Conduction plane of Na + Paluminia at 325 O C .  The 
contours are nuclear density calculated from a difference fourier 
to show Na. The circles are column oxygens that were subtracted 
out in the fourier analysis. Dashed lines-average cell ; solid lines- 
superlattice of Ag+ 8-alumina from X-ray diffuse scattering. The 
solid and open squares and triangles, is a possible superstructure, 

suggested by Boilot et al. 
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tional disorder (random or ordered in microdomains) 
from dynamic motion (thermal vibration, hopping or 
correlated movement of domain walls). 

The local organization of cations in the conduction 
plane is obtained from thermal diffuse scattering [26]. 
At room temperature the disorder is that of a 2-dimen- 
sional liquid, or domains less than 10 A in diameter. 
At 77 K the domains grow to about 20 A. The domains 
in Ag+ p-alumina and K + P-alumina at 77 K are 
about 50 A. Further work is required to determine if 
the domains are static ordered clusters or correlated 
motions of groups of cations. Correlated motion is 
equivalent to displacement of domain walls and it is 
known from nuclear magnetic resonance that rapid 
sodium motion persists to low temperature [27]. 
The 23Na spectrum in single crystal Na+ B-alumina 
has several resonance lines at 77 K, corresponding to 
sodium ions residing in BR, aBR and mO sites. The 
resonances collapse into a single line at temperatures 
above 100 K because sodium circulates and does not 
remain in sites for longer than 1 0-5 s. 

The structure imperfections considered thus far 
have been limited to the conduction plane. Defects in 
the spinel-block framework due to deviations from 
stoichiometry or impurities also influence conduc- 
tivity. Complex planar defects observed by lattice 
imaging may be microdomains with slightly different 
composition (Fig. 12). It is well known that Na' 
P-alumina usually contains sodium in excess of the 
nominal composition NaAl, ,01 ,. The extra positive 
charge is compensated by interstitial oxygen atoms in 
the mO sites of the conduction plane [25]. The oxygen 
is part of a complex defect which can be written 

Na 

VA,Ali is a Frenkel defect, formed by displacing octa- 
hedrally coordinated A1 into an adjacent interstitial 
position. The Al, in adjacent spinel blocks are bound 
to Oi. Two Na ions probably are associated with the 
defect cluster. The defects occur in about 1 out of 
9-10 unit cells and could be ordered in domains or a 
superstructure. An alternate charge compensation 
mechanism is A13 + vacancies [24] and the temperature 
at which a crystal is grown may determine the concen- 
tration of interstitial oxygen. 

Foreign ions incorporated in P-alumina modify the 
disorder in the conduction plane. Their effects have 
been investigated by conductivity [28] and nuclear 
magnetic resonance [29]. The results indicate Mg2+ 
replaces A13 in the spinel block, perhaps decreasing 
the Oi concentration in the conduction plane, and Ca2+ 
substitutes in the conduction plane, perhaps forming 
regions of CaAl1201,-like order. An exceptional 

FIG. 12. - Lattice images of Naf p-alumina. The principle 
fringes correspond to conduction planes separated by 11A. The 
disorder regions may be stacking sequence faults related to non- 

stoichiometry. (Micrograph courtesy of P. Rao.) 

example is Li+-Na' P-alumina. Replacing some Na' 
by Li+ converts 8-alumina into a good Lif conduc- 
tor [30]. This phenomenon, called co-ionic conductivity, 
indicates Lif and Na+ are ordered, possibly in 
coherent microdomains which define preferential 
diffusion paths, as in CSZ. The ternary compositions 
are a promising area for research to determine the 
effect of domains on conductivity. 

Na+ p-alumina is but one member of a large 
family of related structures, or. polytypes. Their 
structure are described by the number of oxygen 
layers in a spinel block and the way the blocks are 
repeated to generate the structure. Na+ p-alumina 
is a 2-block sequence of 4-layer blocks. A rhombo- 
hedral variant, called P"-alumina, has nominal compo- 
sition Na2MgAll,017 [25,31]. It is a 3-block sequence 
of Clayer blocks in which Mg2+ has replaced some 
tetrahedrally coordinated A13 + ions (figure 13). 
Similar sequences of 6-layer blocks are known as /?"' 
and p""-alumina [20]. The crystal chemistry of the 
polytypes is virtually unexplored and their composi- 
tion and structure probably extend over a range 
similar to the hexagonal ferrites [32]. A question which 
future research may settle is whether non-stoichio- 
metry in the simple polytypes P-alumina and P"-alu- 
mina is due to microdomains, stacking faults or higher 
polytypes. 
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FIG. 13. - Nuclear dens~ty fourier maps of Mg-stabilized Na+ p-alumina. Lcft-difference fourier for Mg. The Mg preferentially occupies 
A1 (2) sites. 
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