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Hexagonal aluminates are known to have a layer structure composed of spine1 blocks and conduction 
layers which are stacked alternately. The structural parameters are influenced by the large cations in 
the conduction layer. Two typical types of hexagonal aluminates, p-alumina and magnetoplumbite, are 
studied and reviewed from this point of view. The conclusions are that the structure type of hexaalumi- 
nates is determined by the charge and radius of the large cations in the conduction layer, and that the 
conduction layer thickness decreases as the radii of the large cations in the conduction layer decreases 
and as the population increases. The spine1 block thickness increases according to the increase in the 
amount of Al’+ defect within the spinet block. o 1989 Academic press. IIIC. 

1. Introduction 

Hexagonal aluminates having a p-am- 
mina, magnetoplumbite, or related layer 
structure have been commonly referred to 
as hexaaluminates. Na p-alumina is best 
known for its superior ion conductivity. It 
has been revealed that not only monovalent 
cations but also large di- and trivalent cat- 
ions can be incorporated into hexaalumi- 
nate structures (I-#). The application of 
these hexaaluminates is not limited to ion 
conduction. Use as the host material for flu- 
orescence (j-IO), laser processes (II), nu- 
clear waste disposal (12, 13), and high-tem- 
perature combustion catalysis (24) has also 
been proposed recently. The chemical for- 
mula and structure type were discussed and 
summarized by Stevels and Schrama-de 
Pauw in 1976 (15). Since then structural 
and chemical knowledge of this group of 
compounds has been accumulated; never- 
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theless, the crystal chemistry of this inter- 
esting structure group has not been dis- 
cussed comprehensively so far. Only 
recently has some attention been paid to 
this matter (16, 17). 

The purpose of this paper is to clarify the 
factors which have an effect on the struc- 
ture type and the structure parameters of 
two typical hexaaluminates, p-alumina and 
magnetoplumbite. P”-Aluminas are not con- 
sidered in this paper. 

P-Alumina and magnetoplumbite (MP) 
consist of “spine1 blocks” and “conduction 
layers,” which are stacked alternately to 
form a sort of layer structure. Spine1 blocks 
are composed only of A13+ and O*- ions, 
having the same rigid structure as spinel. 
Large cations such as Na+, K+, Sr2+, and 
La3+ are usually accommodated in the spa- 
cious conduction layer which has a mirror 
symmetry plane. The major difference be- 
tween p-alumina and MP lies in the con- 
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FIG. 1. Nomenclature of the atomic positions in p-alumina and magnetoplumbite structures. Atoms 
are shown layer by layer. The mirror planes are at z, = 0.25,0.75 and the centers of symmetry are at (4, 
4, 0) and (4, f, 1). 
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tents and arrangement of the ions within the 
conduction layer. Figure 1 shows these 
structures layer by layer. The nomencla- 
ture of each atom shown in this figure will 
be used throughout this paper. 

From the viewpoint of composition as 
well as of structure, defect mechanism in 
the hexaaluminate structure is important. 
The chemical formulae of p-alumina and 
MP are ideally expressed as MAlttOr~ and 
MAlr2019 (M: large cation), respectively. 
These stoichiometric expressions are lim- 
ited to a few MP compounds, for example, 
CaAl12019 (18, 19) and SrAlt2019 (20). Non- 
stoichiometric composition has been ob- 
served for almost all p-aluminas and triva- 
lent lanthanoid-ion-containing MP 
compounds (22, 22). Na p-alumina con- 
tains excess Na+ ions on the mirror plane 

