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The structure of a neodymium-exchanged Na+-P-alumina crystal (P6+nmc, 2 = 2, a = 5.5848(S) 
A, c = 22.406(5) A) with the analytical composition Nq,,8N~,,sAl tt t7.t0 has been investigated by 0 
conventional X-ray diffraction methods at room temperature. The refinement (R = 0.0653, R, = 
0.0446) shows a highly disordered ion distribution in the conduction planes due to the high coulombic 
force of the Nd3+ ions which are preferentially located at BR sites. Structural properties are discussed 
in comparison with other crystal structure determinations of p-alumina isomorphs published recently. 
0 1992 Academic Press, Inc 

1. Introduction 

During the last 20 years the crystal chem- 
istry of Na++-alumina, the prototype of a 
two-dimensional sodium ion conductor, has 
been investigated (I, 2) and the conduction 
mechanism is understood quite well by now 
(3-6). Because of the high mobility of the 
sodium ions it is possible to carry out ion 
exchange using molten salts of monovalent 
(7) or divalent (7,s) cations. The latter show 
very slow diffusion rates (7) and the only 
readily exchangeable divalent ion is Cd2+ 
(8, 9). Highly Cd’+-exchanged p-alumina 
has a poor ionic conductivity and a high 
activation energy (9). The Cd’+ ions occupy 
6h sites (space group P6,lmmc) within the 
conduction planes close to the so-called 
mid-oxygen (m0) sites (10-13). 

Although there are difficulties to incorpo- 
rate divalent cations into the /3-Al,O, struc- 
ture, we successfully carried out ion ex- 
change (up to 95%) with lanthanide ions 

(14). Very recently rare earth ions could 
also be incorporated into /3-aluminogallates 
(15). Here we present the crystal structure 
of a 93% ion-exchanged Na+INd3t-~-A1203 
single crystal, having the composition 
N~.,s,,.,,Nd,.,,,,.,,A1,,,,,~~~.,~ and 
the hexagonal cell parameters a = 5 ..5848(8) 
A and c = 22.406(5) A. 

2. Experimental 

Commercially available crystals (Cera- 
matec, Inc.) were ion exchanged (14) and 
analyzed (16) as described previously. A 
small and optically clear crystal was cut 
from a larger parent crystal and used for X- 
ray diffraction studies. 

X-ray photography was carried out using 
a Huber precession camera. The intensity 
measurements were performed at room tem- 
perature with a four circle diffractometer 
(AED 2, Siemens-Stoe). The experimental 
data are listed in Table I. 
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TABLE I 

EXPERIMENTAL PARAMETERSRELATINGTOTHE 
DATA COLLECTIONANDREFINEMENTOF 

Nao.osNdo.3sAll1017.10 

Cell parameters (298 K) a = 5.5848(g) A, c = 
22.406(5) w 

Cell volume (298 K) 605.2(3) A3 
Formula units per unit 2 

cell 
P (X-ray) 3.44 g . cm-3 
Space group P6,lmmc 
Crystal dimensions (0.28 x 0.088 x 0.035) 

mm3 
Four circle Siemens-Stoe AED 2 

diffractometer 
Radiation MO-K, (graphite- 

monochromator) 
Intensity measurement w-20-scan 

method 
Degree intervals per variable, “learnt profile 

step method,” Ref. (18) 
Time intervals per stop OS-l.0 set -- 
Standard reflections 420,2213. 304 
Intensity variations 26.85% 
20 range 2”-60” 
Min.lmax. sin O/h ~.0+6/0.7021 A-’ 
h, k, 1 range 8,8, ?i to 0, 8, 32 
No. of observed reflexes 3815 
No. of unique reflexes 393 
No. of reflexes with F, 389 

2 3a (FJ 
f&t 0.0629 
Min./max. transmission 0.528710.9137 

factor 
Linear absorption factor 25.79 cm-’ 
Refined parameters 57 
Absorption correction Numerical 
Method of structure Starting parameters for 

refinement spine1 block atoms 
from Ref. (I), atoms 
with z = 0.25 from 
difference Fourier 
syntheses 

