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The crystal structure of Rb,O.llAl,O, has been determined from three-dimensional X-ray data. 
The compound forms hexagonal crystals with a = 5.600, c = 22.87 A, and Z = 1 in space group 
P6Jmmc. The structure has been refined by least-squares methods with anisotropic temperature 
factors to an R value of 0.079 for 33 1 independent reflections collected by diffractometry. The mobile 
ion sites and their occupation percentages are discussed in relation to other j-alumina compounds. 
The covalently bonded corner-sharing 03A1-O-AlO tetrahedra are discussed in relation to the 
ionic conduction phenomena. 

Introduction 

P-Alumina compounds have a unique 
character for their two-dimensional ionic 
conductivities over a wide temperature range 
and have the conduction plane of rather simple 
structures, consisting of a mobile ion and an 
oxygen ion. Furthermore, p-alumina com- 
pounds exchange mobile ion species with each 
other easily in their molten salt (I). Thus, the 
ionic conductivity of P-alumina compounds 
can be studied by selecting the mobile ion 
species as a parameter. 

The crystal structure of Tl-P-alumina (2) 
has been studied previously to clarify the 
change of structure when the conduction layer 
was varied in space by the thallium ion. Several 
kinds of available lattice points for the mobile 
ion were observed more clearly in Fourier 
maps in comparison with those of Ag- and 
Na-/?-alumina (3,4). We selected the rubidium 
ion, which has a strong ionic character and is 
large in size, and investigated the crystal struc- 
ture of Rb-p-alumina by the X-ray crystal 
structure analysis method in order to clarify 
the character of the available lattice sites for 
the mobile ion. 
Copyright Q 1976 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 

35 
Printed in Great Britain 

Experimental 

Samples of Rb-+alumina were prepared 
from crystals of Na-P-alumina by immersing 
them in excess pure molten salt of rubidium 
nitrate using the same process as with that of 
TI-,!%alumina (I, 2). Crystals of Na+alumina 
were kindly supplied by Dr. Atuo Imai and 
Dr. Mituo Harata of Toshiba Research and 
Development Center of Tokyo Shibaura 
Electric Co. The ion exchange process was 
observed by the weight change of each of 
samples. The total immersion time, about 700 
hr, was quite sufficient for ion exchange. 

Crystals are colorless and transparent. They 
cleave easily to thin plates perpendicular to 
the c-axis, but it is rather difficult to cut them 
in the c-plane. The crystal density was deter- 
mined by floating a crystal in a thallium for- 
mate-water mixture. 

Crystal Data 
General formula: Rb2AI,,0,, 
F. W. = 1360 
Hexagonal 
a = 5600(l) A 
c =22.87(l) A 
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Z=l 
I’= 621.0(l) A3 
D, = 3.57 gmcm-’ 
D, = 3.3(2) g-cme3 
Systematic absences: hhl 1 = 2n + 1 
Space group: P6,/mmc 

Cell dimensions and intensities were mea- 
sured on a Rigaku Denki computer-controlled 
four-circle diffractometer using monochro- 
mated MoKa radiation with a graphite single 
crystal and a scintillation counter detector. 
Lattice constants were refined by a least- 
squares procedure using 35 20 values. A crystal 
with dimensions 0.10 x 0.10 x 0.06 mm was 
used for intensity measurement and was 
mounted on a glass fiber with an inclination 
to the c-axis in order to avoid the multiple 
diffraction. The linear absorption coefficient, 
p, for MO& radiation is 62.4 cm-‘. Reflec- 
tions hkl, h 2 k 3 0 and 12 0, were measured 
over the section of the reciprocal lattice where 
the intensities of equivalent reflections change 
most gradually from the nearest one to the next. 
Integrated intensities were measured by the 
0-28 scan technique to a maximum 20 of 
100”. A scan range of o for each reflection was 
calculated by the formula, dw = 1.2” + 0.5” x 
tan 8. Background was determined from 15- 
set counts on both sides of the scan. Attenua- 
tors were automatically inserted when the 
maximum counting rate exceeded 5500 cps. 
Three standard reflections: (008), (220), and 
(060), were measured every 50 reflections 
during the data collection. They showed non- 
systematic drifts (their standard deviations 
were 0.55,0.41, and 1.06 ‘A, respectively) during 
the experiment. Reflections of which the inten- 
sities were greater than two times their stan- 
dard deviations were collected. The 331 inde- 
pendent reflections were collected and cor- 
rected for background and Lorentz-polariza- 
tion factors, but the corrections for absorption 
and anomalous dispersion were not applied. 