and has been represented as 
Nal+xA111017+J,2 (X = 0.25). For charge 
compensation of excess cations, a complex 
Frenkel defect (or Reidinger defect) mecha- 
nism was proposed on the basis of neutron 
diffraction data (23) and supported by en- 
ergy calculations (24). According to this 
mechanism, a pair of interstitial A13+ ions 
which have migrated from spine1 blocks by 
the Frenkel defect mechanism are bridged 
by an interstitial oxygen ion on the mirror 
plane. Thus the charge due to excess cat- 
ions on the mirror plane is compensated for 
by the interstitial oxygen ions formed by 
this complex defect mechanism in the case 
of nondoped hexaaluminates. Other mecha- 
nisms, such as a Schottky-type A13+ defi- 
ciency, have not been proved. Hexaalumi- 
nates can contain Mg*+ or Li+ as a dopant 
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in the spine1 block. In this case, excess cat- 
ions are charge-compensated by the doped 
ions (Mg*+ or Li+) at the Al(2) site. In short, 
the Reidinger defect mechanism operates in 
the nondoped hexaalumiantes; on the other 
hand, the excess cation charge is compen- 
sated for by the mono- or divalent dopants 
in the doped hexaaluminates. 

From Fig. 1, one would expect that the 
charge, ionic radius, and number of large 
cations in the conduction layer would have 
an important effect on the structure of 
hexaaluminates. These influences will be 
investigated in the following order: 

(a) the effect of ionic radius and charge 
on the structure type; 

(b) the effect of ionic radius on the cqn- 
duction layer dimension; 

(c) the effect of the cation population (in 
the conduction layer) on the dimension of 
the conduction layer. 

The influence of the A13+ defects within 
the spine1 blocks on the spine1 block size 
will also be discussed. In the last section, 
because the chemical formulae of 
hexaaluminates are closely related to 
structure type and defect mechanism, 
question of the chemical formulae of 
hexaaluminates will be addressed. 

the 
the 
the 
the 

2. Effect of Ionic Radius and Charge on 
Structure Type 

The structure type of the hexaaluminates 
in relation to the ionic radii and charge of 
the cation in the conduction layer is sum- 
marized in Fig. 2 on the basis of the data 
published so far for monovalent cations 
(25-28); for divalent cations (18-20 and 
29-32); and for trivalent cations (21, 33- 
38). Only the nondoped hexaaluminates 
will be discussed in this section, and, be- 
cause stable phases are the major concern 
in this case, only the compounds which can 
be synthesized directly from the compo- 
nent oxides are referred to when structure 

no hexaoluminate 

1 
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FIG. 2. Schematic depiction of the fields of /3-alu- 
mina and magnetoplumbite structures for the MO,- 
A1203 system. 

type is discussed. The ionic radii were 
taken from Shannon and Prewitt (39) and 
those for &coordination are used through- 
out this paper. 

Ionic Radii and Structure Type 

Hexaaluminates containing divalent cat- 
ions in the conduction layer change their 
structure types according to their ionic ra- 
dii. Small divalent cations such as Mg*+ 
cannot form a hexaaluminate compound. 
Larger divalent cations form MP-type 
hexaaluminates. In the case of the divalent 
cations larger than 1.33 A (e.g., Ba*+ ion: 
1.42 A), the p-alumina structure is pre- 
ferred. The upper limit of 1.33 A for the 
MP type can be explained as follows: In 
MP structure a large cation is coordinated 
by 12 oxygen ions: six O(2) ions at the 
12k sites (above and below the large cation) 

and six O(5) ions at the 6h sites on the same 
mirror plane (Fig. 1). In Fig. 3, bond 
lengths M-O(2) and M-O(5) are plotted vs 
ionic radii. The M-O(5) length shows little 
increase, which indicates the rigid face- 
sharing connection between Al octahedra 
in the conduction layer; on the other hand, 
the M-O(2) length increases steeply and 
linearly in accordance with the increase in 
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FIG. 3. Change of two M-O lengths as a function of 
ionic radii of the large cations (M) on the mirror plane 
(magnetoplumbite structure). 

the large cation size. This means that a 
large cation is in full contact with O(2), not 
with O(5). The difference between the 
lengths of M-0(2) and M-0(5) decreases 
as the cation size increases. As the M-0(5) 
length cannot change due to the repulsion 
between O(5) ions, the point where the 
lengths of M-0(5) and M-0(2) become 
equal can be expected to be the upper limit 
of the MP structure. This corresponds to an 
ionic radius of 1.33 A (Fig. 3). 

