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Abstract 

Transmission electron microscopy (TEM) was used to study the aluminate sodalite, Cas[Al12024](CrO4)2. 
This aluminate sodalite has four polymorphs: one cubic, one modulated, one tetragonal, and an orthorhombic 
cell that arise from ordering of [Ca,,.CrO4] 6§ clusters that occur in the cages of the structure. The transition 
temperatures are 432, 453, and 610 K. The cell parameters for the orthorhombic phase, with the cubic cell 
parameter of a = b = c = 9.222 A, are 3a x 2b x c. Transformation twins are formed at 432 K during the 
transition from the tetragonal to the orthorhombic phase. The twin plane is { 110} in the cubic cell, and {320} 
in the orthorhombic cell. 
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Introduction 

SYNTHETIC aluminate sodalites of general formula, 
m8[Al12024](XO4)2, with M = Ca, Sr, and X = S, Cr, 
Mo, W, form an interesting family of compounds. 
The most important reasons are: (1) the occurrence of 
ferroic phase transitions and the presence of ferro- 
electric and ferroelastic species; (2) the presence of 
modulated structures and superstructures; (3) the 
possible existence of tricritical points; (4) the 
occurrence of strong framework and cage atom 
interactions that cause important structural strains 
(bond length and angular; e.g. Depmeier et al., 1987; 
Depmeier, 1988a, b). 

M a n y  m a t e r i a l s  h a v e  the  s o d a l i t e ,  
Na8[AI6Si6024]CI2, structure (e.g. Hassan and 
Grundy, 1983, 1984, 1985, 1989, 1991a, b; Hassan et 
al., 1985). The sodalite framework contains corner- 
linked TO4 tetrahedra (T = Si 4+, A13§ Be 2§ B 3§ Ga 3§ 
and Ge 4§ and intervening large cavities, called cages 
in zeolite chemistry (Fig. 1). The cubo-octahedral 
cages are used as building blocks for many zeolites. 
The cations in the TO 4 tetrahedra are fully ordered in 
the different sodalite minerals. The structures are 
characterized by six-fold rings of 704 tetrahedra 
parallel to { 111 } planes in the cubic structure. These 
rings are stacked in a cubic ABCABC sequence. The 
structures are further characterized by four-fold rings 
of 704 tetrahedra parallel to {100} planes. The 
materials of interest here include the sulphatic 

aluminosilicate sodalites (nosean, hatiyne, and 
lazurite) and the aluminate sodalites, in particular the 
aluminate sodalite Cas[AII2024](CIO4) 2. 

The sulphatic aluminosilicate and aluminate 
sodalites that contain interstitial tetrahedral anion 
groups (e.g. SO42-, CrO 2-, WO4 a-, etc.) in the cages 
display complex satellite reflections in diffraction 
patterns. Details of satellite reflections from sulphatic 
sodalites differ for each mineral and differ among 
specimens, even from the same locality. Besides 
different chemistries, the satellite reflections are 
related to the temperature of formation of the 
minerals and the ordering processes that are 
associated with decreasing temperature (e.g. 
Saalfeld, 1961; Schulz, 1970; Taylor, 1967; 
Tsuchiya and Takeuchi, 1985; Hassan and Buseck, 
1989a, b; Xu and Veblen, 1995). However, the origins 
of the satellite reflections are not known in detail. 

The aiuminate sodalites are stoichiometric, and the 
cage clusters (i.e. [Ma'XO4] 6+) are chemically 
identical and highly charged (6+ v.u.). Such highly 
charged clusters seem to stabilize A1-O-A1 bonds, 
which are generally unstable in aluminosilicate 
minerals (see Hassan and Buseck, 1988). As the 
aluminate sodalite framework contains only A1 atoms 
and these compounds are stoichiometric, the alumi- 
nate sodalite compounds are expected to be less 
complex structurally than the aluminosilicate soda- 
lites. Thus, they may provide useful clues as to the 
origins of the satellite reflections in the sodalite-group 
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FIc. 1.(a) Crystal structure of sodalite. (b) Truncated cubo-octahedral cage in sodalite phases. (c) Cluster, e.g. 
[Na4.CI] 3+, located in the centre of the cage. 

minerals. However, difficulties with X-ray structure 
refinements of  aluminate sodalites were met. 
According to Depmeier (1988a, b) the cubic high- 
temperature phases are characterized by disordered 
XO4 groups over six orientational positions, and the 
transitions to the lower temperature tetragonal and 
orthorhombic phases are triggered by ordering of the 
X04 groups over fewer than six positions. The M 
atom is bonded to one or two O atoms of  the XO4 
group. Therefore, there are essentially two geome- 
trically different [M4-XO4] 6+ clusters. 