Structure Determination 
A least-squares refinement of atomic para- 

meters, which take the atomic parameters of 
the BR position of the mobile ion and of all 
the remaining aluminum and oxygen atoms of 
Tl-b-alumina as starting ones, gave an R 
value of 0.15 after 5 cycles of the refinement 

with the anisotropic temperature factors. The 
atomic position of rubidium atoms of the 
aBR and the aBR’ positions were determined 
by calculating a three-dimensional Fourier 
systhesis of the stage of R = 0.15 and were in- 
cluded in the refinement using the anisotropic 
temperature factors. An R factor of 0.088 
was obtained. The Fourier synthesis was cal- 
culated and the rubidium atom of the mBR 
position, situating at the midpoint along the 
way from the BR position to the aBR position, 
was found. The occupation parameters of the 
rubidium atom were then adjusted by inte- 
grating the electron density of the Fourier 
synthesis. The occupation parameters ana 
other parameters were alternately refined step 
by step in the least-squares refinement. 
Although the atomic parameters of the rubi- 
dium atom of the mBR position were included 
in the calculation, it was finally clarified that 
the lowest R value was obtained by refining 
the atomic parameters of rubidium atom of 
BR, aBR, and aBR’ position with those of 
other nonconducting ionic species. Thus, 
many atomic parameters may cause the para- 
meter interaction. The final R value was 0.079. 
Although the mBR position was not used in 
the calculation for convenience, the Fourier 
synthesis of the stage of R = 0.079 is reliable as 
an experimental result because phase change 
(0 or n) of the structure factor, F,(hkl), rarely 
happens at this stage. 

The final atomic and thermal parameters 
are listed in Table I. The negative values for 
the diagonal terms of the anisotropic tempera- 
ture factors were obtained as in the case of 
Tl- and Ag-p-alumina. Rb-P-alumina was 
found to have the composition, Rb2.6A122034, 
from the occupation parameters and to have 
the composition, Rb2.3A122034, from the 
Fourier synthesis. 

A complete list of the observed and calcu- 
lated structure factors is shown in Table II. 
Atomic scattering curves taken from the 
International Tables for X-ray Crystallo- 
graphy were used throughout. 

Description aad Discussion of the Crystal 
Structure 

A perspective drawing of the crystal struc- 
ture is shown in Fig. 1. The crystal is formed 
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TABLE1 

Atom I II III IV x Y z B 11 B22 833 812 813 a3 

Rb(BR) 2 d 6m2 0.552 6667 3333 2500 321 160 0 0 
(0) (0) (0) ( 88) (44) (0) (0) 

Rb(BR’) 6 h mm 1.308 6909 3818 2500 -1 

(7) (4) (0) (l-3 $) (:, $, $1 (:I 
Rb(aBR) 2 b bm2 0.010 ii (:I 2500 1318 5272 2374 2636 0 0 

(0) (6113) (24452) (964) (12226) (0) (0) 
RbfaBR’) 6 h mm 0.732 8983 7966 2500 (E) 276 2 138 (0) (0) 

(23) (20) (0) (96) (1) (48) (0) (0) 
AK1) 12 k m 12 8324 6648 1045 10 

6 i, 
20 0 0 

(7) (6) (1) (3) (6) (0) (0) 
AK9 4f3m 4 3333 6667 246 -1 

(0) (0) (3) (Y, (26) :, (1:) (:) t:, 
A](3) 4f3m 4 3333 6667 1748 28 111 -3 0 

(0) (0) (3) (8) (32) (1) (Z, (:I (0) 
AK4) 2a3m 2 

ii ii (:I (ii, (:I :, (E, (i) (iI 
O(1) 12 k m 12 1.572 3145 494 

(15) (29) (3) i, (ii, c:, (E) ;:) ,i) 
O(2) 12 k m 12 5023 46 1442 13 

:i, 
2 25) 2 4 

(22) (0) (3) (7) (1) (14) (4) (9) 
O(3) 4 f 3m 4 6667 3333 542 0 0 

(0) (0) (6) 
(1:) 4) 

(1) (3:) c:, (0) 
O(4) 4e3m 4 ii t:, 1407 14 

(7) (17) (Z, d, (ii) (i) (i, 
O(5) 2 c 6m2 2 3333 6667 2500 

2 
324 

ii 
162 0 0 

(0) (0) (0) (175) (87) (0) (0) 