The cations having radii less than 1.33 A 
can enter either the p-alumina or the MP 
structure. In this case, other factors such as 
ionic charge and extent of defect must be 
taken into consideration. The chemical for- 
mulae of p-alumina (MA1,,O1,) and MP 
(MA112019) differ slightly. In the case of 
stoichiometric p-alumina, the chemical for- 
mula requires a monovalent cation for M to 
maintain charge neutrality; in the case of 
stoichiometric MP, the stoichiometric 
chemical formula requires a divalent cation 

for M. Thus, the amount of defect expected 
to be created differs according to the struc- 
ture type. For example, trivalent cations, 
such as La3+, cannot enter the M site of MP 
(MA112019) without creating some defects 
to attain the charge balance. In fact, lan- 
thanum hexaaluminate was reported to 
have complex defects at several Al and lan- 
thanum sites (21, 22). If the ionic radius 
conditions are met, cations might be ac- 
commodated in the less defective structure. 

It is already known that some Mg-doped 
hexaaluminates have structures different 
from nondoped hexaaluminates (MP-type 
SrA1r20r9 and P-alumina-type SrMgAl,o 
OL7) (15). The structure field of the Mg- 
doped M*+ hexaaluminates is shown in 
Ref. (15). The tendency to have less 
defective structure makes the MP struc- 
ture field narrow for Mg-doped M*+ 
hexaaluminates, while the MP-type region 
is extended (40) to the smaller Gd3+ ion for 
Mg-doped Ln3+ hexaaluminates (Ln : lan- 
thanoid) for the same reason (41). In the 
case of the hexaalumiantes containing 
monovalent cations, the MP structure can- 
not be formed without creating oxygen de- 
fects in the spine1 block because there is no 
room for excess monovalent cations to be 
incorporated into the congested MP con- 
duction layer for maintaining charge neu- 
trality. Schottky-type defect of oxygen in 
the spine1 block is not known as the defect 
mode for hexaaluminates structure, so this 
may not occur. The preference for the less 
defective structure is also an important fac- 
tor in considering the structure type of 
hexaaluminates. Another important fac- 
tor-charge-will be discussed in the next 
section. 

Charge and Structure Type 

It was postulated by Pauling(42) that the 
formal valence of an anion is close to the 
bond strength received from the adjacent 
cations in stable compounds (“the electro- 
static valence rule”). So far the Mg*+ site 
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TABLE I 

SITE ENERGY OF STOICHIOMETRIC @-ALUMINA~ 

Atom Site 

K 2d 
Al(l) 12k 
AK3 4f 
Al(3) 4f 
Al(4) 2a 
O(l) 12k 
O(2) 12k 
O(3) 4f 
O(4) 4e 
O(5) 2c 

Charge 
(d 

+1 
+3 
+3 
+3 
+3 
-2 
-2 
-2 
-2 
-2 

Potential 
(e*/W) 

-1.01 
-2.42 
-2.22 
-2.74 
-2.24 
+2.11 
+1.77 
+2.10 
+1.75 
+I.46 

0 Positional parameters of K p-alumina (44) were 
used for the calculation. 

.has been successfully interpreted by this 
rule in a Mg-doped p-alumina (23). By us- 
ing this criterion, the charge of the large 
cation in the conduction layer required for 
the ideal structure can be estimated (43). 
The bridging oxygen ions are coordinated 
by two tetrahedral AP+ ions and by three 9- 
coordinated large cations on the mirror 
plane. As the formal valence of oxygen is 
-2.0, the equation 2(3/4) + 3(y/9) = 2 
should be satisfied (y: ideal valence at the 
large cation site). Solving this equation, we 
obtain y = + 1.5 as the ideal cation charge 
in the case of stoichiometric p-alumina. 
This implies that the cation charge in the 
conduction layer is not sufficient at the stoi- 
chiometric composition MA111017 (43). In 
fact, (electrostatic) site energy calculations 
for stoichiometric p-alumina revealed that 
the site potential at the bridging oxygen 
O(5) is less than those of oxygen ions at 
other sites (Table I). Furthermore, low site 
potential was observed at the oxygen sites 
(O(2), O(4)) adjacent to the conduction 
layer. (Here, stoichiometric composition 
was assumed, and the Ewald method (45- 
47) was employed for energy calculation.) 
Stoichiometric p-alumina, MA11iOi7, has 
been produced only by special synthetic 