If the A104 tetrahedra in the aluminate sodalites 
are regarded as regular and of equal sizes and the 
framework is fully expanded, the space group of the 
aluminate sodalites is Im3m. If the tetrahedra are 

rotated, the symmetry remains cubic, but the space 
group changes from Im3m to l~,3m. In the case of the 
aluminosilicate sodalites, the ordering of A1 and Si 
atoms leads to a further reduction in symmetry to the 
cubic space group PT13n (see Hassan and Grundy, 
1984). 

Selected-area electron diffraction (SAED) patterns 
show that the [Ca4.CrO4] 6+ aluminate sodalite has 
four polymorphs: one cubic, one modulated, one 
tetragonal, and an orthorhombic cell that arise from 
ordering of [Ca4.CrO4] 6+ clusters (Hassan, 1994). 
The transition temperatures, Tc, are 432, 453, and 
610 K (Depmeier, 1988a). At high temperature 
(/>610 K), the [Caa.CrO4] 6+ clusters in the cubic 
aluminate sodalite are disordered, together with the 
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framework oxygen atoms. As the temperature is 
lowered (432 ~< T~< 610 K), the structure is modulated 
and the [Caa.CrO4] 6+ clusters are ordered and 
accompanied by positional modulations of  the 
framework oxygen atoms. Further ordering of the 
[Ca4.CrO4] 6+ c lus te r s  resul t s  in t e t r agona l  
(432~<T~<453 K) and orthorhombic (T<432 K) 
symmetries. 

This paper reports on twinning in an aluminate 
sodalite. The material undergoes transitions from a 
cubic, to a modulated, to a tetragonal superstructure, 
and finally to an orthorhombic superstructure as the 
temperature is lowered. Transformation twins are 
formed during the transition from the tetragonal to 
the orthorhombic phase. The twins can be destroyed by 
heating the orthorhombic phase above the Tc of 432 K. 

Electron microscopy 

The aluminate sodalite used in this study is a 
synthetic sample (natural samples are unknown). 
The composition is Cas[All/O24](.CrO4)2, and the 
cubic cell parameter, a, is 9.222(2) A. This aluminate 
sodalite has not been fully characterized by X-ray 
diffraction and the only reliable X-ray datum is the 
pseudocubic cell parameter (Depmeier, 1988a). 
Fragments of aluminate sodalite were obtained by 
crushing in acetone using an agate mortar and pestle. 
The crystals in suspension were deposited on holey 
carbon support films, and TEM data were recorded 
from thin regions.  Electron microscopy was 
performed using various microscopes (JEOLs 
200CX, 4000EX, and 1200EX 11). 

Results 

Superstructure cell parameters and directions in 
SAED patterns are reported with the cubic subcell 
parameter (a = b = c = 9.222 A). Some crystal 
fragments of the aluminate sodalite contain reflec- 
tions that indicate a supercell with parameters of a x 
2b (Fig. 2). The s satellite reflections and streaks 
parallel to <110> are considered in a separate paper 
because they are not related to the twinning in the 
aluminate sodalite. 

Supercell parameters of 2a • 3b occur in other 
crystal fragments (Fig. 3). However, some reflections 
that are absent in some SAED patterns (Fig. 3a) do 
occur in others (Fig. 3b). A few extra reflections also 
occur, but they arise from adjacent regions of the 
same single-crystal fragment (Fig. 3b). An orthor- 
hombic supercell with parameters of 3a x 2b x c 
can be used to uniquely index the above SAED 
patterns (Figs 2 and 3). 

The aluminate sodalite gives some intriguing 
SAED patterns that arise from twinning (Fig. 4). 
These complex patterns can be explained by twinning 

of a 2a • 3b supercell along a (110) plane. For 
example, Fig. 4b can be obtained from twinning of  
the 2a x 3b supercell pattern shown in Fig. 3b. This 
can be seen by making two copies of  Fig. 3b on 
transparencies, rotating one copy by 90 ~ and placing 
it on the other; the resulting pattern is Fig. 4b. In fact, 
Figs 3b and 4a, b are from different areas of the same 
single-crystal fragment. Figure 4a, which shows an 
apparent 2a x 6b supercell, can be obtained from the 
overlap of  Figs 2 and 3b, which implies an 
interchange of the supercell (3a • 2b • c) edges 
(i.e. 3a for 2b, and c for 2b) during the growth of this 
single crystal. 