’ 1, number of positions; II, Wyckoff notation; III, point symmetry; IV, number of atoms per unit cell. Esti- 
mated standard deviations are shown in parentheses. They fraction is related to the x fraction with the equation 
.Y = 2x. Thermal parameters are in the form of exp[-(h2P,, + k2& + 12& + 2hk&* + 2hl& + 2k/p23)]. 
A2 = 481,. 812 = v,,. 823 = 2813. 

by the alternate stacking of the conduction 
layer of the rubidium ion and the spine1 block, 
composed of the oxygen and the aluminum 
ions, along the c-axis infinitely. Two successive 
spine1 blocks are covalently bonded by the 
corner-sharing O,Al-0-AIO, tetrahedra along 
the c-axis and the common oxygen of the 
O,AI-0-AlO, spacer column is located on the 
conduction plane, which is a mirror plane of 
the space group, P6Jmmc. This space neces- 
sary for the movement of the rubidium ion is 
preserved by the column. 

In the spine1 block the oxygen ions are ar- 
ranged in cubic-packing and the aluminum 
ions are located in the octahedral and the tetra- 

hedral holes. The aluminum layer near the 
conduction plane consists of one kind of the 
aluminum ions with the octahedral coordina- 
tions. The aluminum layer located half way 
between successive conduction planes con- 
sists of two kinds of the aluminum ions with 
the octahedral and tetrahedral coordinations. 

The unit lattice of p-alumina compounds is 
sensitive along the c-axis and insensitive along 
the a-axis according to the different properties 
of the binding within and between the layers. 
A unit lattice of Rb-p-alumina is found to be 
rather long along the c-axis as that of Tl-P- 
alumina among all the p-alumina compounds : 
It is longer by 0.38 and 0.34 A along the c-axis 
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TABLE II 
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FIG. 1. A perspective drawing of the crystal struc- 
ture to the c-axis. 

than that of Ag- and Na-p-alumina (3, 4). 
The spine1 block has the almost equal volume 
for these compounds, but the covalently 
bonded O,Al-0-AlO, column makes a re- 
markable contribution to the variation of the 
length of a unit lattice along the c-axis. 

The distances between the oxygen atoms of 
different layers are listed in Table III for Rb-, 
Tl-, Ag-, and Na-b-alumina. In Rb+alumina 
about one-half of the elongation of a unit lat- 
tice along the c-axis is brought on by the 
elongation of the bond length between the 
O(5) atom, which is located on the conduction 
layer, and the Al(3) atom and the other half 
of the elongation is brought on by the expan- 
sion of the 0(2 jA1(3)-O(5) angle with slightly 
elongated O(2)-Al(3) bond lengths. The ob- 
served values of these related structure para- 
meters are listed in Table IV. The extreme dis- 
tortion of the covalently bonded O,Al-O- 
AlO column is found in all B-alumina com- 
pounds, especially in Ag- and Na+-alumina. 
This type of distortion might be a clue to 
understanding the ion conduction phenomena 
qualitatively. For example, the extreme con- 
traction of the A1(3)-O(5) bond length might 
be explained as follows. The electron-attract- 
ing character of the O(2) atom is induced by 
the positive ionic character of the mobile ion 
of the BR site and so the double bond can be 
formed easily between the O(5) and the Al(3) 
atoms as one of the excited states as follows: 

o(5) 
A’, 

oi5’++ 
- Al - 

op++ 4”‘” 

o(2~‘o&hl od& O(2F 0(2)-,4&~2&$>ot2, 

The electonegativity of the oxygen atom (3.5) 
differs greatly from that of the aluminum 

TABLE III 
PERPENDICULARDLSTANCESALONGTHE c-Am BETWEENOXYGEN ATOMS OFDIFFERENTLAYERS 

Rb-/?-alumina Tl-~-alumina Ag-b-alumina Na-B-alumina 

Ionic radii of the mobile ion (A) 
rM+ 

Lattice constant (A) 
a 
c 

Perpendicular distances along the c-axis 
between O(2)-M(Br)-O(2)’ atoms 

O(4)-M(aBR)-O(4)’ 
O(3)-Al(l)-O(2) 
O(l)-Al(l)-O(2) 
O(3)-A1(2)-O(1)” 
O(l)-A](4)-O(1)” 

1.48 1.44 1.26 0.95 

5.600 5.608 5.595 5.594 
22.87 22.96 22.49 22.53 

4.84 4.84 4.63 4.65 
5.00 5.05 4.82 4.84 
2.06 2.06 2.06 2.06 
2.17 2.20 2.17 2.18 
2.37 2.38 2.37 2.38 
2.26 2.25 2.26 2.26 

n The ionic radii of the mobile ion were referred to those of Pauling. 
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TABLE IV 