routes (48, 49), and is considered to be an 
unstable phase. Low site potential of the 
oxygen site may be one of the reasons for 
accommodation of excess cations in the 
conduction slab. Wang et al. (50) have al- 
ready explained the Mg*+ substitution at 
the Al(2) site from the viewpoint of electro- 
static potential. This implies that Pauling’s 
valence rule is closely related to electro- 
static site potential. Incidentally, for the p- 
alumina structure, a divalent cation in one 
conduction layer exhibits a small excess 
positive charge, so it would contain more 
oxygen ions or it would contain defects of 
divalent cations in the conduction layer. 
Such a trend may favor Ba p-alumina for- 
mation. 

On the other hand, the ideal charge of the 
large cation for a magnetoplumbite struc- 
ture is assumed to be +2.4. For M*+ hexa- 
aluminates, slightly more positive charge is 
needed, but there is no space to accom- 
modate more cations. Thus, a typical fully 
occupied magnetoplumbite structure is 
formed. For the case of the hexaaluminates 
containing trivalent cations, the cation 
charge is so large that a reduction of the 
cation number in the conduction layer is 
needed. This trend satisfies the condition 
that Ln3+ hexaaluminates are formed. For 
monovalent cations, the MP structure is not 
expected because the positive charge is too 
small and the bridging oxygen would be un- 
derbonded. 

In conclusion, the MP structure becomes 
favorable as the charge of the large cation 
on the mirror plane increases, and the p- 
alumina structure becomes more stable as 
the cation size increases. 

3. Effect of Ionic Radim on Conduction 
Layer Size 

It is known that the c value of lattice pa- 
rameters becomes larger as the radius of 
the monovalent cation in the conduction 
layer increases (Kummer (51)), Further- 
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4e 

FIG. 4. Simplified hexaaluminate structure showing 
the thickness of the conduction layer Mm and the 
thickness of the spine1 block SIZk. Open circles repre- 
sent O(2) at the l2k site and shaded circles are O(4) at 
the 4e site. 

more, Newsam and Tofield (52) and Boilot 
et al. (53) described the tendency of the c 
parameter to decrease according to the in- 
crease in the cation population in the con- 
duction layer. This strange phenomenon has 
also been reported in p”-aluminas (.54), 
hexaferrites (55), and P-alumina-type gal- 
lates (56). However, this is not a general 
rule, as has already been pointed out. For 
example, K1.3 and K1.5 /3-aluminas have 
been shown to have almost the same c-axis 
parameter of 22.73 A (57). Other parame- 
ters than the c-axis length are necessary to 
describe the microscopic structural effects 
of cation radius and population. 

Conduction Layer Thickness and Spine1 
Block Thickness 

Large cations in the conduction layer are 
coordinated by six oxygens at the 12k sites 
(O(2) in this paper) just above and below 
the conduction layer in addition to three (in 
the case of p-alumina) or six (in the case of 
the MP structure) oxygen ions on the mir- 
ror plane (O(5) in this paper). Generally, 
the cation-oxygen distance is smaller for 
M-0(2) than for M-0(5), so O(2) ions will 

be more directly influenced by the change 
of cation species or population. The present 
authors (57) defined the distance between 
O(2) ions through the mirror plane as “the 
thickness of the conduction layer” (M&, 
and the inter-O(2) distance measured 
across the spine1 block as “the thickness of 
the spine1 block” (S& as shown in Fig. 4. 
These parameters are related by the equa- 
tion c = 2 X (Milk + S&. 

The relation between ionic radius and 
Mrzk will be discussed in the remainder of 
this section, and the relation between the 
cation population and M12k will be dis- 
cussed in the next section. 