Twinning can be seen in the [001] image of  
aluminate sodalite (Fig. 5), which corresponds with 
the SAED pattern given (Fig. 4b). The double-headed 
arrow points out the twin boundary, which is parallel 
to the (110) plane. Regions a and b have a twin 
relationship; both regions have 2a x 3b supercells. 
The orientations of the twin components a and b and 
the supercell spacings are indicated on the image. 
The two parts of the crystal are intergrown so that all 
crystallographic directions of part a are related to the 
corresponding directions in part b by the operation of  
a mirror plane, which is parallel to a (110) plane. The 
twin in the aluminate sodalite is thus a reflection twin 
with (110) as both the compositional and the twin 
plane. The formation of the twins is associated with 
the transition from tetragonal to orthorhombic 
symmetry. The twins can be destroyed by heating 
the orthorhombic phase above the Tc of 432 K. 

F~. 2. [001] SAED pattern. The supercell is a x 2b. 
The s satellite reflections and streaks occur along <110> 

(arrows). 
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FIG 3. [001] SAED pattern. The supercell is 2a x 3b. 
Some reflections that are absent in (a) occur in (b). Both 

patterns have the same orientation and scale. 

D i s c u s s i o n  

Selected Area Electron Diffraction patterns show that 
the [Ca4.CrO4] 6+ aluminate sodalite has four poly- 
morphs: one cubic, one modulated, one tetragonal, 
and an orthorhombic cell that arise from ordering of 
[Ca4.CrO4] 6§ clusters (Hassan, 1994). The transition 
temperatures, To, are 432, 453 and 610 K (Depmeier, 
1988a). The cell parameters for the orthorhombic 
phase, with the cubic cell parameter of a = b = c = 
9.222 A, are 3a x 2b x c (this study). 

FIG. 4. Twinning in [001] SAED patterns of aluminate 
sodalite. A 2a x 3b supercell is contained in both (a) 
and (b); these patterns are from different regions of the 
same single-crystal fragment. By twinning a 2a x 3b 
supercell along a (110) plane, these patterns are obtained 
(see text). Both patterns have the same scale and 

orientation. 

Aluminate sodalite crystals are almost inevitably 
twinned because the temperatures of crystal growth 
are higher than the temperatures of the phase 
transitions. Depending on the type of symmetry 
element lost, the phase transition may result in the 
formation of twin domains in the case of transitions 
c o m p r i s i n g  s u p e r g r o u p - s u b g r o u p  r e l a t i o n s .  
Merohedral and pseudomerohedral twinning may 
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FIG. 5. Twinning in the [001] image of aluminate sodalite. The double-headed arrow points out the twin boundary, 
which is parallel to the (110) plane. Regions a and b have a twin relationship: both regions have a 2a x 3b supercell. 

occur simultaneously in all aluminate sodalites (see 
Depmeier, 1988a). 

Twinning has been reported for [Caa.WO4] 6§ 
aluminate sodalite, which has space group Aba2 
and supercell parameters of 2(a + b) • (a - b) x c 
(i.e. 26.123, 13.066, and 9.319 A; Depmeier, 1984). 
The twin plane in the cubic (or tetragonal) cell is 
{110}, and is {100} in the orthorhombic cell. The 
{100} was reported as {210} by Depmeier (1984). 
Because lal = 21bl, the twinning results in apparent 

equivalent axes a' = b' and, thus, in apparent 
tetragonal symmetry, provided that the intensity 
contributions of the two twin individuals are equal 
(Depmeier, 1984). 

During the transition from the tetragonal to the 
orthorhombic phase, transformation twins are 
formed. Twinning was observed only in the 
orthorhombic phase. The twin plane is {110} for 
the cubic cell, and {320} for the orthorhombic cell. 
This twinning interchanges the 3a and 2b axes (Fig. 
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3b). Other axes can also be interchanged during the 
growth of a single crystal. For example, the cell 
edges such as c and 2b, and 2b and 3a are 
interchanged during crystal growth to give Fig. 4a, 
which is a combination of the c • 2b and 2b x 3a 
repeats (i.e. overlap of Figs 2 and 3b). This implies 
that all { 110} planes are possible twin planes in the 
cubic cell. These results for [Caa-CrO4] ~+ aluminate 
sodalite are different from those reported for 
[Ca4.WO4] 6+ aluminate sodalite using X-ray diffrac- 
tion techniques (see Depmeier, 1984), The results are 
different in terms of both cell parameters and twin 
planes for the two different aluminate sodalites. 

Conclusions 

The aluminate sodalite has four polymorphs: one 
cubic, one modulated, one tetragonal and an 
orthorhombic cell. The transition temperatures, To, 
are 432, 453, and 610 K. Twinning occurs only in the 
orthorhombic phase. 

During the transition from the tetragonal to the 
orthorhombic phase at 432 K, transformation twins 
are formed. The twins can be destroyed by heating 
the orthorhombic phase above the T c of 432 K. The 
twin plane is { 110 } in the cubic cell, and is { 320 } in 
the orthorhombic cell. In the cubic cell, all { 110} 
planes are possible twin planes and twinning does 
occur on them. 
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