BONP I FNOTHS mn ANGLES QFTHE .41(3) TLTRAIIEDRO:: 
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-~ ~ ~ ~~ ~ 
Rbp-alumina 

Bond lengths (A) 
O(5)--Al(3) 1.719(6) 
O(2)-Al(3) 1.782(4) 

Bond angles (“) 
O(2)-A](3)--O(2)’ 105.6(4) 
O(2)-A1(3)-O(5) 113.2(4) 

Tl-j-alumina 

1.720(6) 
1.774(9) 

105.5(5) 
113.2(3) 

Ag-+alumina Na-j-alumina 

1.675 1.677 
1.762 1.768 

107.55 
111.33 

- 

atom (1.5) and this causes the easy contraction 
of the single bond length, as in the case of C-F 
bond in the CF4 compound (5). Therefore, the 
electron densities along the Al-O bonds are 
picked out as shown in Fig. 2. In Rb-/?-alumina 
a slight double-bonding character appears, 
but in Tl-P-alumina it is apparent that the 

02 

Rb-B-alumina TI-D-alumina 

02 

Al3 

05 
- 

FIG. 2. The electron density along the 0(5)-A](3)- 
O(2) bond, in which the O(5)-A](3)-O(2) bond was 
expanded as a straight line with each bond length. 
Thick solid contour lines were drawn at intervals of 10 
electrons/AS. This solid contour lines were drawn at 
intervals of 1 electron/AS, the minimum value of which 
is 3 electrons/A3. 

anisotropic temperature factors were used 
inadequately, so the bonding character of the 
A1(3)-O(5) bond is impossible to discuss. 

Bond lengths and angles are listed in Table 
V and are also shown in Fig. 3. No significant 
deviations of the bond lengths were observed 
in the spine1 block from those of Tl-, Ag-, and 
Na-#-alumina. 

The electron density at the conduction plane 
is shown in Fig. 4 for a series of p-alumina 
compounds and a perpendicular projection 
of the electron density along the conduction 
path to the c plane is shown in Fig. 5. The BR, 
aBR, aBR’, and mBR positions have electron 
densitiesof 175.8,14.3,19.8,and 12.2electrons/ 
A=, respectively. (The rubidium atoms have 
an electron density of 895.4 electrons/A3 when 
the B factor of the equation, f=fo exp(-B 
sin20/L2), is zero.) As the electron density of 
the position with high symmetry tends to 
make a low peak as a peculiar character of the 
position, the positions with low peak densities 
cause doubt as to whether or not they are sig- 
nificant as the mobile ion site. The mBR posi- 
tion has higher electron density than that of 
Tl-$-alumina, and moreover, the low occu- 
pation of the aBR position is thought to be 
compensated by the occupation of the mBR 
position. Therefore the mBR position is correc- 
tly considered to be a mobile ion site. The occu- 
pation percentages of the mobile ion also can 
be calculated by using the occupation para- 
meters. However, because the occupation 
parameters correlate with the thermal para- 
meters, the information for the real occupation 
percentages of the mobile ion from the electron 
density is more reliable in this case. 
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TABLE V 

BOND LENGTHS AND ANGLES OF Rb-,Tl-, Ag-, ANDN~-/&ALuMINA~ 

Number of 
bonds Rb-b-alumina Tl-B-alumina Ag-@-alumina Na-/I-alumina 

Octahedral coordination 
Al(l)-O(1) 
Al(l)-O(2) 
Al(l)-O(3) 
Al(l)-O(4) 
Al@-O(1) 

Tetrahedral coordination 
A](2)-O(1) 
A](2)-O(3) 
A1(3)-O(2) 
A](3)-O(5) 

Octahedral coordination 
O(l)-Al(l)-O(2) 
O(l)-Al(l)-O(3) 
O(l)-Al(l)-O(4) 
O(2)-Al(l)-O(3) 
O(l)-A](4)-O(1)’ 
O(l)-A](4)-O(1) 

Tetrahedral coordination 
O(l)-Al(2)-0(1)’ 
O(l)-A](2)-O(3) 
O(2)-A](3)-O(2)’ 
O(2)-Al(3)-O(5) 

Bond lengths 

2 2.019(13) A 2.026(12) A 2.017 A 2.022 A 
2 1.841(10) 1.852(10) 1.839 1.837 
1 1.976(8) 1.966(9) 1.973 1.970 
1 1.824(8) 1.822(8) 1.821 1.819 
6 1.897(12) 1.899(12) 1.893 1.895 