Conduction Layer Thickness and Ionic 
Radius 

As the cation radius becomes larger, the 
distance Mrzk should increase. In Fig. 5, 
this relationship is shown. The lower limit 
is 4.6 A in the case of p-alumina (data from 
Refs. (25, 31, 44, 58-60)). The same trend 
was previously observed in the relation be- 
tween the c parameter and the ionic radius 
of p-alumina (28). Below the 4.6-A limit is 

/ 

Pb 

Sr 

La 

CO 
Magnetaplumbite 

Nd 

I I 1 I 1 

1. 0 1.2 1.4 1.6 

Ionic Radius (A) 

FIG. 5. Dependence of the conduction layer thick- 
ness Mlzk on the ionic radius in p-alumina and magne- 
toplumbite structures. 
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TABLE II 
COMPARISON OF THE PARAMETERS OF BRIDGING Al 

TETRAHEDRON AND CONDUCTION LAYER THICKNESS 
IN VARIOUS M+ P-ALUMINAS 

NC@ “b-8 K-P TI-/3R TI-0 b Rb-8 

Ionic radiusc (A) 1.18 1.28 1.51 1.59 1.59 I.61 
Angle fld (“) 68.5 68.7 67.8 66.8 66.5 66.9 
O(2)-Al(3) (A) I.168 1.762 I .JJS 1.774 I.784 I.782 
O(S)-A](3)< (.k) I .677 I.673 1.707 1.720 1.123 I.719 

‘+fwl(~) 4.65 4.63 4.76 4.84 4.81 4.84 

a Ref. (58). 
*Ref. (44). 
c Ionic radius of monovalent cation on the mirror plane. 
d See Fig. 9. p = lW, angle (O(2)-A](3)-O(5)). 
’ If the O(5) ion was not situated at the 2c site (the ideal O(5) position). 

the 2c site was taken as the O(S) position. 

the region of the MP structure. This lowest 
limit may be determined by the distance of 
Al-O-Al, which bridges the spine1 blocks. 
The Mr2k distance would ideally be 4.67 A if 
the tetrahedral Al-O distance is assumed to 
be 1.752 A (Bauer (62)). The dependence of 
MIX length on the ionic radius was also ob- 
served in the MP structure despite this 
structure’s appearing to have a more rigid 
frame than p-alumina (data from Refs. Z8- 
21, 38). As the ionic radius increases, MIZL 
becomes larger. In the MP structure, the 
octahedral Al-O-Al face-sharing connec- 
tion is directly related to the M12k value, 
which can be ideally calculated as 4.41 A if 
the average octahedral Al-O distance is as- 
sumed to be 1.909 A. These are only ideal 
values, but a general trend can be seen. In 
short, conduction layer thickness is largely 
determined by the coordination of bridging 
A13+ ions and this length is modified by the 
ionic radii and population of large cations 
on the mirror plane. 

It was pointed out by Verstegen and 
Stevels (62) that the axis ratio c/a was re- 
lated to the structure type; i.e., beyond c/a 
= 3.98 lies the p-alumina region and below 
is the MP region. As there is little differ- 
ence in the a-axes and as the difference in 
spine1 block thicknesses between p-alumi- 
nas and MP compounds can be negligible, 

the axis ratio usually behaves in a way simi- 
lar to that of MIzk. For this reason their em- 
pirical rule has proved to be a useful tool 
for distinguishing two types of hexaalumi- 
nates. 

Table II shows the deformation of the 
Al(3) tetrahedron due to the ionic radii of 
the large cations on the mirror plane. As 
pointed out by Kodama and Muto (59), the 
length of the A1(3)-O(5) bond increases as 
the large cations in the conduction layer be- 
come bigger. In addition, the O(2)-A1(3)- 
O(5) angle and the A1(3)-O(2) length seem 
to increase (Fig. 6). The Al(3) tetrahedron 
elongates in the c direction as the ionic radii 
of large cations increase. This deformation 
leads directly to the increase in the conduc- 
tion layer thickness MIzk. 