R, R, 0.0653, 0.0446 
Max./min. peak in final 

difference map 1.36/-0.99 e . Ae3 
Max. Inllu 0.011 
Program used SHELX-76 

3. Results 

The precession photographs showed a 
hexagonal symmetry with systematic ab- 

sences indicating the possible space groups 
P6,lmmc or Pqmc. In the diffraction pat- 
terns of the sheets [MO], [Ml], and [hk2] 
weak reflections indicate a commensurate 
superstructure with a 3a x 3a supercell. 
Because of their very low intensities they 
were not included in the diffractometer mea- 
surements. The final atomic parameters, the 
anisotropic displacement factors for the 
atoms in the conduction plane and the in- 
teratomic distances are listed in Tables II, 
III, and IV, respectively. 

4. Refinements 

Starting parameters for the refinement of 
the spine1 block atoms were taken from Ref. 
(1). The resulting electron density map of a 
difference Fourier synthesis of the conduc- 
tion plane shows a strong maximum in the 2d 
site (Beevers-Ross (BR) site) and a highly 
disordered O(5) atom (Fig. la). Further, it 
is interesting to note that no electron density 
is found in the m0 site. Therefore, Nd3+ was 
located at the BR site and a split position 
for the column-oxygen O(5) was introduced. 
Hereafter the split positions are referred to 
as O(51) (dislocated in direction to the BR 
site) and 0(52) (shifted toward the anti- 
Beevers-Ross (aBR) site, Figs. la-lc). 

After introducing the anisotropic dis- 
placement parameters the small residual 
electron density peaks in the aBR and near 
the BR site were included in the refinement 
procedure. Attempts were made to test the 
noncentrosymmetric space group P63mc 
and also to constrain the occupation param- 
eters to the analytical contents for Nd3+ as 
well as for O(51) and 0(52), but no improve- 
ment of the parameters was found. We tried 
to locate the sodium ions anywhere along 
the conduction pathways, but the obtained 
coordinates and displacement parameters 
were not reliable and physically unreason- 
able. Hence the small electron density peaks 
were firstly also occupied with neodymium 
and refined isotropically leading to a slight 
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TABLE I1 

SITE MULTIPLICITIES, OCCUPATION FACTORS, AND FRACTIONAL ATOMIC COORDINATES (y = -x) FOR 
Nao.oaNdo.wWh.~o 

Atom Site Occupation factor x Z 

N41) 2d 

NW 6h 
Na 2b 

Alint. 2b 

Al(l) 12k 
AK3 4f 
Al(3) 4s 
Al(4) 2a 

O(l) 12k 
O(2) 12k 
O(3) 4f 
O(4) 4e 
O(51) 6h 
OW) 6h 

0.320(5) 
0.017(2) 
0.064(2) 
0.040(8) 
1.0 
1.0 
0.960(8) 
1.0 
1.0 
1.0 
1.0 
1.0 
0.30(l) 
0.12(l) 

f 
-0.231(7) 

0 
0 

-0.1678(2) 
f 
3 

0 
0.1573(4) 
0.5032(4) 

% 
0 
0.392(2) 
0.180(5) 

a 
4 
a 
a 

0.1077(l) 
0.0248(l) 
0.1776(l) 
0 
0.0502(l) 
0.1477(l) 
0.0562(2) 
0.1427(3) 

f 
f 

Note. The standard deviations are shown in parentheses. 

excess of the total Nd3+, 0(51), and O(52) view the fivefold coordination of Nd3+ at the 
occupation with respect to the analytical aBR site is very unsatisfactory. Therefore, 
composition. Also from a structural point of with regard to the similar oxygen positions 