3 1.800(14) 1.790(9) 1.806 1.801 
1 1.802(14) 1.814(15) 1.800 1.809 
3 1.782(8) 1.774(9) 1.762 1.768 
1 1.719(6) 1.720(6) 1.675 1.677 

Bond angles 

90.3(3) 90.4(3) 90.70” 
89.1(3) 89.2(3) 89.19 
84.4(3) 84.5(3) 84.04 
85.9(2) 86.2(4) 86.09 
88.2(3) 88.7(3) 92.06 
91.8(3) 91.3(3) 92.06 

110.6(4) 110.6(4) 110.37 
108.4(3) 108.3(3) 108.56 
105.6(4) 105.5(5) 107.55 
113.2(2) 113.2(3) 111.33 

(1 O(l)-A](4)-O(1)’ expresses an angle made by two oxygens of the same layer and the aluminum. O(l)-A1(4)- 
O(1)” expresses an angle made by two oxygens of different layers with each other and the aluminum.) 

The mobile ion moves between successive 
BR positions by way of the aBR position. The 
BR position surrounded by six oxygen atoms 
has the highest occupation percentages through 
all the p-alumina compounds. In Rb-/?- 
alumina, the metastable positions of the 
mobile ion, aBR, aBR’, and mBR positions, 
appeared in marked relief in the Fourier 
synthesis. The number of metastable positions 
appeared highest in Rb-P-alumina. 

The atomic arrangement of the conduction 
plane with the oxygen atoms adjacent to the 
plane is shown in Fig. 6. All the stable positions 
of the mobile ion that appeared in the Fourier 
synthesis of Rb-$-alumina are also shown in 

this figure. The BR position is most stabilized 
in Coulomb potential energy and in the short- 
range Born-Mayer repulsive potential energy 
according to the results calculated by Wang 
et al. (6), which are shown in Fig. 7 for the 
ideal stoichiometric structure. The aBR posi- 
tion has the highest potential energy along the 
conduction path, but is most stable in polariza- 
tion potential energy. The covalent property 
of the aBR position is also verified experimen- 
tally by photoelectron spectroscopy (7). 

In Rb-p-alumina the aBR’ position is 
stabilized next to the BR position as in Na+- 
alumina. The mBR position, which is situated 
exactly on the midpoint along the conduction 
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FIG. 3. Bond lengths and angles of the six-coordina- 
tion and the four-coordination groups around the 
aluminum atom. The perspective direction is identical 
to that of Fig. 1. 

FIG. 4. The electron density in theconduction plane, 
Thick solid contour lines were drawn at intervals of 10 
electrons/A3. Thin solid contour lines were drawn at 
intervals of 1 electron/A’, the minimum value of 
which is 4 electrons/A”. 

path from the ER position to the aBR posi- 
tion, appeared in marked relief in Rb-fi- 
alumina, although the mBR position has a 
nonzero electron density in Ag- and TI-/?- 
ahtmina. The aBR’ position is thought to cor- 
respond to the minimum in potential energy 
near the 12 section of Fig. 7 and is thought to 
be stabilized in the Born-Mayer repulsive 
potential energy and also in polarization poten- 
tial energy. The existence of two close minima 
in potential energy, that is to say, the aBR’ and 

I tl-t&alumina I 

FIG. 5. A perpendicular projection of the electron 
density along the conduction path to the c-plane. 
Contour intervals are identical to those of Fig. 4. 

-. -. 
: 
: 

.)’ 

FIG. 6. The atomic arrangement of the conduction 
plane with the oxygen atoms adjacent to the plane as 
shown in (6). 

the mBR positions, is very interesting. Al- 
though the Born-Mayer repulsive potential 
energy makes a minimum slightly apart from 
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FIG. 7. The calculated potential energy maps along the conduction path by Wang, Gaffari, and Choi (6). 

a midpoint to the aBR position on the con- 
duction plane, the mBR position could be a 
minimum when the oxygen atom on the con- 
duction plane is absent as a point defect or 
when the oxygen atom is displaced in the 
direction perpendicular to the conduction 
path in order to minimize the repulsive force. 
If the mBR position is meaningful as a rubi- 
dium site, the existence of two close minima in 
potential energy implies that there is need for 
an improved calculation of potential energy 
and/or that there are at least two kinds of cor- 
related ionic movements on the conduction 
plane. Two close sites could have appeared in 
Fourier synthesis as the result of the geometri- 
cal average of the electron density over a 
crystal. 

The extraordinary anisotropic vibrations of 
the atoms in the conduction plane were also 
observed as in the case of Tl-, Ag-, and Na-/S 
alumina, but were smaller in value. 
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