4. Cation Population and Conduction 
Layer Thickness 

The values of Mlzk for Kr.30 p-alumina 
and K1.50 p-alumina are 4.756 and 4.716 A, 
respectively (44, 57). The contraction of 
the thickness of the conduction layer by 
0.040 A can be observed. Well-character- 
ized Ag /3-aluminas show the same ten- 
dency for M12k (Fig. 7a). At 4 K, stoichio- 
metric AgAlrrOrJ (49) has an M12k of 4.68 A; 
on the other hand, Ag,.45 P-alumina (64), 

Z=O.25 

FIG. 6. The deformation of bridging Al tetrahedron 
due to the increase of ionic radius of the large cation in 
the conduction layer. O(2) and Al(3) migrate in the di- 
rection of the arrow as the ionic radius increases. 
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FIG. 7. Relation between excess cation content (x) 
per unit formula and (a) 1I4,~k or (b) Slzk in the case of K 
p-aluminas and Ag p-aluminas (by Iyi et al. (57)). 

with an excess of cations, has a smaller 
Mizk value of 4.60 A. This relation is also 
true for Ag,., p-alumina (48) and Ag,,,, p- 
alumina (60) measured at room tempera- 
ture. (Figure 7b shows the change in the 
spine1 block thickness, which will be dis- 
cussed in the next section.) 

In nondoped p-aluminas, the number of 
excess large cations is directly related to 
the number of interstitial oxygen ions on 
the mirror plane due to the complex 
Frenkel-type defect (23). The contraction 
of the conduction layer thickness Mizk may 
be attributed to additional Ali-Oi-Ali (i: in- 
terstitial) connections due to this complex 
defect, which would pull the spine1 blocks 
(Newsam and Tofield (52)). However, con- 
duction layer contraction can also be seen 
in the defect-free p-aluminas. In Fig. 8, the 
M,Zk values of Mg-doped K /3-aluminas, to- 
gether with nondoped values, are plotted vs 
cation number per unit cell (data of Refs. 
(44, 57, 63, and 65) were used). There are 
no interstitial oxygens or A13+ ions in the 
conduction layer of these Mg-doped com- 
pounds. Nevertheless, the tendency of Milk 
contraction can be observed as shown in 
Fig. 8. On the basis of these facts, it may be 
possible to say that the cation population 
itself influences the Mr2k distance. 

Another example of this effect is found in 
barium hexaaluminates. Ba /3(11)-alumina 
(or Ba hexaaluminate phase II) was re- 
vealed to have perfect and defect conduc- 
tion layers (66, 67). The perfect layer con- 
tains 1.0 Ba2+ ion per layer, and the Mpk 
can be calculated for this layer. The M12k of 
Ba p-alumina (31) and Ba . Mg p-alumina 
(63), as well as that of Ba /3(11), are plotted 
vs Ba content in Fig. 9. The result agrees 
well with the above assumption. 

Despite many observations on the rela- 
tion between cation population and c pa- 
rameter, sufficient explanations have not 
been given so far. The increase of Ali-Oi- 
Ali bonding has sometimes been attributed 
to the decrease in c parameter (52) and 
sometimes to the increase in c parameter 
(56). The deformation of the bridging Al 
tetrahedron is shown in Table III and de- 
picted in Fig. 10 for the series of K /3-alumi- 
‘nas. The flattening of Al(3) tetrahedron due 
to the increase in cation population can be 
observed. This deformation leads directly 
to the decrease in M12k. Similar changes can 
be seen in Ba p-alumina compounds: angle 
/3 = 68.8” and A1(3)-O(5) bond length = 
1.699 A for B~.7sA11i017.25 (31); on the 

$ (A) 

s- 4.8 

I, . . ; . . . + 

2.0 3.0 4.0 

K content ( per unit cell ) 

FIG. 8. Relation between the conduction layer 
thickness M,zk and K content in nondoped and Mg- 
doped K p-aluminas. 
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=’ 4.68 i 
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Ba content ( in a 
single mirror plane ) 

FIG. 9. The conduction layer thickness Mm and Ba 
content in Ba p-aluminas. For Ba p(B)-aluminate, the 
fully occupied conduction layer was considered. 

other hand, p = 70.4” and bond length = 0 
1.718 A for Bao.sss . Mg P-alumina (63). 
This deformation of the Al(3) tetrahedron is 
different from that due to the ionic radius 
(cf. Fig. 6). The cause of the Al tetrahedron 
deformation can be explained as follows: 
As the number of large cations increases in 
the conduction layer, positive charge con- 
centrates on the mirror plane and repulsion 
among these cations becomes greater. To 
ease this repulsion, the negatively charged 
oxygen ions adjacent to the conduction 

I 
I O(2) 

.- Z=O.25 

FIG. 10. The deformation of bridging Al tetrahedron 
due to the increase in cation content in the conduction 
layer. O(2) and Al(3) migrate in the direction of the 
arrow, owing to the increase in the cation (M) popula- 
tion. 