TABLE III 

ISOTROPIC (U,,,), ANISOTROPIC DISPLACEMENT PARAMETERS ( Ub) FOR THE Na+ , Nd3+, AND O(5) POSITIONS 
AND EQUIVALENT ISOTROPIC DISPLACEMENT PARAMETERS ((I,, = 4 [u33 + 4 (u,, + uzz - u,,)]) (19) FOR 

THE SPINEL BLOCK ATOMS (AZ) 

Atom Ull u22 u33 uiso 

NW) 

Nd(2) 

NalAlmt. 
O(51) 
o(52) 

0.016(l) UII 0.024(l) - 
- - - 0.078(10) 
- - - 0.016(9) 

0.034(9) 0.01 l(9) O.OOS(6) - 
0.021(10) 0.047(11) 0.010(10) - 

u,, = 0.5 x u,,, u,, = u,, = 0 

Al(l) 
A@) 
Al(3) 
Al(4) 
O(l) 
O(2) 
O(3) 
O(4) 

0.0109(7) 
0.0075(7) 
0.0104(8) 
0.0087(10) 
0.008(2) 
0.009(2) 
0.008(l) 
O.OlO(2) 
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TABLE IV 

INTERATOMIC DISTANCES (A) IN Nq,osN&,38A1,,0,,,,0 

Na(l)-O(2) 
Nd(l)-O(51) 
Nd(l)-O(52) 
N~4,,,-0(4) 
Na-O(51) 
Na/Ali”,,-O(52) 
Nd(2)-O(2) 
Nd(2)-O(4) 
Nd(2)-O(51) 
Nd(2)-O(52) 

2.785(3) 
2.662(9) 
2.80(3) 
2.405(6) 
2.983(9) 
1.74(2) 
2.68(l) 
3.28(3) 
2.33(3) 
2.92(4) 

Al(l)-O(1) 
Al(l)-O(2) 
Al(l)-O(3) 
Al(l)-O(2) 
A](2)-O(1) 
A1(2)-O(2) 
A1(3)-O(2) 
A1(3)-O(51) 
A1(3)-O(52) 
A1(4)-O( 1) 

2.034(3) 
1 X28(3) 
1.974(4) 
1.802(3) 
1.796(3) 
1.815(6) 
1.773(3) 
1.718(4) 
2.20(2) 
1.893(3) 

of O(52) and the oxygen in the mirror plane 
of the magnetoplumbite-type structure (c.f. 
Figs. lb and Id) we tried to introduce A13+ 
ions in the aBR site. These aluminum ions 
can come only from neighboring sites near 
the conduction layers. Because of this, the 
refinement of the occupation factor of the 
interstitial A13+ in the aBR site was con- 
strained to the decreasing occupation factor 
of Al(3). After this step, a small electron 
density was still found in the aBR site and 
together with the aluminium ions the sodium 
content could now also be refined. 

The interstitial Al atoms in 12k sites form- 
ing the Roth-Reidinger defect and normally 
stabilizing the additional oxygen in the con- 
duction layers (2, 17) could not be located, 
no more than could the interstitial oxygen 
which is usually found in m0 sites. On the 
other hand, the sum of the O(51) and O(52) 
occupation yields an excess oxygen content 
which was always in the range of about 
0.3-0.5 O*- ions per unit cell. 

5. Discussion 

The neodymium ions show a high prefer- 
ence for the BR site and because of the shift 
of the O(51) ions they achieve an eight- 
or ninefold coordination, as usually found 
for the early lanthanide ions. The final 
refined composition of the crystal is 
Na,,osNd0.j-IAl,,017.26 with an excess of nega- 

tive charge of 0.7 e- per unit cell. Taking 
the more faulty parameters of O(51) and 
0(52) into account and constraining the oc- 
cupation factors of these ions to 90% of the 
refined value, the analytical composition 
would exactly be achieved. 