TABLE III 

COMPARISON OF THE PARAMETERS OF BRIDGING Al 
TETRAHEDRON AND CONDUCTION LAYER THICKNESS 

IN /3-ALUMINAS WITH VARIOUS K CONTENTS 

K1.30 &SO K , .hZ K 1.8” 

Angle p” (“) 67.8 68.7 69.0 70.3 
0(2)-A](3) (;i, 1.775 1.769 1.759 1.766 
O(5)-Al(3)b (A) 1.707 1.715 1.710 1.733 
z(0(2)-N(3))’ (A) 0.671 0.642 0.629 0.596 
Mm (A) 4.76 4.71 4.68 4.66 

0 See Fig. 9. /3 = 180”, angle (O(2)-A1(3)-O(5)). 
b If the O(5) ion was not situated at the 2c site (the 

ideal O(5) position), the 2c site was taken as the O(5) 
position. 

c The difference in z-coordinates between O(2) and 
Al(3) sites. 

plane (O(2)) migrate toward the mirror 
plane between these large cations, which 
makes the spine1 blocks both above and be- 
low the conduction layer move closer. 

For the MP system, the data are insuffi- 
cient to discuss this matter. However, con- 
traction of Mtzk seems to take place. For 
instance, Mg2+-doped La hexaaluminate 
(1.92 La3+ per unit cell) (II) shows 4.36 A 
for MIzk, and La hexaalumiante (1.65 La3+ 
per unit cell) (38) shows 4.41 A. This fact 
suggests a similar influence of the popula- 
tion. Further structure data are needed to 
prove this effect in the case of MP. 

Thus, the conduction layer thickness 
M1zk shows monotonic decrease as cation 
population increases, but, in the case of p- 
alumina, the behavior of Mlzk near the low- 
est limit 4.6 A remains unclear due to lack 
of data. Other factors such as distribution 
of the cations on the mirror plane may have 
an effect on Mlzk, but there are not enough 
data to estimate the degree of contribution. 

5. Frenkel Defects and Spine1 Block 
Thickness 

As shown in Fig. 7b, the distance Sr2k for 
K1.30 p-alumina is 6.611 A and that for Kl.so 
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FIG. 11. Change in the spine1 block thickness S1zk as 
a function of the amount of defect in the Al( 1) site. The 
number of defects is given per unit cell (total number 
of Al(l) per unit cell = 12.0). 

p-alumina is as large as 6.650 A. The con- 
traction of M12k and enlargement of Sr2k 
(owing to the excess potassium ions on the 
mirror plane) compensate for each other re- 
sulting in little difference between the c pa- 
rameters (Fig. 7a and 7b). The increase in 
S1zk can be attributed to the concentration 
of AP+ defect in the spine1 block. This is 
also the case with Ag p-alumina, as already 
shown in Fig. 7a and 7b. Despite the varia- 
tion in c parameters according to the cation 
species, the values of S1zk of nondoped M+ 
p-alumina compounds which have about 
30% excess cations are confined to the 
range 6.59-6.61 A. The values of Srzk are 
plotted vs AP+ vacancy in the spine1 block 
in Fig. 11 for both types of hexaaluminates. 
The values Srzk of Ca hexaaluminate (MP 
structure) and K1,S p-alumina deviate a lit- 
tle; however, the increase in the spine1 
block thickness due to A13+ vacancy is indi- 
cated. This is because the defects of A13+ in 
the spine1 block, which are equivalent to 
adding negative charges to this site, drive 
away the neighboring oxygen anions. 

In conclusion, the structure type (/3-alu- 
mina or MP) of hexaaluminates is deter- 
mined by the charge and the radius of the 
cation in the conduction layer. The conduc- 

tion layer thickness Mr2k decreases as the 
radii of the large cations in the conduction 
layer decrease and as the population in- 
creases. The spine1 block thickness Sr~k in- 
creases according to the increase in the 
amount of Al)+ defect within the spine1 
block. As has been shown, the M12k and S12k 
changes can be explained by the micro- 
scopic structural change or deformation of 
the Al tetrahedron. The merit of using these 
parameters is that they are directly con- 
nected to the c parameter. 

Recently, NaNd hexaaluminate (mixed- 
cation hexaaluminate) was revealed to have 
two different types of conduction layers (p- 
alumina type and MP type) which are 
stacked alternately in the c direction (68). 
For this interesting hexaaluminate, conduc- 
tion layer thickness and spine1 block thick- 
ness can be calculated. “M12k” is 4.69 A for 
the P-alumina-type conduction layer, that 
for the MP type conduction layer is 4.32 A, 
and “Sr2k ” is 6.62 A. These values are con- 
sistent with the data described above. Fur- 
thermore the thickness of spine1 block sug- 
gests a small number of A13+ vacancies, a 
little less Na+ than Na p-alumina content 
(25), and a little more Nd3+ than Nd hexa- 
aluminate content (38). These facts support 
the assumption that the dimension of the 
conduction layer is strongly influenced by 
the large cations in the manner described 
above, and indicate that the dimension 
of the conduction layer is retained even 
in such a mixed-cation hexaaluminate 
system. 

6. Chemical Formulae of Hexaaluminates 

The chemical formulae of hexaaluminate 
compounds are closely related to the type 
of the structure, so it is misleading to use 
conventional formulae such as LaAII,0r8 
and BaAl120r9. Derivatives of p-alumina 
should be represented in the form 
M1+Ahi+~017+z, those of MP in the form 
Mr+.Alr1-~0~~. The variables X, y, z differ 
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from case to case, but in most cases are less 
than 0.5. Thus, it is easy to grasp the struc- 
ture type by the chemical formula. For ex- 
ample, M+-containing hexaaluminates are 
expressed as M~+,A1ilO1~+X,~. In this case, x 
is known to be about 0.25 for the directly 
synthesized compounds. The implications 
of this formula are as follows: (a) the funda- 
mental structure is the p-alumina type; (b) 
the composition in a unit cell can be ex- 
pressed by a multiple of this formula; (c) 
excess monovalent cations are incorpo- 
rated into the structure; (d) Schottky-type 
defects of A13+ may not occur in this struc- 
ture; and (e) excess positive charge due to 
the cations is compensated for by the ex- 
cess oxygen. For the hexaaluminates con- 
taining divalent cations such as Ca2+, Sr*+, 
Pb*+, the chemical formula is MA1120i9. In 
the case of Ba*+, two types of compounds 
are already recognized and well charac- 
terized (31, 32, 66). So-called phase I, 
Ba p-alumina, can be expressed as 
B~.7SA111017.25, and so-called phase II as 
Ba2.33A12,.33034.33. (As for Ba p-alumina, 
B~.79A110.9017.14 was proposed (31) but later 
revised to B~.7SA111.0017.2~ (69). This result 
is in accordance with Ref. (32).) Other pos- 
sible expressions are BaO * 7.32Al203 and 
BaO . 4.55A1203 (I, 2), respectively. The 
latter compositional formulae only repre- 
sent empirical ratio of the elements. The 
M3+ hexaaluminates have the MP struc- 
ture, so the formula should be 
Ln,-xA112-y019-z (Ln: trivalent lanthanoid 
elements, z: {3(x + y) - 1}/2). As Stevels 
(10) and the present authors (21) have pro- 
posed slightly different values for X, y, and 
solid solution range, further evidence is 
needed to settle the question. For the 
present, it seems better to use the formula 
Ln,-,A112-,019-z. Usually either LnAlliO1s 
or Ln203 . 1 1A1203 has been used, but 
these formulae are utterly meaningless and 
misleading since these hexaaluminates are 
of the MP type, not the p-alumina type 
(21, 22, 38). 
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