The structure of Na++A1203 is built up 
by spine1 blocks separated in the c direction 
by A1(3)-O(5)-Al(3) columns which form 
bridges perpendicular to the conduction 
planes (2). After the ion exchange the inves- 
tigated Nd3 + -/3-A&O, shows a strong defor- 
mation of this brigding unit (Fig. 2). The 
bond angle of A1(3)-0(51)-Al(3) is now 
141X’, the 0(51) ions are strongly dislocated 
due to the coulombic attraction of the Nd3+ 
ions. Moreover, the 0(52) ions show a much 
stronger dislocation and the bond angle be- 
tween two Al(3) ions is 95.0”. 

To explain this dislocation we have to 
consider a possible arrangement in a 3a x 
3a supercell, which is indeed favored con- 
sidering to the precession photographs. For 
attaining a nearly analytical composition we 
have to fill up the conduction plane of this 
enlarged cell with 1 Na+ and 3 Nd3+ ions as 
well as 10 oxygen ions. The three Nd3+ ions 
are positioned on BR sites and eight of the 
10 O(5) oxygens stabilize the Nd3+ ions on 
0(51) positions. Taking many possible ar- 
rangements two neighboring unit cells are 
occupied with Nd3+ ions. In this situation 
an 0(52) ion, positioned nearly in the middle 
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FIG. 1. (a) Electron density map of the conduction 
plane of N~,osNdo.~sAl,1017.10. The contour intervals are 
1 ek3. For the dashed lines the contour interval is 
0.25 ek’ finishing at the zero level. (b) A schematic 
representation of the sites occupied in 
N~,osNd~,3sAl,,0,,,,o, (c) of the most important sites in 
the conduction plane (z = 0.25) of /%Al,Os, and (d) of 
the mirror plane (z = 0.25) in the magnetoplumbite 
type structure. 

between these two neodymiums, can give 
the best stabilization. The shortest distance 
to another 0(52) site is 2.57 A, somewhat 
shorter than 0(5)-Ointerstitial(mo~ (a/2) z 2.8 A 
in the case of the Roth-Reidinger defect 

(17). Therefore it is possible that in one unit 
cell two 0(52) ions can reside. Following 
this train of thought we can regard the 0(52) 
ions to be interstitial and stabilizing. This 
explains not only the low site occupancy but 
also other effects: 

-the disappearance of interstitial oxy- 
gens in the m0 site or, in general, the disap- 
pearance of the stabilization by the Roth- 
Reidinger defect as mentioned in Ref. (14), 

-the change of the observed differences 
in stoichiometry after ion exchange at differ- 
ent temperatures (14) due to the enhanced 
mobility of the oxygen ions in the conduc- 
tion planes, 

-the possible degradation of highly ex- 
changed lanthanide p-alumina crystals. 
Sometimes /3-Al,O, crystals look pale after 
ion exchange. It can be assumed that these 
crystals partially adopt the magneto- 
plumbite type structure (20). In this struc- 
ture the oxygen atoms in the mirror plane 
(Z = 0.25) have nearly the same positions as 
0(52) (c.f. Table V) and aluminium atoms 
are located in the p-alumina analogous aBR 
site (Figs. lc and Id). Indeed, although we 
did not finally refine the aBR position aniso- 
tropically, this site shows a strong vibra- 
tional amplitude in the c direction. 

However, keeping this in mind the investi- 
gated crystal seems to show a possible way 
for a decomposition mechanism. This ex- 
treme situation can also be discussed with 
more general aspects following the schemes 
of Iyi et al. (21). The authors define the 
thickness of the conduction layer to be the 

c 

t 
00 

b 
0 Nd 

(I l Al 

FIG. 2. Coordination sphere of an Nd3+ ion at a BR 
site. 
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TABLE V 

STRUCTURAL CHARACTERISTICS FORVARIOUS P-ALUMINA COMPOUNDS 

Compound 

Cond. plane Spine1 block A](3)-O(5) O(5) in 
thickness thickness distance 

(4 ch (4 @cl (6h) da Ref. 

Na+ -/3-A&O, 
Na+-p-AlzOj 
Ag++-AlrO, 
Na+lCd*+-P-Al 2 0 3 d 
Cd2+-j?-(Al,Mg)203 
Cd2++-A1203 
Na+INd3+-/3-(Al,Ga)203e 
NaflNd3+-P-A1203’ 

LaMgAldh 

4.65 6.61 1.677 
4.61 6.59 1.672 
4.65 6.51 1.666 
4.61 6.60 1.664 

4.62 6.57 1.735 
4.63 6.68 1.700 
4.58 6.62 1.718/2.20 

4.37 6.64 1.974 

2c - 4.03 (1) 
2c - 4.03 (2) 
2c - 4.01 (10) 
2c 0.60’ 4.01 (12) 
- 0.56’ 3.95 (11) 
- 0.546 4.00 (13) 
- 0.45’ 4.01 (15) 
- 0.56’11 .48b 4.01 This work 

1 .46b,g 3.94 (20) 

Note. For comparison, values are added for LaMgAlr,O,, crystallizing in the magnetoplumbite type structure. 
a Shifted from 2c site by the given values (in A). 
b Direction of the shift as defined for 0(52) in the text. 
’ Direction of the shift as defined for O(51) in the text. 
d Exchange rate 79%. 
e Exchange rate 50%. 
J” Exchange rate 93%. 
g Theoretical shift from f, $, 4 to 0.182, 0.818, $ (20). 

distance between two opposite interspinel 
block O(2) ions ([(OS - zco2J - zco2J x c) 
and the thickness of the spine1 block to be 
the intraspinel block 0(2)-O(2) distance 
([(OS + zco2)) - (0.5 - z~~~~)I X c). Using 
these definitions we calculated the conduc- 
tion layer thickness, the spine1 block thick- 
ness, and the O(5) dislocations. The corre- 
sponding values together with the c/a ratio 
and the A1(3)-O(5) distances of recently 
published data for various p-aluminas are 
listed in Table V. 

In the case of the conduction layer thick- 
ness, all reported values except the one of 
this work are larger than 4.6 A, which is said 
to be the lower limit for p-alumina. Below 
this limit there is the stability region of the 
magnetoplumbite type structure (21). A 
conduction layer thickness of 4.58 A is not 
only the smallest ever reported, it seems to 
be the absolute limit for this structure type. 
Assuming an ideal O(5) position at the 2c 
site the A1(3)-O(5) distance would be only 

1.624 A. This is too short and a shift to a 
6c site is the logical consequence. Another 
limit is reached in the case of the c/a ratio. 
For Nd3+, as well as for Cd*+-p-alumina, 
the c/a ratio of 4.00-4.01 seems to be the 
smallest value (21, 22). Only Boilot et al. 
achieved a lower value using Mg*+-stabi- 
lized p-alumina (II). 

Iyi et al. (21) mentioned an increase of 
the spine1 block thickness due to A13+ va- 
cancies in the Al(l) site. All listed com- 
pounds in Table V are within the range of 
O-O.5 A13+ defects per unit cell and show no 
significant change in the spine1 block thick- 
ness. The reason for the enlarged value for 
the /3aluminogallate is the incorporation of 
larger Ga3+ ions for A13+ ions. 

6. Conclusions 

This work gives some insights into the 
crystal chemistry of lanthanide-ion-ex- 
changed /3-aluminas. The trivalent ions are 
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preferentially located at BR sites. The rest 
could be found about 1 A apart from this site 
along the conduction pathways. Because of 
the high coulombic interaction of the Nd3+ 
ions the column-oxygens show a high disor- 
der and are dislocated from their original 
position up to 1.5 A. This can be interpreted 
in terms of a stabilization mechanism and to 
be the first step of a rearrangement to adopt 
the magnetoplumbite structure. Also the 
small conduction layer thickness indicate 
the beginning of a structure degradation as 
well. High-resolution electron microscopy 
could give more detailed information about 
the atomic rearrangements at pathological 
crystal domains. 
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